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Abstract

One simple approach to produce electrically conductive polymers is to fill them with conductive powders. This paper

investigates the effects of moisture on the glass transition temperature of a polyurethane shape memory polymer (SMP)

filled with nano-carbon powders. It is found that the SMP composites before immersion in water have a slightly lower

glass transition temperature, and in the mean time, the moisture fraction at the saturation point upon immersion is also

lower. On the other hand, the moisture can remarkably reduce the glass transition temperature of the composites. Heat-

ing to over 180 �C is an effective way to remove the moisture, which also results in the glass transition temperature back
to the original. As the glass transition temperature can be greatly reduced by moisture, a novel feature, namely, the

water actutable recovery of SMP composites is also proposed based on this study.
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1. Introduction

Shape memory polymer (SMP) has drawn great

attention from the research communities for its unique

feature in the recovery of its original shape by heating

[1,2]. One typical SMP is the polyurethane, which has

a wide range of temperature for shape recovery, high

recoverable strain (up to 400%) and low cost for manu-

facturing [3–5]. Previous researches on SMP polyure-

thane were mostly focused on its structure and
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thermomechanical properties [2–8]. More recently, Yang

et al. [9] reported the moisture effects and based upon

these findings, water actuated SMP polyurethane was

proposed.

Conventionally, the shape recovery in a SMP is actu-

ated by external heating. If the external heating process

is not applicable, other mechanisms for triggering the

shape recovery have to be considered. One of the possi-

ble choices is electrical current. However, since most

polymers are electrically non-conductive, making them

electrically conductive is the first task of all. Yang

et al. [10] reported that a good conductivity could be

achieved by filling SMP polyurethane with nano-sized

carbon particles (cf. Fig. 1). As shown in our earlier

study in [9], the moisture has a profound effect on the
ed.
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Fig. 1. Shape recovery in a SMP composite (with 13% nano-carbon powder in volume) by electrical current. (a) Shape recovery;

(b) temperature distribution (taken by an infrared camera).
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physical properties of polyurethane SMP. The main pur-

pose of this paper is therefore to study the moisture ef-

fects on the thermal properties of carbon powder filled

polyurethane SMP.
2. Materials and sample preparation

The polymer used in this study is SMP MM 5520 in

pellet form bought from the Mitsubishi Heavy Industry

(MHI). It is a thermoplastic polyurethane SMP pre-

pared from diphenylmethane-4,4 0-diisocyanate, adipic

acid, ethylene glycol, ethylene oxide, polypropylene

oxide, 1,4-butanediol and bisphenol A. According to

the data provided by MHI, it has the glass transition

temperature around 55 �C, melting temperature around
200 �C, and a bulk density of 1.25 g/cm3. The carbon
powders were made by the Degussa with an average

diameter of 30 nm and density around 1.85 g/cm3.

Before blended with carbon powders, the polyure-

thane SMP pellets were dried in a vacuum oven at

80 �C for 12 h. The polyurethane SMP pellets were then
melted at 200 �C inside the mixing head of a Haake

Rheocord 90. Carbon powders were added in and uni-

formly blended with the SMP. After mixing, the SMP

composite was hot-pressed at 200 �C into sheets with a
thickness of 2.0 mm. The SMP composites with volume

fractions of 4%, 7%, 10%, 13% and 15% carbon powders

were all prepared in this way. In this paper, we use CBX

to denote the volume fraction of X% carbon powder.

The volume fraction (uf) is determined by the following
equation,



°52.2 C
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uf ¼
1

1þ ðMm=qmÞ � ðqf=M fÞ
� 100% ð1Þ

whereMm, qm,Mf, and qf are the mass and bulk density
of polyurethane SMP and carbon powder, respectively.
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Fig. 3. DSC results of dry SMP composites upon heating.
3. Thermal properties before immersion in water

The thermal stability of carbon powder filled poly-

urethane SMP composites was tested by the thermo-

gravimetric analysis (TGA) using the Perkin Elmer

TGA 7. The samples weighing 20–25 mg were heated

at a constant heating rate of 20 �C/min in nitrogen

atmosphere. The results are plotted in Fig. 2. It shows

that the decomposition of pure polyurethane SMP

(CB0) starts at about 260 �C. In general, with the addi-
tion of carbon powders the onset of decomposition tem-

perature increases slightly and the full decomposition is

increased to a higher temperature. It has been reported

that the incorporation of nano-particles could improve

the thermal stability of some polymer composites

[11,12].

Differential scanning calorimetry (DSC) tests were

carried out at a constant heating/cooling rate of 20 �C/
min on the DSC 2920 (TA Instrument) to measure the

glass transition temperature. The samples for DSC test

were around 10 mg. Fig. 3 plots the DSC results of sam-

ples upon heating with the glass transition temperatures

being marked. Noted that the glass transition tempera-

ture is taken at the median point in the range of glass

transition. It reveals that the glass transition tempera-

ture decreases slightly with the increase of the carbon

powder in volume fraction. A similar phenomenon has

been reported in other polymer composites filled with

nano-particles e.g. [13]. A possible explanation is that

the added nano-particles change the kinetics of the glass

transition and make it easier to proceed [13].
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Fig. 2. TGA results of dry SMP composites with different

volume fractions of carbon powders.
4. Water absorption

In order to study the water absorption in the SMP

composites, the hot pressed SMP composite sheets were

immersed in room temperature water (about 25 �C).
After different hours of immersion, these sheets were

cut into small pieces for TGA test in order to determine

the moisture fraction in them.

Fig. 4 presents one set of TGA results (CB13) after

different hours of immersion. As we can see, a major

weight loss is found in the range between 100 �C and

240 �C before decomposition. The weight-loss can be

attributed to the evaporation of water absorbed in the

SMP composite. For simplicity, we took the percentage
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Fig. 4. TGA results of CB13 after different immersion hours in

water.
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Fig. 5. Moisture fraction in weight % vs. immersion time.
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of weight-loss at 240 �C as the total weight percentage of
moisture being absorbed. It is also obvious that the

moisture content in a SMP composite increases with

longer immersion time.

Fig. 5 further summarizes the moisture fraction in

weight % vs. immersion time of samples with carbon

powders in different volume fractions. It shows that

the increase of carbon powder tends to have less mois-

ture loss in the SMP composites and the loss becomes

relatively minor as the immersion exceeds 240 h. Note

that the maximum moisture absorption (in weight %)

in the pure polyurethane SMP is found at about 3.5%

for CB0.
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Fig. 7. Glass transition temperature vs. immersion time.
5. Glass transition temperature after immersion

The DSC tests were carried out as well on these sam-

ples immersed in water for different hours to examine

the change of their glass transition temperatures. Fig.

6 plots the DSC results of CB13. It reveals that the glass

transition temperature decreases remarkably with longer

immersion time. Furthermore, the temperature range of

glass transition is widened.

Relationships between the glass transition tempera-

ture of the SMP composites with different carbon pow-

der contents and immersion time are summarized in

Fig. 7. It shows that the glass transition temperature

of all samples falls with the increase of immersion time

following a similar trend. The decrease is significant at

the beginning and then becomes mild for immersion

over 240 h, which is consistent with the increase of mois-

ture shown in Fig. 5.

The absorbed moisture can interact with the polymer

acting as the plasticizer, which improves the mobility of

polymer chains and results in the decrease of glass tran-

sition temperature [14]. With more moisture absorbed
into the polymers, the glass transition temperature de-

creases further. This phenomenon holds valid until the

polymer is saturated by water.

Fig. 7 also demonstrates that the added carbon pow-

ders have the tendency to lower the glass transition tem-

perature. This is more obvious if the water content is

high enough. For instance, the glass transition tempera-

ture of pure polyurethane SMP (CB0) at the saturation

point (720 h) is about 20 �C higher than all other sam-

ples. The mechanism playing behind is complicate and

beyond the scope of this study. However, it should

surely involve the interactions among polymer chains,

water molecules and carbon powders.
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cycling.
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6. Recovery of glass transition temperature by thermal

cycling

A very important question in materials processing

and applications is whether the glass transition tempera-

ture can be reversed back to the original value of a dry

condition by dehydrating as reported in [9]. In order to

answer this question, cyclic DSC tests were carried out

on the saturated SMP composites (720 h immersion).

In each cycle, the sample was heated from �20 �C to a
selected temperature and then cooled back to �20 �C
at a constant rate of 20 �C/min. In each test, six temper-
atures, 80 �C, 100 �C, 140 �C, 160 �C, 180 �C and 240 �C,
were selected for heating in an increase order.

Fig. 8(a) and (b) plot the cyclic DSC results of satu-

rated CB13 and the zoom-in details. It is found that the

glass transition temperature changes distinctly for both

heating and cooling in the temperature range from

140 �C to 180 �C. Using the median point in the range
of glass transition as, for instance, in Fig. 8(b), Fig. 9
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Fig. 8. Cyclic DSC results of saturated CB13. (a) Overall view;

(b) zoom-in of A in (a).
summarizes the evolution of glass transition temperature

upon thermal cycling for all composites. It shows that

the most significant recovery occurs in the temperature

range from 140 �C to 180 �C. Further heating beyond
the melting point (�200 �C) can bring the glass transi-
tion temperature almost back to the original value,

i.e., 55 �C in a dry condition. The added carbon powders
lower down the glass transition temperature.

Note that there is a significant part of moisture being

removed at a temperature above 140 �C (Fig. 4). Since

the moisture is removed only through evaporation, the

whole process is reversible even for heating to near the

melting point, i.e. the transition temperature can be

reduced if samples are immersed in water again.
7. Application: water actuatable SMP composite

Since the glass transition temperature of the polyure-

thane SMP composites can be reduced by water immer-

sion, we can therefore utilize this feature to design water

actuatable SMP composites. The basic idea is to lower

the glass transition temperature of SMP composites by

moisture and to make them more flexible. Fig. 10 pre-

sents the recovery of a deformed dry sample (cut from

the CB7 sheet with a thickness of about 0.15 mm) upon

immersion in room temperature water. The sample was

straightened corresponding to the decrease of glass

transition temperature after 2 h of immersion. It

demonstrates that a recovery can be actuated solely by

water. Such mechanism can be further extended into

designing functionally gradient SMP composites, which

have a gradient glass transition temperature in various

parts withheld by different content of moisture. The

recovery of such material can thus be artificially

controlled.



Fig. 10. Recovery of a CB7 sample actuated by room temperature water.
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8. Conclusions

Electrically conductive SMPs can be fabricated by

filling SMPs with nano-sized carbon powders. In this

paper, we investigate the effects of moisture on the glass

transition temperature of such composites. Experimen-

tal results show that the glass transition temperature

can be reduced effectively by water immersion. The ab-

sorbed moisture interacts with the polymer chains and

thus improves their mobility, resulting in the decrease

of glass transition temperature. This phenomenon holds

valid until the polymer is saturated by water. Moreover,

results indicate that the added carbon powders have the

tendency to lower the glass transition temperature. We

also found the change of transition temperature is

reversible by heating or dehydrating since the removal/

absorption of moisture is only a physical process. As

the glass transition temperature can be remarkably re-

duced by water immersion, a novel feature, namely,

the water actutable recovery of SMP composites can

be realized as shown in our demonstration. This feature

can be further extended into the fabrication of SMP

composites with a gradient transition temperature.
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