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ABSTRACT: Crosslinking of ultra high molecular weight
polyethylene fibers (UHMW-PE fibers) is investigated by
means of electron beam irradiation. The structure and me-
chanical properties of the fibers in different irradiation at-
mospheres are discussed. The results show that the gel
fraction and crosslinking density increase with the increase
of absorbed dose. The swelling ratio and average molecular
weight of crosslinked net decrease with the increase of ab-
sorbed dose. The relation between s � s�1 of the UHMW-PE
fibers and reciprocal irradiation dose 1/R is obtained. The
tensile strength and failure elongation decrease with the

increase of absorbed dose, and the tensile modulus increases
with the increase of absorbed dose. The samples are irradi-
ated in air, vacuum, and acetylene atmospheres, separately.
The radiation effects, such as crosslinking fraction and me-
chanical properties of UHMW-PE fibers, are the most signif-
icant in acetylene atmosphere in comparison with in air and
in vacuum. © 2005 Wiley Periodicals, Inc. J Appl Polym Sci 98:
1761–1764, 2005

Key words: crosslinking; electron beam irradiation; polyeth-
ylene fibers

INTRODUCTION

Ultra high molecular weight polyethylene fibers
(UHMW-PE fibers) are one of the special fibers since
the invention of carbon fibers, boron fibers, and aro-
matic synthetic fibers. The strength and modulus of
UHMW-PE fibers are very high due to the structure of
the linear chain. The tensile strength of the fibers is 3
� 3.5GPa. The modulus of the fibers is 100 � 125GPa.
The density of the fibers is 0.97 g cm�3. The strength of
the fibers is 10 times higher than that of steel, 2 times
higher than that of carbon fibers, and 1.4 times higher
than that of aromatic synthetic fibers. UHMW-PE fi-
bers are one of the reinforced fibers in advanced com-
posite materials.1–3

These fibers have advanced excellent characteristics,
such as UV radiation resistance, chemical corrosion
resistance, impact resistance, high absorption of en-
ergy, low dielectric constant, and high transmittance
of electromagnetic waves.4–6 The fibers can be im-
proved by the self-crosslinking of the fibers or by
mixing with other fibers. In recent years, radiation
crosslinking of UHMW-PE fibers and films has been

extensively investigated in different electron irradia-
tion atmospheres, and good results have been ob-
tained7–15. The crosslinking of UHMW-PE fibers by
means of electron beam irradiation and the structure
and mechanical properties of the fibers in different
irradiation atmospheres will be discussed in this arti-
cle.

METHODS

Sample preparation

DSM Fiber Intermediates B.V., the Netherlands, sup-
plied the ultra high molecular weight polyethylene
fibers (UHMW-PE fibers, DYNEEMA SK66). Approx-
imately 100m of fibers are wound on a 48 mm diam-
eter and 330 mm length cotton cloth phenolic antiox-
idant rod. The fibers are warped firmly with a stress of
16N. Then the fibers are placed in a 50 mm diameter
glass tube, fitted with a rubber joint for inserting the
sample and a glass tap evacuating the tube and intro-
ducing gas. The tube is evacuated to less than 6 � 10�2

Pa, filled with acetylene after evacuating, or filled with
air until irradiation.

The glass tube with the fibers is placed horizontally
in the dose uniform range of electron beam generated
by a BF-5 4MeV linear electron accelerator. The dose
ratio is 100Gy s�1. The glass tube is rotated around its
longitudinal axis by a motor with the rotation speed of
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100r min�1 to ensure uniform irradiation. Revolving
samples are irradiated multiple times: 100kGy per
time with a stopping interval for 2 � 3 min to prevent
the rise of temperature during irradiation. The final
integrated dose is 1000kGy. After irradiation, the fi-
bers, still kept in the glass tube, are annealed for 1h at
85°C in a vacuum and then kept in a dry container at
room temperature.

Gel fraction measurements

An empty 50mm � 25mm stainless steel reticulated
pocket is kept in boiling xylene for 5 � 10 min and is
weighed immediately to obtain a wet weighing w1 of
the pocket. Then being dried at 150°C, the dry weight
w2 of the empty pocket is obtained. Approximately
2m of fibers placed in above pocket is to obtain a
weight w3, then the pocket is immersed in xylene with
antioxidant of 0.1% at nitrogen atmosphere and re-
fluxed for 36 h. After extraction, it is washed in boiling
fresh xylene for 5 � 10min, and a wet weight w4 is
obtained, Then being dried at 100°C for 12 h, a dry
weight w5 of the sample with pocket is obtained. The
gel fraction is defined to be gel � (w5 � w2) / (w3 �
w2) � 100%.

Measurement of swelling ratio

The swelling ratio (SR) is calculated by the following
equation16,17:

SR � 1 �
�w4 � w1� � �w5 � w2�

w5 � w2

�p

�s
(1)

where �p is the density of the polymer (PE fibers),
0.908 g cm�3 at 120°C; and �s is the density of the
solvent, 0.768 g cm�3 at 120°C.

The average molecular weight M� c of a crosslinking
net chain is calculated by the Flory–Rehner equation18:

ln�1 � �2� � �2 � �1�2
2 �

�pVs

M� c
��2

2 � �3�2� (2)

where VS is the mole volume of the solvent, xylene of
138 cm3 mol-1 at 120°; �p is the density of the polymer
(PE fibers), 0.908 g cm�3 at 120°C; �2 is the volume
fraction of the polymer, �2 � 1/SR; and �1 is the
interaction parameter between the polymer and the
solvent (i.e., Huggins parameter, �1 � 0.33 � 0.55�2 at
120°C).

Mechanical measurement

Mechanical measurements were carried out using a
Sintech 2/DL Tester with a test speed of 50 mm min�1

made by TM company, USA. The average value of
each sample is obtained from 5 bunches of the fibers.

RESULTS AND DISCUSSION

Gel fraction measurement

It was found that the gel fraction of the unstrained
sample increases with the increase of dose in the dose
range of 0 � 1000kGy in a vacuum. The gel fraction
increases faster in the low dose range (less than
200kGy) than in the high dose range (more than
200kGy).

Figure 1 shows the gel fraction of a sample irradi-
ated in air, which is lower than that in a vacuum or
acetylene atmosphere. With the dose of 100kGy, the
gel fraction appears 36% in air, 44.17% in vacuum,
83.51% in acetylene atmosphere. Crosslinking is re-
sisted by oxygen in air; degradation is increased, so
that the gel fraction is reduced. Crosslinking and deg-
radation take place in UHMW-PE fibers in a vacuum.
Crosslinking density is enhanced in an acetylene at-
mosphere due to reaction between acetylene and rad-

Figure 1 Gel fraction versus dose. EB irradiation in differ-
ent atmospheres. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 2 Swelling degree versus dose. EB irradiation in
different atmospheres. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]
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icals formed during irradiation; therefore, gel fraction
is increased.19,20

Influence of dose on swelling degree

Figure 2 shows the relation of swelling degree versus
dose in different irradiation atmospheres. For the
same reason as discussed above the gel fraction in air
is low and the swelling degree is high; in acetylene the
gel content is high, and the swelling degree is low.

Figure 3 shows the curve of s � s1/2 for the un-
stressed sample of the UHMW-PE fibers versus the
reciprocal irradiation dose 1/R in the dose range of 0
� 1000 kGy at vacuum. It is a convex curve in the
Charlesby–Pinner plot for the UHMW-PE fibers. The
plot is similar to the curve in the Charlesby–Pinner
plot for the polydisperse UHMWPE, obtained by
Dijkstra et al.11

Figure 4 shows the curve of s � s1/2 versus the
reciprocal irradiation dose 1/R in the different atmo-

spheres during irradiation. It is explained that the
relation between s � s�1 of the UHMW-PE fibers and
the reciprocal irradiation dose 1/R in the different
atmospheres is deviated for the Charlesby–Pinner
equation.11

The average molecular weight M� c of the crosslinked
net is calculated by eq. (2); it decreases with the in-
crease of the absorbed dose. In acetylene M� c decreases
with the increase of the dose rapidly when the dose
less than 40kGy; M� c decreases slowly with the increase
of the dose when the dose is more than 40kGy. The
point of the dose 40kGy is an inflection point for the
change of M� c to the dose in acetylene. The inflection
point in vacuum and in air is 70kGy and 100kGy,
respectively. According to eq. (2), if M� c is 3.3 � 105 g
mol�1, the dose is 20kGy in acetylene, 70kGy in vac-
uum, and 100kGy in air. It means that the dose for
crosslinking in acetylene is the lowest.

Influence of radiation crosslinking on mechanical
properties

Figure 5 shows the failure stress, which decreases with
the increase of the absorbed dose.

Figure 6 shows the tensile modulus, which increases
with the increase of the absorbed dose.

It has been observed experimentally that the failure
elongation decreases with the increase of the absorbed
dose. In the dose range of 0 � 100kGy, the failure
elongation varies from 3.11% to 2.07% in acetylene, to
1.95% in vacuum, and to 1.81% in air. The above
experimental results of mechanical properties, such as
failure stress, tensile modulus, and failure elongation,
change with dose and different irradiation atmo-
spheres. The ratio of crosslinking to degradation of the
fibers increases with the increase of the dose, but
decreases progressively with the atomosphere of air,
vaccum, and acetylene.

Figure 3 Charlesby–Pinner plot, s � s1/2, where s is the
sol-fraction versus reciprocal irradiation dose 1/R at vac-
uum. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

Figure 4 The curve of s � s1/2 versus reciprocal irradiation
dose 1/R in the different atmospheres during irradiation.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 5 Failure stress versus dose. EB irradiation in dif-
ferent atmospheres. [Color figure can be viewed in the on-
line issue, which is available at www.interscience.wiley.
com.]
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CONCLUSIONS

1. The gel fraction of the UHMW-PE fibers in-
creases with the increase of the absorbed dose at
4MeV electron beam irradiation in air, vacuum,
and acetylene atmospheres. The gel fraction in
acetylene is the highest among the above three
atmospheres because of the C'C structure of
acetylene.

2. After irradiation, the swelling ratio and average
molecular weight of the crosslinked net of the
samples decrease with the increase of the ab-
sorbed dose. The swelling ratio in acetylene at-
mosphere is the lowest among the different at-
mospheres.

3. The tensile strength depends on the failure
stress, which decreases with the increase of the

absorbed dose. The tensile modulus increases
with the increase of the absorbed dose. The
failure elongation decreases with the increase of
the absorbed dose. When the samples are irra-
diated in air, vacuum, and acetylene atmo-
spheres, the above results indicate that the ra-
diation effect in acetylene atmosphere is the
most significant in comparison with that in air
and in vacuum.
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Figure 6 Modulus versus dose. EB irradiation in different
atmospheres. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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