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Expanded Graphite Morphology 

 The morphology of EG characterized by scanning electronic microscopy (SEM) and transmission 

electronic microscopy (TEM) was shown in Figure S1. And the morphology of EG dispersed in PS/EG foam 

characterized by optical microscopy was shown in Figure S2. 

 

 
Figure S1: SEM micrograph (a) and TEM image (b) of EG [micrographs courtesy of XGScience® with 

permission] 

 

 
Figure S2: Optical micrograph of PS/EG foam (black dots are the EG particles). 
 
 

Bulk Solid Conductivity 
Table S1: Bulk solid thermal conductivity (mW·m−1·K−1) of the composites 

Filler content (wt%) PS/EG PS/CNT 

0 180 180 
0.1 183 185 

0.25 189 193 
0.5 199 206 
1.0 210 222 
2.0 250 224 
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Table S2: Fitting parameters of the linear regression presented in Figure 5  

Filler content (wt%) EG CNT 
Slope a Intercept b Slope a Intercept b 

0.0 0.3421 2.394 0.3421 2.394 

0.1 0.0880 2.010 0.1828 2.000 

0.25 0.0373 1.520 0.1366 1.500 

0.5 0.0301 0.901 0.0884 1.200 

1.0 0.0143 0.901 0.0492 0.859 

2.0 0.0078 0.892 0.0216 0.900 

 

 

Effect of Reduced Gas Conduction on the Total Thermal Conductivity in Composite Foams 

 In this study, the contribution from heat conduction through the gas to the total thermal conductivity 

PS/EG foams is remarkably high in the range of 65% to 80% because of a large volume fraction of the gas at 

high expansion. The total thermal conductivity of PS/EG foams could be further decreased by using a low 

thermal conductive gas such as S-propene with a low thermal conductivity of 10.2 mW·m−1·K−1. The advantages 

of using S-propene are two-fold: (1) its low bulk gas conductivity and (2) formation of a large foam expansion 

level caused by its strong plasticization effect on PS. In addition, the contribution from heat conduction through 

the solid in largely expanded foams is limited due to a low solid fraction (i.e., high gas fraction). Thus, 

incorporation of the S-propene gas in producing largely expanded foams reduced both the solid conductivity 

and gas conductivity of PS/EG foams. 

 Because of the unknown S-propene contents remaining in the cells after foaming [S1], the gas 

conductivity of the S-propene foams could not be accurately calculated. It was then estimated by subtraction of 

the experimentally measured total thermal conductivity from the known solid and radiative conductivities.  

 With the use of S-propene in producing PS/EG-A foams, ~35-fold (neat PS) and ~50-fold (PS/EG-A 

2.0 wt%) volume expansion ratios have been obtained. Because of the high IR absorption property of EG-A, as  

Figure S3 shows, increasing the content of EG-A steady reduced the contribution from thermal radiation from 

5.1 mW·m−1·K−1 (neat PS) to 1.7 mW·m−1·K−1 (PS/EG-A 2.0 wt%). At high expansion, the low solid 

conductivity of 2.2‒3.1 mW·m−1·K−1 is achieved. The total thermal conductivity of PS/EG and S-propene co-

blowing agent, was reduced to a minimum of 21.5 mW·m-1·K-1, much lower than other composite foams. It is 

worth noting that since the S-propene gas slowly diffuses out of the foam, the effect of the S-propene gas is 

temporary. However, a certain amount of S-propene remains in the closed cells, decreasing the foam thermal 

conduction. Further study will be conducted to investigate the change of the total thermal conductivity with 

time. 
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Figure S3: Analyzed thermal conductivity data of the PS/EG-A samples foamed in scCO2–S-propene at 5.9 

MPa. (a) Experimental total thermal conductivities, estimated gas conductivities, calculated solid 

conductivities, and experimental radiative thermal conductivities; (b) Contribution of each heat-transfer term 

in percentages to the total thermal conductivity.  

 

 Figure S4 compares the total thermal conductivities of the PS/CNT [S2] , PS/EG, PS/EG-A and PS/EG-

B composite foams. At the same filler content (CNT and EG) and volume expansion, the PS/EG composite 

foams had a lower total thermal conductivity compared to the PS/CNT composite foams, due to the better IR-

radiation absorbing attribute of EG than that of CNT. The reduction of gas conduction is highlighted by using 

the co-blowing agent of S-propene to produce high expansion PS/EG (PS/EG-A and PS/EG-B) foams with ~ 

35 to 50-fold volume expansion ratios. As a result, the lowest total thermal conductivity obtained was 19.6 

mW·m−1·K−1 for PS/EG-B. This outstanding result was attributed to three factors: (1) an effective blocking of 

IR radiation with the addition of EG (reduced the radiative thermal conductivity in foams with high volume 

expansion); (2) reduced solid conductivity at high expansion of ~50-fold volume expansion ratio; and (3) the 

usage of the S-propene co-blowing agent (reduced the gas conductivity). 

 
Figure S4: Comparison of the experimental total thermal conductivities for the PS/CNT foams [S2], the PS/EG 

foams (foamed in scCO2–pentane at 13.8 MPa), and the PS/EG-A and PS/EG-B foams (foamed in scCO2–S-

propene at 5.9 MPa and 6.6 MPa, respectively). Note that all foams have different expansion ratio.  
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Heat Transfer Theory though Foams 

 The total thermal conductivity (λtotal) of the polymeric foam with sub-millimeter cells is determined by 

heat conduction through the gas (λgas), heat conduction through the solid (λsolid) and the radiative heat transfer 

(λrad) as natural convection is negligible [S3] [S4]. Hence, the foam’s total thermal conductivity is expressed as 

follows [S5]: 

 𝜆௧௢௧௔௟ = 𝜆௚௔௦ + 𝜆௦௢௟௜ௗ + 𝜆௥௔ௗ (S1) 

 The gas conductivity (λgas) depends on the gas type and the foam structure in terms of the void fraction 

ԑVF and the cell size d as follows [S6]: 

  𝜆௚௔௦ = 𝜀௏ி ଵଵାଶ஻ℓ೘೐ೌ೙೏ 𝑘௚௔௦଴  (S2) 

where k0gas is the bulk gas conductivity (25.7 mW·m−1·K−1 for air [S7], 15 mW·m−1·K−1 for pentane [S8], and 

10.2 mW·m−1·K−1 for S-propene [S9]), and B is the energy transfer efficiency between the gas molecules and 

the cell walls, which is derived from the kinetic theory of gas [S6]: 

 𝐵 = ቀଶିఈ೅ଶఈ೅ ቁ ቀଽఊିହఊାଵ ቁ  (S3) 

where αT is the thermal accommodation coefficient (αT = 0.9) and γ is the heat capacity ratio (γ = CP/CV = 1.4).  

The mean free path of gas molecules lmean can be estimated from the collision theory [S10]: 

 𝑙௠௘௔௡ = ௞ಳ்√ଶగ஽೘మ ௉ (S4) 

where kB is the Boltzmann constant, 1.38×10−23 m2·kg ·s−2·K−1, T is the average absolute temperature, P is the 

ambient pressure (1.01×105 Pa) and Dm is the collision diameter of air (3.8×10−10 m). The calculated mean free 

path of air molecules (lmean) is 64 nm at the ambient temperature and pressure.  

 Heat conduction through the solid depends on the volume fraction of the solid (1 − 𝜀௏ி) with 𝜀௏ி being 

the void fraction and the foam geometry in term of the strut fraction 𝑓௦ (i.e. the volume fraction of solid located 

in struts). For low-density polymeric foams (ԑVF > 94%), the solid conductivity can be described by the 

Glicksman model [S4, S5]. 

 𝜆௦௢௟௜ௗ = (1 − 𝜀௏ி) ቀଶି௙ೞଷ ቁ 𝑘௦௢௟௜ௗ଴   (S5) 

where k0solid is the thermal conductivity of bulk solid. For foams with the same thermal conductivity of the solid 

at a fixed void fraction, heat conduction through the solid is determined by a factor (2− 𝑓௦)/3 indicating the 

influence of the foam geometry. The contribution from heat conduction through the solid decreases when 

increasing foam expansion (i.e., a higher void fraction) and the strut fraction (i.e., a higher fraction of solid 

located in struts, indicating more tortuous structure for solid conduction).  

 The radiative heat transfer in foams can be described by the Rosseland approximation [S11, S12]. The 

radiative heat transfer is inversely proportional to the overall radiation-blocking property of the foam, as follows. 

 𝜆௥௔ௗ = ଵ଺௡మఙ்యଷ௄೐,ೃ  (S6) 
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where n is the effective index of refraction of the foam. For high expansion polymeric foams, n has the same 

value as air (e.g., 1). σ is Stefan-Boltzmann’s constant, 5.67×10−8 W·m−2·K−4. At room temperature, over 90% 

of the radiation energy is contributed from the IR range with 2.5–25 μm wavelengths (based on the Planck’s 

spectral energy distribution), which can be studied using the Fourier Transform Infrared Spectroscopy (FTIR) 

[S13]. The Rosseland spectral extinction coefficient (Ke,R) is as follows [S10, S14-S16]:  

 ଵ௄೐,ೃ = ׬ భ಼೐,ഊಮబ ಢ೐್,ഊಢ೅ ௗఒ׬ ಢ೐್,ഊಢ೅ ௗఒಮబ = ׬ ଵ௄೐,ഊஶ଴ ப௘್,ഊப௘್ 𝑑𝜆 (S7) 

 ப௘್,ഊப௘್ = గଶ ஼భ஼మఒల ఙభ/ర௘ఱ್/ర ௘௫௣(஼మ/ఒ்)[௘௫௣(஼మ/ఒ்)ିଵ]మ (S8) 

 𝑒௕ = 𝜎𝑇ସ (S9) 

where the constants C1 and C2 are 3.74×10−16 W·m2 and 1.44×104 µm·K, respectively. eb,λ is the local spectral 

energy per unit wavelength and eb is the overall emissive power of blackbody radiation. The spectral extinction 

coefficient Ke,λ indicates the spectral radiation-blocking property per unit thickness of the foam sample, and it 

can be  obtained by analyzing the spectral IR transmittance (τn,λ) through the foam, as follows [S17, S18]: 

 𝜏௡,ఒ = 𝑐𝑒(ି׬ ௄೐,ഊௗ௫ಽబ ) (S10) 

where L is the foam sample thickness, c is a constant. By the linear regression of ln(τn,λ) against L, the slope of 

the straight line is Ke,λ.  

 

Strut fraction 

 In highly expanded foam, the cells, cell walls and struts can be regarded as polyhedrons, thin slabs, 

and triangular prisms, respectively. The volume occupied by a cell (Vcell), the cell struts (Vstruts) and the cell 

walls (Vwalls) are calculated according to references [S2, S19] as follows:  

 𝑉௖௘௟௟ = 0.35Φ௖ଷ (S11) 

 𝑉௦௧௥௨௧௦ = 2.8Φ௦ଶΦ௖ − 3.93Φ௦ଷ (S12) 

 𝑉௪௔௟௟௦ = ఘ೑ఘೞ 0.35Φ௖ଷ − 2.8Φ௦ଶΦ௖ + 3.93Φ௦ଷ (S13) 

where Vcell, Vstruts, and Vwalls are the cell volume, the strut volume, and the cell wall volume, respectively. Φc and 

Φs are the cell size and the strut diameter, respectively. For each sample, three SEM micrographs at three 

different positions were analyzed to identify Φc and Φs. Then, the strut fraction (fs) was calculated, as follows 

[S19]: 

 𝑓௦ = ௏ೞ೟ೝೠ೟ೞ௏ೞ೟ೝೠ೟ೞା௏ೢೌ೗೗ೞ (S14) 
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