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ABSTRACT

Polydimethylsiloxane (PDMS) and graphene-PDMS nanocomposites (GP) have

been widely studied because of their excellent properties, of which the elastic

modulus is very important for various applications. Here, the dependence of the

elastic modulus of properly cured PDMS and GP on the temperature has been

investigated. For both PDMS and GP, a critical temperature (Tc) has been found,

which originates from the strong affinity of PDMS chains to the PDMS network

and graphene sheet, as suggested by molecular dynamics simulation. Graphene

inhibits the cross-linking of PDMS close to its surface, which leads to the

reduced elastic modulus of GP (EGP). Only when the temperature is above Tc,

EGP increases with temperature. This is the result of the entropy elasticity of

PDMS and the re-initiated cross-linking of PDMS. However, the elastic moduli

of PDMS and GP are independent of the temperature below Tc. Here, the study

provides a guideline for the preparation and using of PDMS and its composite at

various temperatures.

Introduction

Composite material has drawn considerable attention

to the fundamental research also in a wide range of

applications as it possesses superior properties in

comparison with the simple combination of its

constitutive components. For instance, the graphene-

PDMS nanocomposite (GP) has been potentially used

in flexible and smart devices, e.g. sensors/actuators,

soft robots, and so on [1–5]. The polydimethylsilox-

ane (PDMS) offers high flexibility, good biocompati-

bility and high optical transparency, while graphene

offers good conductivities of heat and electricity,
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large elastic modulus [5–8]. In the case of composite,

along with the inherent properties of matrix and fil-

lers, the interface between the matrix and the fillers

also plays an active role in determining the properties

of the composite.

It has been widely demonstrated that a proper

interaction between polymer matrix and fillers leads

to a significant enhancement of the mechanical

properties in composites [9–13]. Due to the van der

Waals adhesion between PDMS and graphene, PDMS

close to the surface of graphene tends to align along

the lattice of graphene, forming an interphase layer of

physical cross-linking [10, 11]. This effect became

stronger when PDMS was mixed with graphene

oxide (GO) [11]. GO causes strong hydrogen-bond

interactions between PDMS chains and GO, leading

to the formation of an even thicker interphase layer

[10]. Therefore, the physical cross-linking inhibits the

chemical cross-linking of PDMS. It has also been

proposed that the entanglement of polymer chains on

nanofillers may be responsible for the reduction in

chemical cross-linking [14]. On the other hand, the

addition of additives having large elastic modulus

will definitely improve the apparent elastic modulus

of the composite with respect to its building matrix

[7]. The functionalization of nano-additives with

reactive groups could chemically bond nanofillers to

the PDMS matrix [12], which can effectively increase

the elastic modulus and has been demonstrated to be

beneficial for the stress transmission. All of these

studies point to the competition between chemical

and physical interactions at the PDMS–graphene

interface, which would determine or regulate the

mechanical properties of GP and its applications.

The using conditions also affect the mechanical

properties of GP. For instance, it was demonstrated

that the long-term cyclic compression initiated the

realignment of PDMS chains along the graphene/GO

surface, resulted in a self-stiffening effect [11]. It was

argued that this process is a physical, rather than a

chemical, phenomenon, even under an elevated

temperature (up to 95 �C) [11]. PDMS composites

with graphene, GO or carbon nanotubes (CNT) will

be heated up through electric current or photo-irra-

diation in terms of resistance heating or photothermal

effect of the additive, which has been intensively

involved in the design of sensor/actuator and soft

robots [1, 2, 15, 16]. It is worth mentioning that the

maximum temperature of a graphene/CNT

composite could reach up to * 200 �C under the UV

irradiation [15]. So, it is curious how will the thermal

effects (direct heating, galvanothermy and pho-

tothermal, etc.) of GP affect the mechanical property

during applications?

Here, the thermal effect on the elastic modulus

(E) of properly cured GP (EGP) has been studied. A

critical temperature (Tc) has been detected in the

temperature sweep of EGP under dynamic thermo-

mechanical analysis (DMA) test. Above Tc, EGP was

increased rapidly with an increase in temperature,

while EGP was invariant of temperature below Tc. The

stronger affinity of unreacted dangling chains to

graphene than to PDMS network inhibits the cross-

linking of PDMS close to the graphene surface. The

elevation of temperature above Tc could reinitiate the

cross-linking of PDMS, contributing to the increase in

EGP. Moreover, it was found the entropy elasticity of

PDMS only exists at temperature above Tc. The re-

initiated cross-linking and entropy elasticity of PDMS

contributed together to the increase in EGP at tem-

perature above Tc. The study provides an in-depth

understanding of functioning of graphene/PDMS

composite, and also provides the guidelines for the

processing and usage of PDMS-based materials at

various temperatures.

Materials and methods

Preparation of PDMS and GP samples

PDMS elastomer kit (Sylgard 184) was purchased

from Dow Corning (Midland, MI). Graphene was

prepared by chemical exfoliation. Two glass slides

were separated by a small spacer (1.1 mm) to form a

cavity, which served as the mould for samples. The

prepolymer and cross-linking agent were mixed in

various ratios (5:1, 10:1 and 15:1) to prepare the

PDMS precursor. Graphene powder was added to the

as-prepared PDMS precursor with concentration

ranging from 0.2 to 1.2 wt%. After proper mixing, the

PDMS or GP was degassed in a desiccator to remove

air bubbles, transferred into a homemade mould by

capillary force, and cured at 90 �C for 1 h. After being

released from mould, the GP and PDMS samples

with thickness of 1.1 mm, length of 40 mm and width

of 5 mm were ready for measurements.
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Characterization

Morphologies of graphene were examined by atomic

force microscopy (AFM, Nano Wizard 4, JPK Inc.,

Germany) in tapping mode (QITM mode, scan rate =

1 Hz) and field emission scanning electron micro-

scopy (FE-SEM, ZEISS Sigma, Germany). The Raman

spectrum was collected on a RM-1000 confocal

Raman microspectroscopy (Renishaw, English) with

an Ar? laser (k = 514.5 nm, laser power\ 0.4 mW).

The dark-field optical microscopy images of GP were

captured by Nikon ECLIPSE Ci-L microscope. The

storage moduli of GP and PDMS were acquired on a

Q800 dynamic thermomechanical analyser (TA In-

struments, USA) at a frequency of 1 Hz and ampli-

tude of 15 lm. Elastic moduli of GP and PDMS were

determined through uniaxial experiment by a tai-

lored uniaxial/biaxial tensile testing system (IBTC-

300, CARE Measurement & Control Co., Ltd.)

Interaction energy calculation

The interaction energy calculations were performed

using Amorphous Cell and Forcite simulation mod-

ules included in Material Studio. The interface model

involving the graphene sheet with 6 9 6 9 1 super-

cell and the PDMS single chain with six repeated

units was created using the Amorphous Cell, fol-

lowed by a series of energy minimization steps in

Forcite to attain a state of minimal potential energy.

Subsequently, a series of molecular dynamics simu-

lations with NVT ensemble have been performed for

modelling the morphology of the model. The

parameters were set as follows: quality was medium,

and temperatures were set to 25, 100 and 200 �C. The
total simulation time was 1000 ps, and the force-field

type was COMPASS II and charges on each atom

were generated with the force-field assigned option.

Finally, the potential energy was employed to attain

the interaction energy of the system at the corre-

sponding temperature. The interface model including

PDMS single chain and PDMS network was created

and calculated in the same way.

Results and discussion

The use of graphene as nanofiller in a polymer matrix

has drawn considerable attention due to the excellent

properties of graphene [17, 18]. The graphene sheets

were prepared by external chemical exfoliation [19].

The representative Raman spectrum of graphene is

shown in Fig. 1a: the D peak at 1357 cm-1 is activated

in the first-order scattering process of sp2 carbons by

some defects of lattice structure [20], and the G peak

at 1594 cm-1 corresponds to the E2g phonon at the

Brillouin zone centre [21]. The intensity ratio between

D and G peaks is * 0.85, indicating the remaining of

a small amount of oxidized points [22]. Graphene

sheets had a lateral size of 2–3 micron and a thickness

of * 1.2 nm, which indicates the graphene sheets

have 1 * 2 layers (Fig. 1b) [17]. The freestanding

graphene sheets show a wrinkled state (Fig. 1c),

which is beneficial for a better dispersion of graphene

in PDMS matrix and can afford a large strain defor-

mation of resulted GP [6, 23]. 1 wt% graphene sheets

were mixed in PDMS precursor (prepolymer to cross-

linker is 10:1) and cured at 90 �C for 1 h, resulting in a

homogeneous graphene/PDMS nanocomposite (GP)

(Fig. 1d).

The influence of temperature on the elastic moduli

of GP (EGP) was investigated through DMA test. The

EGP was evaluated with respect to the increase in

temperature at a rate of increment 3 �C min-1 from

room temperature (RT) to 250 �C. This temperature

range was set according to the decomposition tem-

perature of PDMS [24] and the temperature which GP

attains under UV irradiation (250 mW cm-2)

(Fig. S1). At room temperature, GP showed an elastic

modulus of EGP,RT. During the heating process, EGP

was kept constant until certain critical temperature

(Tc,GP = 138.8 ± 1.9 �C) was reached (period I in

Fig. 2). After Tc,GP, EGP was increased quickly at an

increasing rate (dE) till the set temperature, 250 �C, as
designated by period II in Fig. 2. The intersection

point of tangent lines of periods I and II defines the

temperature Tc. After reaching 250 �C, the sample

was naturally cooled down to RT (period III), where

the modulus is defined by EGP,RT
0. Surprisingly,

EGP,RT
0 was twice of EGP,RT. However, through the

heating process of period IV, at 250 �C, the elastic

modulus was also reached in the same value of per-

iod III (EGP,250). In period IV, the EGP at any inter-

mediate temperature was smaller than that of period

III, but much larger than that of the periods of I and

II. The further cycles of cooling and heating (C2 and

C3) were overlapped with periods III and IV in the

first cycle (C1).

The dependence of EGP on temperature was further

investigated by varying the concentration of
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graphene (cG) in GP and monitoring the heating

periods of I and II (Fig. 3). Different from previous

reports [6, 7], here we focused on the low cGs, mainly

smaller than 1 wt%. The prime feature of periods I

and II of GP with various graphene concentrations

stayed the same that EGP remained constant below

the Tc and then increased sharply till the final set

temperature (Fig. 3a). From the minute observation

of these curves, it was revealed that EGP,RT was

slightly increased with the increment of the cG till

0.4 wt%. The further increment of cG (B 1.2 wt%)

caused a sharp decrease in EGP to the value of

0.88 MPa at cG of 1.2 wt%, which corresponds to

a * 52.5% decrease in EGP as compared to that of

0.4 wt% GP (Fig. 3b). In the case of E GP,250, the same

tendency was witnessed, it had the maximum value

of 4.18 MPa at cG of 0.4 wt% where at 1.2 wt%, the

value was reduced to * 66.7% of it. Similar depen-

dence of apparent elastic modulus on the concentra-

tion of additives has also been reported in the

composite materials with carbon nanotubes [25],

functionalized graphene sheets [26] and Al2O3 parti-

cles [27], and so on, dispersed in epoxy resins. It was

argued that higher concentration may cause the

agglomeration of these additives which minimizes

the interfacial energy of the composite [28], and as a

consequence the apparent elastic modulus is

decreased. However, in our case, the increase in cG
from 0.2 to 1.2 wt% does not cause any clear

agglomeration of graphene in GP (Fig. S2). Moreover,

the initial mixing ratio of prepolymer to cross-linker

of PDMS will not influence the dependences of EGP

on temperature (Fig. S3). Therefore, it infers that the

Figure 1 a Raman spectrum,

b AFM, and c SEM image of

graphene sheets. Inset in

b shows the height profile of

graphene sheet. d Optical

image of graphene-PDMS

composite (GP) under dark-

field illumination.

Figure 2 Evolution of elastic modulus of GP (EGP) during

representative cycles of heating and cooling (C1–C3). Different

periods of heating and cooling (I–IV), elastic modulus at room

temperature (EGP,RT/EGP,RT
0) and at 250 �C (EGP,250), critical

temperature (Tc), and increasing rate of elastic modulus (dE)
during period II are indicated.
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changing of apparent elastic modulus should be the

result of competition between inhibited chemical

cross-linking of PDMS matrix and the large modulus

of graphene.

Furthermore, the Tc was decreased monotonically

from 149.3 �C at 0.2 wt% to 132.2 �C at 1.2 wt%,

which means a difference of 17.1 �C of Tc was caused

by a difference in cG of only 1 wt% (Fig. 3c). When

the temperature was higher than Tc, EGP increased

rapidly, showing an increasing speed of dE. However,

dE was decreased from 27.6 kPa �C-1 at 0.2 wt% to

18.3 kPa �C-1 at 1.2 wt% (Fig. 3d).

In order to understand the temperature depen-

dence of EGP, pure PDMS (prepolymer to cross-linker

ratio was 10:1) without graphene sheets was treated

in the same way as that of GP. Similar change in

elastic modulus of pure PDMS (EPDMS) was observed

with an increase/decrease cycles of temperature

(Fig. S4a). A critical temperature Tc of 142.8 �C was

also witnessed in the heating process of C1 cycle.

Extra experiments were also carried out to further

confirm the existence of Tc. The PDMS was first cross-

linked at 90 �C for 1 h and then further cured for

another 2 h at various temperatures (Fig. S4b). The

EPDMS of resulted PDMS samples exhibited the same

characteristics that EPDMS remained constant till the

temperature of 91.2 �C; at higher temperature, it was

increased. Though the critical temperature was dif-

ferent from that measured by DMA due to the tech-

nical difference of heating process, the extra

experiments confirmed the existence of Tc.

Similar dependence of EPDMS on temperature was

also found in PDMS with different mixing ratios of

prepolymer to cross-linker (Fig. S5). Reducing the

amount of cross-linker (for instance, the ratio of

prepolymer to cross-linker is 15:1), resulted in a

smaller EPDMS,RT and also the corresponding

EPDMS,250 (Fig. 4a). It is reasonable that a smaller

cross-link degree results in a smaller EPDMS. Com-

paring to GP (1 wt%), EPDMS at RT (EPDMS,RT) and

E250 of PDMS (EPDMS,250) were 31% and 17% higher

than EGP,RT and EGP,250, respectively (Fig. 4b). The

followed cooling to RT resulted in a EPDMS,RT
0 which

was also 14% higher. Since the additive graphene has

a much larger elastic modulus than PDMS, the

reduced EGP,RT and EGP,250 should be the result of

greatly inhibited chemical cross-linking of the PDMS

matrix, which is in good agreement with previous

reports [10, 11, 14]. It also suggests that the depen-

dence of EGP on temperature originates from the

matrix PDMS, and the additive graphene has an

impact on the Tc.

Figure 3 a Dependence of

elastic modulus of GP (EGP)

with various graphene

concentrations (cG) on

temperature during the heating

process from room

temperature to 250 �C.
Dependences of b EGPs at RT

and 250 �C, c Tc, and d dE on

the cG. The data in b, c and

d are mean values of three

measurements. The error bars

indicate standard deviations.
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Since PDMS is a kind of silicon rubber, the

dependence of EPDMS on temperature (T) has the

entropy effect [29]:

EPDMS ¼ akT
Nt

ð1Þ

where k is the Boltzmann constant, N is the number

of monomers between two cross-link points, t is the

molecular volume of a monomer and a is a numerical

factor. The rubber counters the stretching action by

increasing its chain conformations. A higher tem-

perature increases the conformations and sequen-

tially the entropy. The stretching of rubber at higher

temperature is more difficult, thus a larger E is

obtained at higher temperatures. According to the

theory, E should be linearly proportional to the

temperature for a given rubber. However, the

entropy–rubbery effect of PDMS (GP) was only found

at temperatures larger than Tc (Figs. 2 and S4). Since

the increase in conformations of PDMS is mainly due

to the rotation of [Si(CH3)2–O] bonds [8], a shorter

chain between two cross-link points (smaller N) has

to overcome a higher energy barrier in order to rotate

(increase the conformation). Increasing the tempera-

ture over certain value, like Tc, PDMS chain can

rotate freely in the 3D network. Therefore, the longer

the PDMS chain between two cross-link points is, the

lower the Tc will be. In other words, less cross-linked

PDMS (less cross-linker or higher cG) will have a

smaller Tc (Figs. 3c, 4c). Once the chain gets enough

mobility at a temperature above Tc, EPDMS (EGP)

increased rapidly with temperature. From Eq. (1), we

know that:

dE ¼ EPDMS

T
¼ ak

Nt
ð2Þ

From Eq. (2), dE is inversely proportional to

N. Therefore, a higher concentration of graphene in

GP (Fig. 3d) or a less amount of cross-linker for

PDMS (Fig. 4d) would result in a smaller dE.
It is noted that the increase in EPDMS during period

II is not reversible. Decreasing temperature to RT

resulted in an EPDMS,RT
0 much larger than EPDMS,RT,

suggesting that the increase in EPDMS in period II is

not only due to the entropy effect, but also due to

irreversible chemical reactions. When the chains,

especially the dangling chains with one free end, gain

enough energy to move freely at a higher tempera-

ture (above Tc), further chemical reaction happens

[30, 31]. This kind of further chemical reaction only

initiates when the temperature is above Tc. Other-

wise, the EPDMS remains constant, for instance below

100 �C which is widely chosen as the curing tem-

perature for PDMS (Fig. 5). Three cycles of heating

Figure 4 a ERT and E250 of

PDMS with various mixing

ratios of precursor to cross-

linker of PDMS. b EGP (10:1,

1.0 wt%) and EPDMS (10:1) at

RT, 250 �C and RT0 (after the

heating–cooling process).

Dependences of c critical

temperature (Tc) and

d increasing rate of elastic

modulus (dE) on the mixing

ratio of PDMS. The data are

mean values of three

measurements. The error bars

indicate standard deviations.

J Mater Sci



and cooling under DMA, which means a total test

period of * 6 h, did not cause obvious change to

EPDMS. Similarly, EGP also kept constant during

heating/cooling cycles, when the maximum temper-

ature was below Tc (Fig. S6). The explanations are in

accordance with the previous reports [10, 11], where

the chemical cross-linking was ignored over the

physical cross-linking at elevated temperatures, i.e.

the temperatures below Tc of PDMS. It therefore

confirms that Tc represents the energy barrier

inhibiting the free rotation of PDMS chains, which

determines the further chemical reaction in cross-

linked PDMS, and more importantly, the entropy–

rubber properties of PDMS and GP.

Molecular dynamics (MD) simulation was

employed to study the interactions between single

PDMS chain (PDMSc) and graphene sheet/PDMS

network (PDMSn) (Fig. 6). PDMSc mimics the pen-

dant and unconnected short chains in PDMSn.

PDMSc shows strong affinity with PDMSn that the

interaction energy at RT is - 17.6 kcal mol-1 (nega-

tive value means attraction), as PDMSc and PDMSn
have the identical composition (Fig. 6a). The attrac-

tion between PDMSc and PDMSn reduces as tem-

perature increases. For instance, the interaction

energy for PDMSc/PDMSn at 200 �C greatly reduced

to - 4.4 kcal mol-1. It suggests that pedant chains

attached to the networks (or the unconnected short

chains with reactive groups) in PDMSn are bound to

the network at RT and are difficult to move around,

which greatly reduces the chance for them to meet

another reactive moiety. Once these reactive moieties

get enough energy to move around (i.e. at a tem-

perature above Tc), further reaction could be re-ini-

tiated, causing the further cross-linking of PDMS

network.

When graphene is added to the system, PDMSc has

an even stronger attraction to graphene

(- 25.5 kcal mol-1 at RT) than to PDMSn (Fig. 6a).

The large difference in electronegativity between sil-

icon and oxygen atoms in the main chain of PDMS

causes the partial ionic nature of the (Si–O) bond [32],

which would induce strong interactions between

PDMS and graphene. It helps the dispersion of gra-

phene in PDMS precursor and therefore the resulting

GP. On the other hand, this strong interaction hinders

the rotation of [Si(CH3)2–O] bonds in pendant chains,

and therefore inhibits the cross-linking of PDMS close

to the graphene surface (Fig. 6b). It agrees very well

with previous reports that the addition of graphene

would inhibit the cross-linking of PDMS [11]. More-

over, the wrinkled structure of graphene (Fig. 1c)

may separate the reacting moieties of PDMS from

each other, build a physical barrier, and hinder the

cross-linking. The inhibited cross-linking was con-

firmed by the modulus mapping with atomic force

microscopy (Fig. 7). The elastic modulus around

graphene sheet was greatly reduced as compared to

that of the locations slightly away from the graphene

sheet. It suggests that graphene only hinders the

cross-linking of PDMS close to its surface. Similar to

PDMSc/PDMSn, PDMSc/graphene interaction also

gets weaker when the temperature increases. A

higher temperature thus increases the chance for

PDMSc close to the graphene surface to get further

cross-linking (Fig. 6b). Once the monomers or short

chains gain enough mobility at temperature above Tc,

further cross-linking could be realized.

While the addition of graphene decreases the

EPDMS locally, the large elastic modulus of graphene,

which is around 1000 GPa, will certainly increase the

apparent elastic modulus of the composite GP [6, 7].

Therefore, the increase in EGP due to the addition of

graphene and the decrease in EGP originated from the

inhibited cross-linking of PDMS compete with each

other: within the concentration range between 0 and

0.4 wt%, the large elastic modulus of graphene and

the concentration of grapheme dominate the incre-

ment of EGP. A larger amount of graphene

(0.4–1.2 wt%) causes less cross-linking of PDMS,

which results in a decrease in EGP. It is worth men-

tioning that, with a much larger cG in PDMS, the

elastic modulus of graphene could once again dom-

inate the EGP as reported in Ref. [6].

Figure 5 Evolution of elastic modulus of PDMS (EPDMS) during

representative heating–cooling cycles (C1–C3) below Tc.
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Conclusions

In this study, the influence of temperature on the

elastic modulus of PDMS and PDMS/graphene

nanocomposite (GP) was thoroughly investigated. A

critical temperature, Tc, was found to govern the

temperature dependence of EGP (EPDMS). Tc is depen-

dent on the cross-link degree of PDMS that a larger

cross-link degree results in a larger Tc. EGP (EPDMS) is

constant when the temperature is below Tc. Above Tc,

PDMS chains gain enough energy to move around

causing the fast increase in EGP (EPDMS), which is the

result of further curing of PDMS and the effect of

entropy elasticity. At a higher temperature, EGP

(EPDMS) could be twice more than that at room tem-

perature. The addition of graphene retards the cross-

linking of PDMS close to its surface and therefore

reduces the EGP. The 1.2 wt% of graphene could result

in a 43% reduction in EGP at RT. The MD simulation

suggested that the strong affinity between pendent

chains and PDMS network/graphene sheets hinders

the cross-linking of PDMS. Once these chains gain

enough energy, in other words overcomes the energy

barrier, further cross-linking could be re-initiated. Our

results give the hintwhy the elasticmoduli of PDMS in

the literature differ quite a lot. Special attention should

be paid to the using temperature of PDMS and its

composite, especially those could be subjected to a

high temperature during application.
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