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The electrical resistivity of a thermoresponsive polyurethane shape-memory polymer 共SMP兲 filled
with micron sized Ni powders is investigated in this letter. We show that, by forming conductive Ni
chains under a weak static magnetic field 共0.03 T兲, the electrical conductivity of the SMP composite
in the chain direction can be improved significantly, which makes it more suitable for Joule heat
induced shape recovery. In addition, Ni chains reinforce the SMP significantly but their influence on
the glass transition temperature is about the same as that of the randomly distributed Ni powders.
© 2008 American Institute of Physics. 关DOI: 10.1063/1.2829388兴
While shape-memory polymers 共SMPs兲 can be actuated
by various stimuli 共e.g., light1 and water2兲, an external heater
is normally required for the shape recovery in thermoresponsive SMPs. In order to get rid of external heaters, SMP composites with different types of fillers have been developed,3
so that they can be actuated by means of Joule heat 共i.e., by
passing an electrical current,4–6 just like that of NiTi shape
memory alloys7兲 or induction heat 共e.g., by applying an alternating magnetic field to induce heat through hysteresis in
magnetic particles8–10兲. While the latter approach has the advantage for wireless/remote operation, the former might be
more of the interest in many engineering applications in
which a bulk system to generate magnetic field is not
appreciated.
Electrically conductive powders, fibers, and even
nanowires/nanotubes have been utilized as the fillers to improve the electrical conductivity of polymers.11–13 Although
conductive fiber and nanowire/nanotube can significantly enhance the stiffness and strength of polymers,14 their deformable strain is limited to within a few percent 共at the
most兲.15,16 Since the recoverable strain in SMPs is normally
on the order of hundred percent, there is a potential problem
of deformation compatibility. As such, electrically conductive powders, such as, carbon black and Ni powder, should
be better choice.
Previously, we have developed thin film SMPs with embedded magnetic powder 共Fe3O4兲 chains inside. This work
inspired us to use some other powders, which are both magnetic and electronically conductive, to form conductive
chains for enhanced electrical conductivity. The purpose of
this letter is twofold. One is to fabricate SMP thin films with
embedded conductive powder chains and the other is to investigate their electrothermomechanical properties and compare them with those with randomly distributed powders.
The thermoresponsive polyurethane SMP solution from
Diaplex Co. Ltd. 共MS-5510兲 was used in this study. It consists of 30 wt % of SMP 共glass transition temperature, Tg:
about 40 ° C兲 and 70 wt % of dimethylformamide 共DMF兲. Its

molecule chain consists of alternating sequences of soft segment with low molecular weight and hard segment built from
diisocyanates and extenders to form the points for physical
linking.17 Ni powders, which are magnetic and electronically
conductive, with an average size from 3 to 7 m and a purity of 99.8%, were bought from Goodfellow, UK.
SMP thin films filled with different volume fractions of
Ni powders were prepared in the following steps. First, Ni
powders were mixed with the SMP/DMF solution and well
stirred for a uniform dispersion. After that, the highly viscous
mixture was poured into a 40 mm diameter Petri dish 共to
reach a final height about 1.5– 2.0 mm兲 共Fig. 1兲. Two magnets and a Petri dish were placed in a way, as illustrated in
Fig. 1. The whole setup was kept in an oven for 24 h at a
constant temperature of 80 ° C. After curing, a SMP thin film
with Ni chains inside was obtained. The resulted thin film
共about 0.5– 0.7 mm thick兲 was kept in an oven at 160 ° C for
more than 8 h to fully remove any moisture absorbed during
processing.18 Various sized samples were cut out of the thin
film for testing. This group of samples is named chained
samples hereinafter. Another group of thin films was prepared in the same way but without applying the magnetic
field. Hence, Ni particles were randomly distributed within
the SMP matrix. This group is named random sample
hereinafter.
Optical microscopic observation revealed the formation
of clear chain structure in chained samples, in particular, at a
small Ni content. A scanning electron microscopy 共SEM兲
共JEOL 5600LV兲 was used to observe the details of Ni chains
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FIG. 1. Illustration of setup for sample preparation. The strength of magnetic field was measured as 0.03± 0.003 T in the area underneath the Petri
dish.
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FIG. 4. 共Color online兲 Shape recovery sequence in a chained sample
共30⫻ 7 ⫻ 1 mm3, 10% Ni, 20 V兲.

Ni chain can be recognized 共Fig. 2, left column兲. In addition,
after five stretching-shape recovery cycles, the Ni chains still
exist 共Fig. 2, right column兲, which indicates the possibility of
using chained SMPs for cyclic actuation.
Figure 3 plots the electrical resistivity of the random and
chained samples against the volume fraction of Ni powders.
The volumetric electrical resistivity  is calculated by

=

FIG. 2. Typical SEM images before 共left column兲 and after 共right column兲
five stretching 共at 50% strain兲-shape recovery cycles.

before and after five stretching 共50% strain兲-shape recovery
cycles. The volumetric electrical resistance of random and
chained samples was measured by a multimeter 共IDM91E兲.
An infrared video camera 共AGEMA, Thermovision 900兲 was
used to monitor the temperature distribution in samples upon
Joule heating. Differential scanning calorimetery 共DSC兲
共modulated DSC, DSC-2920兲, and dynamic mechanical
analysis 共DMA兲 共DMA 2980 TA Instrument兲 were used to
determine the thermomechanical properties of chained and
random samples.
SEM images reveal that single chains start to be formed
at 1% volume fraction of Ni. With the increase of Ni content,
multichains 共bundles兲 are resulted, and eventually no clear
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where R is the measured resistant, A is the cross-sectional
area of sample, L is the length between two aluminum electrodes 共refer to the right inset in Fig. 3 for the setup of the
resistivity measurement兲. Although limited by the measuring
range of the multimeter, as we expected,  of the chained
sample in the transverse direction 共i.e., perpendicular to the
chain direction兲 is the highest, while  of random samples is
lower.  of chained samples in the chain direction is always
the lowest. For example, at 10% volume fraction of Ni powder,  of random sample is 2.36⫻ 104 ⍀ cm; while in the
chained sample, it is 2.93⫻ 106 ⍀ cm in the transverse direction, and only 12.18 ⍀ cm in the chain direction. However,
at a high Ni content,  of all types of samples is close. This
is due to that the Ni chains become unrecognizable at a high
Ni content, as revealed in Fig. 2. At 10% volume fraction
of Ni, the chained sample 共with a dimension of
16⫻ 0.6⫻ 5 mm3兲 can be heated from room temperature
共20 ° C兲 to 55 ° C by applying a voltage of 6 V 共refer to
infrared image in Fig. 3, bottom-left inset兲, which is enough
to trigger the shape recovery. However, for the same setup
and configuration, it is only about 26 ° C in the random
sample. No shape recovery can be actuated, as it is far below
the actuation temperature. The recovery sequence of a
chained sample upon Joule heating is shown in Fig. 4. According to the DSC results in Fig. 5, with the increase of Ni

FIG. 3. 共Color online兲 Electrical resistivity vs volume fraction of Ni powder.
Right inset: illustration of setup for the resistivity measurement along the
chain direction. Bottom-left inset: infrared image of temperature distribution
FIG. 5. DSC results of random samples.
in chained sample 共10% Ni, 6 V兲.
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FIG. 8. Tg of chained and random samples.

FIG. 6. Typical storage modulus vs temperature curves obtained from DMA
test.

content, the glass transition shifts a little bit toward a low
temperature range, which indicates the slight chemical interaction between Ni powders and SMP.
From the measured storage modulus versus temperature
curves of random and chained samples 共Fig. 6兲, we plot the
storage modulus 共at 0 ° C兲 against the volume fraction of Ni
for both random samples and chained samples 共chain direction only兲 in Fig. 7. At around 10% volume fraction of Ni
content, the composite is already significantly strengthened.
For the same amount of Ni content, the storage modulus of
chained samples in the chain direction is always much higher
than that of random sample. This indicates that the reinforcement is more effective by forming Ni powder chains.
Tg is one of the major characteristics of SMPs. Traditionally, Tg can be defined in various ways. Here, we differential
the storage modulus curve with regard to temperature, and
then define the peak temperature as Tg. Figure 8 plots Tg
against the volume fraction of Ni powders for both random
samples and chained samples 共chain direction only兲. As we
can see, with the increase of Ni content, Tg decreases in a
more or less same linear fashion in both types of samples. At
20% Ni content 共this is extremely high兲, Tg drops by about
15 ° C, to 35 ° C only, which confirms the slight chemical
interaction between SMP and Ni powders.
In conclusion, we demonstrate a simple way to produce
SMPs with embedded micron sized Ni powder chains by
application of relatively weak magnetic field. Due to these

conductive Ni chains, the electrical resistivity of SMP composite is greatly reduced in the chain direction, so that Joule
heating is possible at a low electrical voltage. In addition, the
alignment of Ni powder chains efficiently reinforces the
SMP. The slight chemical interaction between Ni powder and
SMP results in a lower Tg. This approach, i.e., to form conductive particle chains in SMPs for enhanced electrical conductivity, is easy for implementation. It should be applicable
to other types of polymers. Multilayered electrically conductive polymer composites can also be realized by, for instance,
bonding a few such layers together.
We would like to thank S.Y. Siew and C.S. Chan for
conducting some of the experiments as part of their final year
projects. This project was partially supported by a BPE Cluster SEED Grant 共SFP 011-2005, NTU兲 and the Programme
of Introducing Talents of Discipline to Universities, P.R.
China. We also wish to acknowledge the funding provided
by The National Natural Science Foundation of China
共NSFC 90505010兲 and Harbin Institute of Technology.

A. Lendlein, H. Y. Jiang, O. Junger, and R. Langer, Nature 共London兲 434,
879 共2005兲.
2
W. M. Huang, B. Yang, L. An, C. Li, and Y. S. Chan, Appl. Phys. Lett. 86,
114105 共2005兲.
3
M. Behl and A. Lendlein, Mater. Today 10, 20 共2007兲.
4
J. W. Cho, J. W. Kim, Y. C. Jung, and N. S. Goo, Macromol. Rapid
Commun. 26, 412 共2005兲.
5
V. A. Beloshenko, V. N. Varyukhin, and Y. V. Voznyak, Composites, Part
A 36, 65 共2005兲.
6
N. G. Sahoo, Y. C. Jung, H. J. Yoo, and J. W. Cho, Compos. Sci. Technol.
67, 1920 共2007兲.
7
W. M. Huang, Mater. Des. 23, 11 共2002兲.
8
A. M. Schmidt, Macromol. Rapid Commun. 27, 1168 共2006兲.
9
R. Mohr, K. Kratz, T. Weigel, M. Lucka-Gabor, M. Moneke, and A.
Lendlein, Proc. Natl. Acad. Sci. U.S.A. 103, 3540 共2006兲.
10
Y. Huang, Z. Xu, J. Shen, T. Tang, and R. Huang, Appl. Phys. Lett. 90,
133117 共2007兲.
11
W. Zhang, A. A. Dehghani-Sanij, and R. S. Blackburn, J. Mater. Sci. 42,
3408 共2007兲.
12
H. Koerner, G. Price, N. A. Pearce, M. Alexander, and R. A. Vaia,
Nat. Mater. 3, 115 共2004兲.
13
S. Stankovich, D. A. Dikin, G. H. B. Dommett, K. M. Kohlhaas, E. J.
Zimney, E. A. Stach, R. D. Piner, S. T. Nguyen, and R. S. Ruoff, Nature
共London兲 442, 282 共2006兲.
14
Q. Q. Ni, C. S. Zhang, Y. Fu, G. Dai, and T. Kimura, Compos. Struct. 81,
176 共2007兲.
15
T. Kimura, H. Ago, and M. Tobita, Adv. Mater. 共Weinheim, Ger.兲 14,
1380 共2002兲.
16
J. K. Holt, H. G. Park, Y. Wang, M. Stadermann, A. B. Artyukhin, C. P.
Grigoropoulos, A. Noy, and O. Bakajin, Science 312, 1034 共2006兲.
17
B. K. Kim, S. Y. Lee, and M. Xu, Polymer 37, 5781 共1996兲.
18
FIG. 7. Storage modulus vs volume fraction of Ni at 0 ° C.
B. Yang, W. M. Huang, C. Li, and L. Li, Polymer 47, 1348 共2006兲.
Downloaded 09 Jan 2008 to 222.171.7.218. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
1

