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ABSTRACT: This study investigated sunlight-simulated
ultraviolet (UV) beam irradiation on the tensile properties
and structure of ultrahigh molecular weight polyethylene
(UHMWPE) fibers. The tensile results showed that after
300 h sunlight UV irradiation, the tensile properties of the
UHMWPE fibers were obviously degraded. Investigation of
morphology revealed that the crystallinity was slightly in-
creased, whereas the overall orientation and molecular
weight of the fibers were decreased. SEM observations in-
dicated that the degradation process was nonuniform
throughout the fiber and a change from a ductile to a brittle
fracture mechanism was found after UV irradiation. DMA

results showed two �-relaxations and one �-relaxation in the
original single filament, and UV irradiation led to the in-
creased intensity of the high-temperature �-relaxation and
the lowered position of the low-temperature �-relaxation.
This indicated that irradiation-induced molecular scission
and branching were located primarily in the amorphous and
the interface areas of the fiber. Changes in the thermal
behavior were also examined by DSC. © 2003 Wiley Periodi-
cals, Inc. J Appl Polym Sci 89: 2757–2763, 2003
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INTRODUCTION

In theory ultrahigh molecular weight polyethylene
(UHMWPE) fibers should be sunlight stable on the
basis of the fact that pure UHMWPE absorbs no radi-
ation of wavelengths longer than 190 nm,1 and 290 nm
may be taken as the shortest wavelength (highest en-
ergy) radiation present in the UV spectrum of the sun
at the ground level. However, internal and/or exter-
nal impurities (very often containing UV/light-ab-
sorbing chromophoric groups such as hydroperox-
ides, carbonyls, and unsaturated bonds2,3) are formed
perhaps during polymerization processes and further
processing and storage,4 which can change the absorb-
ing wavelength up to 270–330 nm and initialize pri-
mary oxidative reactions.5 Many reports on the pho-
todegradation and oxidation of UHMWPE products
other than fibers have been published, especially in
the orthopedic industry where the UHMWPE is �- or
electron beam irradiated to sterilize prostheses, or to
crosslink the UHMWPE to improve creep or thermal-
resistance behaviors.6–8 Numerous investigations in-
dicated that high energy beam–induced degradation
was diffusion controlled in solid polymers, and oxi-
dation first took place on the surface and then pro-

gressed into the inner portion. Besides, because of the
difference of oxygen diffusion and solubility between
the amorphous and crystalline domains, oxidation
was first initiated in the amorphous domains, leading
to the molecule scission and/or crosslinking of these
zones and further changes of the properties, structure,
and morphology of the irradiated material.

Mechanical properties are of critical importance in
engineering, especially for high-performance UHM-
WPE fibers, which are acclaimed for their high mod-
ulus and tenacity. Despite the low amorphous fraction
of UHMWPE fibers, attributed to their high surface-
to-volume specific ratio, the deterioration of tensile
properties and structure of UHMWPE fibers after sun-
light irradiation cannot be ignored; and considering
UHMWPE’s supposed good light resistance, to our
knowledge there are only a few reports on the effects
of UV irradiation on the tensile properties and struc-
ture of UHMWPE fibers. The objectives of the present
work were to investigate the tensile property and
structural changes of UHMWPE filaments with sun-
light-simulated UV irradiation, and the implications
on the complex morphologies of UHMWPE fibers.

EXPERIMENTAL

Sample preparation

The UHMWPE fiber used in this study was the
Dyneema SK65 UHMWPE fiber manufactured by
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DSM (The Netherlands), which has tenacity of 3.0
cN/dtex, modulus of 96 cN/dtex, and breaking exten-
sion of 3.6% with no twist, according to the manufac-
turer. The filament yarn was carefully unreeled from
the Dyneema SK65 bobbin, and then the continuous
filaments were wound in a parallel manner onto a
steel frame whose size was suitable for mounting into
the irradiation equipment. Much care was taken to
spread the filaments in the yarn as uniformly and as
wide as possible to prevent screening effects. A UV
Auto Fade Meter U48 AU instrument was adopted to
irradiate the specimens. The sunshine carbon arc lamp
emitted a UV beam of wavelength ranging from 350 to
420 nm, with emission peaks at 360, 380, and 390 nm.
The temperature and humidity in the irradiation
chamber were 40 � 3°C and 45%, respectively.

Measurements and characterizations

The tenacity, modulus, break extension, and work to
break of the original and irradiated yarns were re-
corded by an Instron 4466 tensile tester by adopting
the Instron yarn-gripping attachment with nominal
gauge length of 50 cm (from the upper edge to the
lower edge of the grippers), and the crosshead speed
was set at 50 cm/min. The moduli of the yarns were
the tangent moduli derived from the stress–strain
curves at 0.5% strain. All tensile tests were carried out
at ambient conditions, with constant temperature and
humidity; the sample size of every test was chosen to
ensure �10% variance at 90% confidence level. A JSM-
5600LV SEM was used to observe the surfaces and
fractured ends of the single filaments.

The filaments before and after irradiation were dis-
solved in decalin, at 0.1% concentration, for 2 h at
150°C; the intrinsic viscosity was measured at 135°C
by dilution viscometry in an Ubbelohde viscometer.
The weight-average molecular weight was converted
from the intrinsic viscosity [�] by the relationship [�]
� 6.77 � 10�4[Mw]0.67.9

The intensity profiles of the UHMWPE filaments
before and after irradiation were measured with Ni-
filtered Cu–K� irradiation (l � 1.54 Å) using a Rigaku
D/Max-3AX WAXD diffractometer (Rigaku, Tokyo,
Japan) with a fiber-specimen holder. The parallel mul-
tifilament yarn was bundled and fixed onto the X-ray
sample holder (10 mm wide, 10 mm long). The X-ray
beam was perpendicular to the bundle plane. The data
were collected over the 2� range from 17 to 28° and the
scan rate was 1°/min. The separation of overlapping
reflections was performed with a peak-fitting program
after various intensity corrections, taking the crystal-
line peaks as Gaussian curves and the amorphous halo
centered around 23°.10 From the fully corrected and
resolved peak profiles the relative crystallinity (crys-
talline index, CI) was determined by eq. (1)11 and
crystallite size was calculated by the Scherrer eq. (2).12

CI � 1 �
Aa

A (1)

L�hkl� �
K�

	 cos �
(2)

where Aa is the diffraction area of the amorphous area
obtained by peak fitting; A is the total diffraction area
of the corrected intensity profile in eq. (1); L(hkl) is the
weight-average size of a crystallite perpendicular to its
diffracting planes; K is a coefficient related to the
crystallites’ structures and the definitions of L(hkl) and
	, and is always taken as 0.9 when 	 is the full width
at half maximum (FWHM) and 1.0 when 	 is the
integral breadth; � is half of the Bragg angle 2�; � is the
wavelength of Cu–K� beam; here 	 is the FWHM of
the respective crystalline peaks.

An assessment of crystalline orientation H, the half-
height width along the azimuthal direction, was ob-
tained by measurements on the equatorial (110) reflec-
tions with Ni-filtered Cu–K� irradiation using a
Rigaku D/Max-3AX WAXD diffractometer. The data
were collected over the azimuthal angle 
 range from
50 to 120° at 5°-increments. A qualitative measure of
the crystalline orientation factor � was carried out by
use of eq. (3), as follows13:

� �
180 � H

180 � 100 (3)

The chain orientation factor of sonic velocity was
determined by measuring the transmitting time of a
sound between two transducers coupled to the speci-
mens. The measurements were made by use of an
SCY-III model fiber sonic velocity meter. From the
measured sonic velocity C, the chain orientation factor
of samples f was calculated by eq. (4):

f � 1 � �cu/c�2 (4)

where cu is the sonic velocity of the fully unoriented
sample, taken as 1.65 km/s.14

Thermal analysis was conducted using a Perkin–
Elmer Pyris 1 DSC (Perkin Elmer Cetus, Norwalk, CT),
which was calibrated against the melting of high-
purity indium. Fibers were cut into short lengths and
5–6 mg of fiber was crimped into a standard alumi-
num sample pan. The samples were heated at a con-
stant rate of 10°C/min.

The tan 	–temperature relationship of a single fila-
ment was obtained by Rheometric Scientific DMAIV
with the cylinder/fiber compression/tension geome-
try type, dynamic temperature ramp test type, and
static force tracking dynamic force mode (with the
former more than the latter by 2.0%), at a frequency of
1 Hz, a temperature ramp rate of 5°C/min from �150
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to 130°C, and a controlled strain of 0.3%. All tests were
repeated three times to ensure reproducibility and the
typical results were chosen for analysis.

RESULTS AND DISCUSSION

Effects of UV irradiation on the tensile properties
of UHMWPE filaments

From Figure 1, we see that with irradiation the tenac-
ity, break extension, and work to break of the fila-
ments decrease, although the rates of decrease are not
constant. The modulus of the filaments increases
slightly with irradiation, which is in line with the
report that the UHMWPE fiber was oxidized by po-
tassium dichromate.15 The results suggest that, when
the filament is irradiated by sunlight-simulated UV
beam, chain scission and crosslinking occur simulta-
neously. Chain scission leads to the deterioration of
tenacity, break extension, and work to break, but
crosslinking leads to the increase of modulus.

Figure 2 shows that after UV irradiation the surface

of the filaments become rough and corrugated, and
there are some crosslinked protuberances on the sur-
face (Fig. 3). Figure 4 indicates that after irradiation
the fractured ends of the filaments turn brittle, but the
fractured ends of the original filaments revealed that
appearance of the facture was plastic and involved
with the sliding and fracture of the macrofibrils. From
Figure 4(b) it may also be observed that the irradia-
tion-induced degradation is not uniform throughout
the cross section of the filaments and varies with
depth from the outer (skin) to the inner (core) part of
the filaments, with more defects and voids between
the two parts. This kind of nonuniform degradation
was also reported frequently in the postirradiation
oxidation of UHMWPE as a material for prostheses,
which were always sterilized by �-irradiation in or-
thopedics.8,16,17 This degradation was attributed to ei-
ther (1) the residual stresses when cooling after com-
pression molding, (2) the nonuniform dose distribu-
tion through the sample’s depth during irradiation, or
(3) the nonuniform concentration of dissolved oxygen
and hence the isolated peroxy radical concentration.
Moreover, there is a difference in the degree of deg-
radation between the irradiated side and the nonirra-
diated side, which was also found in the photooxida-
tion of PET fiber.18

Effects of sunshine UV irradiation on the structure
of UHMWPE fibers

Changes in average molecular weight

After UV irradiation the molecular weight of the UH-
MWPE decreased from the original 3,800,000 to

Figure 1 Plot of tensile properties versus irradiation time.

Figure 2 SEM micrographs of surfaces of SK65 filaments before (a) and after (b) irradiation.

Figure 3 Close-up of area A in Figure 2(b).
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3,100,000 after 300 h irradiation, suggesting the scis-
sion of the molecular chains. One point to note is that,
although irradiation gives rise to crosslinking that can
lead to the increase in tensile modulus of the filaments
(Fig. 1) and the bridging of the filament surface (Fig.
3), there is no gel formation in the solution of decalin
and UHMWPE, which suggests that chain scission is
predominant after sunshine UV irradiation.4

Changes in crystalline structure

The observed diffraction peaks of UHMWPE filaments
were the typical orthorhombic (110) and (200) reflec-
tions on the equatorial scans, which were character-
ized by 2� at 21.79 and 24.15°, respectively. Besides
these two orthorhombic reflections, there was an extra
weak reflection at 19.69° that could be attributed to the
monoclinic crystalline phase (001) reflection.19 The
(200) and (201) reflections of the monoclinic phase at
23.1 and 25.3° were too weak to be observable. The
b-axis of the monoclinic unit cell was parallel to the
molecular axis, different from the orthorhombic cell,
whose c-axis was parallel to the molecular axis.20 This
monoclinic phase of polyethylene, whose appearance
may be related to shear during compression,21 usually
appears under special processing conditions, such as
cold working below the usual polyethylene melting
point or lateral compression; higher molecular
weights also favor the formation of the monoclinic
phase, perhaps through its effect on the polymer me-
chanical relaxation spectrum.22

The equatorial WAXD patterns of the UHMWPE
filaments before and after UV irradiation are given in
Figure 5, and the calculation results are given in Table
I, where FWHM is the full width at the half maximum
of each crystalline peak, CI is the crystallinity index,
and � is the crystalline orientation factor.

After UV irradiation the crystallinity of the UHM-
WPE fiber was increased but the crystallite size was
decreased. This phenomenon was always observed

after UHMWPE was irradiated with �-rays or other
high-energy electronic beams,23–26 and was attributed
to the recrystallization process with the taut-tie chain
scission. The results here indicated that the same irra-
diation-induced taut-tie molecule scission–recrystalli-
zation mechanism also existed in the UV irradiation–
induced increase in crystallinity and decrease in crys-
tallite size, although the degree of change was
negligible. The crystalline orientation was almost un-
changed with UV irradiation. With recrystallization
the monoclinic phase was also slightly decreased, per-
haps because of the local stress relaxation of the mon-
oclinic crystalline phase, as suggested in Seto et al.20

There are no indications of the presence of a hexagonal
phase either before or after irradiation, which would
give its strongest reflection at 21.0°,27 suggesting that
the irradiation-induced crosslinking is not dominant
compared with chain scissions.

Figure 4 Tensile broken ends of SK65 filaments before (a) and after (b) irradiation.

Figure 5 Equatorial WAXD diffraction patterns before and
after irradiation.
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Changes in sonic orientation

The overall chain orientation is slightly decreased
from the original 0.9903 to 0.9885 after 300 h irradia-
tion, corresponding to the scission and local relaxation
of the tie molecules.

DSC analysis

The results of the DSC analysis are illustrated as Fig-
ure 6. Various investigations into the melting behavior
of UHMWPE fibers showed that the DSC and/or DTA
curves of UHMWPE fibers have multiple endothermic
peaks,28,29 of which the first peak was thought to
result from the unconstrained fibrillar crystals and/or
lamellar crystals overgrown from the shish-kebab
fibrils; the second, from the melting of the orthorhom-
bic crystallites; and the third, from the crystal–crystal
phase transformation from orthorhombic to hexagonal
crystals. From Figure 6 we see that the onset temper-
ature of the melting of the orthorhombic crystals de-
creases because of chain scissions in the amorphous
region and thus the less amorphous constraint im-
posed on the crystalline region; the heat of fusion
increases because of the formation of CAO groups30;
the orthorhombic–hexagonal transition temperature

decreases because of the combination of the introduc-
tion of chemical defects and/or a reduction of the
conformational entropy of the melt caused by the
introduction of crosslinks31; and the melting of the
hexagonal phase becomes indiscernible after irradia-
tion. The main endotherm peak temperature remains
unchanged, but its breadth is widened. This result is in
agreement with reports of the nitric acid etching on
the increase of heat of fusion of UHMWPE fiber as a
result of molecular weight reduction32 and with re-
ports of low-dose Co60 irradiation on the unchanged
melting point.33 All results of the DSC scans suggest
that chain scission and the formation of CAO chemi-
cal defects in the amorphous region are the main
mechanisms of the deterioration of the UHMEPE fi-
bers.

DMA analysis

The results of DMA analysis on the single UHMWPE
filament are illustrated in Figure 7. There were numer-
ous studies on the dynamic mechanical analysis of
polyethylene with different specimen forms such as
crystal mats, films, and fibers, suggesting that at least
three relaxation processes can be found in different
specimens with temperature sweeping.34–37 The high-
est temperature mechanical loss was designated as

TABLE I
Resolved and Calculated Equatorial Peak Parameters Before and After Irradiation

(110) (200)

CI (%) � (%)2� (°) FWHM (°) L110 (nm) 2� (°) FWHM (°) L200 (nm)

Original 21.7905 0.6930 11.66 24.1522 0.7394 10.98 77.45 92.4
100 h 21.7738 0.7756 10.42 24.1249 0.8442 9.62 77.76 92.1
300 h 21.7944 0.7688 10.52 24.1575 0.8178 9.93 78.13 92.7

Figure 6 DSC curves of SK65 filaments before and after
irradiation.

Figure 7 Plots of tan 	–temperature relationships of SK65
filament before and after irradiation.
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�-relaxation, which was attributed to the molecular
motions in the crystalline areas; the lowest temperature
one was designated as �-relaxation, which resulted from
the local molecular motions mainly in the amorphous
part and also included the contributions from the defects
in the crystalline areas with the mechanism of crankshaft
motions of local molecular chains; and the one between
these two relaxations was designated as �-relaxation, of
which the molecular interpretation was sometimes am-
biguous but generally attributed to the molecular mo-
tions in the amorphous areas, and was designated as the
glass transition of the specimen by some authors. Be-
cause of the constraints of crystalline areas on the amor-
phous areas and the high crystallinity of polyethylene,
sometimes there were no, or indiscernible, �-relaxations
during the DMA temperature ramp.36

Dependency of the loss factor (tan 	) on tempera-
ture of the unirradiated UHMWPE fiber is nearly
identical to that of UHMWPE ultra-drawn single-crys-
tal mats in Furuhata et al.38 DMA analysis indicates
that the original fiber has two �-relaxations and one
�-relaxation. The peak above the temperature of �-re-
laxation may be attributed to the premelting of the
weak point of the filament or the solid–solid orthor-
hombic–hexagonal transition, whose temperature is
lowered by tension imposed by the DMA instrument.
The �-relaxation at about �40°C originates mainly
from the amorphous region of the fiber. Besides this
�-relaxation, there is also a �*-relaxation at about
15°C, which was never previously observed on UH-
MWPE specimens other than ultradrawn fibers. Many
NMR analyses39–41have shown (1) that UHMWPE fi-
ber has an oriented, mobile component that consists of
all-trans zigzag conformational molecules like the
crystalline phase but with chain mobility like the
amorphous phase, and (2) that this component is
largely attributed to the unique fiber structure at-
tained on gel spinning. Judging from its imperfect
lateral packing and chain mobility, it is reasonable to
assign �*-relaxation to molecular motions of the ori-
ented mobile component.

From Figure 7 we see that after irradiation the �-re-
laxation has been broadened and becomes unsymmet-
rical because of the scission and oxidation of the main
chains; the former will lower the temperature and the
latter will increase the temperature of the �-relaxation.
The increase of the intensity of the �-relaxation is
attributable to the increase of constraints imposed by
the amorphous regions resulting from the oxidation of
the material. The most obvious change is in the �*-
relaxation, whose transition temperature and intensity
were increased by UV irradiation.

CONCLUSIONS

After sunshine-simulated UV beam irradiation, the
tenacity, break extension, and work to break of the

UHMWPE fibers were conspicuously decreased as a
result of chain scission, and the modulus was slightly
increased, suggesting molecular crosslinking. A
change from ductile to brittle fracture mechanism was
found after UV irradiation. The molecular weight
measurement showed that chain scission was domi-
nant. The crystallinity of UHMWPE fibers increased
slightly and the crystallite size decreased on UV irra-
diation by the mechanism of local scission–recrystal-
lization. Crystalline orientation changed only slightly,
although the overall sonic molecular orientation de-
creased after irradiation. After irradiation the intensity
and temperature of the �- and �-relaxations changed,
although less obviously than the �*-relaxation, sug-
gesting that the UV irradiation–induced degradation
was located primarily at the amorphous and the in-
terface areas of the UHMWPE fiber, where the crys-
talline areas scarcely changed. Besides, SEM observa-
tions indicate the UV-induced degradation was non-
uniform through the cross section of the UHMWPE
filaments, with the surface seriously degraded and the
core slightly deteriorated, suggesting that degradation
is a diffusion-controlled process. Finally, the degrada-
tion was spatially nonuniform, with the directly irra-
diated side more degraded than the nonirradiated
side.
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