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Abstract 
 

A set of novel highly thermally conductive hybrid carbon fiber (CF) polymer composites has 

been developed for lightweight thermal radiator applications in space missions. This study 

investigates the effects of the space environment on these materials following exposure in low-

Earth orbit (LEO) during the Materials International Space Station Experiment (MISSE)-17 

flight mission, where samples experienced 159 days of combined atomic oxygen (AO), 

ultraviolet (UV) radiation, high vacuum, space radiation and thermal cycling. Post-flight 

characterization included weight loss, surface morphology, thermo-optical properties, molecular 

structures, glass transition temperature, thermal degradation and thermal conductivity analyses. 

The pyrolytic graphite sheet (PGS) samples exhibited negligible weight loss, stable thermo-

optical property, and only minor oxidation signature on the exposed surface. Although AO 

erosion of the epoxy polymer matrix was evident, carbon nanotube (CNT)-infused PGS/CF 

epoxy composites retained high thermal emissivity and preserved their high thermal 

conductivities. These results demonstrate that the novel highly thermally conductive hybrid CF 

composites possess strong environmental resilience and are promising candidates for lightweight 

thermal radiators and thermal management components in future space exploration missions.    
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1. Introduction  

 

Materials deployed in space are exposed to a combination of extreme environmental 

conditions, including ultraviolet (UV) radiation, high vacuum, ionizing space radiation and large 

temperatures fluctuations. These conditions can significantly alter material properties and 

contribute to long-term degradation. Previous studies from the Materials International Space 

Station Experiment (MISSE) missions have demonstrated that materials in low Earth orbit (LEO) 

experience substantial degradation under these conditions, particularly due to the additional 

corrosive effects of atomic oxygen (AO) [1-2].  

This study investigates the effects of the space environment on newly developed 

materials intended for use in a novel composite thermal radiator-based CO2 deposition (CDep) 

removal system, designed for high-performance atmospheric revitalization [3]. The CDep system 

exploits the differences in condensation and deposition temperatures among atmospheric 

constituents to selectively remove carbon dioxide from air streams [6]. The work focuses on 

hybrid carbon fiber (CF) composite materials including pyrolytic graphite sheets (PGS) and 

PGS/CF polymer composites. By comparing the behavior and properties of these materials 

exposed to the harsh environment of space during the MISSE-17 flight mission with those of 

unexposed control samples, this study identifies the material property changes induced by the 

exposure to the LEO environment. Post-flight analyses include weight loss, surface morphology, 

thermo-optical properties, molecular structures, glass transition temperature, thermal degradation 

and thermal conductivity analyses.  

 

2. Experimental 

 

2.1 MISSE-17 Mission 

  

 Space environment exposure testing was performed as part of the MISSE-17 flight 

mission. MISSE-17 was launched aboard Space X CRS-27 to the International Space Station 

(ISS) on March 14, 2023, carrying four MISSE Science Carriers (MSCs), which included ten 

samples used in this study. The MSCs were installed on the MISSE Flight Facility (MISSE-FF) 
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on March 27, 2023, with the samples positioned on the zenith-facing side of the MISSE-FF. 

Sample exposure to the space environment began on April 5, 2023, when the MSCs were first 

opened, with several subsequent closures occurring as required to support ISS operations. The 

final closure occurred on September 14, 2023. The total exposure duration for the zenith-facing 

sample was 159 days 2 hours, and 22 minutes. MISSE-17 returned to Earth aboard Space X 

CRS-29 on December 22, 2023.  

                            

2.2 Materials  

 

A total of sixteen samples were analyzed in this study, consisting of ten samples exposed 

to the space environment and six control samples maintained under Earth conditions. The 

materials evaluated included seven PGS samples, and eight PGS/CF epoxy composite samples. 

PGS films were manufactured by Panasonic Industry (Japan). Novolac epoxy (PMT F7, Patz 

Materials, U.S.) resin and polyacrylonitrile (PAN) based spread-tow, carbon fiber (ToraycaTM 

M30S, Toray US, U.S.) fabric were used as base prepreg materials. Detailed material 

descriptions are available in reference [3]. The PGS samples were arranged in a four-layer stack, 

each layer having a distinct thickness. The top layer (Z1-1), directly exposed to the space 

environment, was 25 m thick. The second layer (Z1-2) was also 25 m thick, followed by a 70 

m thick layer (Z1-3), and a 100 m layer at the bottom (Z1-4). Corresponding control samples, 

named Z1-1-C, Z1-3-C and Z1-4-C were fabricated with matching thicknesses. All PGS samples 

measured 50.8 mm × 76.2 mm. Table 1 summarizes the PGS samples and their respective 

exposure conditions. 

 

Table 1. PGS sample configurations and corresponding exposure conditions. 

MISSE Sample ID 

(in MISSE-17) 

Sample ID (in 

the study) 

Description  Sample Condition 

M17-GK-Z1-1 Z1-1 GS-25 [PGS, thickness 25 μm] Exposed – First Layer 

M17-GK-Z1-2 Z1-2 GS-25 [PGS, thickness 25 μm] Exposed – Second Layer  

M17-GK-Z1-3 Z1-3 GS-70 [PGS, thickness 70 μm] Exposed – Third Layer 

M17-GK-Z1-4 Z1-4 GS-100 [PGS, thickness 100 μm] Exposed – Fourth Layer  

M17-GK-Z1-1-C Z1-1-C GS-25 [PGS, thickness 25 μm] Control 
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M17-GK-Z1-3-C Z1-3-C GS-70 [PGS, thickness 70 μm] Control 

M17-GK-Z1-4-C Z1-4-C GS-100 [PGS, thickness 100 μm] Control 

 

In addition to the PGS samples, composite samples were also evaluated. These 

composites included two PGS/CF epoxy composites, arranged in a two-layer stack with sample 

Z2-1 positioned above Z2-2. Two carbon nanotube (CNT) infused PGS/CF epoxy composites, 

consisting of PGS 25 m, CF and epoxy matrix, were similarly stacked with sample Z3-1 placed 

above Z3-2. Finally, two CNT infused PGS/CF epoxy composites samples, consisting of PGS 70 

m, PGS and epoxy matrix, were also stacked with sample Z4-1 placed above Z4-2. 

Corresponding control samples, maintained under Earth conditions, were included to provide a 

baseline for assessing property changes induced by space exposure. Table 2 summarizes the 

composite sample configurations and their respective exposure conditions.  

 

 Table 2. Composite sample configurations and corresponding exposure conditions. 

Sample ID Description  Material Composition Sample Condition 

Z2-1 CF-PMT F7/ perforated 

PGS 25 / CF-PMT F7 

CF, PGS 25, Epoxy 

Composite 

Exposed – First Layer 

Z2-2 Exposed – Second Layer 

Z2-C Control 

Z3-1 CNT2% CF-PMT F7/ 

perforated PGS 25 / 

CNT2% CF-PMT F7 

CNT/CF, PGS 25, Epoxy 

Composite 

Exposed – First Layer 

Z3-2 Exposed – Second Layer 

Z3-C Control 

Z4-1 CNT2% CF-PMT F7/ 

perforated PGS 70 / 

CNT2% CF-PMT F7 

CNT/CF, PGS 70, Epoxy 

Composite 

Exposed – First Layer 

Z4-2 Exposed – Second Layer 

Z4-C Control 

 

2.3 Characterization  

 

Material property characterization was performed to evaluate the effects of the space-

exposure on samples. Dry weight measurement was obtained using an analytical balance 

(Excellence Plus XP, Mettler Toledo) after drying the samples at approximately 100°C under 

vacuum for 24 hours. Morphological characterization was performed using an optical 

microscope (DM800 with DFC450 digital camera, Leica) and an optical profilometer (MicroProf 



 

 5 

100 profilometer, FRT). The thermo-optical properties were measured using a portable 

emissometer (TEMP 2000, AZ Technology) over a wavelength range () of 3 μm to 30 μm and a 

ultraviolet/visible/near-infrared (UV/VIS/NIR) spectrometer (Lambda 1050 UV/VIS/NIR 

spectrometer, Perkin Elmer) over a wavelength range of 250 nm to 2500 nm. Molecular structure 

of materials was assessed using Fourier-transform infrared (FT-IR) spectroscopy (NicoletTM i5TM 

FTIR, Thermo Scientific) over a wavenumber range of 400 cm-1 to 4000 cm-1. The glass 

transition temperature was determined using a modulated differential scanning calorimeter (DSC 

25, TA Instruments) at a heating rate of 3°C/min with a modulation of ±0.47°C for every 60 

seconds. Thermal degradation behavior was evaluated using a thermogravimetric analyzer (TGA 

50, TA instrument) at a heating rate of 10°C/min under both air and nitrogen atmosphere 

atmospheres. Thermal conductivity under ambient conditions was measured using a hot disk 

thermal constants analyzer (TPS 2500S, Hot Disk AB) equipped with sensors (model 5465, 

5501, 7280, 7577 and 102003). In this technique, the sensor is placed between two pieces of the 

sample and functions simultaneously as a heat source and a dynamic temperature detector. 

Multiple samples and/or measurement locations were evaluated to ensure the reliability of the 

data. 

 

3. Results and Discussion 

 

3.1 Weight Loss 

 

The weight of each sample was measured before and after exposure to the space 

environment to quantify material loss resulting from erosion or other degradation mechanisms. 

Comparison of pre-flight and post-flight weights enables calculation of weight differences and 

percent weight loss for each specimen, as summarized in Table 3. The balance repeatability is 

0.01mg. However, for conservative data reliability, any change smaller than 0.1mg was 

considered negligible. The results indicate that samples directly exposed to the space 

environment (first-layer samples) exhibited the highest percentages of weight loss (e.g., Z2-1 vs 

Z2-2 or Z3-1 vs Z3-2). The first-layer PGS/CF epoxy composite (Z2-1) experienced 

approximately 0.5 wt.% weight loss, whereas the PGS sample (Z1) exhibited no significant 

weight change, demonstrating the resilience of the graphene-based structure relative to the epoxy 
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matrix composite when exposed to atomic oxygen (AO), UV and space radiation. Interestingly, 

CNT-infused PGS/CF epoxy composites (Z3-1, Z4-1) exhibited slightly higher weight loss of 

approximately 0.7 wt.%. Notably, even their second layers (Z3-3, Z4-2) exhibited substantial 

weight loss of approximately 0.25–0.27 wt.%, compared with approximately 0.15 wt.% for the 

second-layer PGS/CF epoxy composite without CNT (Z2-2) infusion. This behavior may result 

from the outgassing of low molecular weight fragments or unreacted monomers within epoxy 

resin system. The tubular CNT network in epoxy resin may exacerbate this effect by providing 

pathways that facilitate the escape of volatile species in high vacuum environment of low Earth 

orbit. 

Table 3. Pre-Flight and Post-Flight Mass Comparison of Samples. 

Sample Pre-Flight (g) Post-Flight (g) Mass difference 

(g) 

Percentage (%) 

Z1-1 0.1789 0.1787 -0.00020 -0.11 

Z1-2 0.17831 0.17834 0.00003 (negligible) 0.02 (negligible) 

Z1-3 0.31883 0.31882 -0.00001 (negligible) 0.00 (negligible) 

Z1-4 0.32176 0.3218 0.00004 (negligible) 0.01 (negligible) 

Z1-1-C 0.17938 0.17941 0.00003 (negligible) 0.02 (negligible) 

Z1-3-C 0.31778 0.31774 -0.00004 (negligible) -0.01 (negligible) 

Z1-4-C 0.32578 0.32582 0.00004 (negligible) 0.01 (negligible) 

Z2-1 0.77473 0.77069 -0.00404 -0.52 

Z2-2 0.75706 0.75596 -0.00110 -0.15 

Z3-1 0.90688 0.90054 -0.00634 -0.70 

Z3-2 0.98546 0.98302 -0.00244 -0.25 

Z4-1 1.18052 1.17223 -0.00829 -0.70 

Z4-2 1.28974 1.2862 -0.00354 -0.27 

 

3.2 Photographs and Optical Microscopy 

 

Photographs were taken for all the post-flight samples and the pre-flight control samples 

to visually evaluate the effects of space exposure. These images were examined for evidence of 

erosion, discoloration, surface degradation or other form of damage incurred during the MISSE-
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17 mission. Visual inspection was complemented by optical microscopy (OM) to identify 

microscopic changes in surface morphology and other features influences by the LEO 

environment. A prominent observation was the distinct color change on surfaces directly 

exposed to space, which developed a yellowish hue (e.g., Z1-1 front vs Z1-1 back in Figure 1, 

and Z2-1 front vs Z2-1 back in Figure 2).  

For the PGS samples, this yellowish coloration is likely attributed to oxidation and the 

formation of graphite oxide. In the composite samples, the observed color change may result 

from degradation, oxidation or molecular-level alterations within the epoxy matrix due to 

exposure to UV radiation and AO. Figures 1–4 illustrate the visible and microscopic effects of 

space exposure, highlighting changes in coloration, surface morphology or other differences 

between exposed and control samples. 

                

                                       

    

Figure 1. Photographs of PGS samples (a) Z1-1 front, (b) Z1-1 back, (c) Z1-2 front, (d) Z1-2 

back, (e) Z1-1-C front, (f) Z1-1-C back, (g) Z1-3 front, (h) Z1-3 back, (i) Z1-3-C front, (j) Z1-3-

C back, (k) Z1-4 front, (l) Z1-4 back, (m) Z1-4-C front, and (n) Z1-4-C back. 

(a)  (b)  (c)  (d)  (e)  (f)  

(g)  (h)  (i)  (j)  (k)  (l)  

(m)  (n)  
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Figure 2. Photographs of composite samples (a) Z2-1 front, (b) Z2-1 back, (c) Z2-2 front, (d) Z2-

2 back, (e) Z3-1 front, (f) Z3-1 back, (g) Z3-2 front, (h) Z3-2 back, (i) Z4-1 front, (j) Z4-1 back, 

(k) Z4-2 front, (l) Z4-2 back. 

 

  

    

       

    

 

 

Figure 3. OM images of PGS samples. 

 

(a)  (b) (c)  (d)  (e)  (f)  

(g)  (h)  (i)  (j)  (k)  (l)  

Z1-1 Z1-2 Z1-3 Z1-4 

Front 

Back 

Control 

10x 10x 50x 50x 
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Figure 4. OM images of composite samples. 

 

The OM images provide a detailed comparison between pre-flight control and post-flight 

samples, revealing differences that were not apparent in the photographs in Figure 2. These 

results are shown in Figures 3–4 and Figures S.1–S.3 (in Appendix). The PGS samples exhibited 

no significant microscopic morphological change when comparing the front and back surfaces of 

post-flight sample with their corresponding pre-flight controls (e.g., Z1-1 front vs. Z1-1 back vs. 

Z1-1 control or Z2-1 front vs. Z2-2 back vs. Z2-2 control in Figure 3). In contrast, the PGS/CF 

epoxy composite samples displayed noticeable erosion on the exposed surface. The epoxy matrix 

exhibited clear signs of degradation, with exposed and dried CFs visible on the space-facing 

surface (Z2-1 front, 50x magnification in Figure 4). Meanwhile, the back surface (Z2-1 back) 

and the pre-flight control (Z2-1 control) retained the expected epoxy-embedded fiber 

morphology, as shown in Figure 4 (50x magnification). This observation is further supported by 

optical topography results (Figure S.4–S.9 in Appendix).  

10x 50x 10x 50x 

Control 

Back 

Front 

Z2-1 Z2-1 Z4-1 Z4-1 
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The CNT-infused PGS/CF epoxy composite exhibited similar morphological changes. 

While the back sides of CNT-infused PGS/CF sample (Z4-1 back) exhibited no noticeable 

differences compared to their corresponding pre-flight control (Z4-1 control), the space-exposed 

surface (Z4-1 front) displayed clear erosion and surface degradation, as illustrated in Figure 4 

(50x magnification). These observations highlight the heightened susceptibility of epoxy matrix 

and the CNT-infused systems to AO degradation in low Earth orbit.  

 

3.3 Thermal emissivity 

 

The thermal emissivity (T) test was conducted to evaluate the ability of the samples to 

emit thermal radiation after exposure to the space environment. This assessment involved 

measuring the reflectance (T) and transmission (T) at a specific wavelength range and 

subsequently calculating their thermal emissivity (or absorption) according to the energy 

conservation and Kirchhoff’s law of thermal radiation (equation 1):  

 

 (1) 

 

Thermal emissivity represents a material’s effectiveness in emitting thermal radiation, with 

values ranging from 0 (indicating perfectly reflective or transparent) to 1 (a blackbody). A 

thermal emissivity of 1 means that the material radiates thermal energy optimally across all 

frequencies. Table 4 presents the reflectance and thermal emissivity for the PGS samples. As 

shown in table 4, no significant change was observed between the exposed samples and their 

control sample, with only minor variations within expected experiment uncertainties, including 

those arising from sample inhomogeneity. In some cases, the exposed sample exhibited slight 

increases or decreases in thermal emissivity compared to their control, while in other cases, the 

values were nearly identical. These small deviations are likely due to the surface inhomogeneity, 

which can affect reflectance measurements and consequently, the calculated thermal emissivity.  

For the composite samples (Table 5), the exposed surface of PGS/CF epoxy composite 

(Z2-1 front) exhibited a measurable decrease in thermal emissivity, with T of approximately 

0.05—0.06 compared with the unexposed surface of PGS/CF epoxy composite (Z2-1 back) and 

the control (Z2 control). This reduction is consistent with the erosion of the epoxy matrix on the 
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exposure surface, which reveals CFs that more strongly reflect IR radiation, resulting in higher 

thermal reflectance and correspondingly lower thermal emissivity. CNT infused composite 

samples exhibited higher emissivity than those without CNTs (T ~ 0.88 for Z4-C vs. T ~ 0.73 

for Z2-C). No significant change in thermal emissivity was observed on the exposed surface of 

CNT-doped PGS/CF epoxy composite (Z4-1 front). Even though surface epoxy resin was 

eroded, the exposed CNTs can absorb thermal IR radiation energy, maintain emissivity levels 

and show strong thermo-optical resilience in LEO environment.  

 

Table 4. Thermal reflectance and emissivity of PGS samples. 

Sample  Film side Thermal Reflectance (R) Thermal Emissivity (T) 

Z1-1 Front 0.69 ± 0.00 0.31 ± 0.00 

Back 0.69 ± 0.00 0.31 ± 0.00 

Z1-2 Front 0.69 ± 0.00 0.31 ± 0.00 

Back 0.68 ± 0.00 0.32 ± 0.00 

Z1-1-C Front 0.68 ± 0.00 0.32 ± 0.00 

Back 0.68 ± 0.00 0.32 ± 0.00 

Z1-3 Front 0.64 ± 0.00 0.36 ± 0.00 

Back 0.64 ± 0.00 0.36 ± 0.00 

Z1-3-C Front 0.67 ± 0.00 0.33 ± 0.00 

Back 0.64 ± 0.00 0.36 ± 0.00 

Z1-4 Front 0.65 ± 0.00 0.35 ± 0.00 

Back 0.66 ± 0.00 0.35 ± 0.00 

Z1-4-C Front 0.65 ± 0.00 0.35 ± 0.00 

Back 0.65 ± 0.00 0.35 ± 0.00 
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Table 5. Thermal reflectance and emissivity of composite samples. 

Sample  Film side 

average 

Thermal Reflectance (R) Thermal Emissivity (T) 

Z2-1 Front 0.32 ± 0.03 0.68 ± 0.03 

Back 0.26 ± 0.02 0.74 ± 0.02 

Z2-2 Front 0.29 ± 0.03 0.71 ± 0.03 

Back 0.27 ± 0.03 0.73± 0.03 

Z2-C Front 0.27 ± 0.00 0.73 ± 0.00 

Back 0.27 ± 0.00 0.73 ± 0.00 

Z3-1 Front  0.15 ± 0.02 0.85 ± 0.02 

Back 0.14 ± 0.01 0.86 ± 0.01 

Z3-2 Front  0.13 ± 0.01 0.87 ± 0.01 

Back 0.14 ± 0.01 0.86 ± 0.01 

Z4-1 Front 0.13 ± 0.01 0.87 ± 0.01 

Back 0.13 ± 0.00 0.87 ± 0.00 

Z4-2 Front 0.12 ± 0.00 0.88 ± 0.00 

Back 0.12 ± 0.01 0.88 ± 0.01 

Z4-C Front 0.13 ± 0.00 0.87 ± 0.00 

Back 0.12 ± 0.00 0.88 ± 0.00 
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3.4 UV/VIS/NIR Spectroscopy 

 

UV/VIS/NIR spectroscopy was used to evaluate the reflectance and absorbance of the 

samples across the ultraviolet (UV), visible (VIS), and near-infrared (NIR) regions of the optical 

spectrum, spanning 250–2500 nm and covering approximately 96% of solar emission spectrum 

[5]. This test provides insights into how the materials interact with solar radiation over this broad 

wavelength range, enabling assessment of any change induced by exposure to the space 

environment. Figures S.10–S.12 (in Appendix) present the UV/VIS/NIR spectra of the PGS 

samples and Table 6 summarizes the corresponding solar reflectance and absorbance values. 

Consistent with the previously thermal reflectance and emissivity data, all the PGS samples 

exhibited no significant change in solar reflectance and absorbance, regardless of their exposure 

condition. 

 

Table 6. Solar Reflectance and Absorbance of PGS Samples. 

Sample  Film side Solar Reflectance (αR) Solar Absorbance (αS) 

Z1-1 Front  0.39 ±0.10 0.61 ±0.10 

Back 0.41 ±0.09 0.59 ±0.09 

Z1-2 Front  0.42 ±0.09 0.58 ±0.09 

Back  0.41 ±0.09 0.59 ±0.09 

Z1-1-C Front  0.42 ±0.09 0.58 ±0.09 

Back  0.42 ±0.09 0.58 ±0.09 

Z1-3 Front  0.38 ±0.08 0.62 ±0.08 

Back 0.41 ±0.09 0.59 ±0.09 

Z1-3-C Front  0.41 ±0.08 0.59 ±0.08 

Back  0.38 ±0.08 0.62 ±0.08 

Z1-4 Front  0.38 ±0.08 0.62 ±0.08 
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Back 0.40 ±0.08 0.60 ±0.08 

Z1-4-C Front  0.41 ±0.08 0.59 ±0.08 

Back  0.39 ±0.08 0.61 ±0.08 

 

Figures S.13–S.15 (in Appendix) present the UV/VIS/NIR spectra of the composite 

samples and Table 7 summarizes the corresponding solar reflectance and absorbance values. 

Among these, the CNT-infused samples (Z3 and Z4) exhibited significantly lower solar 

reflectance compared to the other composite samples without CNT (Z2) which results in higher 

absorbance (αS~0.93—0.94 for Z3 or Z4 vs αS~0.87 of Z2). Consistent with the previously 

thermal reflectance and emissivity data, all the composite samples exhibited no significant 

change in solar reflectance and absorbance, regardless of their exposure condition, indicating 

strong thermo-optical resilience in the LEO environment. 

 

Table 7. Solar Reflectance and Absorbance of Composite Samples. 

Sample  Film side Solar Reflectance (αR) Solar Absorbance (αS) 

Z2-1 Front  0.14 ±0.04 0.86 ±0.04 

Back 0.15 ±0.03 0.85 ±0.03 

Z2-2 Front  0.14 ±0.03 0.86 ±0.03 

Back  0.14 ±0.03 0.86 ±0.03 

Z2-C Front  0.13 ±0.03 0.87 ±0.03 

Back  0.13 ±0.02 0.87 ±0.02 

Z3-1 Front  0.06 ±0.01 0.94 ±0.01 

Back 0.07 ±0.01 0.93 ±0.01 

Z3-2 Front  0.06 ±0.01 0.94 ±0.01 

Back  0.07 ±0.01 0.93 ±0.01 
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Z4-1 Front  0.06 ±0.01 0.94 ±0.01 

Back 0.07 ±0.01 0.93 ±0.01 

Z4-2 Front  0.06 ±0.01 0.94 ±0.01 

Back  0.07 ±0.01 0.93 ±0.01 

Z4-C Front  0.07 ±0.01 0.93 ±0.01 

Back  0.07 ±0.01 0.93 ±0.01 

 

3.5 FT-IR Spectroscopy 

 

Fourier transform infrared (FT-IR) spectroscopy was used to investigate molecular 

structure change resulting from exposure to the space environment. The FT-IR spectra of the 

exposed PGS samples (front and back surfaces of Z1-1, Z1-2) and the corresponding control 

sample are shown in Figure 5. These spectra identify chemical bond and functional group 

modifications resulting from the LEO exposure, particularly degradation driven by AO and UV 

radiation. The front surface of the exposed PGS sample (Z1-1) exhibits more distinct changes 

compared to its back surface and the control sample, as shown in Figure 5. These differences 

indicate how the front surface experienced greater degradation due to direct exposure to the AO 

and UV radiation. A strong C-O-C stretching peak near 1200 cm-1 further confirms oxidization 

of graphene structures on PGS by AO.  

Figure 6-7 and Figure S.20 (in Appendix) present the FT-IR spectra of the PGS/CF epoxy 

composite (Z2-1, front and back) and its control and for the CNT-infused PGS/CF epoxy 

composite (Z4-1, front and back) and its control, respectively. The exposed front surfaces of the 

first layer composites (Z2-1 and Z4-1) exhibit weaker absorption peaks corresponding to 

characteristic epoxy resin structures compared to their back surface and control samples, 

indicating AO-induced erosion of epoxy resin matrix. Furthermore, the C-H bending vibration of 

aromatic rings near 570 cm-1 is notably weaker on the exposed front surfaces (Z2-1 front and Z4-

1 front), signifying degradation of aromatic structures. Exposure to the LEO environment leads 

to changes in multiple absorption bands, indicating chemical bond scission and oxidation within 

the epoxy matrix. Over time, these processes can generate new absorption peaks or broaden 
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existing bands due to the formation of degradation products or changes in molecular architecture. 

UV radiation also significantly alters the chemistry of aromatic epoxy resins and can 

compromise their structural integrity, as its photon energy is sufficient to break molecular bonds 

such as C-C and C-O. AO with its high energy flux, additionally erodes and oxidizes bonds in 

graphite and most hydrocarbon polymers, changing surface morphology and reducing material 

thickness [6]. Previous study have shown that graphite surfaces degrade uniformly, whereas in 

carbon-carbon (C/C) composites, the matrix undergoes more severe degradation than the 

reinforcing fibers [7].  

 

  

C-H stretching  

C-O-C 

stretching 

epoxy 
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Figure 5.  FT-IR spectra of (a) Z1-1, (b) GK-Z1-2, and (c) Z1-C (front and back). 
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Figure 6. FT-IR spectra of (a) Z2-1 and (b) Z2-C (front and back). 
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Figure 7. FT-IR spectra of (a) Z4-1 and (b) Z4-C (front and back). 
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3.6 Thermogravimetric Analysis 

 

Thermogravimetric analysis (TGA) was employed to measure the changes in the mass of 

a material as a function of temperature. This technique is widely applied for studying 

decomposition, oxidation, and other thermally activated reactions in materials. By monitoring the 

magnitude and rate of weight loss under controlled temperature and atmosphere conditions, TGA 

provides critical insights into thermal stability of materials. In this study, the experiment was 

conducted under two atmospheric conditions, air and nitrogen, to study the thermal 

decomposition in both oxidative and inert environments. Key collected data included the weight 

change of the samples after moisture removal, the temperature corresponding to a 5% weight 

loss, and the remaining weight percentage at the end of measurement. The resulting thermograms 

were analyzed using two curves: a green curve representing material’s weight change as a 

function of temperature and a blue curve corresponding to the derivative weight-loss rate.  

Figures 8–15 present the TGA results for the PGS samples, showing the weight 

percentage recorded at every 200°C interval under both air and nitrogen atmospheres. The results 

indicate that PGS samples exhibited high thermal stability in air up to approximately 700°C. 

Significant decomposition began near 800°C, followed by a rapid weight loss between 800°C to 

985°C, demonstrating a substantial increase in the decomposition rate at elevated temperatures. 

Under a nitrogen atmosphere, the PGS samples exhibited no meaningful weight loss and 

maintained thermal stability up to the highest temperature tested, approximately 990°C.   

The temperature corresponding to a 5wt% loss provides insight into the onset of 

significant thermal degradation, and a key indicator of material stability under different 

environment conditions. The 5wt% loss temperatures (Td) of the PGS samples are summarized in 

Table 8. Under an air atmosphere, the Z1-1 sample (first layer) exhibited the lowest thermal 

stability, with a Td of approximately 833°C. In comparison, Z1-2 sample (second layer) and its 

control (Z1-1-C) exhibited higher Td values of approximately 847°C and 894°C, respectively. 

These results indicate that graphene structures in the space-exposed layer (Z1-1) were damaged 

by AO and UV, resulting in reduced thermal stability. Notably, although less affected than the 

first layer, the second layer (Z1-2) which was not directly exposed to AO and UV, also exhibited 

a Td (~ 847°C) lower than control (Td ~ 894°C). This suggests that space ionizing radiation such 

as high energy electrons and protons, penetrated the material stack and degraded underlying 



 

 21 

material layers. The third layer, Z1-3, also exhibited a lower Td compared to its control, further 

confirming radiation-induced damage in layers not directly exposed to AO or UV. Moisture 

contents for all the PGS samples were low, remaining below approximately 0.2% (Figure S.21-

S.28 in Appendix).  

 

 

Figure 8. TGA plot of Z1-1 tested in an air atmosphere. 
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Figure 9. TGA plot of Z1-1 tested in a nitrogen atmosphere. 

 

 

Figure 10. TGA plot of Z1-2 tested in an air atmosphere.  
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Figure 11. TGA plot of Z1-2 tested in a nitrogen atmosphere. 

 

  

Figure 12. TGA plot of Z1-3 tested in an air atmosphere. 
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Figure 13. TGA plot of Z1-3 tested in a nitrogen atmosphere. 

 

  

Figure 14. TGA plot of Z1-4 tested in an air atmosphere. 
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Figure 15. TGA plot of Z1-4 tested in a nitrogen atmosphere.  

 

Table 8: 5 wt.% loss temperature (Td) for PGS in air atmospheres. 

Sample Atmosphere 5 wt.% loss temperature (°C)  

Z1-1 Air 833.1 

Z1-2 Air 847.1 

Z1-1-C Air 894.3 

Z1-3 Air 858.4 

Z1-3-C Air 896.2 

Z1-4 Air 873.1 

Z1-4-C Air - 

Note: Data for some control samples are unavailable. 

 

Figures 16–19 and Figures S.29–S.37 (in Appendix) illustrate the thermal decomposition 

behavior of the composite samples by showing the weight change at 200°C intervals under the 

tested atmospheric conditions. Under air, multiple thermo-oxidative decomposition peaks were 

observed. Significant weight loss began near 400°C, whereas only minimal weight loss occurred 

at lower temperatures (around 200°C), indicating relatively high thermal stability in this range. 
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As temperature increased, decomposition accelerated, exhibiting a pronounced decomposition 

peak near 550°C and a most dominant decomposition peak near 800°C. These multiple peaks 

correspond to thermo-oxidative degradation of epoxy molecules and graphene structures. Nearly 

complete decomposition occurred by the end of the heating cycling, leaving less than 1wt% 

residual char.  

Under a nitrogen atmosphere, the composite samples exhibited minimal weight loss up to 

approximately 400°C, above which a rapid decomposition step initiated. The total weight loss 

reached approximately 20wt%, corresponding to the thermal degradation of aliphatic segments 

within polymer matrix. Between 600°C and 800°C, additional weight loss was minimal, 

indicating a transition to a more statable decomposition regime. By the end of test at 990°C, the 

remaining mass was approximately 20 to 30 wt.%, representing the formation of aromatic char.  

 The Td of the composites are summarized in Table 9. Overall, the composite samples 

exhibited lower 5 wt.% loss temperatures, ranging from approximately 390°C to 406°C, 

compared to the PGS samples. In addition, Td values measured in air were slightly higher than 

those measured in nitrogen. A trend similar to that observed in the PGS stacks was also evident 

in the composite stacks. Under air, the Z2-1 sample (first layer) displays a lower Td than both Z2-

2 (second layer) and Z2-2C (control), indicating reduced thermal stability due to AO and UV-

induced damage. Furthermore, the Z2-2 (second layer) exhibited a lower Td than Z2-2C 

(control), providing additional evidence of radiation-induced degradation in unexposed layers. 

Moisture contents for all the composite samples were approximately 0.4–0.5 wt.% (Figure S.38-

S.48 in Appendix). 
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Figure 16. TGA plot of Z2-1 tested in an air atmosphere. 

 

 

Figure 17. TGA plot of Z2-1 tested in a nitrogen atmosphere. 
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Figure 18. TGA plot of Z2-2 tested in an air atmosphere. 

 

 

Figure 19. TGA plot of Z2-2 tested in a nitrogen atmosphere. 
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Table 9: 5 wt.% loss temperature (Td) for composite samples in air and nitrogen atmospheres. 

Sample Atmosphere 5 wt.% loss temperature (°C)  

Z2-1 Air 409.5 

Nitrogen  406.6 

Z2-2 Air 411.0 

Nitrogen  406.0 

Z2-C Air 426.6 

Nitrogen  - 

Z3-1 Air 399.8 

Nitrogen  396.5 

Z3-2 Air 398.5 

Nitrogen  390.6 

Z4-1 Air 401.3 

Nitrogen  394.1 

Z4-2 Air 394.2 

Nitrogen  391.4 

Z4-C Air - 

Nitrogen  - 

Note: Data for some control samples is unavailable. 

 

3.7 Differential Scanning Calorimetry 

 

The glass transition temperatures (Tg) of the samples were measured by DSC. The 

composite samples exhibited clear glass transition temperatures, whereas the PGS samples 

showed no detectable transition. The Tg values obtained from the second scan of the composite 

samples are summarized in Table 10. The PGS/CF epoxy composite (Z2) had a Tg of 

approximately 210°C, while the CNT-infused PGS/CF epoxy composites exhibited Tg values of 

approximately 217–220°C. No significant difference was observed between the Tg values of the 

space-exposed first layer and the unexposed second layer.   
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Table 10: Glass transition temperatures (Tg) of composites. 

Sample Tg (°C, 2nd run) 

Z2-1 210 ± 0.1 

Z2-2 211 ± 0.5 

Z2-C 209 ± 0.5 

Z3-1 220 ± 0.1 

Z3-2 218 ± 2.5 

Z3-C - 

Z4-1 218 ± 2.4 

Z4-2 217 ± 1.5 

Z4-C - 

                                    Note: Data for some control samples is unavailable. 

 

3.8 Thermal conductivity 

 

The thermal conductivities of the PGS and composite samples were measured in both in-

plane and out-of-plane directions, and the results are summarized in Figures 20–22 and Table 11. 

Among the PGS samples, Z1-3 exhibited approximately a 30% reduction in in-plane thermal 

conductivity, while Z1-4 exhibited no significant change, indicating strong resistance to space 

radiation-induced degradation (Figure 20). A similar trend was observed in the composite 

samples: the PGS/CF composites (Z2-1 and Z2-2) exhibited reduced in-plane thermal 

conductivity, whereas the CNT-infused PGS/CF epoxy composite (Z4-1 and Z4-2) exhibited no 

significant change within experimental uncertainty (Figure 21). The out-of-plane thermal 

conductivity results followed the same trend. For the PGS/CF epoxy composite, the thermal 

conductivity decreased in the order of control sample (Z2-C), second layer (Z2-2) and first layer 

(Z2-1). In contrast, the CNT-infused PGS/CF epoxy composites (Z4-1, Z4-2 and Z4-C) exhibited 

no significant differences before and after space exposure (Figure 22). Collectively, these results 

demonstrate that the CNT-infused PGS/CF epoxy composites exhibit excellent durability in 

thermal conductivity under space environment.  

. 
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Figure 20. In-plane thermal conductivity of PGS samples. 

 

 

Figure 21. In-plane thermal conductivity of composite samples. 
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Figure 22. Out-of-plane thermal conductivity of composites.   

 

 

Table 11: Thermal Conductivity Results for in-plane and out-of-plane. 

Samples In-Plane Thermal 

Conductivity (W/m·K) 

Out-of-Plane Thermal 

Conductivity (W/m·K) 

M17-GK-Z1-1 - - 

M17-GK-Z1-2 - - 

M17-GK-Z1-C - - 

M17-GK-Z1-3 244.8 ± 15.22 - 

M17-GK-Z1-3-C 350.02 ± 11.13 - 

M17-GK-Z1-4 212.5 ± 3.83 - 

M17-GK-Z1-4-C 216.6 ± 1.22 - 

M17-GK-Z2-1 96.03 ± 1.04 0.20 ± 0.00 

M17-GK-Z2-2 97.42 ± 0.91 0.23 ± 0.01 

M17-GK-Z2-C 130.1 ± 2.76 0.27 ± 0.01 

M17-GK-Z3-1 80.97 ± 1.03 0.18 ± 0.00 

M17-GK-Z3-2 72.01 ± 3.17 0.14 ± 0.00 

M17-GK-Z4-1 101.6 ± 0.69 0.36 ± 0.02 

M17-GK-Z4-2 93.34 ± 1.46 0.34 ± 0.01 
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M17-GK-Z4-C 104 ± 1.32 0.37 ± 0.02 

Note: There is no in-plane data for samples Z1-1, Z1-2 and Z1-C and no out-of-plane data for the 

PGS samples, as they were too thin to be measured within the available sensors’ operational 

range 

 

4. Conclusion   

 

This study evaluated the effect of space environment on novel highly thermally 

conductive composites including pyrolytic graphite sheet (PGS), PGS/carbon fiber (CF) epoxy 

composites, and CNT-infused PGS/CF epoxy composites through post-flight characterization 

following 159 days of Materials International Space Station Experiment (MISSE)-17 flight in 

low Earth orbit (LEO). The graphene-based PGS demonstrated exceptional structural resilience, 

exhibiting negligible mass loss, minimal thermo-optical property change, and only mild 

oxidation signatures. Although the epoxy matrix composites exhibited slightly greater weight 

loss of approximately 0.5wt% due to UV and AO-induced erosion and degradation, they largely 

maintained their thermo-optical performance. Thermal conductivity analysis further supported 

these findings: CNT-infused PGS/CF epoxy composites retained high thermal conductivities 

with limited degradation, indicating that CNT networks help stabilize thermal transport pathways 

even as the matrix undergoes radiation-induced damage. In summary, these findings highlight 

that graphene-derived PGS and CNT-infused composites are strong candidates for lightweight 

radiators and thermal management hardware in space applications. PGS offers superior 

environmental durability, while CNT architectures enable multifunctional composites that 

preserve critical thermo-optical and thermal performance under erosive LEO conditions. 

Continued advancement of improving out-of-plane thermal conductivity is expected to further 

enhance the performance of next-generation lightweight radiators for deep space exploration 

missions.  
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6. Appendix 

 

6.1 OM Images  

 

Figure S.1. OM images of Z1-2, Z1-4. 

 

Figure S.2. OM images of Z2-2, Z4-2. 
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Figure S.3. OM images of Z3-1, Z3-2. 

 

6.2 Topographical Images  
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Figure S.4. Surface topography of (a) Z1-1, (b) Z1-2 and (c) Z1-C. 

 

 

Figure S.5. Surface topography of (a) Z1-3 and (b) Z1-C. 

 



 

 38 

 

Figure S.6. Surface Topography of (a) Z1-4 and (b) Z1-4-C. 

 

Figure S.7. Surface topography of composite samples: Z2-1, Z2-2, Z2-C. 
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Figure S.8. Surface Topography of Composite samples: Z3-1, Z3-2. 

 

Figure S.9. Surface Topography of Composite samples: Z4-1, Z4-2, Z4-C. 
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6.3 UV/VIS/NIR Spectroscopy  

  

Figure S.10. UV/VIS/NIR spectra of Z1-1, Z1-2 and Z1-1-C. Front (left) and back sides (right).  

 

Figure S.11. UV/VIS/NIR spectra of Z1-3 and Z1-3-C. Front (left) and back side s(right).  

 

Figure S.12. UV/VIS/NIR spectra of Z1-4 and Z1-4-C. Front (left) and back sides (right).  
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Figure S.13. UV/VIS/NIR spectra of Z2-1, Z2-2 and Z2-C. Front (left) and back sides (right). 

  

Figure S.14. UV/VIS/NIR spectra of Z3-1 and Z3-2. Front (left) and back sides (right).  

 

Figure S.15. UV/VIS/NIR spectra of Z4-1, Z4-2 and Z4-C. Front (left) and back sides (right). 
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6.4 FT-IR 

 

Figure S.16. FT-IR spectra of Z1-3 (front & back). 

 

Figure S.17. FT-IR spectra of Z1-3-C (front & back). 
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Figure S.18. FT-IR spectra of Z1-4 (front & back). 

 

Figure S.19. FT-IR spectra of Z1-4-C (front & back). 

 

Figure S.20. FT-IR spectra of Z3-1 (front & back). 
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6.5 TGA 

 

Figure S.21. TGA moisture plot of Z1-1 measured in an air atmosphere. 

 

Figure S.22. TGA moisture loss plot of Z1-1 measured in a nitrogen atmosphere. 
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Figure S.23. TGA moisture loss plot of Z1-2 measured in an air atmosphere. 

 

Figure S.24. TGA moisture loss plot of Z1-2 measured in a nitrogen atmosphere. 

 



 

 46 

 

Figure S.25. TGA moisture loss plot of Z1-3 measured in an air atmosphere. 

 

Figure S.26. TGA moisture loss plot of Z1-3 measured in a nitrogen atmosphere. 
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Figure S.27. TGA moisture loss plot of Z1-4 measured in an air atmosphere. 

 

Figure S.28. TGA moisture loss plot of Z1-4 measured in a nitrogen atmosphere. 
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Figure S.29. TGA plot of Z3-1 measured in an air atmosphere. 

  

Figure S.30. TGA plot of Z3-1 measured in a nitrogen atmosphere. 
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Figure S.31. TGA plot of Z3-2 measured in an air atmosphere. 

  

Figure S.32. TGA plot of Z3-2 measured in a nitrogen atmosphere. 
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Figure S.33. TGA plot of Z4-1 measured in an air atmosphere. 

  

Figure S.34. TGA plot of Z4-1 measured in a nitrogen atmosphere. 
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Figure S.35. TGA plot of Z4-2 measured in an air atmosphere. 

  

Figure S.36. TGA plot of Z4-2 measured in a nitrogen atmosphere. 
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Figure S.37. TGA moisture loss plot of Z2-1 measured in an air atmosphere. 

 

Figure S.38. TGA moisture loss plot of Z2-1 measured in a nitrogen atmosphere. 
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Figure S.39. TGA moisture loss plot of Z2-2 measured in an air atmosphere. 

 

Figure S.40. TGA moisture loss plot of Z2-2 measured in a nitrogen atmosphere. 
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Figure S.41. TGA moisture loss plot of Z3-1 measured in an air atmosphere. 

 

Figure S.42. TGA moisture loss plot of Z3-1 measured in a nitrogen atmosphere. 
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Figure S.43. TGA moisture loss plot of Z3-2 measured in an air atmosphere. 

 

 

Figure S.44. TGA moisture loss plot of Z3-2 measured in a nitrogen atmosphere. 
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Figure S.45. TGA moisture loss plot of Z4-1 measured in an air atmosphere. 

 

Figure S.46. TGA moisture loss plot of Z4-1 measured in a nitrogen atmosphere. 
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Figure S.47. TGA moisture loss plot of Z4-2 measured in an air atmosphere. 

 

Figure S.48. TGA moisture loss plot of Z4-2 measured in a nitrogen atmosphere. 

 


