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Abstract  

Graphene and its related materials are commonly used as reinforcements in shape-memory-

polymers (SMPs) to engineer their functional properties, but at the cost of a reduction in their 

failure strain. Here, we demonstrate that the reduced failure strain in multilayer graphene 

reinforced polyurethane (PU/MGR) composites (at 2.0 wt% MGR) could be enhanced by more 

than two times with the introduction of copper nanoparticle (CuNP) co-fillers (0.1–1.0 wt% 

CuNP). The CuNPs play a crucial role in disrupting the π-π and van der Waals interactions 

between the MGR sheets, which serve to reduce their agglomeration and suppress the number 

of stress concentration sites. Interestingly, introduction of CuNPs was found to not only 

increase the failure strain, but also contribute to remarkable tribological and thermal properties 

of the PU/MGR/CuNP composites. CuNP-decorated MGR fillers present at a sliding tribo-

interface enabled the easy shearing and rolling of MGR sheets across each other, thereby 

significantly reducing the friction to attain a state of superlubricity exhibiting an ultralow and 

stable coefficient of friction of ~0.05–0.06. These concepts derived from using CuNPs as co-

fillers in graphene-reinforced PU may be extended to many other SMP systems for various 

functional systems. 

 

  

Keywords: Shape memory polymers, graphene fillers, nanoparticulate fillers, strain 

enhancement, tribology and thermal conductivity 

 

 

  



4 
 

Introduction 

Since its discovery, graphene and its related materials have attracted huge attention due to their 

extraordinary physicochemical and functional properties 1. Graphene has shown very high 

electron mobility 2, high electrical and thermal conductivities 3, and excellent mechanical and 

tribological characteristics 4. These astonishing properties have also led to their exploration as 

fillers to engineer the characteristics of metals 5, ceramics 6, and polymers 7. Furthermore, the 

application of graphene-based materials has led to improved thermal conduction 8 and electrical 

transport 9 in many polymers.  

One of the long-standing issues in graphene research is that the reinforcement of 

polymeric systems using graphene-based materials drastically degrades the polymer 

composite’s failure strain 10. A significant reduction in the failure strain was observed in 

graphene-reinforced shape memory polymers (SMPs) 11, a category of intelligent polymers 

with shape memory effect that is a rising star for the next generation of biomedical devices, 

soft robotics, micro-/nano-electromechanical systems (MEMS/NEMS), actuators, and sensors. 

12. Jung et al. showed that the introduction of few-layer graphene enhanced the thermal 

conductivity of shape memory polyurethane (PU) but reduced its failure strain by 22% 13. Sofla 

et al. found improved electrical conductivity but reduced failure strain for PU reinforced with 

graphene-based materials 14. Abbasi et al. synthesized PU/graphene nanoplatelet composites 

and found improved electrical properties but reduced mechanical strain 15. Shi et al. developed 

a shape memory PLA/natural rubber/tetrapod zinc oxide/graphene composite and found that 

while the introduction of 2.5 wt% of graphene increased the thermal conductivity, it 

significantly reduced the failure strain 16. Jiu et al. performed in-situ synthesis of highly 

concentrated graphene cross-linked PU composites and found improved electrical conductivity 

but reduced failure strain 17. However, researchers tried to solve this problem not specifically 

with PU and graphene, but with the other polymer and graphene related material. Polyamide's 
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failure strain decreases with graphene oxide (GO) but increases significantly with a GO-carbon 

nanotube hybrid18. In epoxy, GO reduces failure strain, while functionalized GO with 

poly(ethylene adipate) increases failure strain19. Poly(vinyl chloride) shows reduced failure 

strain with GO, which improves with glycerol addition through a drop in tensile strength 

occurred 20. Polypropylene's strain at break decreases drastically with graphene nanoplatelets 

(GnP) but increases substantially in a PP/SEBS/GnP blend, with a reduction in tensile 

strength21. These investigations showed that graphene reinforcement is a critical drawback for 

polymeric materials from a mechanical failure strain viewpoint. Controlling the degradation of 

the mechanical failure strain of graphene-reinforced polymer composite systems therefore 

necessitates creative and effective strategies to be adopted without adversely affecting their 

functional properties including thermal conductivity, actuation, shape memory, and electrical 

conductivity, among others. 

Low friction and high wear resistance are primary requirements in 

materials/components to develop energy-efficient and sustainable moving mechanical 

technologies. However, many soft polymeric materials are highly susceptible to wear and 

exhibit moderate-to-high friction when sliding against harder counterfaces 22. For SMPs in 

particular, certain pre-programmed steps are required to ensure that the SMP deforms and 

recovers to the desired shape. Both deformation and shape recovery depend on the external 

environment and mechanical stimuli which can cause high friction and damage/scratches to the 

surface of SMP. Moreover, friction during shape recovery of SMP components on contacting 

surfaces can minimize shape recovery and even increase the energy required for actuation. 

Additionally, SMPs are also promising options for developing self-healable and sustainable 

nano-/micro-/macro-machines. Therefore, for maximum utilization of the SMP on contacting 

surfaces, low friction and high wear resistance are necessary.  
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 In this work, we have adopted a unique approach of introducing multilayer graphene 

(MGR) dressed with copper nanoparticles (CuNP) as fillers to engineer shape memory PU, 

hereon denoted as MGR/CuNP binary fillers. The co-reinforcement of CuNP with MGR 

extraordinarily suppressed the elongation-reducing nature of MGR and largely increased the 

failure strain of the resultant PU/MGR/CuNP composite compared to PU/MGR composite. 

Interestingly, PU/MGR/CuNP yielded improved thermal conductivity, faster actuation, lower 

friction and higher wear resistance than the PU/MGR composite, suggesting that MGR/CuNP 

as a binary filler can drastically boost the performance of PU. 

 

Experimental Section 

Materials: PU granules (MM5520, ether type) with melt flow index of 3.1 g/10 min and 

extruding temperature range of 190 to 210 ℃ were used as the model SMP PU matrix procured 

from the SMP technologies Japan. Multilayer graphene (MGR) and copper nanoparticles 

(CuNP) were introduced as fillers to develop CuNP dressed MGR filler reinforced PU-

composites procured from the SRL, Inc. The thickness of MGR flakes was around 11–15 nm.  

Synthesis of PU composites: A twin screw micro-compounder (Thermo Haake MiniLab 3) 

attached with a mini-injection molding tool (Thermo Scientific HAAKE MiniJet Pro Piston) 

was used to manufacture PU composites of desired shapes and sizes, as illustrated in Figure 1. 

The PU granules were initially washed with ultrapure water and then dried in an oven to remove 

moisture. During sample processing, the twin screw speed and micro-compounder temperature 

were maintained at 60 rpm and 200°C, respectively. After blending for 15 minutes, the mixture 

was placed inside a cylinder heated to 205°C. Subsequently, the mixture was fed into the die 

using a piston at a pressure of 620 bar for 5 seconds, followed by maintaining a post pressure 

of 400 bar for 15 seconds.  Pristine PU (sample S1) and PU/MGR composite containing 2 wt% 
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MGR filler (sample C0) were used as the reference samples. The subsequent series of samples 

were prepared by introducing and varying the wt% of the secondary CuNP filler to obtain 

concentrations of 0.1%, 0.25%, 0.5%, and 1% in the PU/MGR composite. The resultant 

PU/MGR/CuNP composite samples with 0.1%, 0.25%, 0.5%, and 1% wt% of CuNP are 

labelled as samples C1, C2, C3, and C4, respectively.  

 

Figure 1: Schematic illustration showing the preparation of a PU/MGR/CuNP composite by 

the melt blending method using a twin-screw micro-compounder. 

 

Characterizations of the materials and PU composites: The prepared samples were 

characterized using various spectroscopic and microscopic techniques such as Raman 

spectroscopy, X-ray diffraction (XRD), field-emission scanning electron microscopy 

(FESEM), and Fourier transform infrared (FTIR) spectroscopy. X-ray diffractometers (Bruker 

D8 Advance (Germany) and Rigaku miniflex (Japan)) with Cu Kα radiation (λ = 0.154 nm) 

were used to assess the crystallographic structures of the MGR and CuNP fillers, with 

measurements performed in 2θ angle range of 10o to 70o. The morphologies of the filler 
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materials and the PU composites were examined using FESEM (NOVA Nanosem 430). For 

FESEM analysis of the PU composites, cryo-fractured samples were prepared followed by the 

application of a conductive gold layer on the fractured surfaces to reduce surface charging 

during imaging. FTIR measurements (Nicolet iS50, USA) were performed within a 

wavenumber range of 4000 cm-1 to 400 cm-1 to probe the molecular structures, chemical 

bonding, and the presence of any functional groups in the pristine PU and PU composite 

samples. The thermal properties of pristine PU and PU composite samples were investigated 

using differential scanning calorimetry (DSC, Mettler Toledo) at a heating and cooling rate of 

10 ℃/min. Two cycles were performed and the heating curve of the 1st cycle was analysed. 

The thermal conductivities of the samples were measured using a laser flash method 

(NETZSCH LFA467 Hyper Flash). Uniaxial tensile tests (Tinius and Olsen H25KT universal 

testing machine) were performed on pristine PU and PU composite samples to estimate various 

mechanical parameters such as ultimate tensile stress, elongation at break, toughness and 

elastic modulus. The tensile tests were performed on dogbone samples prepared using melt 

blending and injection molding according to the ISO 527-2 standard. The repeatability of the 

results was checked on at least 8–10 samples. Friction and wear measurements were performed 

on PU and PU composite samples using a ball-on-disk low-load tribometer (Ducom, India) in 

rotary mode under controlled conditions (24 ℃, RH 35±5%). A stainless-steel ball (hardened 

chrome steel ball grade 52100 from Simply bearings, UK) 2 mm in diameter was used as the 

counterface material. The tests were performed along a 2 mm diameter track at a speed of 

100 rpm for 1 h, corresponding to 6000 frictional cycles. A constant normal load of 1 N was 

applied throughout the test, and at least three measurements were performed on each type of 

sample for repeatability of the results. After each test, images of the ball and the sample surface 

(where the test had been conducted) were captured using an optical microscope to observe the 

extent of wear.  
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Shape memory thermomechanical tests: Constrained shape recovery thermo-mechanical tests 

were performed in a computer-controlled Tinius Olsen H25KT universal testing machine 

equipped with a controlled environment chamber. A programmed cycle of heating, 

deformation, shape fixation, and recovery was carried out with a 1 kN load cell 23. The shape 

fixity ratio (Rf) and shape recovery ratio (Rr) were calculated using Equations 1 and 2, 

respectively:   

 𝑅𝑓 =
𝐿𝑢−𝐿𝑖

𝐿𝑠− 𝐿𝑖
              (1) 

 𝑅𝑟 =  
𝐿𝑢−𝐿𝑟

𝐿𝑢−𝐿𝑖
                                                                                                                         (2) 

where Ls is the deformation length, Lu is the fixed length (length at temporary state), Li is the 

initial length and Lr is the recovered length of the sample. Next, the shape memory tests were 

also performed in hot water environment to study in-depth the shape memory behavior of PU 

and the PU composite samples. The shape memory test comprised a four-step program of a) 

heating of the sample at 75 ℃ for 10 min, b) deformation of the sample to a 30 angle, c) 

cooling of the sample at 30 ℃  for 10 min, and d) exposure of the sample to 75 ℃ to check the 

shape recovery and shape recovery rate. The Rf and Rr values were calculated for these samples 

using Equations 3 and 4:  

               

                                                                                                                                                               (3)                                                                                                     

                                                                                                                                                               (4) 

where θf is the angle for the fixed temporary shape after cooling the sample and θr is the angle 

of the recovered shape after heating the sample above its glass transition temperature, Tg.  

 

 

𝑅𝑓 =
150°−𝜃𝑓

150°
  

𝑅𝑟 =
𝜃𝑟

150°
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Result and Discussion: 

Prior to their incorporation into PU, the MGR and CuNP fillers used in this work were 

thoroughly characterized. The XRD pattern (Figure 2a) of MGR showed peaks at 26.3° and 

54.6° corresponding to the characteristic crystallographic planes of (002) and (004), 

respectively, in graphitic carbon, as desired for MGR 24. Likewise, the XRD pattern in Figure 

2a exhibited the characteristic peaks of crystalline CuNP at 43.1° and 50.1° corresponding to 

the crystallographic planes of (111) and (200) in Cu, respectively 25. Additionally, the peaks at 

35.3° and 38.4° correspond to the crystallographic planes of (111) and (200), respectively of 

copper oxide 26, suggesting that some of the CuNPs were oxidized prior to sample preparation. 

FESEM images of the filler materials showed the layered structure of graphene for MGR 

(Figure 2b) and the existence of nanoscale CuNP particles and their clustering (Figure 2c), 

which were consistent with what was to be expected for these materials. Next, we discuss the 

characterization of pristine PU and PU composites containing MGR fillers and MGR/CuNP 

binary fillers. At first glance, the FTIR spectra of pristine PU and PU composites look fairly 

similar regardless of the type of filler (Figure 2d-e). The analysis revealed that the FTIR spectra 

of all the samples are dominated by the PU peaks, i.e. the peaks corresponding to CH, NH, CO, 

and CONH vibrations of PU are present in all the samples. Nonetheless, NH and CH bonding 

regions of the FTIR was enlarged for all the samples to further assess bonding changes between 

the samples, if any present (Figure 2e). The NH and CH bonding regions also looked similar 

for all the samples. From the FTIR spectra, it was concluded that the reinforcement of PU with 

either MGR or MGR/CuNP binary fillers did not adversely affect the characteristic bonding of 

PU (Figure 2d-e). This implies that the shape memory characteristic of PU would not be 

compromised. Further, the XRD patterns (Figure 2f) revealed the presence of all the 

characteristic peaks of MGR (such as the (002) and (004) crystallographic planes of MGR) and 

CuNP (111) and (200) crystallographic planes of Cu in MGR and MGR/CuNP reinforced PU-

composites. In addition, all the samples including pristine PU showed a broad hump around 2θ 
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of 20° (Figure 2f) corresponding to the PU matrix 27. DSC measurements were performed to 

study the thermal properties of pristine PU and PU composites, especially to quantify glass 

transition temperature (Tg) of mixed phase of PU.  From DSC curves (Figure 2g), we found Tg 

of 56.0 in PU, which is in agreement with the reported literature for the same grade of PU28. 

The Tg remains similar in the PU/MGR composite which could be due to non-covalent 

interaction between the PU chains and MGR sheets. However, Tg slightly decreases to about 

50.8-51.3 in PU/MGR/CuNP composite depending upon CuNP concentration. The decrease of 

Tg may be attributed to CuNP induced reduction of non-covalent interaction between PU 

chains and the MGR sheets. 
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Figure 2: (a) XRD patterns of MGR and CuNP. FESEM images of (b) MGR and (c) CuNP. 

(d-e) FTIR, (f) XRD, and (g) DSC characterizations of pristine PU and PU-composites. 

 

Table 1:  Thermal properties of PU and PU composites. 

Sample Glass transition 

temperature Tg  (℃) 

S1 56.0 

C0 55.8 

C1 50.9 

C2 50.9 

C3 50.8 

C4 51.3 

 

Next, we focus on the tensile properties of the PU and PU composite samples by 

analyzing their stress-strain curves (Figure 3a). The curves exhibit distinct regions with 

increasing strain that represent the material’s elastic behavior, yielding, and plastic deformation 

accompanied by cold drawing. After yielding, continuous deformation of the material causes 

necking along the gauge length. A typical ductile-like behavior was observed in pristine PU 

(sample S1) with an average failure strain of ~277% (Figure 3b). Strain hardening, a 

mechanism where the applied strain increases the tensile strength until fracture, was also 

noticed in these samples (Figure 3a). Importantly, the incorporation of MGR into PU (sample 

C0) was found to degrade the strain by limiting the average failure strain to just ~46% (Figure 

3b). Such a huge reduction in the failure strain of PU due to MGR reinforcement is detrimental 

for practical applications of shape memory polymer composites. This prompted us to discover 

new approaches to recover (or enhance) the failure strain of PU/MGR as much as possible 

while maintaining or further improving the necessary thermal, actuation, and other mechanical 

characteristics of the MGR-reinforced PU composites. 

We introduced CuNP in PU/MGR composites having a fixed MGR concentration of 

2 wt%. The introduction of just 0.1 wt% of CuNP (sample C1) immensely increased the 

average failure strain from ~46% for the PU/MGR composite (sample C0) to 155% in the 
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PU/MGR/CuNP composite (sample C1) (Figure 3b). However, increasing the CuNP 

concentration from 0.1 wt% to 1.0 wt% (samples C1 to C4) did not further alter the failure 

strain as confirmed by a saturation in the trend, with average failure strains of ~147%, ~145% 

and ~146% in samples C2, C3, and C4, respectively (Figure 3b). Upon closer examination, we 

noticed that the relative improvement of the failure strain in the PU/MGR/CuNP composite 

was roughly three times that of PU/MGR composite (sample C0), i.e. an absolute change in the 

failure strain from ~46% for the PU/MGR composite (sample C0) to almost 150% and above 

for the PU/MGR/CuNP composite (samples C1 to C4). We further quantified the toughness of 

PU (sample S1) and its composites C0 to C4 and the trend was found to be similar to failure 

strain results, where the addition of CuNPs to MGR-reinforced PU improved the toughness, 

but reached a saturation in the extent of toughness enhancement with a further increase in CuNP 

concentration (Figure 3c). As the failure strain directly influences the toughness of the 

composite, the introduction of CuNP directly contributed to the enhanced toughness of the 

PU/MGR/CuNP composites. This implied that more energy was required to fracture the 

PU/MGR/CuNP composites compared to the PU/MGR composite. 
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Figure 3: Mechanical properties of pristine PU, PU/MGR, and PU/MGR/CuNP composites. 

(a) Representative stress-strain curves, (b) average failure strain, and (c) toughness of PU, 

PU/MGR, and PU/MGR/CuNP composites. (d) Comparison of the average failure strain of 

different PU composites to uncover the optimal co-reinforcement filler material.  

 

To better understand the influence of the co-filler material in improving the failure 

strain of the PU/MGR composites, we also screened two other co-filler materials, namely TiO2 

and MoS2, by introducing them into the PU/MGR composite to develop PU/MGR/TiO2 and 

PU/MGR/MoS2 composites, respectively. TiO2 and MoS2 were chosen because they are often 

used as reinforcement materials in polymer matrices 29. However, both TiO2 and MoS2 led to 

a further decrease in the failure strain compared to PU/MGR composite (Figure 3d). Thus, the 

failure strain results clearly highlights the beneficial role of CuNP reinforcement in reducing 
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the brittle-like behavior and enhancing the ductility of the PU/MGR composite. To further 

visualize the magnitude of elongation in the PU composites system, we performed a unique 

experiment as discussed in Supplementary Note 1. 

We now elaborate on the fundamental mechanisms for these observations that arise 

from the introduction of CuNPs into the PU/MGR composite and propose models to elucidate 

the role of CuNPs in engineering the failure strain, as illustrated in Figure 4a. Pristine PU is 

capable of high elongation due to the unrestricted movement of the flexible PU chains and the 

absence of stress concentration sites inside the matrix (Figure 4). When a high concentration 

of MGR filler (e.g. 2 wt%) was introduced into the PU matrix, the possibility of filler 

agglomeration is substantial (Figure 4a-4b). The agglomerated MGR sheets form a bunch of 

high-modulus particulates inside a low-modulus PU matrix. Consequently, the agglomerated 

MGR particulates introduce a region of high stress concentration inside the PU matrix. In 

addition, the low adhesive strength at the PU and MGR interface may lead to the preferential 

separation of the PU-MGR interfaces and result in crack initiation upon stretching. 

Furthermore, since the MGR fillers restrict the mobility of the PU chains to reorganize and heal 

the cracks, the regions of high stress concentration may increase in crack density and size with 

higher strain, ultimately generating voids/cavities and causing the strain localization around 

the dense network of MGR (Figure 4a). These lead to a drop in the ductility and yielding 

behavior of the PU/MGR composite. The inclusion of CuNPs leads to their accumulation on 

the MGR sheets, thus suppressing the agglomeration of MGR sheets by disrupting the non-

covalent π-π and van der Waals interactions between the MGR sheets 30 (Figure 4b), as well as 

any non-covalent interactions between the MGR sheets and the PU chains. With reduced MGR 

agglomeration, there is an overall lower stress concentration at the filler regions that greatly 

decreases the likelihood of crack formation and propagation at the PU-MGR interface, and 

ultimately reduces void/cavity formation. As a result, increased ductility and a higher failure 
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strain were observed in the PU/MGR/CuNP composites (e.g. sample C1). Further, the increase 

in the CuNP concentration is not expected to considerably alter the stress concentration and 

extent of void/cavity formation, which is why the failure strain values remain similar for all 

PU/MGR/CuNP composite samples. We also noticed that the ultimate tensile strength (UTS) 

decreased by introducing and increasing the concentration of CuNP in the PU/MGR composite 

(see Supplementary Note 2). This is attributed to the modification of the PU-MGR interface 

by the CuNPs which caused increased mobility of the PU chains enabling them to slide across 

one another more easily at lower stresses. 

Unlike the PU/MGR/CuNP composite system, the PU/MGR/TiO2 and PU/MGR/MoS2 

composite systems largely reduced the failure strain. This may be due to a combined effect of 

TiO2 or MoS2 with MGR that leads to an enhancement in the stress concentration sites. As a 

result, PU chain mobility is severely restricted, and hence decreased elongation and more 

brittle-like character is observed. The use of different co-filler materials thus reveals the 

importance of co-filler material selection for the PU/MGR composite system and demonstrates 

the advantage of CuNP in increasing the ductility of the PU/MGR composite system. 

Separately, we have also measured the UTS of PU/MGR/TiO2 and PU/MGR/MoS2 composites 

which revealed anomalous behavior, as discussed in Supplementary Note 2.  
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Figure 4: Schematic illustration for strain engineering mechanisms for MGR (middle) versus 

MGR/CuNP binary fillers (right) in the PU matrix. (b) Enlarge view of MGR accumulation in 

PU matrix, and hence the origin of concentrated stresses in PU/MGR composite. The 

introduction of CuNP reduces the MGR agglomeration by disturbing π-π and weak Vander 

Waals interactions between the MGR sheets, thus minimizing stress concentration to achieve 

large failure strain. 

 To obtain mechanistic insights into the MGR- and MGR/CuNP-reinforced PU systems, 

we extensively examined the morphologies of their respective cryo-fractured samples using 

FESEM (Figures 5a-5l). Pristine PU showed a smoother fracture surface and more elongated 

fracture (more plastic deformation before failure), suggesting its ductile-like character (Figures 

5a-5b). However, the incorporation of 2 wt% MGR resulted in a rougher fracture surface in the 

PU/MGR composite (Figures 5c-5d). This is attributed to the void formation due to low 

adhesive strength at the PU-MGR interfaces. As the tensile stress/strain increases, more voids 

are formed until a point when the crack propagates through the voids leading to the brittle-like 

fracture. The roughness/morphology of the fractured surface is partially contributed by the void 

“pockets” that are formed just before fracture. The fracture surfaces of the PU/MGR/CuNP 

composites (Figure 5e-5l) appeared to be smoother than the fracture surface of the PU/MGR 

composite, but they were still rougher than pristine PU. Nonetheless, such a transition in the 

fracture surface morphology indicates the transformation of the PU/MGR composite from 

brittle-like failure to ductile-like failure upon CuNP co-reinforcement. EDS mapping further 
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confirmed the presence of CuNP on the fractured surfaces, suggesting their role in improving 

the elongation of the PU/MGR system (Supplementary Note 3).  

 

Figure 5:  FESEM images of the fractured surfaces of pristine PU, PU/MGR, and 

PU/MGR/CuNP composites. (a-b) pristine PU, (c-d) PU/MGR composite (sample C0), (e-f) 

PU/MGR/CuNP at 0.1 wt% CuNP concentration (sample C1), (g-h) PU/MGR/CuNP at 

0.25 wt% CuNP concentration (sample C2), (i-j) PU/MGR/CuNP at 0.5 wt% CuNP 

concentration (sample C3), and (k-l) PU/MGR/CuNP at 1.0 wt% CuNP concentration (sample 

C4). 

We have so far provided strong evidence for the significant influence exerted by the 

co-reinforcement of CuNPs in PU/MGR composites to control its tensile properties, mainly in 

the modification of its strain behavior. This leads to a question of whether CuNP reinforcement 

also results in the modification of other mechanical properties of PU/MGR composite systems, 

especially their friction and wear properties which could adversely affect the performance and 

durability of moving mechanical systems and lead to significant energy losses as well as the 

need to frequently replace the systems. Therefore, we systematically investigated the sliding 

friction and wear properties of the PU and PU composites by sliding their surfaces against steel 
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balls in a ball-on-disk configuration where the sample surfaces rotate with respect to the 

counterface ball. The representative frictional curves, average coefficient of friction (COF) 

computed over the steady-state friction regime, and the optical microscope images of the 

counterface balls and sample wear tracks after ball-on-disk tribological tests are presented in 

Figures 6a-c, respectively. A schematic illustration of the tribological mechanisms and the 

calculated ball wear volume results are presented in Figures 6d and 6e, respectively. The tests 

were repeated at least 3–4 times to ensure the reproducibility of the results and they revealed 

the stability in the COF for the PU composite samples (see Supplementary Note 4 for details). 

Pristine PU demonstrated moderate level of friction that fluctuated around an average COF of 

~0.37 (Figure 6a). Moreover, PU experienced considerable wear as confirmed by the large 

amount of debris transferred to the ball together with a very intense and wide wear track on the 

sample (Figure 6c). This indicated that pristine PU alone was not tribological resilient and 

required suitable engineering of its intrinsic material properties for tribological operations. The 

introduction of MGR largely improved the sliding performance of PU as confirmed by a very 

stable level of friction until the completion of the tests (6000 cycles) with a low average COF 

of ~0.11 in the PU/MGR composite (Figures 6a and 6b). Moreover, the PU/MGR composite 

demonstrated a large improvement in wear resistance over pristine PU, as reflected by 

significantly less debris transferred to the ball and a relatively fainter and narrower wear track 

formed on the sample (Figure 6c). This finding demonstrates why MGR type fillers are 

frequently used as polymer reinforcements to improve the friction and wear properties for real 

world applications. Interestingly, we found that the co-reinforcement of PU/MGR with CuNPs 

further boosted the tribological performance. All the PU/MGR/CuNP composites achieved 

extremely low average COFs of ~0.06, ~0.05, ~0.06 and ~0.06 in samples C1, C2, C3, and C4, 

respectively, approaching the regime of superlubricity, a state where friction almost vanishes 

(Figure 6b). Moreover, the extremely low friction could be maintained over the entire 
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tribological test of 6000 cycles for all the PU/MGR/CuNP composites (Figure 6a). The wear 

tracks of the PU/MGR/CuNP composites were much fainter and narrower than the PU/MGR 

composite, and the amount of debris transferred to the ball was minimal, suggesting the high 

wear resistance of the PU/MGR/CuNP composites. Thus, the co-reinforcement of PU/MGR 

with CuNP not only helped to increase the failure strain but also substantially improved the 

friction and wear characteristics of the PU composite which is astonishing from the scientific 

and technological points of view. 

We now discuss the friction and wear mechanisms observed from the tribological tests. The 

frictional forces (Ff) strongly depend on the shear strength () at the tribo-interfaces and are 

directly related to each other, i.e. a higher shear strength corresponds to higher frictional forces 

31. Thus, the COF, which varies inversely to Ff, increases with increasing . As discussed 

previously, pristine PU possesses high cohesive strength but MGR has a low shear strength. 

For pristine PU, which gives a PU-steel tribo-pair during the tribological tests, the high friction 

is mainly attributed to the relatively high shear strength of PU which resists the sliding motion 

of the ball at the tribo-interface. The fluctuation in COF for pristine PU can be attributed to PU 

deformation and stick-slip events during the tribological tests. The higher frictional forces and 

the softer material of pristine PU compared to the steel ball thus resulted in severe wear of the 

PU material caused by elastic-plastic deformation, erosion, adhesion/abrasion, and ploughing. 

On the other hand, the MGR reinforcement reduced the shear strength of the PU/MGR 

composite, compared to pristine PU, and promoted the reduction in friction due to decreased 

sliding resistance at the tribo-interface. The enhancement of the frictional stability in the 

PU/MGR composite is ascribed to reduced deformation of the bulk PU and reduced stick-slip 

behavior as the ball slides over more MGR fillers at the tribo-interface. Finally, we sought to 

uncover why CuNP co-reinforcement helped to further reduce friction and wear and attain 

superlubricity in the PU/MGR/CuNP composites. The mechanism responsible for the 
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improved sliding performance of PU due to reinforcement with the MGR/CuNP binary filler 

is schematically illustrated in Figure 6e. FESEM characterizations revealed the sheet-like 

layered morphology for MGR (Figure 2b) and the spontaneous clustering of CuNPs (Figure 

2c). The combined MGR/CuNP binary filler was also characterized and showed that the CuNPs 

or CuNP clusters are present on MGR sheets. The presence of CuNPs on MGR surfaces serves 

to limit the agglomeration of MGR sheets, and in one way reduced the stress concentration 

around the MGR fillers as reflected by the increase in the failure strain value for MGR/CuNP 

reinforced PU. At the same time, these CuNPs, when decorated on MGR sheets, may be 

wrapped inside the flexible MGR sheets during sample preparation or tribo-sliding, and may 

activate nano-/micro-scale rolling events along with sliding 32. Thus, the binary MGR/CuNP 

filler combination can enable even more slippery contact compared to just using MGR fillers 

alone. Moreover, at relatively higher concentrations (2 wt%), the MGR sheets are expected to 

shield the CuNP and CuNP clusters from tribo-mechanical damage and their removal from the 

wear track, thereby maintaining an ultralow and stable friction in the PU/MGR/CuNP 

composites until the completion of the tests. Additionally, as discussed previously, CuNPs can 

modify the PU-MGR interface such that it promotes the ease of sliding the PU chains across 

one another at lower shear stresses or energy, thus contributing to the reduced friction. Overall, 

the reduction of wear in the PU/MGR and PU/MGR/CuNP composites compared to pristine 

PU is mainly attributed to the reduced deformation and the reduced number of 

adhesive/abrasive events (typically caused by stick-slip behavior) at the sliding tribo-

interfaces. 
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Figure 6: (a) Coefficient of friction versus number of cycles of the tribological tests, (b) 

average coefficient of friction computed over the steady state friction regime, (c) optical 

microscope images of the counterface balls and sample wear tracks for pristine PU, PU/MGR, 

and PU/MGR/CuNP composites. Scale bars in the optical microscope images represent 

100 µm. (d) Calculated ball wear volumes for PU, PU/MGR, and PU/MGR/CuNP composite 

samples after the tribological tests. (e) Schematic illustration of the tribo-interface of a steel 

ball sliding on a PU/MGR/CuNP composite showing the presence of the MGR/CuNP binary 

filler material at the tribo-interface after surface wear from the initial sliding cycles; inset (i) 

shows a scheme illustrating the decoration of the MGR with agglomerated CuNPs which are 

present the tribo-interface, and inset (ii) is an actual FESEM image of the CuNP-dressed MGR 

sheets used in the present work. 

 

We have also calculated the ball wear volume (Figure 6d) using Equations 5 and 6. 33  

V =  
𝜋ℎ

6
(

3𝑑2

4
+ ℎ2)                                                                                                                   (5) 

h = R − √R2 −
𝑑2

4
                                                                                                                    (6) 

where V is the wear volume (mm3), d is the diameter of the wear scar (mm), h is the depth of 

the wear track (mm), and R is the radius of the counterface steel ball (mm). The application of 

MGR reduced the ball wear volume which was even further decreased by introducing the 
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MGR/CuNP binary fillers. Thus, these results evidently show that CuNP-decorated MGR 

sheets significantly minimize the wear and deliver greater wear resistance in PU composites.   

 For thermo-responsive SMPs, their thermal conductivity (TC) is a key parameter 

that affects their performance in targeted applications. Most polymers including PU exhibit 

poor TC which restricts their application in thermally-triggered systems. Thus, it is of 

paramount interest to uncover the role of MGR and the co-reinforcement material of CuNP on 

the TC of PU. We have measured the TCs of the samples at three different temperatures (25 ºC, 

50 ºC, and 75 ºC) (Figure 7a), and subsequently computed the TC enhancement (TCE) (in %) 

with respect to pristine PU (Figure 7b) using Equation 7:  

TCE =
TCm−TC0

TC0
                                                                                                                        (7) 

where TC0 is the thermal conductivity of pristine PU and TCm is the thermal conductivity of 

PU reinforced with MGR or MGR/CuNP fillers. From Figure 7a, it can be seen that the 

introduction of MGR and MGR/CuNP fillers boosts the TC of PU at all tested temperatures. 

Closer examination suggested that the extent of TC enhancement of PU is higher for the MGR 

/CuNP fillers than for MGR-only fillers, suggesting the promising role of CuNP co-

reinforcement in improving the material’s TC (Figure 7a). The TCEs at 50 ºC for samples C0, 

C1, C2, C3, and C4 were calculated to be 25.9%, 51.4%, 52.6%, 49.7%, and 49.7%, 

respectively (Figure 7b) (thermal diffusivity and specific heat results are presented in 

Supplementary Note 5). The low TC in pristine PU is caused by the randomly oriented 

molecular chains of PU segments that scattering the photons. Due to the higher thermal 

conductivity of graphene materials 34, the introduction of MGR sheets provides thermally 

conductive sites within the PU matrix, which improves the heat transfer within the PU matrix 

and thus increases the TC. The dispersion of MGR fillers in the matrix may also help to align 

the PU chains and reduce photon scattering, contributing to improved TC of the PU/MGR 
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composite. The TC was found to be further improved by the co-reinforcement of CuNP. 

CuNPs, being metallic, have an inherently high TC that exceeds MGR. In the binary 

MGR/CuNP filler, we have seen that the CuNPs and their clusters are decorated on/across the 

MGR sheets. This not only provides additional highly thermally conductive sites, but also 

improves the dispersion of the MGR sheets, resulting in a longer thermal conduction pathway 

within the thermally insulating PU matrix. Collectively, this contributes to better heat transfer 

and an observed increase in the TC of the PU/MGR/CuNP composites. 
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Figure 7: (a) Thermal conductivities of PU, PU/MGR, and PU/MGR/CuNP composites. (b) Thermal 

conductivity enhancement in PU/MGR and PU/MGR/CuNP composites with respect to pristine PU. (c) 

Schematic illustration of the thermal conductivity engineering mechanism by the MGR/CuNP binary 

fillers in the PU matrix.   

 

Finally, we examined the shape memory behavior of the samples and whether the 

incorporation of CuNP had a constructive or destructive effect on the actuation of these SMPs. 

We mainly focused on examining the speed of actuation for the samples to attain complete 

shape recovery. For this purpose, the shape recovery tests were performed in a hot water (75 ºC) 

environment (Figure 8a). In these tests, the specimens were deformed to an angle of 30° and 

they had to straighten themselves to an angle of 180° to achieve complete shape recovery (see 

photographs in Figure 8). To determine the speed of actuation, we measured the average shape 

recovery time (Figure 8b), i.e. the time required for the specimen to return to its original shape 

from the temporary deformed shape, and from this measurement the shape recovery rate 

(recovered angle/time) could be determined (Figure 8c). It is evident from Figures 8a-8b that 

pristine PU takes about ~47 s to recover back to its original shape (i.e. transition from a 30° to 

180° angle). The introduction of MGR fillers caused a faster shape recovery in the PU/MGR 

composite compared to pristine PU, with a total time of ~31 s required to achieve complete 

shape recovery. Interestingly, the average recovery time was further reduced to ~20 s, ~21 s, 

~18.5 s, and ~31 s in samples C1, C2, C3, and C4, respectively, suggesting that faster actuation 

(c) 
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was achieved in the PU/MGR/CuNP composites with the co-reinforcement of CuNPs. The 

shape recovery of these composite samples is also presented in Supplementary Movie-2 (SM-

2). It is probably not surprising that the trend of actuation/shape recovery speed follows the 

thermal conductivity results closely. Improved thermal conductivity in the PU/MGR/CuNP 

composites accounts for faster heat transport across the sample that triggers and mobilizes the 

soft segment chains of PU in a shorter time. Furthermore, we have also comprehensively 

examined the shape memory behavior of samples under repeated thermo-mechanical testing 

conditions (see Supplementary Note 6). Briefly, the incorporation of the CuNPs enhances the 

shape fixity as confirmed by comparing the PU/MGR/CuNP composite sample with PU/MGR 

composite sample (see Supplementary Note 6). 
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Figure 8: Shape recovery behavior of pristine PU, PU/MGR, and PU/MGR/CuNP composites in hot 

water (75 ℃) environment. (a) Shape recovery of the samples with time; the images in the insets 

represent the extent of shape recovery at certain point of time. (b) Average shape recovery time and (c) 

average shape recovery rate for different samples. The average shape recovery time was determined 

based on at least 3 measurements. The average shape recovery rate was calculated by dividing the extent 

of actuation (from 30 angle to 180 angle) by the average time taken to do so. 

 

Conclusions   

Through the co-reinforcement of a shape memory PU/MGR composite polymer (2.0 wt% 

MGR) with CuNPs, we have demonstrated the formation of PU/MGR/CuNP composites with 

remarkable mechanical, thermal and functional properties that make them desirable for many 

useful engineering applications. In PU/MGR composites, MGR fillers tend to agglomerate 

together due to π-π and van der Waal interactions, resulting in the formation of stress 

concentration sites around these fillers, resulting in lower ductility and elongation at break, 

thereby reducing their toughness. We have shown that CuNPs play a pivotal role in disrupting 

the interactions between the MGR sheets, which served to reduce their agglomeration, and 

suppress the number of stress concentration sites. This led to a > 200% improvement in the 

mechanical failure strain as well as a higher toughness in PU/MGR/CuNP composites. 

Furthermore, the incorporation of CuNPs was found to enhance the thermal conductivity by 

20% as a result of the greater number of thermally conductive sites while also improving the 

dispersion of the MGR sheets within the PU matrix. In this way, longer thermal conduction 

pathways were created, facilitating superior heat transfer and faster shape recovery/actuation 

properties. In addition, CuNPs contributed to the enhanced tribological performance of 

PU/MGR/CuNP composites, approaching a state of superlubricity (ultralow and stable COF of 

~0.05–0.06) with high wear resistance during sliding against a steel ball counterface. We 

hypothesize that the decoration of the graphene sheets with CuNPs, which were present at the 

tribo-interface, enabled the easy shearing and rolling of MGR sheets across each other, 

therefore significantly reducing the resistance to ball sliding at the tribo-interface. These unique 
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properties of CuNPs were not observed in other commonly used polymer composite co-filler 

materials such as TiO2 or MoS2. In conclusion, our work has elucidated the underlying 

mechanisms responsible for the superior mechanical, tribological and thermal conduction 

properties resulting from CuNP co-reinforcement. The mechanisms revealed in this work are 

likely to encourage further research into exploring other types of co-fillers with graphene sheets 

for precisely engineering the functional properties of polymer composite systems. 
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