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Abstract
Polymers may absorb fluids from their surroundings via the natural phenomenon of
swelling. Dimensional changes due to swelling can affect the function of polymer com-
ponents, such as in the case of seals, microfluidic components and electromechanical
sensors. An understanding of the swelling behavior of polymers and means for con-
trolling it can improve the design of polymer components, for example, for the previ-
ously mentioned applications. Carbon-based fillers have risen in popularity to be used for
the property enhancement of resulting polymer composites. The present investigation
focuses on the effects of three carbon-based nano-fillers (graphene nano-platelets,
carbon black, and graphene nano-scrolls) on the dimensional changes of poly-
dimethylsiloxane composites due to swelling when immersed in certain organic solvents.
For this study, a facile and expedient methodology comprised of optical measurements in
conjunction with digital image analysis was developed as the primary experimental
technique to quantify swelling dimensional changes of the prepared composites. Other
experimental techniques assessed polymer cross-linking densities and elastic mechanical
properties of the various materials. The study revealed that the addition of certain
carbon-based nano-fillers increased the overall swelling of the composites. The extent of
swelling further depended on the organic solvent in which the composites were
immersed in. Experimental findings are contrasted with published models for swelling
prediction, and the role of filler morphology on swelling behavior is discussed.
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Introduction

Multifunctional polymer composites are polymers with micro or nano-sized additives to

expand the functionality of traditional polymers. Additives/fillers with nano-scale

dimensions have significant surface area to volume ratios and may result in drastically

changed material properties compared to the plain polymers. For example, adding elec-

trically conductive fillers may enable quantum effects inducing electrical conductivity to

an insulator polymer, realizing conductive paints and new methods for electromagnetic

shielding.1–4 The addition of magnetic fillers can produce magnetic polymers for novel

applications such as motors, generators and magnetic sensors.5 In addition to imparting

non-inherent properties to polymers like electrical conductivity and magnetic polarity,

nano-fillers may also be used to create polymer composites with enhanced mechanical

properties.

Polymers tend to absorb fluids to a certain extent. In general, this phenomenon is caused

by intermolecular forces between the solid and fluid phases. Three principle inter-

molecular forces, namely London dispersion, dipole-dipole interactions, and hydrogen

bonding, exist in all materials but vary in terms of their magnitude.6,7 The combined value

of the three forces defines the magnitude of the total intermolecular forces. When the

magnitude and type of intermolecular forces between the two phases are similar, the

attraction is strong enough to break the phase bonds and induce swelling. Some engi-

neering applications require polymers to be exposed to a fluid environment that may cause

swelling. In some cases, the swelling phenomenon will inhibit the application of the

polymer. For example, swelling of polymer seals can result in improper sizing between the

seal and the gland that may lead to additional internal stress and higher failure rate,

especially in dynamic applications.8,9 In microfluidic applications, unwanted dimensional

changes due to swelling of the polymer can lead to improper function of the device.10,11

Conversely, a strong swelling phenomenon can be utilized to create solvent vapor sensors

based on polymer coated diaphragms in nanoelectromechanical systems.12

One potential method to control swelling while maintaining the advantages inherent

to polymer materials is to combine the polymer with one or more type of micro or nano-

filler. The addition of nano-fillers was observed to improve properties of hydrogels,

which are polymer networks swollen within water. Nano-fillers can expand applicable

ranges of pH or temperature while improving mechanical strength and thermal con-

ductivity in hydrogel sensors.13

The fundamentals of swelling link to solubility. Typically, solubility is thought of a

solid—i.e. the solute—dissolving into a liquid—i.e. the solvent. However, for materials

such as cross-linked polymers that cannot be dissolved, solubility is measured by the

degree of swelling where ultimately the liquid “dissolves” into the solid. For this phe-

nomenon to occur, the cohesive energy between the solid and liquid phase must be

similar. As seen in equation (1), the cohesive energy, Ec, is defined as the heat of

vaporization per volume:

Ec ¼
DHvap � RT

Vmolar

; ð1Þ
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whereDHvap is the heat of vaporization, R is the ideal gas constant, T is the temperature,

and Vmolar is the molar volume. Cohesive energy corresponds to vaporization energy as

well as relates to solubility because the energy required to break the intermolecular

forces for solubility is similar to the energy required to change a liquid to a vapor

phase.6,7 Cohesive energy for polymers, which ultimately relates to intermolecular

forces, can be quantified via a solubility parameter: the Hildebrand solubility parameter

and the Hansen parameter. The Hildebrand solubility parameter, which equals to the

square root of the cohesive energy density, dH¼ Ec
½,measures the total magnitude of the

intermolecular forces.14,15 The Hansen parameter, i.e. the expansion of the Hildebrand

parameter, i.e. dH
2 ¼ dLD

2þ dDD
2þ dHþ

2, measures the distribution of the three primary

intermolecular forces of London Dispersion, dipole-dipole interactions, and hydrogen

bonding.16,17 Hence, swelling occurs when the magnitude of dH and the intermolecular

forces (dLD, dDD, dHþ) between the polymer and the solvent are similar.

While swelling of a polymer composite can be assumed to occur in a binary solid-

liquid system, the presence of a solid particulate phase has been shown to affect liquid

solubility into the solid matrix phase. Kraus in his pioneering work18 laid out two basic

scenarios of how filler particles affect swelling under the assumption that the particles

themselves are not subject to liquid solubility: (i) particles are completely bonded to the

matrix and thus restrict swelling, and (ii) particles are completely unbonded causing a

fluid-filled “vacuole” to evolve around each particle upon matrix swelling. The latter

scenario thus promotes swelling. Kraus presented two fundamental equations18 for

swelling with completely bonded and completely unbonded particles, i.e. equations (2)

and (3), respectively.

vro

vr
¼ 1� m

f
1� f

; m ¼ 3c� 1ð Þ � 3cv
1
3
ro þ vro ð2Þ

v�1
ro ¼ v�1

r � f
1� f

ð3Þ

where vr and vro are the volume fraction of matrix in the swollen composite system and

the swollen matrix without filler, respectively; f is the filler volume fraction and c is a

material constant. Equation (2) is often referred to as the Kraus equation, which is a

widely used model for predicting swelling effects in filler modified polymer composites,

especially with spherical fillers.18,19 To increase accuracy, and with the rise in popularity

of platelet and fibrous micro- and nano-fillers, a modification to the Kraus equation, the

Interface Area Function, was proposed to accommodate other filler shapes.20 For

increasing filler loading, these models necessarily predict a reduction in swelling, i.e.

vro=vr < 1; conversely, for the case of unbonded fillers, vro=vr > 1. Notably, none of

these models is able to take particle aggregates into consideration.

Swelling experiments and characterizations are mostly performed for the steady-state

or equilibrium state of the swelling process. Equilibrium in swelling of a polymer net-

work is the balance of elastic polymer network forces to the osmotic pressure exerted on

the polymer by the swelling agent.21 Swelling of a polymer occurs at the cross-link

junctions where each network strand is being stretch and untangled. The force needed to
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stretch and untangle these network strands correlates directly to the elastic modulus.

Hence, at the equilibrium swelling each network strand is balance by the stretch of the

osmotic pressure and the pull of the material elasticity.

Swelling measurements of filler modified polymer composites have frequently been

performed to characterize the cross-linking density of the polymer. For example,

swelling studies were performed by Araby et al. to evaluate the cross-linking density of

graphene nanoplatelet (GNP) reinforced nanocomposites developed to enhance the

electrical and thermal properties of styrene-butadiene.22,23 Studies on nanocomposites

that treat the characterization of swelling as a primary objective are comparatively rare

and relate predominately to applications toward hydrogels. GNP combined with poly-

vinyl alcohol, polyacrylic acid, and polyacrylamide used as hydrogels were studied for

their mechanical and thermal properties. Due to the hydrogels function as absorbent of

water, swelling in H2O were extensively characterized.24–28 All of the mentioned studies

used a gravimetric methodology to characterize the swelling of nanocomposites.

Swelling measurements are generally completed by two methods: Gravimetrical and

optical. Gravimetric measurements take into account the ratio of mass between the

swollen network and solvent to that of the dry extracted solid.29–33 By considering the

mass, gravimetric measurements utilize the whole sample volume and anisotropy can be

taken into consideration. However, the disadvantage of measuring mass is a propensity

for inaccuracy. The swollen network is usually measured in an equilibrium state which

provides maximum susceptibility for the solvent to evaporate. Hence, when volatile

organic solutions are used as the swelling solution, the mass measurements of the

swollen network are lower than the actual mass of equilibrium in the swelling solution.

Conversely, optical measurements quantify dimensional changes instead of a mass

change.34 Optical swelling measurements typically only quantify two dimensions of a

sample, and the swelling volume needs to be extrapolated with an isotropy assumption.

However, with an optical measurement system, equilibrium swelling can be measured in

the swelling solution, and hence, unlike gravimetric measurements, the evaporation of

the swelling solution can be avoided during the swelling measurement.

In this research, carbon-based nano-fillers of various morphologies and their effect on

swelling of silicone rubber (poly-dimethyl siloxane - PDMS) matrices is explored.

Solvents acetone, chloroform, and toluene were selected as the swelling agents for their

ability to swell PDMS while not being too aggressive of a solvent based on their Hil-

debrand parameters.35 This study involved three types of carbon filler morphologies:

GNP, carbon black (CB) and graphene nano-scrolls (NS). The latter is a GNP derivative

with a fibrous morphology. It was reported that by immersing GNP in isopropanol, the

platelets curl or roll into scrolls.36–39 NS are one of the least studied carbon-based fillers,

arguably due to the greater efficiency of their counterpart of carbon nano-tubes. Hence,

limited information is available in the technical literature relating to possible enhance-

ments of mechanical and physical properties and, in the context of the present work,

swelling effects in NS modified polymers. The present study provides an opportunity

to expand the knowledge in this field. A facile and expedient methodology based on

optical measurements combined with digital image analysis was developed and used to

quantify swelling dimensional changes of the prepared composites. Through swelling
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experiments, the objective of this study is to explore the effects of the carbon-based

nano-fillers on the swelling behavior of PDMS. The polymer cross-linking density and

elastic properties of the prepared polymer and its composites were assessed to elucidate

the experimental findings. The latter were briefly contrasted with published models for

swelling prediction.

Experimental methodology

Materials

For this study, GNP and CB were received from XG Sciences (type: Grade M; Lansing,

MI, USA) and Cabot Corporation (type: Vulcan XC72; Boston, MA, USA), respectively.

The nominal particle dimensions and volumetric mass density are 6–8 nm, 25 mm
(thickness, diameter) and 2.2 g/cm3 for the graphene nanoplatelets and 50 nm and 1.8 g/

cm3 for the carbon black. Poly-dimethyl siloxane was purchased from Dow Corning

(type: Sylgard 184; Auburn, MI, USA). The solvents cyclohexane, toluene, chloroform,

acetone and isopropanol with 99.9% purity were purchased from Fisher Scientific

(Hampton, NH, USA). Using these materials, different bulk nanocomposites were pre-

pared and experiments were conducted as per the test matrix shown in Table 1.

Safety

Safety precautions were considered and taken into actions during the manufacturing and

experimentation in this study. All manufacturing and experimentation were completed

with standard lab safety wearables under proper ventilation. In addition, due to the

presence of nano-fillers and hazardous solutions used in the in-situ polymerization and

optical swelling experimentation, all processes were completed with the user wearing a

fitted respiratory mask with organic vapor/particulate filters.

Material dispersion and manufacturing of bulk nanocomposites

Manufacturing the different bulk nanocomposites was accomplished using the following

procedure. A mass of 30 g of PDMS part A, weighed with a 1 mg resolution weighing

scale (type: AV213 Adventure Pro, OHAUS, Parsippany, NJ, USA), was first placed into

a 500 ml beaker. The desired volume fraction of nanoparticle, i.e. 1 vol%, 2 vol%, 3

vol% and 4 vol% with respect the total polymer amount, was calculated according to the

recorded PDMS part A weight and placed into the same beaker. Samples without

Table 1. Test matrix for swelling experiments.

Type of carbon filler GNP CB

Co-solution in solution mixing Cyclohexane Isopropanol Isopropanol
Filler morphology in bulk nanocomposite GNP NS CB
Filler loadings 0 vol%, 1 vol%, 2 vol%, 3 vol%, 4 vol%
Swelling agents Acetone, chloroform, toluene
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nanofiller addition were also prepared following the same fabrication process, which are

herein denoted as “0 vol%.” Note that a filler loading past 4 vol% increased the viscosity

of the resin/filler mixture to a point where the mixture was unprocessable with the given

experimental setup. A co-solution of either isopropanol or cyclohexane, weighted at

400% of the resin/filler mixture weight, was then poured into the beaker. The mixture

was then stirred with an impeller agitator (type: BDC 2002 Variable-Speed Stirrer,

Caframo, Wiarton, ON, Canada) at 500 rpm for 5 min to achieve a uniform distribution

of the tri-phase solution. A tapered ultrasonic tip (type: Q500 Sonicator, QSONICA,

Newtown, CT, USA) was immersed in the tri-phase solution. The solution was placed

in a refrigerated water cooling bath set at 5�C (NESLAB RTE-17 Digital Plus Refri-

gerated Bath, Thermo Scientific, Newington, NH, USA) to slow the evaporation of the

co-solution and to reduce heat from sonication. The solution was sonicated in the cooling

bath for 10 h at 40% of power of 500 W at 20 kHz.

Following sonication, the solution was placed on a heated magnetic stir at 65�C for

24 h to evaporate the co-solution. To ensure all co-solution was evaporated after mag-

netic stirring, the solution was placed in an in-house made heated vacuum system at

15 kPa and 65�C for 2 h. The weight of the remaining PDMS part A and nano-fillers were

weighed to ensure the co-solution was evaporated.

Following the solvent removal process, PDMS part B curing agent was added to the

resin/nano-filler mixture at a 1:10 ratio with respect to the part A and mixed with the

mechanical stir at 250 rpm for 10 min. The nanocomposite mixture was then degassed

with the vacuum system at 15 kPa and room temperature for 15 min to remove any

entrained gasses from the nanocomposite mixture. The nanocomposite mixture was then

brought up from room temperature to 40�C which decreased the viscosity to ensure

proper pouring out of the beaker. The composite mixture was then poured onto a release

agent coated (ToolMates Dry Film Lubricant 6075, AERVOE Industries, Gardnerville,

NV, USA) granite surface plate (88N85.01, Lee Valley Tools, Edmonton, AB, Canada)

that was pre-heated to 100�C. Spacers with a thickness of 1 mm were placed on the

granite plate and a second granite plate was pressed on top of the base. The bulk sample

was left to rest overnight for 12 h in an oven at 100�C.
The bulk sample was carefully removed from the granite plates as a whole and left at

room temperature to cool and reach equilibrium for 24 h. A 1.0 cm stainless steel punch

was used in conjunction with a hand press to extract circular testing samples from each

bulk sample.

Optical swelling tests

As shown in Figure 1, five sample disks were placed on top of a stainless steel mesh in a

glass petri dish. Each sample disk was then secured under a stainless steel ring. By using

the mesh and the ring, the sample was ensured to stay stationary during any movement of

the petri dish during the experiment while exposing maximum and consistent surface

area of the sample disk to the solution. Prior to the submerging of the samples, the digital

image scale was calibrated with a 0.1 mm and 0.01 mm microscope calibration slide

(Model A36CALM7, OMAX, Gyeonggi-do, South Korea). As shown in Table 1, the
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solvents used as swelling agents were toluene, chloroform, and acetone. The solvent was

poured into the petri dish until the top of rings were submerged. Digital images were

immediately captured for each sample disks at the 0-h timestamp with the imaging

instrument (2X-270X Simal-focal Zoom Stereo Microscope, OMAX). Images were then

captured at times of 0.25, 0.5, 1, 2, 4, 8, 12 and 24 h after immersion. As shown by the

example in Figure 2, each sample was measured using the ToupView software (version:

x64 v3.7.4594, ToupTek, Zhejiang, China).

Figure 1.Optical swelling measurement setup with samples submerged in solvent in glass petri dish.

Figure 2. Sample image measurement of 2 vol% GNP/PDMS after being submerged for 8 h.
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Cross-linking density characterization

Similar to the work described in refs.22,23 cross-linking density characterization was

gravimetrically completed. Using the punch and hand press, disk samples were cut from

the bulk sample and weighed. Similar to the swelling measurement setup, three disk

samples were placed in a petri dish on top of a stainless steel mesh. The disk samples

were then submerged in toluene for 24 h. The toluene would swell the polymer sample

and flush the polymer network for any oligomers. The nanocomposite disks were then

removed from the solution and dried under a fume hood for 24 h, followed by drying

under vacuum at 15 kPa and 100�C for 1 h. Mass measurements were taken after the final

drying step. The difference in mass between before and after swelling in toluene is the

total uncross-linked polymer. Hence, the ratio between the after and before mass is the

cross-linking percentage.

Tensile testing

Tensile testing of PDMS and corresponding composites followed the standard ASTM

D638-14.40 Tensile samples of Type V were produced from the same bulk sample used

for the swelling experiments, cut via a water jet. Tensile testing was completed using a

universal testing machine (MTS Synergie 300, Eden Prairie, MN, USA). Tests were

completed under load control until the break of a sample. Strain was measured using an

optical system. For this purpose, each specimen was provided with two high contrasting

marks. The optical measurements were completed using an in-house developed soft-

ware41,42 which calculates the strain on a sample by determining the change in distance

between the marks. The software utilizes two error functions to determine the positions

of the edges of the two marks and thus determines the distance between them. Engi-

neering stress and strain were computed from the recorded load and displacement data,

and the modulus of elasticity for the various materials was determined within an initial

linear section of the stress-strain curve over approximately 0.10 mm/mm of strain using a

linear regression function.

Results and discussion

Swelling characterization of pure PDMS

Dimensional changes in polymer composites due to swelling in organic solvents con-

ducted using optical microscopy are detailed in this section. Note that in the present

study, linear swelling ratios rather than volume swelling ratios were measured. The

linear swelling ratio is frequently termed q and qo for a filled and neat matrix material,

respectively, and defined as the diameter of a swelled sample, Ds, to the non-swelled

condition,Dus. Invoking aforementioned isotropy assumption, the corresponding volume

swelling ratios are given by Q ¼ v�1
r ¼ q3 and Qo ¼ v�1

ro ¼ q3o.

Prior to the swelling experiments on carbon nanofiller reinforced nanocomposites, a

baseline swelling measurement of un-filled, pure PDMS was conducted. The linear

equilibrium swelling ratio for samples immersed in acetone, chloroform, and toluene

8 Journal of Elastomers & Plastics XX(X)
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removed from the solution and dried under a fume hood for 24 h, followed by drying

under vacuum at 15 kPa and 100�C for 1 h. Mass measurements were taken after the final

drying step. The difference in mass between before and after swelling in toluene is the

total uncross-linked polymer. Hence, the ratio between the after and before mass is the

cross-linking percentage.

Tensile testing

Tensile testing of PDMS and corresponding composites followed the standard ASTM

D638-14.40 Tensile samples of Type V were produced from the same bulk sample used

for the swelling experiments, cut via a water jet. Tensile testing was completed using a

universal testing machine (MTS Synergie 300, Eden Prairie, MN, USA). Tests were

completed under load control until the break of a sample. Strain was measured using an

optical system. For this purpose, each specimen was provided with two high contrasting

marks. The optical measurements were completed using an in-house developed soft-

ware41,42 which calculates the strain on a sample by determining the change in distance

between the marks. The software utilizes two error functions to determine the positions

of the edges of the two marks and thus determines the distance between them. Engi-

neering stress and strain were computed from the recorded load and displacement data,

and the modulus of elasticity for the various materials was determined within an initial

linear section of the stress-strain curve over approximately 0.10 mm/mm of strain using a

linear regression function.

Results and discussion

Swelling characterization of pure PDMS

Dimensional changes in polymer composites due to swelling in organic solvents con-

ducted using optical microscopy are detailed in this section. Note that in the present

study, linear swelling ratios rather than volume swelling ratios were measured. The

linear swelling ratio is frequently termed q and qo for a filled and neat matrix material,

respectively, and defined as the diameter of a swelled sample, Ds, to the non-swelled

condition,Dus. Invoking aforementioned isotropy assumption, the corresponding volume

swelling ratios are given by Q ¼ v�1
r ¼ q3 and Qo ¼ v�1

ro ¼ q3o.

Prior to the swelling experiments on carbon nanofiller reinforced nanocomposites, a

baseline swelling measurement of un-filled, pure PDMS was conducted. The linear

equilibrium swelling ratio for samples immersed in acetone, chloroform, and toluene
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was found to be 1.08, 1.30, and 1.25, respectively. Lee et al. reported similar swelling

ratios for the same swelling agents of correspondingly 1.06, 1.39, and 1.31.34 The

repeatability of each sample was high among all samples, that is, all sample points had a

standard deviation of approximately 0.01 except for the 0-h time stamp. A higher

standard deviation was ascertained at the 0-h time stamp, which is attributed to the

transient swelling process. Images for swelling measurements were captured sequen-

tially; therefore, there was an elapsed time of approximately 1 min between the first and

fifth sample. For example, the elapsed time, though small, caused an increase of 0.133 in

swelling ratio between the first and the fifth sample of pure PDMS submersed in

chloroform.

Potential effects of the co-solution used in fabricating the nanocomposites on pure

PDMS were also explored. Theoretically, the co-solution only breaks the intermolecular

bonds of the PDMS resin. Hence, once a co-solution is fully evaporated, the PDMS resin

behaves with no modifications in its monomer structure. As mentioned earlier, pure

PDMS samples were made with the same manufacturing process as the nanocomposites

without the addition of the nano-fillers i.e. samples were processed with the co-solution,

mechanically stirred, and sonicated. The measured linear equilibrium swelling ratios,

listed in Table 2, indicate that the used co-solutions only had a negligible effect on the

swelling behavior of PDMS when subjected to the different swelling agents.

Transient swelling behavior of carbon filler reinforced nanocomposites

Transient swelling behavior expressed through swelling diameter ratios for GNP, CB

and NS composites swollen using the solvents acetone, chloroform and toluene is

indicated in Figures 3 to 5, where each data point represents five repeated measurements.

The objectives of transient graphs were to confirm the onset of steady-state conditions

and to observe any abnormality from the typical transient trend. From the transient

graphs it was observed that a steady-state condition was reached around the 4-h mark for

all the carbon nanofillers. The overall trend of transient swelling for chloroform and

toluene followed expected behavior, i.e. a monotonic and asymptotic increase. However,

the trend of transient swelling in acetone exhibited a decrease after an initial peak and

minor fluctuation (Figure 3(A) to (C)). The latter seem to indicate small experimental

error leading to the observed non-monotonic behavior, yet, a conclusive reasoning

remains elusive.

Table 2. Linear equilibrium swelling ratios for pure PDMS subjected to solution mixing with
different co-solutions.

Co-solution

Swelling agent

Acetone Chloroform Toluene

— 1.08 + 0.01 1.30 + 0.01 1.25 + 0.01
Cyclohexane 1.08 + 0.01 1.28 + 0.01 1.24 + 0.01
Isopropanol 1.08 + 0.01 1.30 + 0.01 1.25 + 0.01
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Equilibrium swelling results of carbon filler reinforced nanocomposites

Linear equilibrium swelling ratios for all PDMS-based samples were computed and are

depicted in Figure 8. The data shows an overall strong increase in swelling percentage

Figure 3. Transient linear swelling ratios of (A) GNP, (B) CB and (C) NS reinforced in PDMS with
0 vol% to 4 vol% filler with acetone as the swelling agent.

Figure 4. Transient linear swelling ratios of (A) GNP, (B) CB and (C) NS reinforced in PDMS with
0 vol% to 4 vol% filler volume with chloroform as the swelling agent.

Figure 5. Transient linear swelling ratios of (A) GNP, (B) CB and (C) NS reinforced in PDMS with
0 vol% to 4 vol% filler volume with toluene as the swelling agent.
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with increasing CB and NS filler volume fraction for nanocomposites swelled with

chloroform and toluene. But, for the composites swelled in acetone and those with GNP

filler, equilibrium swelling ratios remained close to the unmodified polymer. Referring

to Figure 6A, swelling of PDMS composites in acetone was practically independent of

filler volume, with the equilibrium swelling ratio remaining at approximately 1.08.

Notably, the swelling behavior of the GNP nanocomposites was unlike the trend

observed in previous studies with regards to hydrogels24–28 where swelling diminished

with filler loading. Present findings are more akin to observations described in ref.43

where increased swelling in GNP/PDMS composites over the pure polymer was

attributed to a reduction in elastic resistance to swelling stress due to an increase in

polymer chain length between cross-links.

For CB/PDMS nanocomposites (Figure 6(B)), the equilibrium swelling ratios in

acetone remained approximately between 1.09 and 1.10 and did not change significantly

with increasing filler volume fraction. However, CB/PDMS swelled in chloroform and

toluene exhibited significant changes, that is, the swelling ratio increased by 25.2% and

23.6% from 0 vol% to 4 vol% CB, respectively. For comparison, corresponding values

for GNP/PDMS were only 3.8% in swelling agent chloroform and 2.8% in toluene.

It should be mentioned that there is a difference between the percent mass content

between GNP (r ¼ 2.2g/cm3) and CB (r ¼ 1.8 g/cm3). Nevertheless, by accounting for

the density difference at approximately 7% mass content (6.6% mass of GNP and 7.2%
mass of CB), the swelling ratio had a similar percent difference of 26% in chloroform

and 25% in toluene.

The equilibrium data for NS/PDMS composites (Figure 6(C)) indicates that an

increase in filler volume percentage caused an increase of swelling ratio with swelling

agents of toluene and chloroform, whereas similar to both GNP/PDMS and CB/PDMS,

the swelling of NS/PDMS in acetone remained at ratios between 1.08 and 1.09 with

increasing filler volume. With the swelling of NS/PDMS, a monotonic increase appears

to be present between the filler volume and the swelling ratio. This trend was not dis-

tinctly seen in either the GNP or the CB-based composites. The overall swelling ratio of

NS/PDMS increased respectively by 28.9% and 22.8% from 0 vol% to 4 vol% filler

Figure 6. Equilibrium swelling ratio for (A) GNP/PDMS, (B) CB/PDMS and (C) NS/PDMS. Dashed
lines are included to guide the eye.
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loading in chloroform and toluene. These values are similar to CB/PDMS yet distinctly

differed from its parent filler in GNP/PDMS.

To summarize the swelling characterization results, the transient graphs indicate that

swelling equilibrium was reached around the 4-h mark, and the morphology of the nano-

filler did not appreciably affect the steady-state time. With regards to filler type, the

equilibrium results of the three nanocomposites of GNP/PDMS, CB/PDMS and NS/

PDMS displayed rather different results with respect to the effect of filler morphology on

swelling of PDMS nanocomposite. CB/PDMS and NS/PDMS showed similar significant

equilibrium swelling ratios in terms of total increase for the swelling agents of chloro-

form and toluene but differed somewhat in overall trend and magnitude. In contrast,

GNP/PDMS exhibited practically no increase in swelling ratio as filler volume

increased. For swelling in acetone, all volume percentages of all three carbon-based filler

nanocomposites, as well as the original polymer, exhibited comparable equilibrium

swelling.

The Kraus equation and modified Kraus equation mentioned earlier are clearly unable

to predict the results from the present experimental study, that is, both equations neces-

sarily predict diminishing swelling volume for increasing filler loading (vro=vr > 1). The

ascendant trend observed in the present experiments (vro=vr < 1) is compatible with the

model for completely unbonded particles according to equation (3). However, following

the notion of fluid filling the space around each unbonded particle in the swollen matrix,

the corresponding volume f q3o � 1
� �

½18 of solvent is comparatively small. For example,

considering PDMSwith 4 vol%NS swelled in chloroform, the predicted linear equilibrium

swelling ratio is merely 1.31 from 1.30 for pure PDMS compared to the experimentally

determined value of 1.68. Consequently, other effects besides the assumptions made by

Kraus,18 i.e. disbonded individual particles, must have led to the more intense swelling

behavior observed for the CB and NS fillers.

Cross-linking density characterization

Since a lack of cross-linking can lead to an increase in swelling, the relationship

between cross-linking density (or percentage) to swelling ratio as filler percentage

increases was explored. Cross-linking density for all the bulk samples was char-

acterized gravimetrically to assess the cure completion of the nanocomposite and

possibly correlate the effect of nanofillers to the swelling behavior of the composites.

Cross-linking density characterization was also used to confirm that the co-solution

had no significant effects on polymer cross-linking, and that the nanofillers were the

primary influence. Specifically, it was hypothesized that the co-solution affects the

nanocomposite morphology, which ultimately leads to the observed swelling beha-

viors. As shown in Table 3, the cross-linking percentage of the filled PDMS decreased

to some extent as the filler percentage increased with the exception of GNP/PDMS

where the decrease was less than 1%.

Figure 7 shows the graphical representation of the relationship between linear equili-

brium swelling ratio and cross-linking density with data points left to right corresponding

to 4 vol%, 3 vol%, 2 vol%, 1 vol%, and 0 vol% of the different carbon nanofillers.
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Since a lack of cross-linking can lead to an increase in swelling, the relationship

between cross-linking density (or percentage) to swelling ratio as filler percentage

increases was explored. Cross-linking density for all the bulk samples was char-

acterized gravimetrically to assess the cure completion of the nanocomposite and

possibly correlate the effect of nanofillers to the swelling behavior of the composites.

Cross-linking density characterization was also used to confirm that the co-solution

had no significant effects on polymer cross-linking, and that the nanofillers were the

primary influence. Specifically, it was hypothesized that the co-solution affects the

nanocomposite morphology, which ultimately leads to the observed swelling beha-

viors. As shown in Table 3, the cross-linking percentage of the filled PDMS decreased

to some extent as the filler percentage increased with the exception of GNP/PDMS

where the decrease was less than 1%.

Figure 7 shows the graphical representation of the relationship between linear equili-

brium swelling ratio and cross-linking density with data points left to right corresponding

to 4 vol%, 3 vol%, 2 vol%, 1 vol%, and 0 vol% of the different carbon nanofillers.
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As observed in Figure 7(A), the GNP/PDMS nanocomposites did not exhibit any appre-

ciable relationship between swelling ratio and cross-linking density as filler loading

increased, i.e. all the data points cluster between 95% and 96% cross-linking devoid any

strong correlation with swelling ratio. This lack of correlation indicates that the presence of

GNP did not appreciably inhibit the cross-linking of PDMS.

In contrast to the GNP filler, CB/PDMS exhibited a noticeably different behavior, as

shown in Figure 7(B). A strong rise in swelling diameter ratio can be observed between

pure PDMS and 1 vol% CB filler loading. Notably, even the presence of the lowest CB

volume fraction in the system swelled the network drastically without strongly compro-

mising cure compared to pure PDMS, i.e. 1 vol% filler loading increased swelling by

approximately 20% over pure PDMS in swelling agents of chloroform and toluene. At

higher volume percentages, there was a decrease in cross-linking density from values in the

upper half of 95% for pure PDMS to as low as 91.3% at 4 vol%. This decrease in cross-

linkingmay have contributed to the increase in swelling but is not seen to be the sole factor.

As shown in Figure 7(C), the relationship between swelling ratio and the cross-linking

density for NS/PDMS was observed to be similar to CB/PDMS, i.e. a strong rise in

Table 3. Cross-linking percentage of GNP/PDMS, CB/PDMS and NS/PDMS.

Filler loading

% Cross-linking

GNP/PDMS CB/PDMS NS/PDMS

0 vol% 95.8% 95.5% 95.5%
1 vol% 95.4% 94.4% 95.2%
2 vol% 95.0% 93.1% 95.2%
3 vol% 95.2% 91.8% 93.1%
4 vol% 95.0% 91.3% 92.0%

Figure 7. Linear equilibrium swelling ratios of (A) GNP/PDMS, (B) CB/PDMS and (C) NS/PDMS
versus cross-linking density. Color of data points corresponds to filler volume percentage: Blue—0
vol%, black—1 vol%, green—2 vol%, red—3 vol%, yellow—4 vol%. The shape of data points
corresponds to swelling solution: Circle—chloroform, triangle—toluene and square—acetone.
Dashed lines are included to guide the eye.
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swelling appeared in chloroform and toluene with the mere presence of 1 vol% NS.

However, different from the CB/PDMS where the increase of filler percentage caused a

roughly gradual incremental decrease in cross-linking density, a major decrease in cross-

linking density in NS/PDMS occurred between 2 vol% to 3 vol% filler. An increase of

26.8% and 21.9% in swelling ratio with swelling agents of chloroform and toluene was

observed for a filler increase from 0 vol% to 2 vol%; however, there was a minimal

change of cross-linking density. Hence, the initial increase of swelling ratio seems to

occur predominantly due to the presence of NS, while the latter increase at higher filler

volume may be attributed to both the presence of NS and reduced cross-linking.

The three graphs correlating swelling ratio and cross-linking density show that

swelling increases drastically with similar cure completion to that of the plain polymer at

the lowest CB and NS filler volume. On the other hand, cross-linking densities for all

GNP/PDMS composites were similar to pure PDMS; hence, the observed minor increase

in swelling ratio in the swelling agent’s chloroform and toluene is likely attributable to

the addition of GNP. Overall, the findings derived from the cross-linking density

analysis substantiate the initial conclusion that the presence of fillers promoted swelling.

The new insight gained from the cross-linking correlation toward the swelling ratio is

that at higher percentages of CB and NS, the swelling increase may not have been solely

due to the addition of fillers but possibly also due to some lack of cure completion.

Tensile testing

As mentioned earlier, the stretching and untangling of network strands in the swelling of

a polymer is directly related the material’s elasticity. Moreover, considering the sub-

stantially higher elastic modulus of the carbon filler particles compared to PDMS, and

invoking a rule of mixture argument, it stands to reason that filler addition may increase

the elastic modulus of the composite over the neat polymer. It should be mentioned that

the elastic modulus of PDMS and its composites depends strongly thermal history.44 The

same study showed that the addition of GNP may significantly reduce the composite

modulus, which was explained with reduced cross-linking of PDMS. In the present

study, commencing the analysis with neat PDMS processed without co-solution, the

elastic modulus was found to be 2.46 MPa, which falls within the range of values

reported by other researchers.45,46 Elastic moduli for the various materials processed via

solution mixing are listed in Table 4.

Considering the PDMS samples without nanofiller but treated with the different

co-solutions, a 14% reduction in modulus can be observed for the samples prepared with

isopropanol (CB/PDMS and NS/PDM) compared to the ones made with cyclohexane

(GNP/PDMS).

For the GNP/PDMS nanocomposites, the data reveals that filler addition resulted in a

minor decrease in modulus over the neat polymer, with a maximum decrease of 8.5% at 3

vol%. Conversely, the addition of CB caused a significant reduction in elastic modulus.

The addition of only 1 vol% CB yielded a modulus reduction to about one-third of the

neat PDMS. However, from 1 vol% and 4 vol% CB the modulus decreased to a much

lesser extent, i.e. by about 10% with respect to 1 vol%. Similar behavior was observed
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for NS/PDMS where the modulus decreased by a factor of 1.5 between pure PDMS and

1 vol% NS. This substantial decrease was again followed by small changes in modulus

between 1 vol% and 4 vol%.

Roy et al. attributed decreasing moduli of CB filled rubber composites to poorly

structured CB.47 Supposedly, the decrease in modulus observed in the present study

stems from increasingly agglomerated CB within the nanocomposites, where agglom-

erations acted as imperfections inside the material, causing reduced material stiffness.

A similar rationale was reported by Jana et al. for silica particles in epoxy.48 Even though

results were for different filler types, the explanation by Jana et al., i.e. aggregates

substantially weakened the material integrity, is considered probable also for present

experiments. Consequently, nano-filler aggregation is assumed to be the primary reason

for both the increase in swelling ratio and the reduction in mechanical properties.

It should be noted at this juncture that decreasing mechanical properties may also be

caused by a lack of cross-linking instead of filler agglomeration. However, this notion is

rebutted by the data shown in Figure 8. Considering CB/PDMS, a 2.5 fold decrease in

modulus from pure PDMS to 1 vol% CB only correlated to approximately a 1% decrease

in cross-linking density while the remaining data for 2 vol% to 4 vol% CB shows

insignificant modulus reductions with decreasing cross-linking density. Hence, it can be

inferred that cross-linking had a negligible effect on modulus in contrast to the presence

of the filler and its possible agglomeration. Observations are similar for NS/PDMS

which exhibited a large decrease in modulus but only a small reduction in cross-linking

density (0.5%) between pure PDMS and 1% NS/PDMS. After the initial strong drop in

modulus, the modulus remained approximately constant while cross-linking density was

further reduced with increased filler content. This result corroborates the assumption that

nano-filler morphology rather than cross-linking density chiefly affected the elastic

properties. The present observations give rise to the notion that swelling of the polymer

matrix can be tailored by nanofiller addition but requires understanding the complex

effects related to nanocomposite morphology including the influence of the co-solution

on the filler, the mechanisms controlling the extent of filler dispersion and possible

re-agglomeration, the polymer-filler interaction (bonding), and the formation of the

polymer network structure.

Table 4. Tensile modulus of GNP/PDMS, CB/PDMS and NS/PDMS. Numbers in parathesis
indicate the standard deviation for tests conducted in triplicate.

Filler loading

Tensile modulus (MPa)

GNP/PDMS CB/PDMS NS/PDMS

0 vol% 2.71 (0.06) 2.32 (0.05) 2.32 (0.05)
1 vol% 2.49 (0.08) 0.79 (0.03) 1.52 (0.07)
2 vol% 2.52 (0.03) 0.76 (0.02) 1.46 (0.13)
3 vol% 2.48 (0.09) 0.71 (0.07) 1.26 (0.04)
4 vol% 2.59 (0.03) 0.71 (0.04) 1.52 (0.04)
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Conclusions

This study investigated the effects of the carbon-based nano-fillers graphene nano-

platelets, carbon black, and graphene nano-scrolls on the swelling of poly-

dimethylsiloxane, with up to 4 vol% filler loading, when immersed in organic solvents

acetone, chloroform and toluene. A solution mixing process was employed to fabricate

the materials for testing. A facile and expedient methodology comprised of optical

measurements in conjunction with digital image analysis was developed and used to

quantify transient and equilibrium swelling in terms of linear dimensional changes. In

addition to swelling, polymer and composite samples were also assessed for their

polymer cross-linking densities and elastic mechanical properties.

The swelling experiments revealed that immersion in acetone caused similar minor

dimensional changes, i.e. expansion in the order of 10%, for the pure polymer and all

composites irrespective of filler type and loading. In comparison, dimensional changes

of the pure polymer in chloroform and toluene was in the order of 20–30%. Testing of the

graphene-based composites did not reveal any substantial differences in swelling over

the pure polymer. Corresponding elastic moduli and cross-linking densities showed

minor reductions upon filler addition. On the other hand, composites with carbon black

and graphene nano-scroll fillers, when immersed in chloroform and toluene, exhibited a

substantial rise in swelling over the pure polymer. Typically, a great extent of swelling

was observed already for the smallest filler loading of 1 vol%, with maximum dimen-

sional changes between 50% and 60% occurring at the highest filler content. Elastic

moduli were substantially reduced by about 70% and 30%when the maximum amount of

Figure 8. Tensile modulus versus cross-linking density. Color of data points corresponds to filler
volume percentage: Blue—0 vol%, black—1 vol%, green—2 vol%, red—3 vol%, yellow—4 vol%.
The shape of data points corresponds to filler type: Square—GNP/PDMS, circle—CB/PDMS, and
triangle—NS/PDMS. Dashed lines are included to guide the eye.
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Conclusions
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dimensional changes, i.e. expansion in the order of 10%, for the pure polymer and all

composites irrespective of filler type and loading. In comparison, dimensional changes
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and graphene nano-scroll fillers, when immersed in chloroform and toluene, exhibited a

substantial rise in swelling over the pure polymer. Typically, a great extent of swelling

was observed already for the smallest filler loading of 1 vol%, with maximum dimen-

sional changes between 50% and 60% occurring at the highest filler content. Elastic

moduli were substantially reduced by about 70% and 30%when the maximum amount of

Figure 8. Tensile modulus versus cross-linking density. Color of data points corresponds to filler
volume percentage: Blue—0 vol%, black—1 vol%, green—2 vol%, red—3 vol%, yellow—4 vol%.
The shape of data points corresponds to filler type: Square—GNP/PDMS, circle—CB/PDMS, and
triangle—NS/PDMS. Dashed lines are included to guide the eye.
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carbon black and graphene nano-scroll fillers were added, respectively, with a sub-

stantial drop occurring already at the lowest filler loading. Cross-linking densities

dropped by about 4%.

From the experimental results it was concluded that the solvents chloroform and

toluene caused substantial swelling in the studied polymer and composite systems.

Moreover, the fillers carbon black and graphene nano-scrolls strongly promoted swelling

while also causing a substantial decline in modulus. While reductions in cross-linking

density with rising filler content may have contributed to the reduced moduli and the

observed ascending trend in swelling, given the considerable extent of properties

changes, the presence of the respective fillers is understood to have had further signif-

icant effects on the material properties besides cross-linking. Firstly, referring to work by

Kraus,18 filler particles that lack bonding to the matrix are a possible contributor to

increased swelling, by facilitating fluid emplacement in the swollen matrix, while also

being a probable cause for reduced elastic properties. Secondly, it is reasonable to

assume that filler particles agglomerated to some considerable extent in the fabricated

composites. The role of filler aggregation, that is, composite morphology, on swelling is

an area requiring further study. Furthermore, the study emphasizes the important aspect

of filler morphology on composite swelling. Despite having the identical graphene nano-

platelet filler as precursor, the use of different co-solutions in solution mixing led to two

material configurations, i.e. graphene composites and nano-scroll composites, which

resulted in stark differences in material behavior. In closing, observations made through

the present experimental work do not only provide valuable data that can be employed

for modeling activities; the study also identifies opportunities for tailoring the swelling

behavior of polymer composites, such as the present carbon filler modified poly-

dimethylsiloxane, by means of controlling the filler and composite morphology. In this

manner, highly effective materials for novel microfluidic and nanoelectromechanical

devices may be realized.
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