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a b s t r a c t

Ultra High Molecular Weight Polyethylene with a reduced number of entanglements can be stretched in
the solid state both uni- or biaxially to produce highly oriented tapes and films. The chain orientation, in
combination with the reduced number of chain ends, is responsible for the high tensile modulus and
tensile strength of the drawn materials, and, as we report here, also for the high thermal conductivity
achieved through lattice movements. A property such as thermal conductivity in an electrical insulator
makes UHMWPE tapes and films of great applicative interest. In-plane laser-flash thermal analysis has
been applied to measure the thermal diffusivity of samples of different molecular weights stretched both
uni- and biaxially, and a strong correlation has been found between the drawing ratio and the resulting
in-plane thermal conductivity. Values of at least 40 W/m K have been achieved for UHMWPE having Mw

comprised between 2 and 10 million, while higher values of 65 W/m K are observed for the higher Mw

samples having relatively lesser number of chain ends. Surprisingly the biaxially stretched samples also
show in-plane conductivity, with the highest value reaching 18 W/m K, comparable to stainless steel.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Heat transfer in any material can happen by particle collisions
and/or lattice vibrations, where the first mechanism is usually more
effective than the latter. In metallic solids, collisions between the
free electrons allow for a very efficient transfer of heat. The same
free electrons are also responsible for the conduction of electricity,
thus making metals both thermally and electrically conductive. In
non-metallic solids, the transfer of heat can only happen through
lattice vibrations, described in terms of phonons, and it is (usually)
less efficient than inmetals, making these materials thermally non-
conducting.

Thermal conductivities (k) of commonly used materials, defined
as the ability of a material to conduct heat, can span several orders
of magnitude, from 0.024W/m K of air to 450 W/m K of silver. Bulk
polymers are usually found on the lower-end of this range [1], with
r Ltd. This is an open access article
values up to 1 W/m K: polyolefins, which are based on just carbon
and hydrogen atoms, normally have values below 0.5 W/m K. With
the addition of suitable amounts of thermally conductive fillers,
polymer composites that are thermally conductive but still elec-
trically insulating have been realized to be used in various indus-
trial applications including circuit boards in power electronics, heat
exchangers, and electronic appliances. However, these composites
usually require high loading of fillers to achieve practical values of
conductivity, due to a large interfacial thermal resistance (Kapitza
resistance) between the filler and the surrounding polymer matrix
[2]. This constitutes a significant processing challenge and also
poses serious problems for recycling of the material after use.

One of the best thermal conductors known is a non-metallic
material: a natural, single crystal of diamond having thermal con-
ductivity [3] of 2190 W/m K. The high thermal conductivity is
attributed to the very efficient transmission of heat through the
lattice vibrations in a perfect crystal. This suggests that in principle
(semi) crystalline polymers could also have high thermal conduc-
tivities, provided that the lattice vibrations could be transmitted
‘unperturbed’ along the chains. This condition is not met in bulk
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polymers (even if semi-crystalline) because of the random size,
orientation and distribution of the crystalline domains and the
presence of the non-crystalline component. However, the situation
changes when the chains get aligned and packed in larger well
oriented crystalline domains.

This concept was reported for the first time by Gibson et al. [4] in
1977 on linear polyethylene (PE). Linear polyethylene represents
the best choice in terms of structure, being formed by a simple
repetition of CH2 units, with virtually no branching. The authors
measured the thermal conductivity of extruded samples of PE at
100 K: these samples showed thermal conductivity anisotropy in
the directions parallel (kk) and perpendicular (k⊥) to extrusion,
with the kk reaching values (~9 W/m K) comparable to stainless
steel at an extrusion ratio of 25. They also observed that thermal
conductivity kk and tensile modulus Ek increased with draw ratio.
The authors related the improvement in both mechanical and
electrical properties to the alignment of chains and reduction of the
amorphous component. These results suggested that, a material
virtually ‘free’ of crystal defects where chains can be aligned at the
macroscopic level should be able to provide higher values of kk. This
hypothesis has been recently confirmed by Shen et al. [5], by
drawing a nanofibre of Ultra-High Molecular Weight Polyethylene
(UHMWPE) with kk ¼ 104 W/m K, higher than metals such as
platinum, iron and nickel. A similar concept has been applied by Lu
et al., achieving conductivity of 29 W/m K in a sample of electro-
spun polyethylene oxide [6].

The order of magnitude difference observed by Shen can be
ascribed to the higher molecular weight of the polymer used
(resulting in fewer chain ends that act as chain defects in the
alignment) and the single-crystal nature of the nanosized fibre. Due
to the dimension of the sample, a technique based on AFM had to
be developed to measure the thermal properties in the range of
100 nm. It is important to notice that the work by Shen et al.
conclusively demonstrated the potential of high thermal con-
ducting polyolefin in a localised region, where the crystalline de-
fects are restricted and chain ends are not influencing the outcome.

The study from Shen was conducted on commercial UHMWPE
that, due to the multi-site nature [7] of the catalytic system and
synthetic procedure used in its production, shows both a very high
number of entanglements between the chains (thus requiring the
formation of dilute solutions in suitable solvents to ‘disentangle’
the chains prior to orientation) and a very large molecular weight
distribution (resulting in a distribution of chain sizes and so a more
‘defective’ structure of the resulting crystals). To overcome the issue
of entanglements and create the oriented structure, solution spin-
ning was adopted that required conversion of 5 wt% of the polymer
using 95 wt% of the solvent.

We have previously reported that by controlled synthesis [8] it is
possible to synthesize linear UHMWPEs with a reduced number of
entanglements: this ‘disentangled’ UHMWPE can be processed in
the solid state through compaction followed by stretching either
uni- or bi-axially. Moreover, our synthetic method relies on the use
of a different catalytic system (single-site instead of multi-site),
thus ensuring a narrower distribution of chain sizes (compared to
the normally used Z-N catalyst for the industrial synthesis) and the
possibility to tailor the molecular weight simply by changing the
reaction time.

2. Experimental methods

2.1. Materials

The UHMWPEs used for the analysis were synthesized accord-
ing to Ref. [8]. Weight average molecular weight (Mw) and molec-
ular weight distribution (MWD) for all samples have been
determined using rheological measurements, as described previ-
ously [9]. For simplicity, the samples are coded as PE_X_Y where X
is the Mw and Y is the MWD in the first significant figure. The
molecular features of PE 2_4 are: Mw ¼ 1.5 � 106 g/mol and
MWD ¼ 4.2; for PE 6_7:Mw ¼ 6.4 � 106 g/mol and MWD ¼ 6.8; for
PE 10_7: Mw ¼ 10 � 106 g/mol, MWD ¼ 6.6.

2.2. Uniaxial stretching of UHMWPE

To achieve high orientation in the UHMWPE samples, a two-
step process has been used, with an initial rolling step followed
by a stretching step. Samples were sintered at 125 �C for 25min,
below the melting temperature of nascent UHMWPE (~141 �C), to
ensure that the disentangled character is retained. The as-sintered
samples had lateral dimensions of 120 � 120 mm and 0.7 mm
thickness for the samples that are rolled up to 5 times their initial
length, or the samples having thickness of 1.4 mm are rolled up to 6
times the initial length. The rolling step is performed between two
roll mills at 125 �C and it is repeated several times with decreasing
the gap in each step, to achieve the desired value of draw ratio,
defined as the ratio between the length of the sample before and
after rolling of the sintered sample. After the consecutive rolling
steps, the rolled tapes were cut into specimen of 100 mm length
and 55 mm width and marked every 5 mm. These specimens are
further stretched uniaxially with a Hounsfield tensometer, equip-
ped with an ambient chamber set at 125 �C, from 60 mm of gauge
length at 60 mm/min. Stretching is again repeated several times to
achieve the desired value of elongation ratio, defined as the ratio
between the length of the stretched specimen and that of the rolled
specimen. Samples for thermal diffusivity measurement were cut
from the middle part of the rolled-stretched specimen.

2.3. Biaxial stretching of UHMWPE

Sintered samples of 0.7 mm thickness are prepared as described
for the uniaxial stretching. They are then rolled between two roll
mills at 130 �C several times in different directions (vertical, hori-
zontal, and diagonal) until the area had extended up to twice. The
rolled tapes are then cut into squares with length of 120 mm and
grid lines are drawn at 5 mm apart. Samples are stretched biaxially
from 100 mm of gauge length at 50 mm/min by using an Instron
tensometer equipped with a biaxial stretching unit, as described in
Ref. [10], where the chamber temperature is set at 132 �C. Samples
for evaluation are cut from the middle part of the tapes and
stretching ratio is calculated from the grids lines.

2.4. Laser-flash thermal analysis

Laser-flash thermal analysis is successfully applied to measure
thermal properties of materials such as thermal diffusivity and
thermal conductivity: Santos and co-workers have shown that this
technique can be suitably used to assess the thermal properties of
polymeric materials [11].

The technique was introduced for the first time in 1961 by
Parker et al. [12]: short pulses of heat are sent to the front of a
specimen, while recording the temperature increase at the back of
the sample. Using the half time (t1/2, time value at half signal
height) and sample thickness (d), the thermal diffusivity (a,
expressed in m2/s) can be measured according to equation (1):

a ¼ 0:1388
d2

t1=2
(1)

From the thermal diffusivity, the thermal conductivity k (inW/m
K) can be calculated according to equation (2):



Fig. 2. Comparison between thermal conductivities measured by lamellar and in-
plane methods.
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a ¼ k
rcp

(2)

Where r is the material bulk density in kg/m3 and cp is the specific
heat in J/kg K. The method gives a direct measurement of the
thermal diffusivity, while the conductivity is obtained indirectly.

The measurements, as described above, are commonly used to
measure the thermal diffusivity through an ideally isotropic sam-
ple: for samples of anisotropic nature, a variation of this basic set-
up is applied, namely an in-plane type of measurement. The sample
placed in an in-plane holder receives the heat pulse in the centre of
the front side and the energy output is read through a mask placed
on the back side of the sample, as shown in Fig. 1. The experi-
mentally obtained time-temperature profile is compared with the
theoretically calculated profile and the thermal diffusivity is
determined. Then the in-plane thermal conductivity (kip) can be
calculated.

2.5. Comparison of in-plane measurement and through-plane
measurement on stacked sheets (lamellar method)

The theoretical model used for in-planemeasurement takes into
account the influence of anisotropy between radial direction and
normal direction to the film surface. However, the uniaxially
stretched films have a higher thermal conductivity in the stretching
direction (kk) than perpendicular to the stretching direction (ktp for
through-plane direction, k⊥ for planar direction). When kk is much
higher than ktp and k⊥, the diffusion behavior is similar to one-
dimension diffusion. IR signal at the early stage of diffusion re-
flects the contribution mainly in the stretching direction, resulting
in a good approximation of kk.

Alternatively, kk can be evaluated by through-plane measure-
ment in parallel to the stretching direction on a sample prepared by
stacking multiple sheets, a method commonly defined as lamellar
method. However, this method requires the stacking and alignment
of many pieces of sheet to obtain a specific width of sample,
especially for high TDR, and ultra-stretched UHMWPE sheet is so
tough, that the cutting process may damage the specimen surface
and influence the evaluation by lamellar method. Sample prepa-
ration process is less influential for in-plane measurements, so they
have been preferred in this study for the purpose of comparing
samples with different TDRs and molecular weights.

To validate the application of in-plane thermal conductivity
Fig. 1. In-plane holder for measurements of in-plane diffusiv
measurement as a measure of kk, thermal conductivities measured
by lamellar-method and in-plane measurement have been
compared. In-plane measurements give slightly lower values than
the lamellar method because of the theoretical model assumption
and the influence of sample preparation, but its correspondence is
deemed to be satisfactory, as it can be appreciated from Fig. 2
below.
2.6. Through-plane thermal diffusivity measurements

Samples were cut into squares of 11 mm length. The squares
were covered with Graphite spray and placed into through-plane
holders. Sample's heat diffusivity was measured at 25 �C using
Netzsch LFA447 laser flash apparatus and analysed using Proteus
Analysis 7.0 using a Cowan þ pulse correction model.

Thermal diffusivity measurements by lamellar method were
performed on a selection of samples for the comparison with in-
plane thermal conductivity. Multiple pieces of sample were
ity of anisotropic samples (Image courtesy of Netzsch).
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stacked parallel to the drawing direction to obtain slab shaped
specimen. The top and bottom face, which were perpendicular to
the drawing direction, were trimmed and treated with Graphite
spray.

2.7. In-plane thermal diffusivity measurements

Samples were cut into circular shapes with a minimum diam-
eter of 22 mm, placed into in-plane holders and treated with
Graphite spray. Samples' heat diffusivity was measured at 25 �C
using Netzsch LFA447 laser flash apparatus and analysed using
Proteus Analysis 7.0; using an anisotropic, in-plane þ heat loss
model. The thermal conductivity was calculated using a bulk den-
sity value of r ¼ 970 kg/m3 and specific heat capacity of poly-
ethylene from Ref. [13].

2.8. Differential scanning calorimetry (DSC)

DSC experiments were performed using TA instruments Q2000,
which was calibrated by Indium. Samples of 0.8e1.2 mg mass were
weighed and sealed into Tzero Aluminium pans. Constant heating
rate experiments were performed at 10 �C/min from 30 �C to 210 �C
under a Nitrogen atmosphere with a flow rate of 50 ml/min.

2.9. X-ray diffraction (XRD)

XRD experiments were performed in Bragg-Brentano geometry
using a Bruker D2 Phaser diffractometer. Continuous scans were
performed from 10� to 40�(2q) at step width of 0.02� while rotating
the specimen around the specimen surface normal. Peak areas of
110 and 200 reflections were estimated from XRD spectrum with
corrections for polarization and irradiated volume.

3. Results and discussion

In the uniaxial drawn tapes of UHMWPE, the bundles of fibres
align themselves in a preferred crystal plane orientation accounting
for extraordinary high tensile modulus/strength. We have reported
[14] values above 4.0 GPa for tensile strength and 200 GPa for the
tensile modulus of the uniaxial stretched tapes.

The high orientation, combined with high number average
molar mass (Mn > 1 � 106 g/mol), is not only responsible for the
high modulus/strength in tapes, but it has the potential to provide
unique physical properties, such as thermal conductivity through
lattice vibrations. To prove this possibility, we have realized a series
of UHMWPE tapes varying in molecular weight/distribution and
degree of stretching, realized both uniaxial and bi-axial, and we
have evaluated the thermal conductivity bymeans of the laser-flash
thermal analysis apparatus described in the experimental section.

To evaluate the influence that the two different processing steps
(rolling and stretching) have on the polymer chain orientation, a
sample having weight average molecular weightMw ¼ 6.4 � 106 g/
mol and a molecular weight distribution, MWD ¼ 6.8 has been
subjected to different ratios of rolling and stretching. For simplicity,
the PE samples studied in this paper will be indicated as PE_X_Y,
where X is theMw and Y the MWD to the nearest integer. In Table 1
are reported the values of in-plane thermal conductivity (kip) of
PE_6_7 calculated from the directly measured diffusivity values.
We should take into account that the value measured with the in-
plane technique should in principle be an average of the in-plane
conductivity parallel to the chain direction and in-plane conduc-
tivity perpendicular to the chain direction. However, the in-plane
conductivity perpendicular to the chain direction does not differ
substantially from the through plane value (~0.2e0.3 W/mK), and
the value of thermal conductivity we read, kip is basically
dominated by the in-plane conductivity parallel to the chain di-
rection. To further confirm this, we have performed through-plane
measurements on stacked sheets of stretched samples, as described
in the experimental section. The ‘total draw ratio’ (TDR) is defined
as the product (rolling ratio � stretching ratio) [15,16].

When the results are plotted as thermal conductivity versus
total draw ratio (Fig. 3), the data points follow a trend, suggesting
that the final orientation achieved is not dependent on the indi-
vidual values of rolling and stretching, but only on the TDR. This
result has proved particularly valuable to achieve higher draw ra-
tios without the limitations imposed by the dimensions of the
ambient chamber in the tensile machine.

The observed behavior is similar to the elastic modulus devel-
opment in solid-state drawing of polyethylene, which is deter-
mined by the absolute draw ratio. Irvine and Smith proposed a
simplified model to predict the elastic modulus as a function of
draw ratio under the assumption of pseudo-affine deformation
[17]. This model describes the elastic modulus in the direction of
tensile stretching, Ek, as the results of two elastic components: the
“helix” component, Eh, which is perfectly oriented in the stretching
direction, and the “coil” component, Eu, which is not oriented. The
fraction of helix f is related to the distribution of angle between
chain vector and drawing axis as follows in equation (3):

�
cos2 q

�
¼ 1þ 2f

3
(3)

This fraction of helix f is also related to the draw ratio l ac-
cording to equation (4):

f ¼ 3l3

2
�
l3 � 1

�
�
1�

�
l3 � 1

��1
2 tan�1

��
l3 � 1

�1
2

�	
� 1
2

(4)

Under the assumption of uniform strain distribution, the elastic
modulus of the specimen in the stretching direction is given by
equation (5):

1
Ek

¼ f
Eh

þ 1� f
Eu

(5)

Although being an oversimplified description of the actual
structure, this model is in good agreement with experimental re-
sults at high draw ratios [17,18].

Henning showed a similar model to describe the physical
properties of uniaxial stretched amorphous polymers [19]. In this
model physical properties a are the properties represented by the
second order tensor; for example, thermal expansion, linear
compressibility or thermal resistivity. This model describes the
physical properties of uniaxial stretched amorphous polymer by
the properties of perfectly oriented material in the direction par-
allel (a1) and perpendicular (a2) to the chain axis.

ak ¼ ða1 � a2Þ
D
cos2 q

E
þ a2 (6)

a⊥ ¼ 1
2
ða1 þ a2Þ �

1
2
ða1 � a2Þ

�
cos2 q

�
(7)

Here, ak and a⊥ represent the physical properties of the specimen in
parallel and perpendicular to the stretching direction.

The following relationships hold for ak, a⊥:

ak þ 2a⊥ ¼ 3a0 (8)



Table 1
In-plane average thermal conductivity of uniaxial stretched sample PE_6_7.

Rolling ratio Stretching ratio (performed after rolling) Total draw ratio In-plane thermal conductivity (kip) (W/m K)

2.0 4.8 10 9.7
6.8 14 12.7
14 28 21.6

2.9 4.2 12 10.4
7.6 22 19.0
11 33 26.7
13 38 27.5

4.1 2.3 9 9.6
4.0 16 15.7
7.3 29 23.1
10 41 26.2
14 57 31.7

5.3 2.0 11 10.4
4.0 21 17.8
6.4 34 26.4
10 53 31.0

5.8 e 6 4.4
5.7 33 23.8
10 58 32.0
13 75 36.2
16 93 39.1
21 120 44.2

6.5 24 160 44.3
34 220 51.5

Fig. 3. In-plane thermal conductivities values as a function of TDR. Data from different
rolling ratios are represented by different symbols. Each data point is averaged over 5
analyses. At higher draw ratios (>80), sampling from different points of the same
specimen brings values that may differ of ±10% due to non-uniformity in stretching.

Fig. 4. Heat of Fusion of PE_6_7 against TDR. Sample with rolling ratios of 5.8 and 6.5
are used except for TDR of 1, which is the value of the as-synthesized sample. The
increase in heat of fusion and the chain orientation is further confirmed by the solid
state NMR studies reported in Ref. [8] (see Fig. 4 of reference).

S. Ronca et al. / Polymer 123 (2017) 203e210 207
a1 þ 2a2 ¼ 3a0 (9)

where a0 is the property in the isotropic material.
By substituting a in equation (6) by the thermal resistivity 1/k

(with 1/k1 for the direction parallel and 1/k2 for the direction
perpendicular to the chain direction) and incorporating equations
(3) and (4), equation (10) can be obtained:

1
kk

¼


1
k1

� 1
k2

�2664 l3

l3 � 1
� l3�

l3 � 1
�3

2

tan�1
��

l3 � 1
�1

2

�3775þ 1
k2

(10)
When fitting this equation with experimental values (black line in
Fig. 3), we found a good agreement at lower draw ratios, and the
fitting gives values of 0.45 W/m K for k2 and 47 W/m K for k1. We
should consider that Hennig's model has been formalized for an
amorphous system, so this can account for the deviation that we
observe when going to higher draw ratios where crystal extension
can be realized.

However, the increase in thermal conductivity seems to show
two separate regimes, with a steep increase at ratios below 40, and
a second, although less steep, increase after 80. This behavior is
similar to the one we have previously observed for the tensile
strength and tensile modulus of uniaxially drawn tapes of disen-
tangled UHMWPE [8]. In that case, we ascribed the result to the
initial crystal orientation followed by chain extension: this effect
was particularly visible on the tensile strength, when UHMWPEs of



Fig. 5. The area ratio of (110) reflection and (200) reflection versus TDR.
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different molecular weights were compared, as longer chains were
entering the plateau at higher draw ratios and higher values of
strength were reached.

When considering the thermal conductivity, it should be
mentioned that, as we have previously reported (Fig. 4 of Ref. [8]),
the crystallinity changes only slightly when going from the nascent
sample to the specimens stretched at draw ratios of 40.

DSC experiments on uniaxial stretched samples show values of
heat of fusion that increase from 230 J/g for a rolled sample to over
270 J/g for TDR of 40, as shown in Fig. 4, corresponding to an in-
crease in crystallinity from 78% to over 92%, when crystallinities are
calculated simply by dividing the heat of fusion with the literature
value of 293 J/g [20]. Although the change of crystallinity is not
significant at low draw ratios, the thermal conductivity increases
from ~0.3 W/m K to 10 W/m K at draw ratios of just 10. This sig-
nificant change can be attributed to the orientation of crystals along
with the non-crystalline domains.

It is well known that crystal orientation parallel to the drawing
Fig. 6. The observed increase of thermal conductivity in the oriented material can be ascrib
size at higher stretching [23,24].
direction develops at the early stage of stretching and it is nearly
constant at high draw ratio (>10) [21]. However, further drawing
gives significant improvement of material properties, which is
attributed to the chain extension. Moreover, solid-state processing
of nascent UHMWPE powder gives UHMWPE tapes with high
crystal orientation in the planar direction. The intensity ratio of
(110) diffraction peak against (200) diffraction peak has been
evaluated by XRD and plotted in Fig. 5. It is evident that the 110/200
intensity ratio drops significantly for TDR up to 80 and then de-
creases slightly by further stretching, suggesting that the crystal
orientation in axial and planar direction is almost complete by a
TDR of 80.

After the 30-fold increase in thermal conductivity at the
beginning of drawing, mainly driven by crystal orientation and
chain extension, a further increase is realized, reaching 50 W/m K
for this sample at draw ratios of 220. The latter increase in thermal
conductivity at higher draw ratios could be attributed to the in-
fluence of apparent increase in crystal size along the draw direc-
tion: the crystal size dependence of thermal conductivity has been
already mentioned by Choy [22]. However, in the macroscopic
sample the presence of chain ends, in combination with crystal
dimension along the chain length, are likely to influence the flow of
phonons (Fig. 6).

Considering that the number of chain ends and crystal size are
dependent on the molecular characteristics and higher order
structure of the polymer used, molar mass, molar mass distribution
and entangled states are likely to be important parameters influ-
encing the thermal conductivity of the polymer.

For this reason, we decided to compare the thermal conductivity
of UHMWPEs of different molecular weights as a function of the
total draw ratio (TDR). To reach high values of TDR, a rolling ratio of
about 6 was used in all cases. The calculated average values of
thermal conductivity are reported in Table 2.

The values of thermal conductivity calculated for the three
samples at various TDRs are plotted in Fig. 7. Similar to the obser-
vations on the tensile strength [14], the highest thermal conduc-
tivity is achieved for PE_10_7 at a draw ratio of 200. The highest
value of 65 W/m K is ~30% lower than that reported by Shen et al.
[5], however it should be taken into account that in their case the
ed to crystal orientation for draw ratios lower than 80, followed by increase in crystal



Table 2
In-plane average thermal conductivity of uniaxial stretched samples PE_2_4,
PE_6_7, PE_10_7.

Sample Total draw ratio In-plane thermal conductivity (kip)
(W/m K)a

PE_2_4 6 4.3
24 19.8
52 26.7
73 31.7
94 37.8
120 42.3
160 42.8
200 44.7

PE_6_7 6 4.4
33 23.8
58 32.0
75 36.2
93 39.1
120 44.2
160 44.3
220 51.5

PE_10_7 6 4.8
24 19.8
32 25.2
51 32.8
65 37.3
81 40.0
98 39.5
120 38.7
140 46.8
170 49.0
200 65.0
240 61.8

a Standard deviations for 5 analyses on the same sample are within ±5%. Standard
deviations for different sampling locations are within ±10%.

Fig. 7. In-plane thermal conductivity as a function of draw ratios for UHMWPEs of
different molecular weights. Each data point is averaged over 5 analyses. At higher
draw ratios (>80), sampling from different points of the same specimen brings values
that may differ by ±10% due to non-uniform stretching. Data at high rolling ratios for
PE_6_7 are reported again for comparison.

Fig. 8. The area ratio of (110) reflection and (200) reflection versus TDR. Data at high
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values referred to a nanoscale segment of a fibre, while our values
refer to the macroscopic aggregates of extended oriented crystals,
where the presence of microvoids and air pockets cannot be
excluded.

In fact, Choy et al. [25] have shown similar values of conduc-
tivities for solid state drawn samples of UHMWPE, but in that case
the maximum value of thermal conductivity reached by stretching
a single-mat UHMWPE to a draw ratio above 200 was 40 W/m K,
while a solution-spun sample could only reach to the maximum
value of 30 W/m K. The cause for the lower value of thermal con-
ductivity in the solution spun fibers, compared to the solid-state
processed tapes, can be attributed to the higher crystal plane
orientation in the tapes compared to the fibers coupled with the
higher molecular weight of the sample used in our study, resulting
in a lower number of chain ends [8].

The influence of molecular weight on the structure develop-
ment can be appreciated when comparing the intensity ratios of
(110) and (200) reflection. As shown in Fig. 8, the lowest molecular
weight sample PE_2_4 gives the higher value of intensity ratio,
which means lower crystal planar orientation, than the other
samples. The low crystal planar orientation of PE_2_4 can be the
result of inefficient orientation caused by the higher density of
entanglements, an occurrence we have previously discussed [9].
This result is in agreement with the observation that PE_2_4 shows
the lower thermal conductivity among all the samples considered.

The through-plane thermal conductivity (perpendicular to the
draw direction) drops from 0.4 W/m K to 0.2 W/m K at the TDR of
40, and it decreases only slightly at higher TDRs. These results are
qualitatively consistent with earlier work on the anisotropy of
thermal conductivity in stretched samples of HDPE [26].

In addition to uniaxial stretching, disentangled UHMWPE offers
the unique opportunity to perform biaxial stretching in the solid
state [8]. The sample PE_6_7 is processed through biaxial stretch-
ing, as described in Ref. [8], and the thermal conductivity is
measured. The results are reported in Table 3.

The observed thermal conductivity in the isotropically aligned
crystals of the biaxial drawn films is indeed surprising, as the value
of 18.4W/m K is similar to stainless steel, and to our knowledge this
behavior has not been reported before. The high thermal conduc-
tivity in the biaxial drawn films having thickness of 30 mm can be
attributed to the extended chain orientation in the biaxial direction,
thus facilitating the flow of phonons.

It should be mentioned that the uni-axial orientation brings
extremely high strength and modulus in the direction of drawing,
but the tapes tend to fibrillate very easily. The fibrillation process
increases with the decreasing polydispersity. This fibrillation is not
observed in bi-axially stretched membranes, thus constituting a
significant mechanical advantage compared to tapes.

Further morphological studies on the biaxial drawn films are
rolling ratios for PE_6_7 are reported again for comparison.



Table 3
In-plane thermal conductivity of biaxial stretched PE_6_7.

Rolling ratio Stretching ratioa Ratio of areas after/before stretching In-plane thermal conductivity (kip)
(W/m K)

1.3 � 1.3 2.8 � 2.9 14 9.8
1.4 � 1.4 3.8 � 3.2 23 18.4

a The values have been determined from the grid lines traced on the sample before stretching.
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under investigation and will be addressed in future publications.

4. Conclusions

UHMWPE with reduced number of entanglements can be ori-
ented through uniaxial and biaxial stretching in the solid state
without using any solvent. The high degree of chain orientation and
the presence of extended chains have been associated with the
exceptionally high tensile modulus and tensile strength of the
drawn samples [14]. In this paper, we have addressed the ability of
these oriented extended chains to conduct thermal energy through
lattice vibration in an electrically-insulating polymer. In the uni-
axially drawn tapes, the initial steep increase of thermal conduc-
tivity, from 0.3 W/m K to 10 W/m K for a total draw ratio of just 10,
is ascribed to orientation of crystals, followed by chain (and crystal
size) extension at higher draw ratios. For the first time, we have also
reported on the relatively high thermal conductivity of 18.4 W/m K
(similar to stainless steel) for a solid-state bi-axial stretched
UHMWPE.

The most significant advantage offered by disentangled
UHMWPE is the possibility to directly process the nascent material
in the solid state to achieve macroscopic structures that are elec-
trically insulating but thermally conductive in a range of in-plane
thermal conductivity spanning from 10 to 60 W/m K, a feature
that can be of use in any electrical application where dissipation of
heat is required.
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