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Abstract: Shape memory nanocomposites of polyurethane (PU)-clay were fabricated by 

melt mixing of PU and nano-clay. Based on nano-indentation and microhardness tests, the 

strength of the nanocomposites increased dramatically as a function of clay content, which 

is attributed to the enhanced nanoclay–polymer interactions. Thermal mechanical 

experiments demonstrated good mechanical and shape memory effects of the 

nanocomposites. Full shape memory recovery was displayed by both the pure PU and  

PU-clay nanocomposites. 

Keywords: shape memory; nanocomposites; polyurethane; nano-clay; Vickers indentation; 

microhardness 
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1. Introduction  

 

Shape-memory polymers (SMPs) have the capability of recovering their shape upon application of 

external stimuli such as thermal treatment, joule heating, light, or chemicals [1-4]. Compared with 

shape memory alloys (SMAs), the advantages of SMPs include high elastic deformation and large 

recoverable strain (up to 400%), low cost for fabrication and processing, excellent chemical properties, 

biocompatibility and/or biodegradability [5,6]. Polyurethane (PU) based SMPs are among the most 

promising low-cost, low-density materials with excellent shape-memory ability and flexibility [7-9]. 

Their glass transition temperature can be tailored for shape restoration/self-deployment of in a variety 

of clinical and biological applications. However, one major problem of SMPs for biological 

applications such as microsurgery, in comparison with other shape-memory materials (alloys and 

ceramics), is their low recovery force (due to the low stiffness of most SMPs), which severely limits 

the SMP’s ability to recover when faced with large mechanical resistance. To overcome this problem, 

nanocomposite SMPs have been proposed where a shape-memory polymer matrix is reinforced with 

nano-sized particles and fillers, which leads to significant improvements in the mechanical properties 

and other functional properties, such as the shape memory effect [7,10]. Different types of nano-fillers 

(including nano ceramic and metal nanopowders, nano clay, carbon nanotubes and nano-silica, etc.) 

have been used to reinforce the polymer matrix [11-16]. Attapulgite based nano-clay is a natural 

hydrated magnesium-aluminium silicate consisting of nano-rods with a diameter of less than 100 nm 

and a length ranging from hundreds of nanometres to several micrometres for each single rod [17,18]. 

Its high aspect ratio and large surface area make it effectively reinforce the polymer matrix [19]. Our 

previous results showed that heat treated attapulgite nanoclay could significantly enhance mechanical 

properties of PU shape memory polymer [20]. Heat-treatment of the nano-clay removed the moisture 

and most surface hydroxyl groups, resulted in a crystallized and bundled structure, improved the 

interface between polymer and nano-fillers, and enhanced the mechanical properties of the 

nanocomposites [20]. Detailed studies on microstructure and thermal mechanical performance of the 

nanocomposites may provide useful guides for their engineering applications. In this paper, the thermal 

mechanical performance of the PU-clay nanocomposites is described.  

 

2. Materials and Methods 

 

PU-MM5520 pellets from Mitsubishi Heavy Industries,Japan, and attapulgite clay were used in this 

study. The attapulgite clay was heat-treated in an furnace (in air) at 850 °C for 2 hours [20,21], and 

then held in an oven at 100 °C for 12 hours. High resolution transmission electron microscopy  

(HR-TEM, JEOL 2010F) showed that the treated nano-clay formed a three-dimensional bundled 

network structure in which the length of single clay fibre varied from sub-micrometer to a few 

micrometers and the diameter was in the order tens of nanometres (see Figure 1(a)). The ring-like 

scattered diffraction spots reveal the nanocrystalline feature of the treated fibres as shown by the inset 

electron diffraction pattern in Figure 1(a). The corresponding HR-TEM images in Figure 1(b,c) 

confirm that the individual crystallites are embedded in the amorphous matrix with a separation of a 

few nanometres.  
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Figure 1. TEM observation of heat-treated clay powder: (a) Overview and electron 

diffraction pattern, (b) and (c) HR-TEM micrographs taken at the indicated position of a 

clay cluster. 

 

 

A Haake Rheocord 90 Torque Mixer was used for the mechanical mixing of the PU and attapulgite 

clay at 200 °C and the SMP nanocomposite sheets (about 3 mm thickness, with nanoclay contents  

of 10, 20 and 30 wt.%) were prepared by a hot-pressing method [21]. TEM was used to study the 

microstructure of the nanocomposites. Nanoindentation was performed using a TriboIndentor, 

(Hysitron Inc., USA), with a Berkovich diamond tip. Load–depth curves were recorded with a peak 

load of 400 mN with a loading/unloading rate of 10 mN/s and a hold time of 5 s. For comparison, 

micro-hardness (Vickers) testing was also performed on the SMP and nanocomposite samples. The 

indentation loads were varied between 98 and 980 mN and the indentation time was fixed at 20 s. All 

indentation work was performed on three randomly selected locations on the sample with at least five 

effective indents for each sample. Dynamic mechanical thermal analysis (DMTA) were carried out in 

cantilever bending mode with a TA Instruments DMA 2980 at a frequency of 1 Hz, a heating rate  

of 2 °C/min and a temperature range from 25 to 100 °C. 

Thermo-mechanical cyclic tests, as demonstrated on Figure 2, were performed using an Instron 

Universal Testing Instrument (Type 5567) at a constant crosshead speed of 5 mm/min to investigate 

the shape memory effect of the SMP and nanocomposites. The specimen was loaded to a strain (εm) at 

a temperature Thigh (Stage 1). Then, it was cooled to the temperature Tlow while holding the same strain 

εm (Stage 2). After 5 min at the temperature Tlow, the load on the specimen was released (Stage 3), and 

the unloaded specimen was heated from Tlow to Thigh in 5 min (Stage 4); εe is the strain after unloading, 

εp is the permanent strain. The basic conditions and definitions in a cycle were as follows: εm = 25%; 

Thigh = 60 °C; Tlow = 20 °C. 
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The loading–unloading curves for the nano-indentation of PU and its nanocomposites are shown in 

Figure 4(a). The indentation depth under a fixed load (400 mN) gradually decreases with increasing 

clay content, indicating an increase in the resistance to plastic deformation. A reduction of the strain 

recovery during unloading period with the addition of nano filler is also observed, because 

incorporating the nano-fillers in the microstructure hampers the movement of molecular chains during 

deformation. Figure 4(b) illustrates the hardness profiles for the PU sample and its nanocomposites as 

a function of indentation depth. At a very shallow indentation depth, the hardness is very high because 

of the indentation size effect (ISE) [22-24]. Several explanations have been used to explain the origin 

of the ISE, including limitations in experimental conditions (low resolution of the objective lens, work 

hardening or softening generated during the surface preparation, intrinsic structural factors of the 

material such as work hardening during indentation, friction at the interface, indentation elastic 

recovery, and grain size effect) [21-23]. In this study, the LSE is probably from work hardening of the 

polymer and nanocomposites. The averaged hardness value increases by about 90%, from 89 MPa  

to 166 MPa when the filler content is increased from 0 to 30 wt.%. The nanoindentation results also 

show a slight increase in improvement in yield stress with increasing filler content. Figure 4(c,d) 

shows the surface morphology of the indentation marks for the pure PU and nanocomposite  

(with 30 wt.% clay) from the nano-indentation test. For the pure PU, a pile-up of materials can be 

observed indicating its soft nature, whereas, for the 30 wt.% nanoclay composite, the pile-up is 

severely restrained because of the increase in the mechanical strength of the nanocomposites.  

Figure 4. (a) Typical nanoindentation results of samples; (b) hardness versus indentation 

depth derived from nanoindentation tests; (c) AFM images for pile-up of materials for the 

pure PU sample; (d) AFM images of indentation mark on 30 wt.% clay/PU. 
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A comparison of hardness values from the nanoindentation and Vicker’s microindentation are 

presented in Figure 5. The two measurements are comparable and show a very similar trend of relation 

between the hardness and the content of clay fibres in the nanocomposites. This result is useful for 

industrial applications as it indicates that a Vickers micro-indentation test can be used equally  

with nanoindentation. 

Figure 5. Hardness comparison between results from nanoindentation and Vickers 

hardness tests. 
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Figure 6(a) shows the storage moduli (E´) for the composites with different clay contents from 

DMTA tests. The storage modulus has a maximum value for the SMP nanocomposite with 30 wt.% 

clay, indicating that the stiffness of 30 wt.% clay/PS nanocomposite is the highest among all the tested 

samples. A sharp drop in modulus is observed above Tg within a narrow temperature range due to the 

softening effect of the polymer nanocomposite, which was frequently reported [25]. The tan δ curves 

shown in Figure 6(b) reveal that the transition temperatures of the nanocomposites increase with clay 

content. The nanocomposite with 30 wt.% clay also shows the highest tan δ value, which reveals its 

best energy absorption capacity among these samples [26]. It was reported that the damping effect of 

the polymer depends strongly on the content of hard segment, crystallization of the soft segment and 

cross-linking rate [27,28]. In this study, the best damping effect was achieved for the nanocomposites 

with 30 wt.% clay, because of the significant increase in the content of hard segments.  

Figure 6. DMTA characterization on Ttrans of nanoclay based SMP composites (a) Storage 

modulus versus temperature curves; (b) Tan δ versus temperature results. 
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Figure 7 shows the thermal-mechanical cyclic test of the 30 wt.% clay composite. A good shape 

recovery was observed: the shape recovery rate is 99.2% in the first tensile cycle  

and 97% in the second round. The maximum stress decreased by 8% probably because some defects 

were generated and creep occurred during continuous loading at an air temperature of 60 °C. 

In order to show the shape memory effect, thin beams of pure PU and 30 wt.% clay/PS composites, 

with a cross section area of 2 × 2 mm
2
, were bent after heating to 80 °C, and the shape held fixed 

during cooling to room temperature (20 °C). The shape recovery was demonstrated on a hotplate with 

a surface temperature of 80 °C. The pure PU sample exhibited a prompt response, recovering to its 

original shape within 30 s (see Figure 8(c)). The nanocomposite beam with 30 wt.% clay also showed 

a full shape memory recovery with 60 s (see Figure 8(d)). The slow recovery of the nanocomposite 

sample is attributed to the incorporation of nano-fillers that hamper the movement of molecular chains, 

so that the shape memory effect was slightly delayed. 

Figure 7. Typical thermal cyclic tensile results of 30 wt.% clay SMP nanocomposite. 

 

Figure 8. Recovery of shape memory samples heated on a hotplate with a surface 

temperature of 80 °C. 
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4. Conclusions 

 

Shape memory nanocomposites of polyurethane (PU)-clay were fabricated by mechanical mixing of 

PU and nano-clay powder. Nanoindentation results showed that the averaged hardness value increases 

by about 90%, from 89 MPa to 166 MPa when the content of nanoclay filler reaches 30 wt.%. DMTA 

also showed the improvement in the thermo-mechanical properties of the nanocomposites by adding 

the nano clay fillers. Good shape memory effect was observed in the nano-composites: nearly 97% 

recovery was obtained after two cyclic tensile tests. 
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