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Abstract 

Recently, COTS (commercial off-the-shelf) is being used as an electronic device for high performance and low 

cost of satellites. However, COTS is vulnerable to cosmic radiation. UHMWPE/hydrogen-rich benzoxazine 

composite (UHC) has excellent cosmic radiation shielding performance. However, the low interfacial adhesion 

of UHMWPE fibers causes the low flexural strength and delamination of UHC. It was possible to increase the 

interlaminar shear strength of UHC by polydopamine coating, MWCNT and amine grafting on UHMWPE. The 

space environment resistance was tested on UHC, and the cosmic radiation shielding performance was 

compared with existing space materials. 

Keywords: UHMWPE, hydrogen-rich benzoxazine, dopamine coating, interlaminar shear strength, cosmic 
radiation 

 

1. Nomenclature 

COTS = commercial off-the-shelf 

LEO = low earth orbit 

UHMWPE = ultra-high-molecular-weight polyethylene fiber 

HRB = hydrogen-rich benzoxazine 

UHC = UHMWPE fiber and hydrogen-rich benzoxazine matrix composite 

PDA = polydopamine 

OLTARIS = cosmic radiation analysis tool available on the online 

PE = polyethylene 

SEM = scanning electron microscope 

CVCM = collected volatile condensable materials  

TML = total mass loss 

FTIR = fourier transform infrared spectroscopy 

XPS = X-ray photoelectron spectroscopy 

 

2. Introduction 

The space industry, which started as a result of competition between the United States and the Soviet 

Union during the Cold War, has passed the era of government-led space competition and military 

development, and is entering the era of private companies-led New Space. In particular, startups of 
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various sizes are emerging to development and utilization of small satellites (or CubeSat) among the 

satellite applications where private participation have been active. Small satellites have been 

attracting great attention from universities, and private companies, and state-owned because they 

can significantly reduce development costs and time compared to medium and large satellites. 

 Recently, private small satellite development companies have been using COTS (commercial off-

the-shelf) as their satellite electronics for high performance and low development cost. However, 

compared to space-only electronic equipment, COTS is particularly vulnerable to cosmic radiation 

(galactic cosmic ray, solar energetic particle, and trapped proton)[1]. Therefore, early retirement and 

some failure problems in small satellites that actively use COTS can be caused by cosmic radiation 

problems (total ionizing dose, single event effect, and displacement damage)[2]. In fact, About half of 

the small satellites that failed from 2009 to 2018 were caused by malfunctions in electronics[3], and 

some are suspected to be caused by cosmic radiation[4]. In addition, the lifespan of COTS is generally 

limited to around 1 year at low Earth orbit (LEO)[5]. Therefore, increasing the cosmic radiation 

shielding performance of small satellites can reduce failures, increase reliability and extend the 

mission period. 

According to the Bethe-Bloch formula, an element with a high Z (number of electrons) / A (relative 

atomic mass) is effective in reducing the radiation dose by reducing the kinetic energy of protons and 

heavy ions[6], which are the main elements of cosmic radiation, and reduces the generation of 

secondary radiation[7][8]. Hydrogen, the element with the highest Z / A, is the most effective element 

for cosmic radiation shielding. Therefore, materials containing lots of hydrogen elements have been 

proposed as cosmic radiation shielding materials[9]. We noted that hydrogen-rich benzoxazine (HRB) 

developed by Iguchi et al.[10] has more hydrogen than any other thermosetting resin (epoxy, etc.). 

HRB has the following characteristics; in general, the molecular structure of ultra-high-molecular-

weight polyethylene (UHMWPE) is known to degrade gradually from 130°C, so HRB is designed to 

polymerize and crosslink at 120°C for UHMWPE fiber reinforced composite applications[11]; HRB has 

many advantages for space structure applications because it has high thermal stability, low coefficient 

of thermal expansion, high mechanical properties, excellent chemical resistance, and a long storage 

period[10][11][12]. 

UHMWPE fiber has superior radiation shielding performance, high tensile properties, low density, high 

impact strength, and space environment resistance, so it is highly anticipated for future space 

structure applications[13][14][15]. One of the important limitations in the application of UHMWPE fiber-

reinforced composites to satellite structures is the low interfacial adhesion of UHMWPE fiber. 

UHMWPE fiber lacks polar functional groups and has a low surface free energy, so the adhesion 

between the UHMWPE fiber and the matrix is very poor[16]. Although the tensile properties of 

UHMWPE fiber reinforced composites are excellent, the low interfacial adhesion of UHMWPE fibers 

lowers the compressive strength, bending strength, buckling load, and interlaminar shear strength of 

UHMWPE fiber reinforced composites, and in severe cases may cause delamination[17]. Therefore, 

in order to increase the interfacial adhesion of UHMWPE fiber, studies such as potassium 

permanganate treatment[18], poly pyrrole coating[17], dopamine coating, plasma treatment[19], UV-

irradiation[20], glycidyl methacrylate grafting and nano-reinforcement[21][22], etc. have been 

performed. However, with the exception of only a few studies on fiber coatings such as poly dopamine 

(PDA) coating, most of the reported interfacial property improvement studies have been found to 

damage the fibers and sacrifice their tensile properties[23]. Assuming that UHMWPE fiber-reinforced 

composite is used as a satellite structural panel, tensile stiffness cannot be given up to withstand the 

launch load and vibration[24]. In addition, the simplicity of manufacture and the possibility of mass 

production must be considered in the work to improve the interfacial adhesion of UHMWPE fiber. 

Therefore, this study focused on UHMWPE fiber-reinforced composite based on PDA coating was 

studied in consideration of the preservation of tensile strength, cost efficiency, and practical 

applicability among methods to improve the interfacial adhesion of fibers[23]. 

In outer space, due to ultra-high vacuum and high temperature, the polymer materials of spacecraft 

emit gases and decomposed fine particles can stick to the electronic equipment of the satellite, 

deteriorating performance or in severe cases. Due to the ultra-high vacuum and high temperature in 

outer space, the polymer materials of spacecraft generate volatile gases or fine particles by 

outgassing, which can stick to satellite electronic equipment, deteriorating performance, or in severe 
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cases, failure. In addition, total mass loss (TML) of polymer materials due to outgassing can cause 

mechanical properties to decrease. Therefore, according to Space Heritage, traditional spacecraft 

materials must meet collected volatile condensable materials (CVCM) <0.1% and TML <1.0%[14]. 

However, since CVCM and TML data for UHMWPE/HRB composite (UHC) have not yet been 

reported, the CVCM and TML tests for UHC were first performed in this study 

The purpose of this project can be summarized as follows: to maximize the interlaminar shear strength 

(ILSS) without sacrificing the tensile properties of UHMWPE fiber, we develop UHC with PDA coating, 

hexamethylene diamine (HMDA) grafting and functionalized MWCNT applied; In the LEO space 

environment where the heat flux is considered, it is to evaluate how much the mechanical properties 

of the proposed composite material have decreased under MLI protection; and we analyze how much 

UHC can reduce the radiation dose of LEO compared to existing space materials. The final goal of 

this study is to show that the proposed composite material can be applied as a structural panel for 

small satellites. 

 

 

Figure 1 – Research schematic. 

 

3. Methodology 

3.1 Materials 

SK99 (880 decitex, 800 denier), a UHMWPE fiber supplied from DSM Dyneema, was used. As far as 

we know, SK99 is the UHMWPE fiber with the highest tensile performance. SK99 fibers were woven 

into plain weave (173 g/m2) by HWASUNG International CO. 3-butoxyphenol, 1,12-diaminododecane, 

and sodium hydroxide were purchased from Tokyo Chemical Industry. Chloroform and anhydrous 

magnesium sulfate were purchased from Alfa Aesar. Paraformaldehyde, dopamine hydrochloride, tris 

base, and hexamethylenediamine (HMDA) were purchased from Sigma-Aldrich. 

 Referring to Zeng et al. [29], which investigated the aspect ratio of MWCNT, which can increase the 

bonding strength between the fiber and the matrix, COOH-MWCNT (carboxylic acid functionalized) 

and NH2-MWCNT (amino functionalized) with a outer diameter of 10-20 nm and a length of 10-30 μm 

were selected; Purchased from US Research Nanomaterials. 

 

3.2 Hydrogen-rich benzoxazine (HRB) manufacturing processes 

Although HRB production was attempted by referring to Iguchi et al.[10], we had many failures in the 

production of HRB, and detailed production methods learned through numerous trials and errors in 

the production process are as follows. 3-butoxyphenol, 1,12-diaminododecane, and 

paraformaldehyde were mixed with mole ratio = 2: 1: 4.2, chloroform (5 mL/g of reactants) and heated 

and stirred until a little bubble appeared; Normally, the beaker was heated with 57℃ heating water 



4 

 

 

with 600 RPM magnetic stirring for 5 hours. After that, when the temperature of the reaction product 

was sufficiently low, neutralization was performed with Sodium Hydroxide (1mol/L in water) and DI 

water; At this time, the neutralization solution was separated from the reaction product using a 

chromatography column. Then, while cooling the beaker of the reaction product with cold water, 

anhydrous magnesium sulfate equivalent to about 1/4 of the weight of the reaction product was added 

to the reaction product and dehydrated for about half a day. Anhydrous magnesium sulfate was 

completely filtered from the reaction product using a vacuum filter with a minimum pore size of 3 μm; 

As the reaction product passed through the vacuum filter, most of the moisture (chloroform and 

neutralizing solution) was removed, so the filtered reaction product was directly used in the hand lay-

up process. 

 
Table 1 – Converting mole fraction to mass for HRB production. 

 
 

 

Figure 2 – Hydrogen-rich benzoxazines production process. 

 

3.3 Dose analysis of UHMWPE / HRB composite in LEO  

To verify how much UHC or HRB-applied satellites can reduce low-Earth orbit doses compared to 

conventional space materials, annual cosmic radiation doses were calculated using OLTARIS[35]. 

The elemental composition in Table 1 and orbital information (500km, 97.5°) of the KARI HiReV 

cube satellite were used for OLTARIS analysis. In addition, as the GCR model and the trapped 

model, Badhwar-O'Neil 2020 and AP9 were used to analyze the dose. Considering the maximum 

panel thickness applicable to a typical satellite, the annual dose (Gy/year) at an areal density of 

0.5 g/cm2 and 1 g/cm2 was compared with other space materials. 
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3.4 Modification of UHMWPE fibers 

UHMWPE plain woven fabric was washed ultrasonically for 30 minutes using DI water, and repeated 

three times. After that, UHMWPE was put in a vacuum chamber at 50℃ for 8 hours and used in a 

completely dried and clean state. 

UHMWPE coated with PDA (PDA-UHMWPE): 1) Dopamine hydrochloride was added at 2 g / L in DI 

water, and tris base (usually 1.2 g / L) was added to adjust the pH value to 8.5; 2) The cleaned 

UHMWPE fibers were immersed in a dopamine solution for 24 hours at room temperature, followed 

by magnetic stirring; 3) It was rinsed several times with DI water and vacuum dried at 40℃ for 6 hours. 

UHMWPE coated with PDA and MWCNT (PDA-MWCNT-UHMWPE): 0.01wt% (or 0.03wt etc.) of 

MWCNT was added to DI water and sufficiently dispersed with a sonicator[30]; The rest of the process 

is made the same as 1), 2) and 3) of PDA-UHMWPE. 

HMDA grafting in PDA-MWCNT-UHMWPE (PDA-MWCNT-HMDA-UHMWPE): 1) After adjusting the 

pH to 8.5 with hydrochloric acid in 10 mM Tris buffer, PDA-MWCNT-UHMWPE was immersed; 2) Into 

DI water equivalent to 1/9 of the volume of the previous buffer, 1 g/ml of HMDA was added, slowly 

added to the buffer, and magnetic stirring was performed for 8 hours[31]; 3) It was rinsed several 

times with DI water and vacuum dried at 40℃ for 6 hours. 

 

 

Figure 3 – Fiber coating and grafting; (a) PDA coating; (b) PDA coating and MWCNT grafting; 

(c) Hexamethylenediamine grafting. 

 

3.5 UHMWPE / HRB composite (UHC) manufacturing processes  

In the previous study[11], UHC was produced by vacuum packaging process with little pressure, but 

in this study, the following sequence of processes was introduced to maximize the interlaminar shear 

strength of UHC; 1) HRB was Hand lay-up on PDA-based coated UHMWPE plain woven fabric using 

a silicone spatula; 2) It was put in a vacuum chamber at room temperature for about 2 hours to 

completely remove air bubbles and moisture from the HRB; 3) After laminating the resin sides to each 

other, repeat 1) and 2) to stack the desired number; 4) Laminated plain woven fabric were produced 

with high pressure composite autoclave; Laminated plain woven fabrics were vacuum maintained and 

cured with the temperature cycle of the previous study[11] at a pressure of 4 bar; According to Lee et 

al. [32], the PDA was confirmed to be sufficiently stable even at 120℃ by thermogravimetric analysis, 

so the PDA coating does not decompose in a curing cycle of 120℃.  

  The reason for this manufacturing processes is that when curing begins and the temperature of the 

HRB increases, the viscosity increases, making it difficult to completely remove moisture and air 

bubbles. On the other hand, if the HRB's moisture and air bubbles are completely removed and hand 

lay-up, the hand lay-up process becomes very difficult, and the high viscosity of the HRB may damage 

the fibers. 
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Figure 4 – Autoclave production process. 

 

3.6 Mechanical experiment 

ILSS experiments were performed according to ASTM D2344M-16, and ILSS specimens were 

manufactured with a thickness of about 5.9-6.1 mm by stacking 24 fabric of ILSS specimens. 

To examine the difference in tensile properties according to the fiber coating, a tensile test was 

performed according to ASTM D3039M-17. However, due to the low surface friction of UHC, the 

tensile specimen slipped from the wedge action grip. Therefore, referring to the previous study[34], a 

tensile test was performed using a hydraulic grip of 5 MPa. Tensile specimens were laminated to have 

a thickness of about 2.4-2.6mm. 

To estimate the fiber volume fraction of the manufactured UHC, the HRB weight was calculated using 

the fabric weight and the weight of the UHC after fabrication, and the fiber volume fraction was 

calculated using the fiber density(0.97 g/cm3) and the HRB density(1.07 g/cm3). 

 

 

 

Figure 5 – (a) Interlaminar shear strength (ASTM-D2344M), (b) Tensile strength test (ASTM-3039M). 
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3.7 Modified fiber surface analysis 

Surface chemical compositions for PDA coating, functionalized MWCNT and grafted HMDA groups 

were analyzed via X-ray photoelectron spectroscopy (XPS, Thermo VG Scientific) with Al Kα X-ray. 

A scanning electron microscope was used to observe the surface morphology of the modified 

UHMWPE. A scanning electron microscope (SEM, FEI Quattro S) at 2.5kV was used to observe the 

surface morphology of the fibers mentioned. 

 

3.8 FTIR analysis of HRB according to curing temperature and time 

Fourier transform infrared spectroscopy (FTIR) analysis of HRB was performed with a Nicolet iS50 

FTIR Spectrometer to explain the difference in mechanical properties according to curing temperature 

and time in the final process. After spreading the HRB thinly on the silicone mold, the temperature 

was increased at 0.3℃/min in a vacuum chamber, and HRB cured at 120℃ - 2 hours and 130℃ - 10 

hours in the final process was compared. The thickness of the fabricated HRB was 0.8-1 mm, and the 

data obtained through the attenuated total reflectance mode were compared in the paper. FTIR data 

obtained via the attenuated total reflectance mode were compared in this study. 

 

3.9 Space environment experiment 

As in the author's previous study[14], UHC's CVCM and TML experiments were performed with 

reference to ASTM E595-15. CVCM was measured using CVCM measuring dedicated equipment 

(Korea Research Institute of Standards and Science, Daejeon, Republic of Korea), and TML was 

measured using space environment simulation facility (Korea Advanced Institute of Science and 

Technology, Daejeon, Republic of Korea). CVCM and TML specimens were stacked with 18 layers 

and were performed with UHC with a thickness of 4.4-4.6mm and an area of 9×9mm and a mass of 

0.3-0.4g. 

 

 

Figure 6 – Schematic diagram of space environment experiment; (a) TML test equipment, 

(b) inside the TML test equipment. 
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Figure 7 – Schematic diagram of space environment experiment; CVCM equipment. 

4. Results and Discussion 

4.1 Analysis of elemental content of HRB 

The elemental content of HRB as measured by an organic element analyzer is shown in Table 2, and 

the elemental content is compared with the theoretical values of HRB and epoxy. Since the prepared 

HRB has a difference in element content of less than 0.16% between the theoretical value and the 

measured value, and was manufactured with the same reagent and molar fraction as in Iguchi et 

al.[10], it could be judged that the HRB produced in this study was made almost identical to the 

theoretical chemical structure. It was confirmed that HRB has about 11% higher hydrogen content 

than conventional aerospace epoxy (Cytec CYCOM 934). HRB, which has a higher hydrogen content 

than conventional thermosetting resins, has a positive effect on radiation shielding and shows better 

performance than epoxy in LEO dose analysis. 

 

Table 2 – Comparison of the element content of HRB 

Thermosetting 
resin (density) 

Molecular 
formula 

Composition Difference 
between 
theoretical and 
measured values 

Theoretical 
value 

Average of the measured 
values (Std. Dev.) 

HRB 

(1.07 g/cm3) 
C36H56N2O4 

[10] 

H = 57.1429% H = 57.3002% (0.047) 0.1573% 

C = 36.7347% C = 36.5763% (0.204) 0.1584% 

O = 4.0816% O = 4.1036% (0.240) 0.0220% 
N = 2.0408% N = 2.0199% (0.016) 0.0209% 

Epoxy 
(Cytec 

CYCOM 934) 

(1.32 g/cm3) 

C37H42N4O6

S [36] 

H = 46.6667% 

 

 

C = 41.1111%  

O = 6.6667%  

N = 4.4444%  
S = 1.1111%  

 

4.2 Dose reduction performance of UHC and HRB in LEO 

Fig. 8 shows the dose analysis results of OLTRAIS and Table shows the quantitative doses of 0.5 

g/cm2 and 1 g/cm2. The smaller the areal density, the higher the dose reduction effect of hydrogen-

rich materials than conventional materials. On the other hand, as the areal density increases, the 

dose reduction effect of many materials decreases compared to conventional materials, but the 

hydrogen-rich materials still guarantee a low radiation dose. At areal density of 0.5-1 g/cm2, HRB 

can reduce the dose by about 3-4% more than the epoxy. In addition, UHC (60% fiber volume) can 

reduce dose by about 7-10% compared to CFRP (60% fiber volume) and about 21-28% compared 

to aluminum. UHC has less than 1% difference in shielding performance from UHMWPE, so UHC 

has almost the same radiation shielding performance as UHMWPE. 

The dose reduction effect is as follows when explaining the TID (total ionizing dose) limit dose and 

lifetime of COTS. Assume that the TID limit for COTS is the dose protected by CFRP for one year 
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(1.307 Gy). If replaced with UHC of the same areal density, the lifespan of COTS can be increased 

by about 1-2 months. In addition, when replaced with UHC having double areal density (1 g/cm2), 

an increase in lifespan of about 6-7 months can be expected. Therefore, the structural performance 

of spacecraft can be dramatically improved by replacing the radiation shielding polyethylene with 

UHC, or the radiation shielding weight can be reduced or the radiation dose can be reduced by 

replacing the existing space material with UHC. 

 

 

 

 

 

 

 

 

 

Figure 8 – Dose reduction effect of LEO satellite according to panel thickness and material. 

 

Table 3 – Comparison of doses from LEO satellites with 0.5 g/cm2 and 1 g/cm2 panels in various 

materials. 

 Aluminum 

CFRP 

(60% fiber 

volume) 

Epoxy HRB 

UHC 

(60% fiber 

volume) 

UHMWPE 

Annual dose at  

0.5 g/cm2 (Gy/year) 
1.530 1.307 1.277 1.237 1.193 1.190 

(Comparison of  

dose to UHC) 
(+28.2%) (+9.6%) (+7.0%) (+3.7%) - (−0.3%) 

Annual dose at  

1 g/cm2 (Gy/year) 
1.018 0.898 0.880 0.856 0.837 0.829 
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(Comparison of  

dose to UHC) 
(+21.6%) (+7.3%) (+5.1%) (+2.2%) - (−1.0%) 

 

4.3 Interlaminar shear strength (ILSS) 

In the autoclave process of UHC fabrication, the pressure affected the fiber volume fraction. The 

specimens made at 1 bar had a low fiber volume fraction (0.58-0.61), and the specimens made at 7 

bar had a high fiber volume fraction (0.71-0.73). High fiber volume fractions have low ILSS 

performance, while low fiber volume fractions have low tensile properties with ILSS values similar to 

the intermediate fiber volume fractions. Therefore, in this study, in order to adjust the fiber volume 

fraction to 0.65 to 0.68, UHC specimens were prepared using a pressure of 4 bar in the autoclave 

process.  

The ILSS test results of UHCs fabricated from UHMWPE with dopamine coating, functionalized 

MWCNT, and HMDA grafting are shown in Fig. 8, and ILSS specimens and test photos are shown 

in Fig. 9. In pristine UHMWPE, the ILSS could be increased by about 36% only by increasing the 

heating temperature and heating time of the final process. Although the tensile properties of 

UHMWPE can be degraded at 130°C long-term heating, 130°C heating showed higher ILSS 

performance than 120°C heating. Also, heating for 10 hours has mostly higher ILSS values than 

heating for 5 hours. On the other hand, there was no significant difference in ILSS values for 20 

hours heating and 10 hours heating. Heating at 130°C for 20 hours can degrade the properties of 

the fiber, so a process of 10 hours at 130°C or 5 hours at 130°C is recommended. The PDA coating 

process was able to increase the ILSS by about 59% compared to the pristine process. PDA coating 

and functionalized MWCNT grafting was able to increase ILSS by approximately 113% over the 

pristine process. PDA coating and HMDA grafting were able to increase ILSS by about 131% over 

the pristine process. PDA coating, MWCNT and HMDA grafting were able to increase ILSS by about 

162% compared to the pristine process. To increase the interfacial adhesion of UHMWPE-HRB, a 

complex coating-grafting process and temperature conditions for higher curing were added, but the 

ILSS value was less than 14 MPa. Although the ILSS value is higher than in previous studies, the 

still low ILSS value is considered to be a major obstacle to the application of cube satellites. 

 

 
Figure 9 – ILSS according to fiber treatment and autoclave manufacturing process; Manufactured by 

curing at 130℃ for 7 hours in the final process. 
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Figure 10 – (a) Specimens according to curing temperature and time; (b) ILSS test;  
(c) Specimens with interlaminar shear after testing. 

4.4 Tensile strength 

Fig. 11 shows the tensile test results of the UHC fabricated by the method proposed in this study. 

Since there is little difference in tensile strength performed in the previous study and this study, it 

can be judged that the specimen fabrication is sufficiently similar. Although the ILSS value was high 

in the heating process at 130°C for 10 h, it was confirmed that the tensile properties decreased in 

the tensile test. If high tensile properties are desired, a heating process of 130 degrees for 5 hours 

is recommended. The improved interfacial adhesion UHWMPE proposed in this study has about 

20% higher tensile strength than the pristine UHMWPE. The coating-grafting method and curing 

conditions proposed in this study can increase not only the interlaminar shear strength but also the 

tensile properties. 

 

 
Figure 11 – Tensile property according to fiber treatment and autoclave manufacturing process; 

Manufactured by curing at 130℃ for 7 hours in the final process. 

 

4.5 Modified fiber surface analysis 

Table 3 shows the composition of UHMWPE surface components from XPS experiments. As in the previous study, 

nitrogen was detected in the dopamine coating, confirming the addition of amine groups. More amine groups can be added 

through additional grafted HMDA and NH2-MWCNT. Due to the addition of amine groups, the chemical bonding and 

curing of UHMWPE and HRB can be increased. In addition, MWCNTs grafted to the fibers act as physical anchors to 

strengthen the bonds between the fibers and the matrix, and the functionalized chemical groups facilitate dispersion in the 

HRB. 

 

Table 5 – Surface element analysis of coated or grafted fibers via XPS 

Coating and grafting 
Composition 

N/C 
C O N 

UHMWPE 96.78 3.22 - 0 

PDA-UHMWPE 75.15 18.09 6.76 9.00% 

PDA-HMDA-UHMWPE 74.61 16.83 8.56 11.47% 
PDA-NH2 MWNCT-HMDA-UHMWPE 81.61 9.82 8.48 10.39% 
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4.6 Fourier-transform infrared spectroscopy analysis 

FTIR analysis was performed to examine the differences in HRB according to the curing conditions, as shown in Fig. 12. 

To judge the degree of curing of HRB, six peaks mentioned in previous studies[10] were observed; 1) 966cm−1 : 

benzoxazine bonds (N–CH2–O); 2) 1030 and 1156cm−1 : the aromatic ether of the benzene ring; 3) 1377cm−1: the 

wagging of the hydrogen atoms in the fourth position; 4) 1500 and 1620cm−1: trisubstituted benzene ring. It can be seen 

that the six peaks mentioned decreased under the curing condition of 130°C for 10 hours compared to the curing condition 

of 120°C for 2 hours, confirming that higher curing was achieved. These results suggest that there is a clear difference in 

the curing conditions of HRB. 

 

 

 

 

 

Figure 12 – FTIR analysis according to curing conditions of HRB. 

 

4.7 Space environment resistance characteristics 

The results of the outgassing test are shown in Table 6. The mean TMLs for UHC and PDA-

UHMWPE/HRB were 0.2321% and 0.2263%, and the mean CVCM for UHC and PDA-UHMWPE/HRB 

were 0.0258% and 0.0212%, respectively. Since the general acceptance criteria for space application 

materials are TML <1.0 % and CVCM < 0.1 %, it has been confirmed that UHC and PDA-

UHMWPE/HRB have excellent space environment resistance satisfying these conditions. The fibers 

are exposed in the cut cross section of the specimen, and it is presumed that the dopamine coating 

suppresses the outgassing of the UHMWPE, which improves the TML and CVCM performance. For 

comparison between UHC and PDA-UHMWPE/HRB, TML and CVCM tests of M55J/M18, a space-

only CFRP, were performed. The CVCM performance of the PDA-UHMWPE/HRB was slightly lower, 

but the TML was excellent. From these results, it is judged that PDA-UHMWPE/HRB has as superior 

space environmental resistance as space-only materials. 

 

Table 6 – Outgassing test results 

3500 3000 2500 2000 1500 1000 500

Wavelength (cm-1)

 Curing at 120°C for 2 hours in the final process

 Curing at 130°C for 10 hours in the final process1156, 1030cm−1: Aromatic ether of benzene ring

966cm−1: Benzoxazine bonds 

(N−CH2 −O)

1620, 1500cm−1: Trisubstituted benzene ring

1377cm−1

: Wagging of hydrogen atoms

3500 3000 2500 2000 1500 1000 500

Wavelength (cm-1)

 Curing at 120°C for 2 hours in the final process

 Curing at 130°C for 10 hours in the final processA
b
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 UHMWPE UHC (Std. Dev.) 
M55J/M18 CFRP 

(Std. Dev.) 

TML (Std. Dev.) 1.38% [14] 0.2321% (0.0012) 0.3984% (0.0158) 

CVCM (Std. Dev.) 0.072% [14] 0.0258% (0.0085) 0.0193% (0.0034) 

 

 
 

5. Results and Discussion 

To protect the satellite's COTS from cosmic radiation, the use of UHMWPE/HRB with improved 

interfacial adhesion has been proposed. Through elemental analysis of the manufactured HRB, it was 

confirmed that it was made identical to the theoretical composition. The dose analysis results 

calculated through OLTARIS proved that UHC and HRB have a dose reduction effect compared to 

existing space materials. To increase the interlaminar shear strength of UHC, dopamine coating, 

grafting of functionalized MWCNTs and HMDA was proposed, and the curing temperature and time 

were reviewed. By applying the methods proposed in this study, the ILSS could be improved by about 

116% compared to the existing process, and the tensile strength could be improved by about 12%. 

Using XPS, the amine groups grafted to the fibers were identified. Using FTIR, the difference in HRB 

according to curing conditions was confirmed. In the outgassing test, it was confirmed that PDA-

UHMWPE/HRB has very good TML and CVCM performance. The proposed material is expected to 

be utilized as a cosmic radiation shielding panel for future satellites. 
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