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ABSTRACT: To understand the contribution to thermal
conductivity by the length of the molecular chains in high
strength ultra-high-molecular-weight polyethylene
(UHMW-PE) fiber, the thermal conductivity in the range of
low temperature was investigated for high-strength
UHMW-PE fiber (Toyobo, Dyneema®; hereinafter abbrevi-
ated to DF) irradiated by y-rays (y-rays treatment) that
induce the molecular chains scission. The molecular weight
of DF decreased by y-rays treatment. X-ray diffraction be-
havior did not change by y-rays treatment. The melting
behavior observed by differential scanning calorimetry
showed the main chain scission of DF by y-rays treatment.
Heat capacity decreased slightly by y-rays treatment. Ther-
mal conductivities of DF with and without y-rays treatment
decreased by decreasing temperature. Thermal conductivity

of DF decreased very much by 7y-rays treatment. The de-
crease of thermal conductivity was explained by molecular
chain scission in DF by y-rays treatment and it suggested the
possibility of the reduction of mean free path of phonon. The
decreasing rates of thermal conductivity by y-rays treatment
were smaller than those of molecular weight. Those differ-
ences were explained by the difference of probability of
chain scission between the amorphous and crystal region.
Those results suggested the contribution of the length of
extended molecular chains because of high molecular
weight on the thermal conductivity of DF. © 2006 Wiley
Periodicals, Inc. ] Appl Polym Sci 101: 2619-2626, 2006
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INTRODUCTION

Recently, the importance of polymeric materials as
electrical insulating or structural materials has been
recognized in those areas of cryogenic engineering
that require super conducting technology, such as su-
perconducting power equipment, magnetic levitated
transportation, medical diagnosis equipment or nu-
clear fusion reactors, and so on. Their thermal prop-
erties, and in particular their coefficient of linear ex-
pansion and their thermal conductivity, have been
important parameters to apply polymeric materials to
these areas. For example, high-strength polyethylene
fiber (Toyobo, Dyneema®; hereinafter abbreviated to
DF) and composite materials reinforced with DF
(DFRP) possess negative coefficient of linear expan-
sion toward the direction of the fiber axis."”* Typical
applications for these materials are coil bobbins™?
and spacers®'*1%'7 for super conductors. Those mate-
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rials are desired not only as thermal insulators but also
as electrical insulating thermal conductors for thermal
conductivity.'”'®

From previous studies concerning thermal proper-
ties of polymeric materials, it is well known that the
thermal conductivity of amorphous polymers is
smaller than that of metals and semiconductors.'**°
Therefore, these have principally been used as thermal
insulators. However, other reports have shown that
polymeric crystals possess a high thermal conductiv-
ity in the direction in which the molecular chains are
covalently bonded, polyethylene crystals being an ex-
ample.20_27 Furthermore, there are highly-crystalline
and high-strength polymeric fibers that possess ther-
mal conductivity almost as high as metals; these in-
clude DF*®*° and high-strength poly(p-phenylene
benzobisoxazole) (PBO) fiber.?® Practical reports have
been published concerning the heat-radiation effects
of high-temperature superconducting tape material by
high thermal conductivity of DF." It is also reported
that DF is used for conduction-cooled superconduct-
ing magnetic energy storage (SMES).'® These indicate
that the thermal conductivity of these insulators as
well as their negative expansivity are important char-
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acteristics when considering their application in the
field of cryogenics.

DF is a high-crystallinity and high strength fiber
made from ultra-high-molecular-weight polyethylene
(UHMW-PE).*'** A previous report elucidated that
the thermal conductivity of DF was explained by the
fiber structure illustrated in the mechanical serial-par-
allel model (Takayanagi-model), which consists of a
crystalline/amorphous  structure.® It is considered
that the high thermal conductivity of DF is contrib-
uted by the thermal conduction along the covalent
bonding in the molecular chain direction in continu-
ous crystal region composed of extended molecular
chains.**° Eventhough the effect of molecular chain
length on thermal conductivity of the UHMW-PE is
unknown, the relation between the thermal conduc-
tivity and the length of molecular chains of DF is
investigated in this work.

It is well known that polyethylene undergoes main
chain scission by irradiation with y-rays in the pres-
ence of oxygen.””° In this article, we report the ther-
mal conductivity of DFs affected by main chain scis-
sion induced by irradiation with vy-rays for investiga-
tion of the relation between the thermal conductivity
and the length of main chain to clarify the effect on
high thermal conductivity of chain length of DF.

EXPERIMENTAL
Sample

In this work, thermal conductivity of DF and those
irradiated with y-rays (y-rays treatment) were mea-
sured in the range of low temperature. The DF used
was Dyneema®, SK-60 with 1320dtex (Toyobo). Irra-
diation was carried out with Co-60 y-rays at ISIR
(Sanken), Osaka University, at an ambient tempera-
ture and in air. The absorbed dose rates were 33.3
kGy/h and 83.3 kGy/h. Irradiation time was 6 h. The
total absorbed doses were 0.2 MGy and 0.5 MGy,
respectively. These are hereinafter abbreviated to DF
(0.2 MGy) and DF (0.5 MGy). The DF without y-rays
treatment is abbreviated to DF (Blank).

Measurements
Molecular weight

To observe the relative decreasing of the length of
molecular chains by irradiation with +y-rays, the vis-
cosity-average molecular weight of DFs with and
without y-rays treatment were measured by the vis-
cosity method, using trans-decalin solution. The DFs
with and without y-rays treatment were dissolved in
decalin with a concentration of 0.0045 g/dL. The rel-
ative viscosities at 408 K were measured by using
Ubbelhode viscometers in the thermostat. This
method was reported elesewhere.’”
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Structure of crystal and amorphous

X-ray diffraction and melting behavior by differential
scanning calorimetry (DSC) were observed to investi-
gate the relative change of crystal structure of DFs by
v-rays treatment. A Rigaku RU-200 (40 kV X 100 mA)
was used with X-ray diffraction on Ni-filtered CuKa
(A = 0.1548 nm). The distributions of (110) and (200)
diffraction spots in the equatorial direction were ob-
served. DSC measurements of DFs were carried out on
a Perkin-Elmer DSC-7. An empty sample pan was
taken as the reference sample. The samples were
weighed at 2 mg, and melting experiments were made
in the temperature range from 323 to 523 K at a heat-
ing rate of 1°C/min.

Heat capacity

The heat capacities of DFs were measured by DSC in
the temperature range from 210 to 280 K at a heating
rate of 10°C/min.

Thermal conductivity

Thermal conductivity (k) was measured by a steady-
state heat flow method.”®* The measurements of «
were carried out on the automated measuring system
with thermal controller of a Gifford-MacMahon (GM)
cycle helium refrigerator as a cryostat.®® The fiber
samples were prepared by bundling about 6000 mono-
filaments with length of 25 mm. Both ends of the fiber
bundle were fixed by adhesive STYCAST GT. One end
of the bundle was attached to the cold stage of a GM
refrigerator by mechanical pressing, using indium
metal and the adhesive STYCAST GT. A small resis-
tance heater (1 k(2) was adhered to the other end of the
bundle using GE7031varnish. The intermediate posi-
tions, where thermocouples were contacted, were
bound by fine (0.1 mm) Cu wire. Au (Fe: 0.07 at
%)-chromel thermocouples were used as thermome-
ters, which were adhered by GE7031 varnish. The
sample space was evacuated to below 107> Pa by an
oil diffusion pump for heat insulation. The automated
measuring system of k was operated in the tempera-
ture range from 10 to 300 K. The k was estimated by
the relation k(mW/cmK) = (Q/AT)(L/S), where Q is the
heat flow per second, AT the temperature difference
between thermometers, L the distance between the
thermometers, and S the cross section of the bundle.
Details of the determination of k were described else-
where.?*?

RESULTS AND DISCUSSION
Molecular weight

The relation between the viscosity-average molecular
weight of DF and absorbed dose is shown in Figure 1.
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Figure 1 Dependence of molecular weight of DF on ab-
sorbed dose irradiated by +y-rays.

The measured molecular weight of DF(Blank) was 2.0
X 10°. It decreased to 3.5 X 10* by 0.2 MGy irradiation
and to 2.6 X 10* by 0.5 MGy irradiation, respectively.
This result shows the main chain scission of DF by the
y-rays treatment.

In the irradiation effects of PE in air, the free radicals
of alkyl type are produced by irradiation initially, and
the radicals combine with oxygen molecules into per-
oxy radicals. The peroxy radicals eliminate the hydro-
gen from the neighboring PE molecular chains and
hydroperoxides are produced. The decompositions of
the hydroperoxides induce main chain scission of PE
molecular chains. Therefore, the irradiation effects of
PE in air depend on the diffusion of oxygen.*' It is
considered that oxygen invades and diffuses into the
amorphous region more easily than into the crystal
region in DF. Therefore, it is considered that the prob-
ability of main chain scission is higher in amorphous
region than in crystal region in DF.

X-ray diffraction measurements

X-ray diffraction profiles of DFs in the equatorial di-
rection are shown in Figure 2. The assignments of the
reflections are shown in the figure. The changes of
those reflection peaks by y-rays treatment are investi-
gated. The width, shapes, intensities, and reflection
angles of those peaks do not change by y-rays treat-
ment. It is suggested that the crystal size in (110) and
(200) directions do not change. Crystallinities of the
DFs cannot be estimated by these results of X-ray
diffraction measurements. However, from the inde-
pendence of X-ray behavior with y-rays treatment, it is
considered that the crystal of DF is destructed by
v-rays not so much. The crosslinking reactions domi-
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Figure 2 X-ray diffraction profiles of DFs irradiated and
unirradiated with y-rays.

nate in the case of irradiation of PE in the vacuum. It
is reported that X-ray diffraction profile in equatorial
direction does not change in the irradiation of y-rays
with absorbed dose of less than 0.25 MGy in vacuum®
like the case of this work.

Melting behavior

The melting behaviors of DFs observed by DSC are
shown in Figure 3. DF(Blank) shows four broad melt-
ing peaks in the temperature range from 403 to 425 K.

- DF(Blank) v I
= [
g
=3 2mW
=
_g | -
E DF(O.ZMGyJ
5
2 | ]
=
g | _
T | DF@0.5MGy) .
360 380 400 420 440

Temperature (K)

Figure 3 DSC melting curves of DFs.
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Figure 4 Schematic diagram of molecular chains in series
combination part of crystal and amorphous regions of DFs
before and after y-rays treatment.

The melting behaviors of high-strength polyethylene
fiber as DF are reported in other articles.**~** Al-
though the assignments of the peaks in melting pro-
cess of high-strength polyethylene fiber are not clari-
fied, it is reported that UHMW-PE molecular chains
extended by the tensile stress show the melting behav-
iors**~*? like that of DF(Blank). The schematic dia-
gram of the molecular chains in series combination
part of crystal and amorphous regions in DF is shown
in Figure 4. It is considered that the molecular chains
in amorphous of DF(Blank) are extended and are re-
strained by orientation in the drawing as shown in the
left side of Figure 4. And it is also considered that
there are interactions between the extended molecular
chains in crystal region and those in the surrounding
amorphous regions or the neighboring crystal regions.
Therefore, it is considered that molecular chains in
DEF(Blank) behave like those in big crystal by the in-
teractions between crystals and that those interactions
are not uniformed.

In the next, the radiation effect of melting behavior
is investigated. The melting peaks of DF (0.2 MGy)
and DF (0.5 MGy) are more sharp than that of DF-
(Blank). And the number of peaks decreases from 4 to
2 after y-rays treatment. This change suggests the
decrease of restraint on molecular chains in crystal
region with y-rays treatment. From the X-ray diffrac-
tion studies discussed in the previous section, the
crystal size is inferred to decrease not so much by
y-rays treatment. But it is considered that the molec-
ular chains in amorphous region become more mov-
able and that the interactions of molecular chains be-
tween the crystal and amorphous or neighboring crys-
tal regions decrease very much by main chain scission
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after y-rays treatment, as shown in the right side of
Figure 4. Therefore, it is considered that molecular
chains in crystal regions behave more uniformly by
decreasing interactions with neighboring amorphous
or crystal regions. The sharpe peaks in melting behav-
ior are inferred to be caused by the decrease in those
interactions by main chain scissions after y-rays treat-
ment.

The melting enthalpies (AH) and melting tempera-
tures (T,,) of DF with and without y-rays treatment
were shown in Figure 5. Both of them decrease by
y-rays treatment though X-ray diffraction behavior
does not change. The differences of AH and T,, of DF
between with and without y-rays treatment are re-
markable. It is possible for the AH of DF(Blank) to
contain the transition energy from orthorhombic to
hexagonal, the melting energy of molecular chains in
crystal, or restraint of molecular chains in crystal and
amorphous-like crystal. Those are considered to be
decreased after y-rays treatment. Especially, the re-
straint of molecular chains is considered to be de-
creased by main chain scission. And it is also consid-
ered that the molecular chains in the crystal of DF after
v-rays treatment behave as those in small crystal than
those in DF(Blank) by decrease of interactions be-
tween crystals. Therefore, it is considered that the
decreases of interaction between crystal regions by
main chain scission induce the decrease of T,,. The
difference between X-ray diffraction and melting be-
havior observed by DSC of DFs before and after y-rays
treatment is inferred to be caused by the behavior of
restrained molecular chains.

On the other hand, the differences of AH and T,, are
small with absorbed dose between 0.2 MGy and 0.5
MGy. It is considered that the decrease of AH and T,
with y-rays treatment is caused by the decrease of

. —r . r r 1 T T r r 1 r rr 420
250 T —— 1
L I R
200 \ 1410
[ T ==K
= 150 | 1 400
QD r —_
= [ X
EI A
100 - 1390 =
50 1380
R 1370
00 02 04 06 08 1.0

Absorbrd Dose (MGy)

Figure 5 Melting enthalpy (DA) and temperature (T,,) of
DFs.
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Figure 6 Temperature dependence of heat capacity of DFs
with and without y-rays treatment.

interactions described in earlier paragraph by main
chain scission. The detailed discussion about struc-
tural analysis will be necessary to clarify the mecha-
nism of the melting behavior above-mentioned.

With the aforementioned, the melting behavior ob-
served by DSC also suggested the main chain scission
in DF by y-rays treatment.

From the results of molecular weights, X-ray diffrac-
tion and melting behavior of DFs before and after
y-rays treatment with absorbed dose of 0.2 MGy and
0.5 MGy, only main chain scissions, could be ob-
served, though the distinct change of crystal structure
could not be observed.

Heat capacity

Heat capacities of DF with and without y-rays treat-
ment in the temperature range from 210 to 280 K
measured by DSC are shown in Figure 6. Heat capac-
ity decreases slightly by y-rays treatment. The heat
capacities of DF (0.2 MGy) and DF (0.5 MGy) show
similar behavior. This agrees to the results of melting
behavior.

Thermal conductivity

Temperature dependences of thermal conductivities
of DFs in fiber direction from 10 to 260 K are shown in
Figure 7. Thermal conductivities of all samples de-
crease with decreasing temperature.

We investigate the effect of irradiation with y-rays
to thermal conductivity in the following. Thermal con-
ductivity of DF decreases to 50% by y-rays treatment
at every temperature. But the difference of thermal
conductivity by absorbed dose between 0.2 MGy and
0.5 MGy is not recognized at every temperature. With
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Figure 7 Temperature dependence of thermal conductivity
of DFs with and without y-rays treatment.

aforementioned, those y-rays treatments induced the
decrease of molecular weight, that is to say, the reduc-
tion of length of molecular chain. The relations be-
tween the molecular weight and thermal conductivi-
ties at 200, 150, 100, and 50 K are shown in Figure 8 for
discussion about relation between the molecular chain
length and thermal conductivity. The molecular
weight of DF (0.2 MGy) and that of DF (0.5 MGy) are
not so different. Therefore, it is reasonable that the
thermal conductivities of DF (0.2 MGy) and DF (0.5
MGy) are not so different. Figure 8 suggests that the
change of thermal conductivity of DF by y-rays treat-
ment agrees that of molecular chain length. But more
detailed study including structural analysis will be
necessary for quantitative discussion about the rela-
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Figure 8 The relation between thermal conductivity and
molecular weight of DFs with y-rays treatment.
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Figure 9 Schematic diagram showing the structure of DF
by mechanical model.

tion between the absorbed dose and thermal conduc-
tivity.

In the next section, the relation between the de-
crease of thermal conductivity and molecular chain
scission is discussed. Some kinds of physical proper-
ties of DF in the fiber direction are explained by the
serial-parallel mechanical model composed of crystal
region and amorphous region (Takayanagi Model). In
this model, DF is composed of following two parts by
parallel combination. One of them is continuous crys-
tal region (hereinafter Part I) and the other is the series
combination part of crystal and amorphous region
(hereinafter Part II) as shown in Figure 4. In previous
articles,> it is reported that thermal conductivity and
thermal expansion coefficient of DF are explained by
this serial-parallel mechanical model (Takayanagi
Model). The schematic diagram showing the structure
of DF by the mechanical model used in the previous
articles”™ is shown in Figure 9. In the earlier section,
only the decrease of molecular weight could be ob-
served as the effect of the y-rays treatments. The
change of crystal structure by y-rays treatment could
not be observed in the X-ray diffraction. Therefore, the
effect of irradiation with y-rays to thermal conductiv-
ity is discussed on the assumption that the +y-rays
treatments induce only the main chain scission and
that the morphology of mechanical model shown in
Figure 9 does not change. Thermal conduction of DF
in fiber direction is dominated by the thermal conduc-
tion in the continuous crystal region (Part I) shown in
this figure.>® The chain axis in the crystal regions is
considered as fiber axis to discuss the thermal conduc-
tivity of DF in fiber direction.’® Therefore, the thermal
conduction of DF is explained by the thermal conduc-
tion along the covalent bonding in the chain axis in the
continuous crystal region (Part I).** Thermal conduc-
tivity is shown in the following formula’ in the case of
phonon conduction.

YAMANAKA ET AL.

k = (1/3)Cppuol (1)

In this formula, the parameters are defined as follows:
k, thermal conductivity in the fiber direction; Cp, heat
capacity at constant pressure; p, density of DF; v,
sound velocity in fiber direction; I, mean free path of
phonon in fiber direction. The main chain scission
induces the reduction of the length of molecular chain.
Therefore, it is inferred that the extended molecular
chains composing the crystal region are shortened by
the main chain scission with the y-rays treatment. The
reduction of the molecular chain length means the
decrease of the average length between the ends of
molecular chains. The reduction of the length of mo-
lecular chains decreases the mean free path of phonon
in Part I in fiber direction, although the morphology of
continuous crystal region (Part I) in mechanical model
shown in Figure 9 does not change. Furthermore, it is
considered that the decrease of mean free path of
phonon on Part I decreases the total thermal conduc-
tivity of DF.

As described in the earlier section, the heat capacity
of DF decreases slightly by y-rays treatment. On the
other hand, the decreases of thermal conductivity by
y-rays treatment are about 50%, and it can not be
explained by the slight decrease of heat capacity. This
suggests that the decrease of thermal conductivity by
about 50% after y-rays treatment is caused by the
decrease of the part except the heat capacity in the
formula,' that is to say, sound velocity or mean free
path of phonon. Those suggest the possibility that the
decrease of thermal conductivity is caused by the re-
duction of mean free path of phonon induced by the
main chain scission with y-rays treatment. The direct
measurements of thermal diffusivity and sound veloc-
ity will be necessary for certification of this discussion.
Furthermore, those results suggest the contribution of
high molecular weight on the thermal conductivity of
DF.

The relation between the decreasing rate of thermal
conductivity and molecular chain length by <y-rays
treatment is discussed in the following section. The
molecular weight of DF decreases to 1.7% and 1.3% by
the y-rays treatment with the absorbed dose of 0.2
MGy and 0.5 MGy, respectively. It is expected that the
average length of molecular chains decrease by the
similar rate. In the assumption of the uniformity of the
main chain scission in DF, the decreasing rate of ther-
mal conductivity is expected to be the same as that of
molecular weight, because it is considered that the
reduction of the average length of the molecular
chains contribute to the decrease of the mean free path
of phonon. But the decreasing rate of thermal conduc-
tivity by vy-rays treatment is about 50%. It is consid-
ered that the difference of the decreasing rate between
the molecular weight and thermal conductivity is due
to nonuniformity of main chain scission in DF. The
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reason of nonuniformity of the chain scission is dis-
cussed by mechanical model composed of crystal and
amorphous region in the following section.

It is known that the main chain scission of PE is
induced by the oxidation by y-rays and that it de-
pends on diffusion of oxygen.*® And it is also known
that the diffusion constant of oxygen is larger in amor-
phous region than in crystal region usually.”® There-
fore, the probability of chain scission is considered to
be higher in amorphous region than in crystal region
as shown in Figure 4. It is considered that contribution
to the thermal conduction of DF by Part II in Figure 9
is small. Therefore, it is considered that the chain
scission in amorphous region does not contribute to
the decrease of thermal conductivity of DF mostly.
The decrease of thermal conductivity is considered to
be dominated by the chain scission in crystal region in
which the probability of chain scission is less than that
in amorphous region. Therefore, the difference of the
decreasing rate between thermal conductivity and
molecular weight by the y-rays treatment can be ex-
plained by the difference of probability of chain scis-
sion between the amorphous and crystal region.

The molecular chains can be oriented by the exten-
sion of the molecular chain in DF. The existence of
intermediate region between crystal and amorphous
region are suggested in some articles.*>"**> The inves-
tigation of probability of main chain scission in the
crystal and amorphous region will be necessary for
quantitative discussion about thermal conductivity of
DF with y-rays treatment.

CONCLUSIONS

Thermal conductivity was measured for high-strength
polyethylene fiber (DF) with y-rays treatment in the
temperature range from 10 to 300 K and the following
conclusions were drawn.

1. The molecular weight of DF decreased from 2
X 10° to 3.5 X 10* by 0.2 MGy absorption and to
2.6 x 10* by 0.5 MGy absorption with y-rays
treatment, respectively. This result showed the
main chain scission of DF by the y-rays treat-
ment. The melting peaks of DF observed by DSC
became sharper by y-rays treatment and that
suggested the main chain scission in DF by
y-rays treatment.

2. X-ray diffraction of DF did not change by y-rays
treatment, and the change of the crystal structure
of DF by vy-rays treatment could not be observed.

3. Heat capacity decreased slightly by y-rays treat-
ment.

4. Thermal conductivities of Dfs with and without
v-rays treatment decreased with decreasing tem-
perature.

5. Thermal conductivity of DF decreased to 50% by
y-rays treatment of absorbed dose with 0.2 MGy
and 0.5 MGy.

6. The decrease of thermal conductivity of DF by
y-rays treatment was explained by the molecular
main chain scission and it suggested the possi-
bility of the reduction of mean free path of pho-
non.

7. The decreasing rates of thermal conductivity by
y-rays treatment were smaller than those of mo-
lecular weight. Those differences were explained
by the difference of probability of chain scission
between the amorphous and crystal region.

With the aforementioned, thermal conductivity of
DF decreased by the main chain scissions with y-rays
treatment. Those results suggested the contribution of
the length of extended molecular chains because of
high molecular weight on the thermal conductivity of
DF.
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