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Abstract 

The thermal conductivity of polycarbonate-graphene nanocomposite foams was studied as a 

function of relative density, developed cellular structure and graphene concentration. Two types 

of supercritical CO2 foaming processes were employed to obtain foams with a wide range of 

relative densities and cellular morphologies. The thermal conductivity of unfoamed 

nanocomposites increased in more than two times upon addition of 5 wt% graphene. Foaming 

led to lowered thermal conductivity values, as low as 0.03 W/(m·K), with thermal conductivity 

being mainly controlled by relative density and in a lower extent by graphene concentration. 

Higher thermal conductivities were obtained with increasing relative density and cell size, as 

well as with increasing graphene concentration, especially in those cases where improved 

graphene dispersion was achieved with foaming. Thermal conductivity values displayed a better 

fit when using a three-phase model when compared to the two-phase model previously proposed 

for polymer composite foams.  
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1. Introduction 

Polymers are well known for being materials that are intrinsically thermally and electrically 

insulating [1-2]. As foaming further enhances the insulating behaviour of polymers by means of 

incorporating an important void fraction, the study of the heat transfer of polymer foams has 

become one of their most important fields of research, backed up by the vast number of 

applications and uses that these materials offer as thermal insulators [3-4]. However, many 

applications could benefit from the use of polymers with enhanced thermal conductivity, as for 

instance when used as heat sinks in electric or electronic systems [5] and in electrical wires for 

heat dissipation [6]. Besides the use of conductive polymers, which are expensive and commonly 

display a relatively low thermal stability and poor mechanical performance, the thermal 

conductivity of insulating polymers has been traditionally enhanced by the addition of thermally 

conductive fillers, including graphite, carbon black, carbon fibres, ceramic or metal particles [7-

9].   

Previous studies have shown that the thermal conductivity enhancement due to the addition of 

conductive nanofillers differs depending on the type of nanofiller and polymer matrix [9-12]. 

Therefore the selection of the type of filler is crucial. It has been stated that significant scatter of 

data are typically reported for thermal conductivity of fillers. This is caused by several factors 

including filler purity, crystallinity, particle size and measurement method [9]. Among 

conductive nanofillers, graphene nanoplatelets have been recently considered to enhance the 

thermal conductivity of polymers [13-14]. Despite the intrinsically high thermal conductivity of 

graphene nanoplatelets, the thermal conductivity enhancement in polymers has been shown to be 

quite limited, even at high graphene volume fractions [15]. 

Most of the studies published regarding the heat conduction of polymer composites with carbon-

based nanoparticles and particularly graphene nanoplatelets have considered the use of 

theoretical models [15-16], as it has been the case for unfilled polymer foams [17-20]. Efforts to 

enhance the thermal conductivity of polymers, especially thermoset-based, by means of adding 

conductive carbon nanoparticles have been reported [21-28]. It has been shown that the addition 

of graphite or graphene-like nanoplatelets to epoxy results in linear increases in thermal 

conductivity with increasing nanoparticles concentration, reaching enhancements of four times 

the thermal conductivity of unfilled epoxy with adding 5 wt% graphene or as high as twenty 

times at 40 wt% graphene loading [21]. Similarly, the formation of strong interfacial interactions 
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between matrix and nanoparticle, for instance by means of silane-crosslinking, has been shown 

to enhance thermal conductivity [23-28].  

Scarce experimental work has been dedicated to the study of the thermal conductivity of polymer 

foams containing carbon-based nanoparticles. In one of our works we studied the thermal 

conductivity behavior of polypropylene-carbon nanofibres (PP-CNF) composite foams [29]. It 

was found that carbon nanofibres were not efficient in increasing the thermal conductivity of PP-

based foams, its value resulting almost constant and independent of CNF’s volume fraction, 

which was related to the possible partial rupture, poor dispersion and aggregation of CNFs 

during processing, limiting the possibility of intimate contact between the nanofibres, crucial to 

attain significant thermal conductivity improvements [30]. Similarly, Shen et al. [31] 

demonstrated that for PS-CNF nanocomposite foams the addition of increasingly higher 

concentrations of CNFs only slightly enhanced the thermal conductivity, which was related to 

the presence of insulating polymer between the conductive nanofibres, limiting thermal 

conduction. In the same way, Zheng and co-workers [32-33] have recently demonstrated that the 

thermal conductivity of microcellular polyetherimide-graphene nanocomposite foams tends to 

decrease gradually with reducing cell size, reaching values as low as 0.036 W/(m·K) even for 

GnP contents as high as 7 wt%, typical of thermally insulating polymer foams. Authors showed 

that these low thermal conductivities were due on the one hand to the fact that it was not possible 

to establish a thermally conductive network by physical contact between the graphene 

nanoplatelets and, on the other, carbon-based graphene acted as IR absorber and reflector, 

reducing thermal radiation. 

Due to the lack of studies regarding the thermal conductivity behavior of polymer 

nanocomposite foams based on polycarbonate (PC), which is one of the most used thermoplastic 

polymers in electric and electronic applications, in the current study we investigate the effects of 

foaming process variables, the resulting cellular morphology and graphene nanoplatelet 

concentration of PC-graphene nanocomposite foams on their thermal conductivity.  
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2. Experimental 

2.1. Materials and compounding 

Polycarbonate used in the current study (Lexan 123R, SABIC; Sittard, Netherlands) has a 

density of 1.2 g/cm
3
 and a melt flow index (MFI) of 17.5 g/10 min measured at 300 ºC and 1.2 

kg according to ISO 1133. Graphene nanoplatelets (GnP; XG Sciences, Inc.; Michigan, U.S.A.) 

had 6 to 8 nm thickness with a 15 m average platelet lateral dimension and a bulk density of 2.2 

g/cm
3
, as reported by the manufacturer. PC-GnP nanocomposites containing 0.5, 2 and 5 wt% 

GnP, respectively named for now on PC05, PC2 and PC5, were prepared by melt-mixing using a 

Brabender Plasti-Corder internal mixer followed by compression moulding, as explained in our 

previous work [34].  

 

2.2. Foaming 

Polymer foaming processes based on the use of CO2 as physical blowing agent have been vastly 

considered in both industrial and research fields [35]. Among these, batch foaming using 

supercritical CO2 (scCO2), where foaming can be done in both 1–step by means of sudden 

pressure drop at relatively high temperatures (also known as the pressure-quench method [36]) or 

in 2–steps where, after a first step of scCO2 saturation at high pressure and low temperature, 

foaming is usually done by heating in a second stage the saturated CO2-polymer sample, has 

been considered as a very versatile process to obtain from very low density foams with highly 

anisotropic cellular structures to microcellular or even nanocellular polymer foams [37-42], 

hence enabling the preparation of foams with a wide density range and different cellular 

structures.  

With this in mind, two types of foaming processes were used in the current study: 1–step and 2–

step foaming. In both cases, compression–moulded PC-GnP composite circular-shaped discs 

were saturated with supercritical CO2 and then expanded (foamed) via scCO2 dissolution. These 

samples are marked as “1–step” [34]. In the case of “2–step” foaming, after scCO2 dissolution 

stage inside a high pressure vessel at 80 ºC with a total dissolution time of 210 min, discs 

containing CO2 were taken out of the pressure vessel and left to stabilize at room temperature 

and atmospheric pressure for 120 min. Following the stabilization stage, PC-GnP circular-shaped 

discs saturated with CO2 were heated under pressure in a hot-plate press IQAP LAP PL-15 at 
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165 ºC and 6 MPa for 40, 60, 80 or 100 seconds followed by a sudden pressure release allowing 

their expansion in the vertical (thickness direction) and width directions (radial direction) [43-

44]. 

 

2.3. Morphology analysis  

The density of the several foams was measured according to standard procedures (ISO 845), 

while the relative density was calculated by dividing this value by the density of the respective 

unfoamed material. Composite foams morphologies were analyzed using a JEOL JSM-5610 

scanning electron microscope (SEM) with a voltage of 15 kV and a working distance of 30 mm. 

SEM samples were prepared by brittle fracturing the foams using liquid nitrogen. The resulting 

fracture surfaces were coated with a thin layer of gold using a BAL-TEC SCD005 Sputter Coater 

in argon atmosphere. The average cell size () along the vertical direction (VD) and radial 

direction (sample width, WD) were measured using the intercept counting method [45]. 

For transmission electron microscopy (TEM) imaging, samples were ultramicrotomed  using a 

PowerTome XL Ultramicrotome (Boeckeler Instruments, Inc.) in the through-plane direction to 

slices of approximately 60-80 nm in thickness using a diamond knife, after which samples were 

placed onto copper TEM grids (Ted Pella 400 mesh). TEM images were acquired using a JEOL 

JEM-2011 LaB6 at 200 kV with an AMT-XR280 side mount camera. 

 

2.4. Thermal conductivity measurements 

Samples used for measuring the thermal conductivity were prepared by cutting and sanding 

down to a diameter of 6 mm and thickness of 3 mm. The thermal conductivity was measured at 

room temperature using a steady state 1–dimensional heat conduction method. The experimental 

setup, shown in Figure 1, consisted of an electrical heater, a heat sink and two thermocouples to 

measure the temperature gradient across the sample thickness. To minimize the interface thermal 

resistance, electrically insulated thermocouples were embedded into two soft indium layers to 

measure the temperature at both sides of the sample. Pressure was applied using a screw 

mechanism that was thermally insulated from the sample by a thick poly(tetrafluoroethylene) 

block (insulation block). The rest of the set up was thermally insulated by a very low thermal 

conductivity material (≈ 0.02 W/(m·K)) in order to reduce any heat loss by convection/radiation. 
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Finally, a dome was placed on top of the entire setup to reduce the influence of any current of air 

during measurement. 

Heat sink

Insulation

Indium disc

Indium disc

Insulation block 

Heater

SampleThermo couples

Pressure

 

Figure 1. Scheme of the setup used for measuring thermal resistance.  

 

The heat losses in the experimental setup were calibrated using glass samples of known 

conductivity, including glass wool having a calibrated thermal conductivity of 0.04 W/(m·K). To 

measure the thermal conductivity (k), first of all the experimental thermal resistance was 

obtained from the slope of the temperature difference across the sample as a function of heater 

power. Next, the calibrated heat loss (RLoss) contribution was taken into account by using a 

parallel thermal resistance network arrangement. To find the intrinsic thermal conductivity, the 

interface thermal resistance between the composite sample and the indium layer (RInterface) was 

subtracted from the overall conduction resistance (RTotal). This interface thermal resistance was 

determined by testing samples with different thicknesses and extrapolating the plot of sample 

and interface resistance (RSample + RInterface) vs. sample thickness to zero thickness using linear 

regression. The thermal resistance (RSample) and thermal conductivity (k) were calculated using 

expressions (1) and (2), respectively: 
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where t and A are the thickness and cross sectional area of the sample, respectively. The same 

procedure was used for all samples. The thermal conductivity of unfoamed PC was measured to 

be 0.18 W/(m·K), which is very close to the values reported in literature [9, 46]. 

 

3. Results and discussion 

3.1. Cellular morphology 

The characteristics of the cellular structures obtained by foaming PC and PC-GnP 

nanocomposites via the 1– and 2–step foaming processes are presented in Table 1. Cellular 

morphologies were influenced by a combination of factors such as carbon dioxide 

dissolution/expansion process parameters, foaming method (1–step vs. 2–step), and graphene 

concentration. In general, samples foamed via 2–step showed lower relative densities and smaller 

cell sizes and, as a consequence, higher cell densities, than those foamed via 1–step. It should be 

noted that normally lower relative densities are more easily achievable with the generation of 

bigger cells during foaming [47]; however, in the current study, foams prepared via 2–step 

presented substantially lower relative densities and at the same time smaller cell sizes. 

Addition of graphene also had a major impact on cellular morphology. In general, as graphene 

concentration increased, relative density also increased, and the presence of GnP led to a broader 

range of relative densities: rel,1–step = 0.34–0.83 and rel,2–step = 0.08–0.52 for PC-GnP 

nanocomposite foams, and rel,1–step = 0.33–0.46 and rel,2–step = 0.08–0.15 for unfilled PC foams 

(Table 1). 

 

3.2. Thermal conductivity 

The broad cellular morphologies achieved using various foaming process conditions and 

graphene nanoparticle concentrations strongly influenced the thermal conductivity. 
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Comparatively, the thermal conductivity of PC-GnP nanocomposites was greater than that of the 

unfilled PC, with thermal conductivity increasing with increasing graphene concentration. In 

addition, although foams prepared via 1– and 2–step foaming showed some overlapping thermal 

conductivity values, globally they were also somewhat separated from each other, which could 

be due to their different relative density and cellular morphology. The effects of the cellular 

morphology and graphene concentration on the thermal conductivity are further discussed in the 

following sections.  

 

3.2.1. Influence of the cellular morphology 

The cellular morphology of foams can be characterized using various parameters, and 

experimental measurements of four of such parameters, particularly relative density, cell density, 

cell size, and aspect ratio, are presented in Table 1. Relative density is one of the most widely 

used and recognized characteristics of foams; therefore, its effect on the thermal conductivity is 

presented first among all other variables in Figure 2a for unfilled unfoamed and foamed PC, 

alongside unfoamed and foamed PC-GnP nanocomposites. Results indicate that thermal 

conductivity increased with increasing relative density, with almost a linear correlation between 

both (Figure 2a), which suggests that the main heat transfer mechanism was conduction through 

the solid [3]. It has been reported that convection due to gas movement inside cells may be 

disregarded for cellular structures with cell sizes below 4-5 mm [17], which is the case in the 

current study. Therefore, it is possible to state that with decreasing relative density, i.e., with 

increasing gas fraction and making solid cell walls and struts thinner (see Figures 2b and 2c), 

phonons have a more tortuous path to travel through the solid fraction, and as a result the thermal 

conductivity decreases.  

Figure 2a also clearly demonstrates the effect of graphene concentration, which will be discussed 

in detail later. As graphene concentration increased, thermal conductivity values showed a 

tendency to increase, particularly at the high end of relative density, as indicated by the slopes of 

the dashed lines presented in Figure 2a. A similar finding was reported for carbon nanofibre 

filled PP composite foams [29].  

Finally, foams prepared via 1–step foaming displayed, on average, higher values of thermal 

conductivity than those foamed via 2–step foaming. This effect is strongly related to the relative 

densities and cellular morphologies of these two sets of samples: on average 1–step samples have 
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greater relative densities than 2–step samples and, as a result, they are always on the high end of 

the relative density values (see Figure 2). 
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Figure 2. (a) Thermal conductivity as a function of relative density for unfoamed and foamed PC 

and PC-GnP nanocomposites (X1 and X2 indicate foams that were prepared by 1– and 2–step 

foaming, respectively). Typical SEM micrographs of the cell strut of: (b) high relative density 1–

step foams and (c) low relative density 2–step foams (both with 0.5 wt% GnP). Note: R
2
 values 

corresponding to the linear fittings are indicated for each set of foams. 

 

In order to have a better understanding of the effects of foaming in the thermal conductivity, all 

thermal conductivity values (kfoam) were normalized by the thermal conductivity of the respective 

unfoamed sample (kcomposite) (see Figure 3). Normalization (knorm = kfoam/kcomposite) led all samples 

to aggregate around a single line with a positive slope with increasing relative density, indicating 

that relative density is a good predictor of thermal conductivity. Additionally, as can be seen 

when comparing the experimental data with the dashed line shown in the figure, almost all foams 

presented knorm values that were above the theoretical values assuming a linear relation between 

the normalized thermal conductivity and relative density, i.e., C =1 and n = 1 in the typical scale 

relation knorm = Cfoam/composite)
n
. Among these, high density 1–step foams containing 0.5 wt% 

GnP were the ones that displayed the highest increment, indicating their higher efficiency in 

enhancing thermal conductivity. 
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Figure 3. Normalized thermal conductivity as a function of relative density for unfilled PC and 

PC-GnP nanocomposite foams. 

 

The effect of cell size on thermal conductivity is presented in Figure 4. In this case, foams 

prepared by 1– and 2–step foaming were clearly separated from each other. Furthermore, foams 

prepared via 2–step foaming showed a more pronounced deviation from each other as a function 

of graphene concentration, which is discussed in the following section. Interestingly, although 

the relationship between cell size and thermal conductivity varied strongly among different 

sample groups, unfilled PC foams prepared by both 1– and 2–step foaming presented a thermal 

conductivity behaviour that did not depend on cell size, showing constant thermal conductivities 

independently of cell size (evolution represented with horizontal lines), while on average the 

thermal conductivity of PC-GnP nanocomposite foams decreased with increasing cell size. 

However, this result is apparent, as within a given set of foams those having bigger cell sizes 

also displayed lower relative densities and, as a consequence, lower values of thermal 

conductivity. 
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Figure 4. (a) Thermal conductivity as a function of cell size for unfilled PC and PC-GnP 

nanocomposite foams prepared via 1– and 2–step foaming. PC-GnP nanocomposites prepared in 

1–step followed a linear behaviour while nanocomposites prepared via 2–step foaming showed a 

more scattered behaviour. Micrographs showing the typical cellular structure of foams prepared 

by: (b) 1–step (unfilled PC) and (c) 2–step foaming (5 wt% GnP). 

 

3.2.2. Influence of graphene concentration 

Although relative density is the main parameter controlling the thermal conductivity of PC-GnP 

nanocomposite foams, the influence of graphene concentration has to be considered, as higher 

GnP concentrations should lead to higher values of thermal conductivity. For this reason, it is 

more proper to consider the combined effects of relative density and graphene concentration on 

the thermal conductivity of PC-GnP nanocomposite foams by representing the thermal 

conductivity as a function of GnP volume concentration (Figure 5), as volume concentration 

takes simultaneously into account the amount of GnP present in the nanocomposite foam as well 

as its density. As can be seen in Figure 5, the thermal conductivity of unfoamed and foamed PC-

GnP nanocomposites increased with increasing GnP volume concentration. The highest value of 

thermal conductivity (0.37 W/(m·K)) was achieved for the unfoamed PC-GnP nanocomposite 

containing around 2.7 vol% GnP (equivalent to 5 wt% GnP), about two times greater than that of 

unfilled PC (0.18 W/(m·K)). However, these values are much lower than expected based on the 

theoretical thermal conductivity of graphene nanoplatelets measured parallel to the surface 
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(3000 W/(m·K) [48-51]), which is related to the fact that graphene nanoparticles did not form a 

percolated thermally conductive network within the PC matrix.  
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Figure 5. Thermal conductivity of PC-GnP nanocomposite foams as a function of graphene 

volume concentration. The thermal conductivity of unfoamed nanocomposites is indicated using 

red symbols. Note: R
2
 values corresponding to the linear fittings are indicated for each set of 

foams. 

 

Independently of the fact that the final values of thermal conductivity were much lower than 

expected, still the increase in thermal conductivity with increasing graphene concentration could 

be attributed to the following factors: (i) intrinsically high thermal conductivity of graphene, 

which provides a path of lower resistance for phonons; (ii) high aspect ratio of graphene 

nanoplatelets, which has been reported to be a possible way of enhancing the thermal 

conductivity of polymers [52]; and (iii) strong – interactions between PC molecules and 

graphene, which would lead to a strong interface, and phonon transfer across strong interfaces 

was suggested to be more efficient [53]. In addition, the influence of graphene volume 

concentration on the thermal conductivity resulted different for each set of foams, as increasingly 

higher graphene weight percentages led to smoother increments of the thermal conductivity with 

increasing GnP’s volume concentration. Comparatively, PC-GnP foams containing 0.5 wt% GnP 
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presented the highest increments of thermal conductivity with increasing graphene volume 

concentration (steeper slope), followed by PC-GnP foams containing 2 wt% GnP and finally PC-

GnP foams containing 5 wt% GnP, which could be related to the confinement of GnP 

nanoparticles on the solid phase of the foam (cell walls and struts), at least within the studied 

concentration range.  

It should be pointed out that dispersion and partial exfoliation of graphene nanoplatelets may be 

taking place during foaming, as it has been suggested in some of our previous works that there is 

a direct relation between the reduction of the stacking regularity of carbon-based nanoparticles 

such as graphene nanoplatelets or carbon nanofibres, related to the rupture of nanoparticles 

aggregates and hence improved dispersion or even partial nanoparticles exfoliation, with 

foaming [29, 54-56]. The schematic representation displayed in Figure 6 exemplifies the 

suggested mechanism of dispersion/partial exfoliation of graphene nanoplatelets during foaming. 

As can be seen, graphene nanoplatelets act as cell nucleating sites, interacting with CO2 

molecules, which, during the expansion/foam growth stage, give way to cells, whose formation 

and growth help separate graphene stacks and ultimately bring graphene nanoplatelets closer 

through a volume exclusion effect (concentration of GnP in the foam cell walls and struts). 

 

CO2  

Saturation 

CO2  

Expansion 

CO2 molecules 

Growing  

CO2 bubbles 

Particle containing 

multiple graphene layers Graphene 

particles 

Polymer 
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Figure 6. Scheme showing the dispersion/exfoliation of graphene nanoplatelets due to 

interaction with CO2 molecules during foaming. 
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TEM experiments performed on PC-GnP nanocomposite foams prepared via 1–step foaming 

showed differences in terms of graphene nanoplatelets disposition in the foams (see Figure 7). 

Overall reduction of the distance between GnP particles and decreased number of layers within 

each particle (seen as thinner GnP nanoparticles) could be related to an enhanced GnP dispersion 

within the polymer, which would decrease interfacial resistance at the polymer–filler and filler–

filler interfaces. In addition, a lower number of layers within each graphene particle increases the 

average particle aspect ratio and it has been shown that thermal conductivity can be improved 

with the use of high aspect ratio particles [50, 57]. It should be noted that the effect of scCO2 

foaming on the dispersion of GnP was found to weaken with increasing GnP concentration (see 

Figure 7b), as increasing the amount of GnP makes it harder to separate and disperse graphene 

nanoplatelets at the same foaming conditions, which could explain the thermal conductivity 

behaviour of PC-GnP nanocomposite foams at GnP concentrations above 0.5 wt%. 

 

 

Figure 7. TEM micrographs of graphene nanoparticles present in PC-GnP nanocomposite foams 

prepared via 1–step foaming: (a) X1PC05 foams exhibited thinner and more close GnP 

nanoparticles when compared to (b) X1PC2 foams. 

 

3.2.3. Comparison with theoretical predictions 

Theoretical thermal conductivities were calculated using two different models previously 

proposed for polymer composite foams [29]. The first model (Model I) assumes that the system 

is formed by two phases: a gas phase and a composite phase (in the current study, polycarbonate 

with graphene), while the second model (Model II) assumes a three–phase system consisting of 



 15 

gas, polymer matrix and filler. The thermal conductivities corresponding to Model I (kI) and 

Model II (kII) are calculated as follows: 

 

 I gas gas composite compositek k V k V                             (3) 

 

 II gas gas polymer polymer filler fillerk k V k V k V                             (4) 

  

where kgas, kcomposite, kpolymer, and kfiller are the thermal conductivities of air (0.026 W/(m·K) [58]), 

composite (polycarbonate-graphene), polycarbonate, and graphene nanoplatelets (3000 W/(m·K) 

parallel to the surface, as indicated by the manufacturer), respectively; Vgas, Vcomposite, Vpolymer and 

Vfiller are the corresponding volume fractions; and  is a parameter known as tortuosity, which is 

related to the complexity of the cellular structure [47]. 

The experimental and theoretical thermal conductivities calculated using equations (3) and (4) 

are compared in Figure 8 for all PC-GnP nanocomposite foams. As can be seen, the three–phase 

model (Model II, indicated with red symbols in Figure 8) showed a better agreement with the 

experimental values than the two–phase model (Model I, black symbols in Figure 8). Model I 

showed a strong deviation with increasing relative density and graphene concentration. This is 

attributed to the individual theoretical contributions of each of the phases in the nanocomposite 

foams taken into consideration when using Model II. 
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Figure 8. Comparison between the experimentally measured thermal conductivities (kexperimental) 

and the theoretical thermal conductivities calculated using Model I (black symbols) and Model II 

(red symbols) of PC-GnP nanocomposite foams.  

 

4. Conclusions 

The thermal conductivity of polycarbonate-graphene foams prepared via 1– and 2–step scCO2 

foaming was found to depend on both relative density and cellular morphology developed during 

foaming, as well as graphene concentration. Results indicate that thermal conductivity increases 

almost linearly with increasing relative density, suggesting that the main heat transfer was 

conduction through the solid phase. Comparatively, foams prepared via 1–step displayed higher 

thermal conductivities than those prepared using 2–step foaming, which was related to their 

higher relative densities and cell sizes. Although the addition of a higher amount of graphene 

resulted in foams with globally higher thermal conductivities, it was observed that its effect was 

less pronounced with increasing graphene concentration, which was explained by the 

confinement of GnP nanoparticles on the solid phase of the foams. Theoretical calculations 

showed that the use of a three-phase model that takes into account the separate contribution of 

the gas phase, polymer phase and filler phase to calculate the thermal conductivity fits better to 

the experimental values, hence being more appropriate to estimate the thermal conductivity of 

polymer nanocomposite foams.  
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As the maximum reached thermal conductivity for PC-GnP nanocomposite foams was still quite 

low and characteristic of thermally-insulating materials, future work should focus on favouring 

heat conduction through the material. As the heat transfer mechanism requires an intimate 

contact between conductive nanoparticles, depending on, besides nanoparticles morphology 

aspects, the interphase between polymer and carbon nanoparticles, as the presence of insulating 

matrix or even polymer crystal domains between nanoparticles would result in highly resistive 

thermal junctions [56], strategies should be used in order to guarantee physical contact between 

nanoparticles. On the one hand, dispersion and, in the case of graphene nanoplatelets, full 

nanoplatelet exfoliation, should be attained, possibly by means of using a proper combination of 

high-shear melt-mixing and selected foaming parameters; on the other hand, as dispersion is 

improved, contact between the dispersed nanoparticles has to be guaranteed, meaning that the 

level of foaming (density reduction and developed cellular structure) has to be properly 

controlled in order to form a proper conductive path throughout the cell walls without any type 

of disruption. 
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Figure captions 

 

Figure 1. Scheme of the setup used for measuring thermal resistance.  

Figure 2. (a) Thermal conductivity as a function of relative density for unfoamed and foamed 

PC and PC-GnP nanocomposites (X1 and X2 indicate foams that were prepared by 1– 

and 2–step foaming, respectively). Typical SEM micrographs of the cell strut of: (b) 

high relative density 1–step foams and (c) low relative density 2–step foams (both 

with 0.5 wt% GnP). Note: R
2
 values corresponding to the linear fittings are indicated 

for each set of foams. 

Figure 3. Normalized thermal conductivity as a function of relative density for unfilled PC and 

PC-GnP nanocomposite foams. 

Figure 4. (a) Thermal conductivity as a function of cell size for unfilled PC and PC-GnP 

nanocomposite foams prepared via 1– and 2–step foaming. PC-GnP nanocomposites 

prepared in 1–step followed a linear behaviour while nanocomposites prepared via 2–

step foaming showed a more scattered behaviour. Micrographs showing the typical 

cellular structure of foams prepared by: (b) 1–step (unfilled PC) and (c) 2–step 

foaming (5 wt% GnP). 

Figure 5. Thermal conductivity of PC-GnP nanocomposite foams as a function of graphene 

volume concentration. The thermal conductivity of unfoamed nanocomposites is 

indicated using red symbols. Note: R
2
 values corresponding to the linear fittings are 

indicated for each set of foams. 

Figure 6. Scheme showing the dispersion/exfoliation of graphene nanoplatelets due to 

interaction with CO2 molecules during foaming. 

Figure 7. TEM micrographs of graphene nanoparticles present in PC-GnP nanocomposite 

foams prepared via 1–step foaming: (a) X1PC05 foams exhibited thinner and more 

close GnP nanoparticles when compared to (b) X1PC2 foams. 

Figure 8. Comparison between the experimentally measured thermal conductivities (kexperimental) 

and the theoretical thermal conductivities calculated using Model I (black symbols) 

and Model II (red symbols) of PC-GnP nanocomposite foams.  
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Table 1. Cellular characteristics of polycarbonate (PC) and polycarbonate-graphene (PC-GnP) 

nanocomposite foams prepared via 1– and 2–step foaming. 

GnP 

concentration 

(wt%) 

Foaming 

method 

Relative 

density range 

Cell density 

(cells/cm
3
) 

VD (m) 
Aspect 

ratio 

0.0 
1–step 0.33–0.46 4.64×10

5
–5.51×10

6
 159–68 0.8–1.0 

2–step 0.08–0.15 4.96×10
7
–3.72×10

8
 60–30 0.9–1.3 

0.5 
1–step 0.34–0.78 1.04×10

6
–2.70×10

6
 146–73 0.8–1.0 

2–step 0.08–0.28 6.19×10
7
–1.56×10

9
 46–11 1.0–1.4 

2.0 
1–step 0.37–0.54 2.07×10

5
–7.93×10

5
 210–123 0.9–1.1 

2–step 0.18–0.32 3.82×10
7
–1.61×10

9
 57–26 1.0–1.4 

5.0 
1–step 0.53–0.83 1.73×10

6
–1.18×10

7
 50–30 0.8–1.0 

2–step 0.44–0.52 5.60×10
8
–1.01×10

9
 20–12 1.1–1.5 

Relative density, cell density, cell size in the vertical direction (VD) and aspect ratio, AR (AR = VD/WD) are given 

as a range of values obtained from foams by using different foaming conditions. Each value represents an average of 

multiple measurements. Complete set of data is provided in references [34, 43-44]. 

 




