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Abstract

:

This review paper discusses the effect of polymers, especially thermoplastics, in environments with low earth orbits. Space weather in terms of low earth orbits has been characterized into seven main elements, namely microgravity, residual atmosphere, high vacuum, atomic oxygen, ultraviolet and ionization radiation, solar radiation, and space debris. Each element is discussed extensively. Its effect on polymers and composite materials has also been studied. Quantification of these effects can be evaluated by understanding the mechanisms of material degradation caused by each environmental factor along with its synergetic effect. Hence, the design elements to mitigate the material degradation can be identified. Finally, a cause-and-effect diagram (Ishikawa diagram) is designed to characterize the important design elements required to investigate while choosing a material for a satellite’s structure. This will help the designers to develop experimental methodologies to test the composite material for its suitability against the space environment. Some available testing facilities will be discussed. Some potential polymers will also be suggested for further evaluation.






Keywords:


low earth orbit environmental exposure; material degradation; composite material












1. Introduction


Polymer films have been an integral part of satellites since the beginning of the space age. They are used for space applications such as insulation, solar array blankets, and inflatable/deployable structures as a thin film. In the case of thermal insulation, generally, aluminized or silver-coated polymer films are used [1,2,3,4,5,6]. However, using fiber-reinforced polymers (composite material) as primary structures for satellites is still under investigation. Composite materials have been recently used for space applications because of their high specific stiffness and strength. Solar panels, deployable structures, trusses, frames, brackets, support structures, etc., also use composite materials [7,8,9,10,11,12,13]. However, only a few polymers have been used in fiber-reinforced form. For example, in thermoset carbon epoxy and bismaleimide [14,15,16,17,18] and in thermoplastic matrices, only PEEK has been used [7,19,20,21,22,23,24]. The other thermoplastic polymers have not been used yet. It is due to a lack of experimental material data and a lack of understanding of the material behavior under extreme environmental conditions in space.



The major benefit of composite materials is their lighter weight. However, there are several disadvantages. Polymers used as a matrix material for composites are vulnerable to atomic oxygen and ultraviolet rays, which are predominant in the low earth orbit (LEO) environment. Atoms in the molecular chain of the polymer react with atomic oxygen and degrade faster compared to metals. Earlier, in the era of the classic space age (1960–2000), the lifetime of satellites was a couple of decades. Therefore, a durable, high-quality and sustainable material was the main requirement. The issues of money, fuel and mass were not that important in relation to the quality of the satellite. However, now, in the era of the new space age, where the life of the satellite is generally only a couple of years, the requirement for long-lasting material is redundant. The production rate of satellites has increased exponentially with the shift in focus to small satellites [25,26,27,28,29]. Therefore, mass and cost savings are now the major concerns for satellite manufacturers. Small satellites generally de-orbit themselves from their working orbits within a couple of years and dwell in other orbits as space debris [30,31]. In such a case, a long-lasting material in small satellites becomes disadvantageous. Therefore, composite materials could be a good solution because they degrade in space faster and reduce the system mass via surface erosion. In this review paper, the space environment will be characterized, and the effect of the space environment on composite materials will be discussed.



Further subsections will provide a brief introduction to the earth’s atmosphere and its orbits, and a few major characteristics of low earth orbit will be described. In Section 2, the characteristics of the LEO environment and its consequences and effects on the structures of satellites will also be discussed. Material degradation mechanisms and their mitigation method will also be discussed, which will help us understand the properties required for a space-qualified material. This understanding will lead to the definition of a suitable manufacturing process. Section 3 will conclude with the design requirements for space structures, taking into consideration the degradation and its mitigation technique. These requirements are further divided into sub-categories like design, material, mechanical and manufacturing characteristics of polymers or composite materials. Some suitable polymers will also be discussed. The last section will discuss the conclusions and available institutions that provide experimental facilities to research the applications of fiber-reinforced polymers (FRP) in space.



1.1. Brief Introduction to the Earth’s Atmosphere


The Earth’s atmosphere consists of five layers: troposphere, stratosphere, mesosphere, thermosphere and exosphere. The pressure of the atmosphere decreases with altitude. However, temperature varies differently based on the source of heat. The first layer is the troposphere, which ranges from the earth’s surface to 8–15 km. In this layer, the temperature decreases with the height from room temperature to −40 °C. The source of heat to this layer is direct sunlight absorbed from the earth and high-density gases. From 15 to 50 km is the stratosphere where the ozone layers lie, which protects life on Earth from harmful ultraviolet rays of the sun. Below this layer, 99.9% of gas molecules of the atmosphere are present. All aeronautical activities occur below the lower part of the stratosphere. The temperature increases with height. Here, the main source of heat is solar radiation and the heat absorption by ozone molecules. Next, the mesosphere extends from 50 to 85 km. Almost all the harmless meteors and space debris burn up, reaching this layer. Here, the pressure and density of the air are negligible compared to the sea level. Temperature decreases with height, as the only heat source is solar radiation. After the mesosphere, the thermosphere extends until around 600 km [32]. Solar radiation ionizes the gases in the atmosphere from 50 km to 965 km, which overlaps mesosphere and thermosphere. Gases stay in the form of ions rather than in molecules, for example, oxygen, hydrogen, helium ions, etc. Aurora light occurs in this region due to the presence of ions, magnetic storms and solar winds. Satellites are launched in this region of the earth’s atmosphere. After the thermosphere, there is the exosphere, which extends until 10,000 km, and the effect of gravity is the least at this layer. The boundary of space and Earth’s atmosphere is differentiated on the basis of orbital dynamic and aerodynamic forces. The so-called Karman line determines the space boundary as the height of the atmospheric layer, which can be considered as space [33]. At this altitude, the orbital dynamic exceeds aerodynamic forces. The atmospheric layer above 100 km is internationally accepted as a space boundary known as the Karman line [34,35].




1.2. Brief Introduction to the Earth’s Orbits


Space around the Earth has been divided into five main orbits as described by ESA [36].



	
Low Earth orbit (LEO): This orbit is closest to the Earth at an altitude of 160 km (thermosphere) to 1000 km. The International Space Station (ISS) is at 400 km, which is also a part of the thermosphere. The time period of a satellite for one circumnavigation of the earth in this orbit is approximately 90 min. Satellites in this orbit generally perform tasks like telecommunication, science exploration etc.



	
Geostationary orbit (GEO): Satellites in GEO revolve around the earth from west to east above the equator. The time period of the satellite is 24 h—the same as the time period of the earth’s rotation. Due to this reason, these satellites appear fixed at a particular earth position. They perform tasks like telecommunication, weather forecasting, human trafficking, etc. The orbit exists at an altitude of 35,786 km.



	
Medium Earth orbit (MEO): The orbits between LEO and GEO are considered MEO. Satellites in this orbit generally perform tasks like navigation, etc. They are also used for constellations of multiple satellites.



	
Sun-synchronous orbit (SSO): This is a polar orbit where the satellites orbit from north to south poles, and the position of the satellite is synchronous to the sun. The orbiting speed of the satellite is in such a way that the position of the satellite is always fixed relative to the sun. It visits the same location at the same local time. These satellites are used for weather forecasting or monitoring emergencies at a particular position.



	
Geostationary transfer orbit (GTO): These are the orbits used to launch the satellites from one orbit to another orbit. It takes external energy for these maneuvers.






Low earth orbit is actually the part of the earth’s atmosphere with very few air molecules in the form of ions and minimal gravity. The environment of the orbit varies with altitude. Hence, the material degradation phenomenon and design strategies for space structures also vary. Therefore, to select a suitable material for low earth orbit, the LEO environment and its effect on the material must be studied thoroughly. The LEO environment can be categorized into seven sub-categories, according to the NASA researcher guide [37].





2. Effect of LEO Environment on Composite Materials


2.1. High Proximity to the Earth


LEO is the nearest orbit of Earth and a part of the thermosphere, as mentioned earlier. In fact, the gravitational force at the International Space Station ISS is 89% of the force of gravity at sea level [37]. However, the centrifugal force due to orbital velocity balances the forces, creating a feeling of ‘weightlessness.’ The remaining part of the gravity is termed micro-gravity.



Close proximity also has an effect on the orbital lifetime. Microgravity, as well as the effect of residual atmosphere and associated effects, reduce the orbital energy, resulting in de-orbiting. For example, ISS loses its altitude at a rate of 90 m per day. The use of composite materials for satellites in this region is beneficial as they burn out easily in the earth’s atmosphere.



In micro-gravity, the flow of the liquid is dominated more by surface tension rather than gravity. This characteristic can be utilized for the wetting of fibers with resin. In orbit, the manufacturing of composite structures has less porosity due to the uniform wettability of fibers. A woven glass fiber specimen was cured with acrylic-based resin with UV polymer in zero gravity of Novespace’s Zero-G aircraft laboratory. These specimens have 2.5% porosity, whereas the same specimens consolidated in the same condition on Earth have 12% porosity [38]. These specimens have also shown higher failure stress, stiffness and higher failure strain. The curing of resin in microgravity requires less pressure to ensure uniform impregnation, which reduces effort, cost and time. Due to less contamination and voids by the curing process, in-space consolidated material shows better mechanical properties.




2.2. Residual Atmosphere


LEO is still a part of the Earth’s atmosphere. Therefore, it is often referred to as residual atmosphere. The residual atmosphere in LEO consists of molecules of hydrogen, helium, nitrogen and oxygen. At LEO, the residual atmosphere consists of 80% oxygen [39]. Due to the ionizing action of solar radiation, oxygen is in the form of ions, which is hazardous for polymeric composites. The concentration of atomic oxygen depends upon solar activities, which also varies over a period of 11 years. The residual atmosphere and its constituent elements vary with altitude. This is well explained in the handbook of environmental degradation of materials, which describes the distribution of several gases in number density in atom/cm3 over an altitude above 100 km or, in other words, in near-earth space [40]. According to this handbook, at low earth orbit (range 160–1000 km), oxygen shares ~80% of the atmospheric gases. Until 400 km, which is considered a very low earth orbit and a hotspot for launching commercial small satellites, the residual atmosphere is dominated by oxygen and nitrogen, whereas the upper part of LEO orbit (>650 km) is dominated by hydrogen, helium and oxygen [41].



These gas molecules are disassociated in the presence of ultraviolet rays and solar radiation. They stay in as free radical atoms or ions. These ions are traveling in LEO at a speed greater than 7 km/s. Hence, they might be highly reactive to polymeric material, and they oxidize the material, leading to corrosion. Traveling speed increases the rate of hitting ions, which erodes the material. A high rate of hitting speeds up the gradual process of corrosion even further. The surface erosion of the material ultimately creates dimensional instability of the structure. Atomic oxygen also changes the chemical composition of the polymer, which eventually degrades the mechanical strength of the structure.



The ionized gas exhibits a collective response to the magnetic and electric fields of the earth, solar and cosmic radiation. They create a charged field referred to as plasma. Plasma flux modifies the molecular structure of the polymer, resulting in embrittlement. A charged environment alters the optical properties of the thin film polymer or coating used for solar panels, mirrors, antennas, cameras, electronic equipment, etc. Hence, the residual atmosphere at the target orbit requires analysis for the proper selection of the polymer.




2.3. High Vacuum


Even though LEO has a residual atmosphere, there is an ultra-high vacuum, which ranges from 10−9 to 10−11 torr (1.3 × 10−6 mbar to 13 × 10−9 mbar) [37]. This high vacuum causes the outgassing of volatiles and moisture entrapped in the composite during manufacturing. Reducing the void content is challenging, especially for out-of-autoclave manufacturing techniques. Therefore, highly precise manufacturing is required to produce composite space structures. Otherwise, the gases will escape from the structure in space, which will contaminate other associated components and distort its geometry, which results in inaccuracy in terms of dimension, shape, mass and strength [42,43]. It also deteriorates the absorption and transmittance [44]. Therefore, material that shows low outgassing tendencies is preferred for space applications.




2.4. High Thermal Cycling


As described in Section 1.1, LEO lies in the thermosphere and exosphere of the earth’s atmospheric layers, where the temperature rises with altitude. The temperature of this layer depends on solar radiation, and it can raise the temperature of gases up to 1700 to 2000 °C. This high radiation makes the gas molecules electrically charged. However, gas density is extremely low due to high vacuum. The atmosphere temperature is usually lower than 0 °C. The possible source for heat transfer to objects in LEO is heat transfer from the gas molecules and radiation. Hence, the temperature of the satellite depends upon its position with respect to both the Earth and the sun.



Source of heat for satellites in orbit:




	
Direct sunlight;



	
Reflected sunlight from earth (Albedo);



	
Infrared radiation from Earth;



	
Internal heat produced by satellite component.








Variation of temperature on the satellite surface is due to its position:




	
Its view to the sun, i.e., sun side or shadow side;



	
Position of the earth with respect to the sun, i.e., aphelion or perihelion and position of the satellite with respect to the earth, i.e., perigee and apogee;



	
Its view to the earth, i.e., earth’s shadow or earth-facing.








When the satellite is facing solar radiation directly at the sun’s perihelion and earth’s perigee position, its distance from the sun and earth is minimal, as illustrated in Figure 1 [45]. Hence, the surface of the satellite absorbs the highest amount of heat, whereas, at the sun’s aphelion and earth’s apogee, it absorbs the least. Therefore, the temperature gradient varies from −150 °C to 150 °C within 90 min of its orbital period. Hence, one part of the satellite facing the sun could experience 150° C, whereas another part of the same satellite in the shadow could face −150 °C at the same time. Due to the extreme temperature variation experienced by the same structure, thermal stresses occur. This temperature profile changes every 90 min, which develops thermal fatigue. Fatigue may cause micro-cracks, which reduce the mechanical strength of the material. These cracks, in turn, increase the possibility for atomic oxygen to penetrate inside the structure and erode it. Furthermore, in the presence of these micro-cracks, volatiles and moisture entrapped inside the structure escape easily. Hence, the mass reduces until all volatile components are escaped from the structure [46,47,48,49,50,51,52].



When the structure is made of composite material that consists of fiber and matrix, both have different thermal expansion characteristics. CTE (coefficient of thermal expansion) mismatch, high-temperature variation in the same structure and cyclic thermal loading create high amplitude thermal fatigue. This develops additional micro-damages to the structure. However, this can be minimized by an optimized selection of fiber and polymer matrix. For example, choosing carbon fiber and PEEK polymer creates the overall CTE of the composite in the range of 0 to 8 × 10−6/°C [20]. The overall CTE of graphite epoxy can also be altered from −0.06 to −2 × 10−6/°C by changing the fiber layup [24]. Therefore, proper fiber and matrix selection are important to design satellite structures.




2.5. Ultra-Violet and Ionization Radiation


Sunlight radiates in LEO at its full irradiance due to the absence of the ozone layer. As shown in Figure 2 cited from [53], sunlight radiates energy with wavelengths of 120 nm to 3000 nm. Total solar radiation is about 1366 W/m2, in which the wavelength below 400 nm shares 8% of total radiance [54]. The UV radiation due to solar rays accounts for the wavelength from 40–400 nm, which is further classified between the UVA of wavelengths 315–400 nm, the UVB of whose wavelength is in the range of 280–315 nm and UVC, whose wavelength is in the range 100–280 nm. The energy of the photons is inversely proportional to the wavelength. UVA and UVB contain photon energies greater than 3.9 eV. This energy is sufficient to disassociate the chemical bonds of polymeric chains and produce free radicals [55]. The most significant damage by UV radiation to the composite material occurs in the range of 10–200 nm, which is also referred to as the vacuum UV (VUV) range.



This accounts for 0.1% of total irradiance of UV radiation and 0.007% of total solar radiation [53,56]. The energy of a photon in VUV radiation varies from 6 eV to 124 eV.



UV radiation is also absorbed by the residual atmosphere, which influences the plasma belt, high-energy protons and electrons whose energy can be up to several MeV [37]. Organic compounds are strong UV rays absorbents. It creates photochemical reactions. The thermal energy provided by the radiation breaks the molecular bonds, which eventually alters the molecular structure. These broken bonds can be disassociated from main molecular chains, then re-associate to another polymer chain or can become free radicals [57]. Ultra-violet rays and ionization can affect FRP in the following ways:




	
Material discoloration occurs due to the absorption of UV rays. The surface color of the material gets yellowed or dark. The polymer absorbs UV rays and undergoes several chemical reactions, such as dissociation of bonds, isomerization, free radical polymerization and contamination or recombination with other free radicals. This changes the mechanical properties of the structure.



	
It erodes the surface, which increases the surface roughness. Discoloration, in addition to surface roughness, deteriorates the thermo-optical properties, which decreases the efficiency of the thermal control surface. Hence, low solar absorption and high thermal emittance are required in the material to reduce this phenomenon.



	
The polymeric chain is de- and re-associated. Such cross-linking modifies the chemical structure of the polymer. Such modification leads to loss of mechanical, optical and chemical properties [47,57,58,59,60,61,62,63]. The polymeric chain with aromatic rings or phenyl rings may have higher erosion compared to polymers having long polymeric chains [64]. Aromatic rings or phenyl groups have more C=C bonds, which makes them stronger UV absorbents. Thus, there is a higher chance of chain scissioning and polymer fragmentation.



	
Polymers undergo embrittlement or chain scission in which polymeric bonds de-associate from polymeric chains and perform bonds with free ions. This free radical polymerization creates volatiles, which sublimate in the space. This phenomenon erodes the surface. The presence of a high vacuum increases this erosion even further. Reactive functional groups in the polymer chain sublimate faster in the environment [64].



	
Changes in the chemical structure of the polymer degrades the viscoelastic properties. UV radiation increases the glass transition temperature of epoxy-based shape memory polymer by 2.9% after exposition to UV radiation with a wavelength of 250–400 nm for 80 h [47]. It also increases the stiffness of the material by 41% after 80 hours of exposure. However, 80 h of exposure is too short to conclude the variation of glass transition temperature and stiffness. Hence, more polymers and longer exposure times are required for the investigation.









2.6. Atomic Oxygen


Due to UVC radiation from the sun, the oxygen atoms get disassociated into oxygen ions. These atomic oxygen ions travel in LEO at speeds higher than 7–8 km/s. As described earlier, 80% of the residual atmosphere consists of oxygen at LEO. Atomic oxygen (AO) flux is the most important factor in the degradation of spacecraft materials. The concentration of oxygen atoms at LEO ranges from 108 to 109 atoms/cm3 [65]. However, ISS receives an AO flux of about 5.23 × 1013 atoms/cm2/s, whose altitude is 400 km [66]. Atomic oxygen attacking the spacecraft at orbital velocity initiates several material degradation processes. For example, elastic scattering of the oxygen atoms leads to the removal of material through impact load. Kinetic energy possessed by AO at LEO is about 5 eV, which is higher than the bond dissociation energy of polymeric compounds [53,67]. Hence, AO reacts with the polymeric matrix and produces some gaseous oxides like CO2, H2O2, H2O, HCO2, CH3 and other organic compounds, which can be both volatile and non-volatile in nature. Due to huge heat transfers, it directly sublimates, leaving a crater at the surface, which leads to surface erosion [65,66,67,68,69]. Some possible degradation mechanisms that affect the composite material due to atomic oxygen are [1,65,66,67,68,69,70,71]:




	
Change in the chemical composition of the polymer, which leads to loss of mechanical properties;



	
Embrittlement and chain scission of polymeric chains;



	
Material erosion, which leads to loss of material, hence creates dimensional instability;



	
Loss of thermo-optical properties of the material (i.e., absorptance and emittance) due to material discoloration.








Selection of a suitable polymer that has less susceptibility to AO is very necessary in order to design an FRP structure for space [69]. Erosion yield is a criterion to determine suitable polymers.




2.7. Space Debris


Discarded rocket bodies and non-functional satellites dwell in space for many years. Due to collision, these objects are fragmented into even smaller parts, and the number of parts increases even further [72]. There are 34,000 objects larger than 10 cm, 900,000 larger than 1 cm, and 128 million larger than 1 mm floating in LEO orbit with a speed greater than 11 km/s. A total of 26,600 of them have identified objects evolving according to ESA [73]. Each launch introduces two times the amount of debris [74]—once at the start of a mission in the form of a rocket and another at the end of its operational life in the form of defunct satellites. With the emergence of the new space age with small satellites, the number of launches has increased at an exponential rate. In the report from Euroconsult 2020, it is mentioned that 1000 small satellites of mass less than 500 kg (20 satellites/week) have been launched in 2020 despite the coronavirus pandemic [25]. Consequently, in terms of rising object counts, the probability of catastrophic collisions will also grow. Despite the 25-year end-of-life (EOL) guidelines, 90% of satellites weighing 500–1000 kg and 60% of satellites weighing 100–500 kg would fail the 25-year EOL regulation based on an EOL estimation of satellites launched between 2015–2020 [30]. Thus, the low earth orbit is highly polluted with space debris. Seventy percent of space debris belongs to the low earth orbit [73,74,75,76,77,78].



Apart from space debris, there are micro-meteoroids that travel at speeds higher than 11 km/s. They can cause impact damage and sometimes, catastrophic failure if they strike functional satellites. In 2009, one non-functional satellite, Cosmos 2251 (space debris), collided with the functional satellite Iridium 33. This collision has created more than 1500 fragments. These fragments, in turn, increase the growth rate of space debris by 320 objects per year [79,80].



Under such a high impact velocity, the failure mechanism of the composite material transits between ductile to brittle fractures. Due to high impact velocity, there is less time for energy absorption for plastic deformation. This creates severe surface pitting, spalling of coating, cracking and delamination. Impact damage may short out the solar cells and sometimes destroy the functionality of the satellite. High velocity is associated with high kinetic energy, which transits into thermal energy. Hence, the viscoelasticity of the composite material changes due to the temperature rise. Consequently, the polymer softens, which reduces its stiffness. In thermoplastic material, the plastic flow in a softened polymer matrix near the delaminated region reduces the tendency to widen the matrix cracks. This inhibition of matrix cracks reduces the delamination area [81]. However, in thermoset materials, thermal energy reduces the structural integrity. Therefore, thermoplastic composites like PEEK/CF show much less pitting and delamination compared to epoxy/CF [82]. Similarly, the fabricating method also affects the impact damage. Braided composite structures provide more resistance against impact damage compared to unidirectional laminates due to the interlocking of two interlaced fiber bundles. This interlocking provides resistance against crack propagation. The network of interlaced fibers distributes the impact load evenly throughout the structure. This even stress distribution reduces the severity of local damage [83,84,85,86].





3. Design Requirements for Space Structure


All the features of the LEO act on the satellite structure simultaneously. The material undergoes all different types of material degradation simultaneously. It is necessary to learn about the synergistic effects of all degradation mechanisms. For example, the mass loss due to UV radiation gets saturated after a certain time [47]. However, mass erosion doubles if it is combined with atomic oxygen [87]. Cross-linking and chain scission increases opportunities for atomic oxygen to react. It develops micro-cracks, which eventually increase the permeability of oxygen ions to penetrate the structure. All these effects double the rate of material erosion. Carbon fibers with epoxy and polysulfone matrix have been exposed to the LEO environment for 69 months in the Long Duration Exposure Facility (LDEF) in low earth orbit by the Challenger Shuttle. The mass loss in the epoxy/CF was 20% compared with ground control samples, whereas for polysulfone/CF, it was 3% [88]. The control ground specimens were kept in controlled temperature and humid conditions in the shuttle. They are shielded from exposure to outside space [89]. After studying all the degradation mechanisms caused by each constituent of the space environment, it is clear that the following design requirements are necessary to be evaluated for material selection to design any space structure for low earth orbit.



	
Dimensional stability;



	
Thermal stability;



	
Material resistance to environmental degradation;



	
Mechanical properties;



	
Joining capabilities;



	
Damage resistance and repair capabilities;



	
Weight saving;



	
Resistance to vibration.






Each design requirement needs to be analyzed and quantified with physical characteristics. Some important variables, which can help to evaluate all the above-mentioned design requirements, are explained in a fishbone diagram (Figure 3).



3.1. Design Characteristics of Satellite Structure


There are some common effects of several factors of low earth orbit environment. For example, surface erosion can be caused by UV radiation as well as atomic oxygen. This effect reduces the mechanical and optical performance of the structure. Similarly, mass loss is a common factor in all major space conditions, such as thermal cycles, UV radiation, atomic radiation and vacuum pressure. Figure 3 shows all interconnected design characteristics required to be considered in the design of space structures.



3.1.1. Coefficient of Thermal Expansion


The material expands or contracts when subjected to varying temperatures. This expansion is described by the coefficient of thermal expansion (CTE). Linear CTE is the change in length by the change in temperature:


  CTE =   Δ l / l   Δ T    



(1)




l is the length of the structure,   Δ l   is the change in the length, and   Δ T   is the change in temperature. The unit of CTE is K−1 or °C−1. It is the property of a material that indicates to what extent the material will expand by heating [90].



In fiber composite materials, fiber and matrix have different CTE. Hence, this material develops thermal stresses, even on the microscale, when subjected to thermal loads, which might lead to dimensional instabilities. For example, the CTE of carbon fibers is negative, whereas the polymer matrix generally has pronounced positive CTE [91]. The change in overall CTE is determined by the interfacial bond between fiber and matrix. The effect of thermal cycles on the CTE of composites is a combined effect of fiber and polymer. The CTE of carbon fiber bundles (CFB) increases with thermal cycles first (until 80 cycles) and then gets saturated. This can be attributed to the accumulation of residual strain in the fiber after each thermal cycle [92].



In the case of carbon fiber-reinforced epoxy, the CTE reduces first and then increases when subjected to vacuum thermal cycles. Shin et al. recorded a reduction in both longitudinal and transverse CTE in carbon fiber epoxy with an increase in thermal cycles [93]. Their study was conducted up to 80 thermal cycles. However, Gao et al., who exposed the material to up to 351 thermal cycles, noticed that the longitudinal CTE first decreases and then increases [46]. The initial reduction can be due to loss of matrix and outgassing. Outgassing reduces the size. The more the fiber volume fraction increases (the fiber’s CTE is negative), the more the overall CTE reduces [93]. However, the mass loss does not continue to decrease. It reaches a saturation point after a certain number of thermal cycles [46].



After a certain number of thermal cycles, interfacial de-bonding increases, which is further boosted by micro-cracks induced by the thermal cycles. This relieves the restriction of fiber–matrix interaction, resulting in a decrease in the contribution of the fibers. Consequently, thermal expansion is now gradually influenced by the matrix whose CTE is positive. The density of micro-cracks also increases initially and reaches a plateau value after a certain exposure time [49]. Similarly, the mass loss also attains a saturated value. Therefore, it is crucial to investigate the behavior of CTE for long-duration exposure. Conclusions about CTE behavior based on short-term data would be questionable [46,47,48,49,50,51,52,93]. Currently, the available experimental data for CTE under vacuum thermal cycling is limited to only a few hundred cycles, which is hardly equivalent to half a month in low earth orbit (LEO) environment.



Ten Koh satellite was launched in 2018 to study the variation of CTE of PEEK/CF (polyetheretherketone carbon fiber composite). The satellite monitored in-situ linear expansion and the temperature variation. They reported that the variation of CTE for PEEK/CF in LEO remained unchanged for a short period of time (4 months) because it is within the range of 2–6 ppm/°C [20]. These samples have received actual exposure to the LEO environment, including UV radiation and atomic oxygen. It shows that PEEK composite material is dimensionally stable. The duration of exposure was 4 months, which is the longest among all the research conducted until now regarding material degradation under space exposure. However, the effect of CTE for a long duration of exposure has yet to be examined.




3.1.2. Coefficient of Moisture Expansion


The coefficient of moisture expansion determines the dimensional change in the material due to water or moisture absorption. It quantifies the water-holding capacity of the material. The moisture gets trapped in the composite material on earth. The entrapped moisture in the material will outgas in space, which reduces the dimension. Thus, it affects the dimensional stability of the component. Moisture absorbed in components can affect the satellite in three ways:




	
Water evolves out in space, causing a change in dimension.



	
Water molecules can contaminate other chilled optics or instruments of the satellite.



	
Prediction of the final dimension in the space after desorption of moisture from the structure is very tough and expensive.








Moisture absorption/desorption is calculated by fractional change in mass. It is a measure of a material’s susceptibility to moisture-induced dimensional changes. CME can be calculated through the given formula [94].


  C M E =   Δ l / l   Δ m / m  [ % ]     



(2)




l and m are length and mass, respectively,   Δ l   is the change in the length and   Δ m   is the change in mass. Material with less or negligible moisture absorption is preferred for space application. The measurement of the CME is extremely challenging. The swelling/shrinkage of CFRP is in the range < 5 × 10−5 (wt% H2O)−1 in the fiber direction and 1 × 10−3 (wt% H2O)−1 normal to the fiber [18,94]. For space applications, CME should also be measured at different temperature ranges (−150 to 150 °C).



The thermoplastic polymer PEEK shows high tolerance in moisture absorption, i.e., low water absorption compared to the epoxy matrix [7,81]. However, another thermoplastic polymer, like PA is highly sensitive to moisture [18]. Moreover, PEEK does not show any swelling upon absorbing moisture nor reduces its glass transition temperature. Pitch-based carbon fiber with P75/PEEK matrix has 0.1% of absorbed moisture after manufacturing [7]. The manufacturing process also has a great influence on the moisture absorption capacity. For example, honeycomb sandwich structures have a high tendency to entrap moisture [95]. Such entrapped moisture will outgas in space, affecting other satellite components.




3.1.3. Porosity or Voids


Composite materials usually have voids or pores, depending on the manufacturing process. Voids are the regions that are unfilled from polymer and fiber or a small volume filled with air. This occurs mostly due to inaccuracies in the manufacturing process. Voids influence the mechanical properties of the composite, such as interlaminar shear strength, transverse and longitudinal compressive strength, inter-laminar fracture toughness fatigue performance, etc. [96]. In space, voids increase the dimensional and thermal instability of the component as well. Void content is the most common parameter to measure the voids in the fiber-reinforced polymer (FRP) quantitatively. According to ASTM D2734 [97], the void content can be defined as a formula given by:


   V v  = 100 −  ρ c m   (     W r     ρ r    +    W f     ρ f     )   



(3)




W and ρ represent the weight and density of resin (matrix or polymer) by subscript r, fiber by f and composite by c. The densities of polymer or matrix    (   ρ r   )    and composite   (  ρ c m  )   can be calculated by standard ASTM D792, which uses the water buoyancy by the Archimedes principle [98] or by ASTM D1505 [99], which uses density gradient technique. The density of fibers can be measured through water buoyancy or a gas pycnometer.



Voids can be filled by moisture, gases, other volatile organic compounds, etc., during the consolidation of the structure. These volatile materials could be any oxides of any organic or inorganic elements. Any solvent, release agent, or degraded or modified polymeric compounds other than the matrix released during curing are also termed volatile. For a space-qualified material, the amount of volatile material must be <0.1% according to the standard ASTM E512 [100]. The void content also indicates the amount of volatiles that can be entrapped [100]. In space, these volatiles escape out due to vacuum pressure, which eventually increases the voids by micro-cracks. Hence, the manufacturing process for fiber-reinforced polymers is an important design parameter.



Void content and its distribution depend upon material properties like the wettability of the fibers by the polymer, volatile components in the polymer itself and processing parameters like temperature, pressure and time [96]. It can also be characterized by the reinforcement structure, stacking sequence and manufacturing process. For example, autoclave curing reduced the void content to <1% [101,102]. In out-of-autoclave processes, the degree of impregnation, polymer rheological properties and its evolution during the process influence the void content. Each manufacturing process has its own controlling parameters that should be carefully addressed to achieve a low void content in the composite material.




3.1.4. Erosion Yield


Erosion yield is a quantitative method to calculate material loss due to atomic oxygen in space. It is defined as volume loss of the structure when one atom of oxygen strikes it in space. It is described as follows:


   E y  =   Δ  M S     A s   ρ s  F    



(4)




   E y    is the erosion yield of the incident surface against AO flux (cm3/atom),    M S    is the mass loss of the structure,    A s     is the surface area of the structure exposed to atomic oxygen flux (cm2),    ρ s     is the density of the material (g/cm3), and F is the fluence of atomic oxygen (atoms/cm2). Erosion yield can be determined by two methods. The first technique is through a comparison of the values of erosion to a space-qualified polyimide film called Kapton film. It is used as a reference material because its erosion yield, fluence of atomic oxygen, and its density are well known [66]. The other technique is to determine erosion yield by recession depth measurement [103].



For composite materials that also contain fibers, the calculation of erosion yield is a little more complex. The erosion yield of fiber composites can be determined as follows [103]:


   E y  =  1     V f     E  y f     +    V m     E  y m        



(5)




   E  y f    ,     E  y m     are the erosion yield of fibers and matrix in the composite, respectively, and    V f  ,    V m    are the volume fractions of fiber and matrix in composite, respectively.



NASA conducted the Polymer Erosion and Contamination Experiment (PEACE) at ISS for 41 different polymers during the Material International Space Station Experiment (MISSE) mission. If the target polymer is not present in that list, then we can also estimate erosion yield by studying the chemical structure of the polymer-repeating unit (monomer) by using a factor called polymer susceptibility to AO, which will be described in detail in the next section. The MISSE mission has calculated erosion yield for polymers (non-reinforced). The erosion yield for composites is calculated with empirical formulas only. The experimental values from space are still required to validate the formulas. However, a few studies have been conducted based on experimental values by simulated space on Earth [1,57,69,70,71,104,105].



Erosion is sensitive to the chemical composition of the polymer. Atomic oxygen reacts with the polymer composite, releasing byproducts that could be both volatiles like CO, CO2, or H2O and non-volatiles like SiO2 or TiO2 [106]. Oxygen atoms are highly reactive due to their bi-radical electronic configuration. However, fluorine and chlorine atoms have higher reactivity compared to oxygen atoms. Therefore, the polymers having pendent fluorine and/or chlorine atoms show lower erosion yield than the reference polymer Kapton film. This pattern is noticed in the recorded erosion yield values of 41 polymers during the MISSE 2 PEACE mission [66]. Based on these values and the chemical behavior of the constituent elements of the polymer, a predictive tool was developed by Banks et al. [70]. This tool predicts the erosion yield due to the atomic erosion of polymers by utilizing the chemical structure, atomic population of the monomer, oxygen bonding information and physical properties. Such tools save the cost and time of in-space testing to calculate the erosion yield of new polymers. Several other researchers also have developed tools to predict the erosion yield based on the susceptibility of oxygen atoms, which will be mentioned in the next section.



The erosion of the polymer is sensitive to atomic oxygen, as well as the impact of UV radiation and thermal cycles. Hence, the solo effect of the atomic oxygen cannot describe the full scenario of mass loss in space. Mass loss of PI Kapton film increases with an increase in AO fluence linearly [104]. The effect of prior exposure to vacuum thermal cycling with UV radiation on mass loss due to the atomic oxygen varies according to the polymers, as well as the coating on the polymer. Kapton film coated with SiOx, AOR Kapton (polyimide film coated with polysiloxane) and Kapton with no primer were subjected to vacuum UV radiation of 1000 ESH (equivalent solar hours) followed by 700 vacuum thermal cycles and finally with atomic oxygen, which is equivalent to LEO. The effect of prior exposure to vacuum thermal cycling combined with UV radiation on mass loss due to atomic oxygen is negligible for SiOx-coated Kapton, whereas the AOR-coated Kapton shows a decreased mass loss. For non-primed Kapton, the mass loss due to atomic oxygen increases if it is priorly exposed to UV radiation and thermal cycling [57]. For unprotected CFRP, atomic oxygen can reduce the mass up to 7% if it is exposed for 8 months of LEO-equivalent exposure. However, the same material with a polymer protective coating reduces between 1–2% of mass under the same amount of exposure. These coatings are cross-linked polystyrene Rexolite, polyethermide ULTEM 1000 and low dielectric constant polymer (LOK) [105].




3.1.5. Polymer Susceptibility to AO


The chemical composition of a polymer is very important when it comes to material erosion due to atomic oxygen. The photo-disassociation energy for the C-C bond is 3.6 eV, while for the C=C bond, it is 6.3 eV. On the other hand, the C-N bond has a photo-disassociation energy of 3.1 eV, and the C-H bond has 4.3 eV [107]. Thus, to break a C=C bond, a higher AO fluence is required than the C-N and C-H bonds. The more the number of C-N bonds in the polymer unit (monomer), the more easily it is eroded by atomic oxygen. To break a C-C bond, the atomic oxygen needs to break the C-H bonds, too. The effect of carbon content in the monomer in estimating erosion yield is quantified by the beta parameter. It indicates that erosion yield is inversely proportional to the number of carbon atoms in a monomer. Cool et al. compared the beta parameter with the erosion yield data of some polymers [69]. It shows a linear relationship with the beta parameter.



However, this linear relationship seems to be valid only for hydrocarbon polymers. The erosion yield of monomers with unsaturated carbon atoms fluorinated or oxygenated polymers deviates from this linear relationship. In Table 1, the erosion yield values obtained by the atomic oxygen beam facility at the University of Toronto and the values obtained by in-space testing from the MISSE 2 mission are compared by their beta parameters. Cool et al. mentioned that it is the strength of the C-C bonds that determines the erosion yield [69]. From Table 1, we can see that even though Teflon (PTFE) and polyethylene have the same beta value, there is a huge difference in their erosion yield values. Hence, it is necessary to investigate other constituent atoms of the monomer, such as nitrogen, fluorine, oxygen, etc., to predict the erosion yield. The beta parameter is not sufficient to predict the erosion yield of the polymer, especially for polymers like PA66, polyethylene, or Teflon (PTFE).



One such investigation was conducted for intermolecular oxygen. Intermolecular oxygen atoms are present in the polymer repeating unit (monomer). It reduces the “effective” number of carbon atoms available for the incoming atomic oxygen. Gokan et al. have studied this relation under oxygen ion beam etching conditions [108]. The presence of oxygen in the monomer as carbonyl group (>C=O) can reduce erosion yield as the bond disassociation energy of the carbonyl group is 7.7 eV, which is even higher than that of C=C bonds. Hence, during disassociation, the intermolecular oxygen atoms in monomers are released as CO, reducing the effective number of carbon atoms in the monomer. This effect of intermolecular oxygen atoms is described by the gamma parameter.



The gamma parameter revises the beta parameter [108]. It is directly proportional to the erosion yield.


   E y  ∝ γ  



(6)






  γ =    N t     N c  −  N o     



(7)




   E y    is the erosion yield in ×10−24 cm3/atom,    N t    is the number of total atoms in the monomer,    N c  ,  N o    are the numbers of carbon and oxygen atoms, respectively. Hence, a suitable fiber-reinforced polymer can be evaluated for space application by studying its chemical structure. A few polymers have been studied by Cool et al. using data from the NASA MISSE mission, which are described below in the table [69,108].



The gamma parameter is also an important criterion for the selection of polymers for coating surfaces. The polymer’s chemical composition, structure and the initial conditions of its interaction with atomic oxygen have practical implications for engineering applications by determining the erosion rate. This will help to select a polymer for space applications and develop new surface coatings against erosion. The reaction probabilities obtained from these studies suggest that further investigations on the effects of initial energy exchange during the interaction are a valuable area for research. This research would provide a deeper understanding of the processes underlying the measured erosion yield.




3.1.6. Glass Transition Region of Polymer


The tragic disaster of the space shuttle Challenger in 1986 prompted engineers to investigate the temperature-dependent behavior of polymer in more detail. In this disaster, the rubber O-rings of the booster stopped working as rubber and started behaving as glass. This occurs due to the ambient temperature being below its glass transition temperature [109]. The rubber failed due to a brittle fracture. Later, it was investigated that the temperature exerts an effect on the mechanical properties of the material. A low temperature makes the material more brittle and vice versa. In the case of metals, this difference is minute. However, in the case of polymers, the material changes its behavior from glassy to rubbery with temperature extensively. The chemical composition and molecular motion in polymers determine the glass transition region. As the temperature increases, the mobility of the molecular chains increases, which enhances the rubbery or viscous behavior of the material. Therefore, the stiffness of the polymer in the glass transition region decreases almost linearly with temperature. This range is governed by the temperature rate and applied strain, the frequency of the applied strain, and the chemical composition of the polymer [110,111,112,113]. Dynamic thermo-mechanical analysis (DMTA) is a method to study the polymer stiffness over the temperature range. The specimen is subjected to oscillatory strain under varying temperatures. Therefore, the stress developed in the specimen is dynamic in nature. The dynamic complex modulus of elasticity is calculated based on the response of the specimen. This modulus consists of two parts. One is the storage modulus, which is the real part and represents the elastic behavior of the polymer. The imaginary part of this dynamic modulus represents the dissipated mechanical energy in the form of heat intermolecular deformation or material flow.



In DMTA, the polymer receives both mechanical and thermal energy at a specific frequency. The higher the frequency of the applied strain, the less time available for molecular movement in the polymer. Naresh et al. [111] examined carbon fiber epoxy using DMTA analysis at different frequencies. They observed that the storage modulus of the material had increased by 5.56% when the frequency of the applied strain increased from 1 to 50 Hz, while the glass transition temperature increased by 19.6%. At a high frequency, the time of thermal deformation in the material is lower compared to a lower frequency. Thus, the mechanical properties of polymers depend not only on temperature but also on cycle time. In low Earth orbit, where the temperature fluctuates from −150 °C to 150 °C within the cycle time of 90 min, the study of the glass transition region is extremely important.



The glass transition temperature indicates the temperature range in which the behavior of the material is neither glassy nor viscous. Before this temperature, the material has a high stiffness. Therefore, this parameter is very useful for component designers. There are three types of glass transition temperatures: Tg(E’), Tg(E”) and Tg(tan δ ). Tg(E’) describes the temperature at which the storage modulus (real part of modulus of elasticity) kinks. This indicates the beginning of the glass transition region of the polymer. This is the lowest value among all three. The highest value of the glass transition region is recorded by the curve of tan  δ ,   which represents the ratio of energy dissipation in the form of heat. The glass transition temperature of some polymers used for space applications is listed in Table 2.



The Challenger disaster occurred in the troposphere, where the conditions were quite different from those at LEO. The applied load was huge due to the presence of the atmosphere (aerodynamic loads), launching load, and inertial load. In the orbit, on the other hand, the load acting on the structure is lower due to the absence of atmosphere. Therefore, the effect of the LEO environment on the glass transition temperature of the composite is less relevant. Carbon fiber composites with epoxy and polysulfone matrix were exposed to the LEO environment for 69 months in a long-duration experimental facility (LDEF). The change in glass transition temperature was negligible in both cases compared to the ground specimens subjected to thermal cycling only [88]. Similar behavior was observed for epoxy shape-memory-polymer/CF under the exposure of sole atomic oxygen equivalent to 1.2 LEO months [118]. Thermoplastic polymers, especially crystalline polymers, also show changes in glass transition temperature [22,119]. Polymer films of polystyrene, polyvinyl toluene and polymethylmethacrylate did not show any difference in Tg after 5.8 years of space environment exposure in LDEF [118].




3.1.7. Mirco-Crack Density


Micro-cracks in composites are inter-laminar or intra-laminar and generally grow transverse or parallel to the fibers. Micro-cracks can be characterized by crack density and crack length. The micro-crack density is determined by dividing the number of micro-cracks on the surface of the specimen by its surface area. When the specimen is subjected to thermal cycling, the number of micro-cracks increases with the number of thermal cycles until a saturation point [48,49]. A honeycomb sandwich with CFRP sheet was subjected to thermal cycling (range −185 °C to 150 °C) to study the growth of micro-cracks. The number of micro-cracks level off after 30 thermal cycles. These cracks are major delamination cracks. In laminates, the micro-crack density increases with stiffness and longitudinal CTE of the fibers when it is subjected to cryogenic thermal cycling. These cracks are major transverse cracks. However, the number of these micro-cracks levels off after a couple of thermal cycles [120]. Although the number of transverse micro-cracks levels off after a few thermal cycles and remains constant for a while, if the specimen is exposed to thousands of thermal cycles from a few cycles, the number of transverse micro-cracks will increase linearly, breaking that plateau region. In a study by Shimokawa et al. [52], a carbon fiber-reinforced thermoplastic (polyimide/CF) and a thermoset laminate (bismaleimide/CF) underwent normal lab-conditioned thermal cycles (−54 °C to 177 °C) with 10,000 and 1000 cycles respectively. Micro-cracks in polyimide/CF initially level off at <500 cycles, then increase significantly. The possible reason could be isothermal aging at dwelling time at each high and low temperature. Another reason could be an accumulation of thermal residual stresses, which release itself in the form of micro-cracks.



With regards to the LEO environment, vacuum thermal cycling along with irradiation would increase the micro-cracking significantly. Here, the outgassing of volatiles, erosion effect of atomic oxygen and matrix degradation add their contribution to the growth of micro-cracks, too. Therefore, quantitative analysis of micro-cracks development due to thermal cycling over a long period of time is required.



Modification of the polymer can also reduce the formation of the micro-cracking. For example, a self-healing composite contains a separate agent in the polymer, which seals the micro-cracks retarding its propagation. Such inclusion of a separate agent in the polymer is similar to the healing of cracks. Self-healing composites can also be considered for the design of space structures [121,122].




3.1.8. Damage Resistance and Repair


Damage resistance is an important characteristic in the design of a space structure due to the possibility of extreme high-energy impact damage by space debris or meteoroids. Matrix cracks and inter-ply delamination are predominant near the impact point. The shear strength of the material provides resistance against matrix cracking and delamination among plies. Thermoplastic polymer composites like PEEK/AS4 show 20% higher shear strength than graphite epoxy subjected to an impact load of 3200 lb for 0.003 s [82]. Self-healing polymers can also provide higher resistance to impact damage with the help of micro-encapsulation. The healing agent is encapsulated in the matrix, which ruptures at micro-cracks. This agent fills the crack and starts polymerization through the healing agent and a catalyst [123,124,125]. The use of such polymers in space suits can enhance their protective capabilities, particularly against potential cuts and punctures caused by micrometeoroids and orbital debris (MMOD). They have the potential to prevent depressurization, a critical and potentially fatal concern during extended crewed missions. However, a comprehensive analysis of the long-term degradation of these polymers is necessary to understand their performance in the space environment, especially concerning radiation effects.




3.1.9. Strength and Stiffness


The strength and stiffness of the material vary according to the change in the environment to which it is exposed. Varying temperatures accompanied by irradiation reduce the strength of the material. The stiffness of the epoxy composite material decreases after AO and UV radiation [87,119]. However, radiation shows minimal effect on the microstructure of semi-crystalline polymers compared to epoxy. In addition, the degree of crystallinity does not change with irradiation of semi-crystalline polymers. However, thermal cycling affects the strength of the material due to the formation of micro-cracks [119]. The presence of atomic oxygen and ultraviolet rays leads to premature failure of the structure if it is subjected to primary loading. Ply orientation or fiber angle also plays an important role in the mechanical properties of the samples exposed to atomic oxygen. The reduction in flexural properties is not significant in the case of unidirectional 0° laminate because the load is carried by the 0° fibers from the eroded part of the specimen [89]. Woven fabric also shows insignificant changes in flexural modulus in the 0° and 90° direction, but for angle ply stacking [0°, ±45°, 0° ± 45°]s, its values drop significantly when exposed to direct AO exposure. This is due to erosion or loss of the 0° plies, which are more responsible for load-carrying capacity.



In MISSE 6, a few samples of thin film polymers were investigated under stressed conditions. The samples are strained while exposed to the wake and ram side of the ISS. The stressed Kapton samples at the ram side (the side of the space station that receives more atomic oxygen and solar radiation) were completely broken, while there was only some evidence of cracking in the samples of the wake side. The applied stress was 6% of the ultimate strength. These samples were initially stretched in the range of 0.005–0.7% strain. This shows that the samples on the ram side failed before the yield strength. This premature failure of the material was due to atomic oxygen [126].



Six commercially available composite materials were subject to 500 thermal cycles in the range of −153 °C to 93 °C and electron radiation. These materials are; one amorphous, two semi-crystalline thermoplastics and three different epoxy-based thermosets. The thermal cycling of irradiated specimens of thermoset epoxy material degrades their stiffness significantly. However, semi-crystalline PPS/CF shows a slight decrease in strength, whereas semi-crystalline PEEK/CF shows a significant loss of strength, whereas the amorphous thermoplastic P1700/C6000 shows a reduction in strength [119]. However, 500 thermal cycles are very few to develop a concrete conclusion about the behaviors of thermoplastic composites as they account for only one month’s equivalent LEO exposure. Longer exposure to such an environment is required to draw a conclusion about the strength.




3.1.10. Random Vibration


During the launch of satellites, the material is subjected to strong random vibration. The vibrational frequency of a typical mission for the launch of CubeSat is around 50–90 Hz [127]. However, random vibration can be as high as 2000 Hz. Therefore, power spectral density (PSD) of acceleration analysis is performed to analyze the stability of the structure under high vibrational loads. The PSD is a measure of the area of the domain of acceleration amplitude within a particular frequency range. Eigen frequencies of the structure are analyzed in modal analysis. The quasi-static analysis is also conducted to analyze the material for high inertial loads acting on the satellite during launch. A sine burst test is also performed to evaluate the strength of the structure over a vibration table, which induces acceleration with a loading factor equal to the launching scenarios [128].




3.1.11. Manufacturing Method


Some of the design characteristics can be controlled by selecting the proper manufacturing process. For example, void and porosity can be controlled by the right selection of consolidation temperature and pressure. Consolidation in an autoclave creates fewer voids than out-of-autoclave consolidation. Similarly, filament winding, pultrusion, tape laying, braiding, resin transfer molding, and vacuum-assisted resin transfer molding can be analyzed comparatively in regard to void formation [24,96,101,129]. The method of fiber and resin placement can influence the growth of micro-cracks. Mehdikhani et al. [96] explained void formation according to its consolidation process. They also explained manufacturing parameters, which can control the formation of voids.



Braided composites show higher resistance to micro-cracking compared to filament winding. Braided composite structures have interlocking adhesion between two yarns that counteract the propagation of micro-cracks. The braided fabric improves energy absorption, which increases robustness under impact loads. In a burst pressure test, braided hydrogen pressure vessels create a leaky hole that releases the pressure before catastrophic vessel rupture. Therefore, these structures mitigate the catastrophic failure compared to filament winding. In interwoven tapes, there is inter-laminar adhesion that prevents micro-cracking and ultimately reduces permeation [83,84]. In a study by NASA, woven fabric and cross-ply laminate were exposed to 500 thermal cycles of temperature, 129 °C to 94 °C [130]. It was found that the woven fabric of epoxy graphite exhibited 3 cracks/inch while a cross-ply laminate exhibited 11 cracks/inch. The CTE of a cross-ply laminate decreases by 20% after 500 thermal cycles, whereas the plain weave epoxy graphite shows no change in CTE. Hence, woven fabric is more resistant to thermal expansion than cross-ply laminate [130]. Due to a lack of technological advancement in the fabrication process, the void content in braided parts was about 8% during the 20th century [24]. High void content reduces the performance of the fabricated parts and tends to absorb high amounts of volatiles, which results in outgassing. However, according to the current state of the art, the void content of thermoplastic composite structures with braiding technology with an out-of-autoclave consolidation process is below 1% [96,129,131,132,133,134]. In addition, out-of-autoclave consolidation processing makes the fabrication process faster and cheaper.



For thermoplastic materials, the fabrication cycle time, post-machinability, weldability and thermoformability are better than that of thermosets. It saves on costs and production time. Current technology advances in polymer processing, i.e., out-of-autoclave manufacturing such as pultrusion, tape placement, thermoforming, resin transfer molding, etc., can also produce high-quality products with minimal porosity. The challenge for out-of-autoclave processes to produce space structures is to produce low-void materials (void/porosity < 1%). Each process has different parameters to control the void content. In resin transfer molding, the voids can be controlled by optimizing capillary number, injection pressure and vacuum level. In automated thermoset lay-ups, the properties of prepreg, such as void content, its surface roughness and compaction pressure and temperature during curing, are important, whereas in automated thermoplastic lay-ups, in adition of void content, level of crystallinity, fiber volume fraction and dimensional tolerance, the force & contact time of the compaction rollers are the decisive factor to control the void content [96,129,133,134,135].



In the next ten years, demand for satellites will be high. Therefore, rapid manufacturing methods will be needed. Additive manufacturing and out-of-autoclave manufacturing processes are suitable to meet this demand. Additive manufacturing is also a popular manufacturing method for developing the primary structures of spacecraft. 3D printing has speed up the manufacturing of satellites, especially cube satellites in the range of 100 to 1000 kg. CRP Technologies, an additive manufacturing company, has produced several satellite parts by selective laser sintering of Windform material, which is carbon fiber or glass fiber-reinforced polyamide. These parts are used as deployers for the antenna, frames of lens sensor assemblies and battery housing [136]. The main advantage of additive manufacturing is the freedom from manufacturing constraints when designing a part with monolithic structural elements. With 3D printing, critical subsystems can be printed together with high packing density and minimum joints.






4. Testing Facilities Available


In this section, some testing facilities that provide space-related material tests are suggested. The type of tests required to verify the material for space applications can be divided into aerospace and space environment tests.



In aerospace, the forces and degradation mechanisms during launch are more dominated by vibration, aerodynamic forces, and heat. Therefore, the characterization tests will be modal analysis, quasi-static analysis and random vibration analysis [127,137]. Resonance frequency tests and power spectral density (PSD) analysis can be performed in this campaign [127]. NASA’s Wallops flight facility provides launch-related testing that focuses on the vibration, strength, and outgassing properties of composite structures. For vibration campaign test set-ups, the Hellenic aerospace industry can be approached [127]. The tests required to qualify the launch loads will not be discussed further in this paper.



In the space environment, there are three main elements in regard to composite material: vacuum thermal cycling, solar and high ultra-violet radiation and atomic oxygen flux. The University of Patras, Rio Campus, offers thermal vacuum testing with −40 °C to 60 °C thermal cycles at a vacuum pressure of 10−1 mbar. The CubeSat UPsat, which was a part of the EU-funded QB50 project, was tested at this facility [127].



At the Korean Advanced Institute of Science and Technology (KAIST), a LEO environmental test facility can be used to study the degradation of composite materials. It can expose samples to a high vacuum of 2 × 10−6 mbar, UV radiation (less than 200 nm wavelength), thermal cycling of −70 °C to 100 °C and AO with a flow rate of 9.08 × 1014 atoms/cm2s [138].



A plasma asher can also be used for atomic oxygen exposure. This device releases oxygen ions at a frequency of 13.56 MHz RF in a vacuum of 1–2000 mtorr (0.001–2 mbar), which is a little low compared to the LEO condition [139]. This machine can produce an energy of 0.1 eV, which is also a little low compared to the energy associated with the ions in LEO. Nevertheless, this is one of the cheapest solutions to provide rough estimations of the material degradation due to atomic oxygen.



ESA ESTEC (European Space Research Technology Center) has a ground-based AO flux facility, which can generate ions with an energy of 5.5 eV and an AO flux of 1025 atoms/cm2s. It produces atomic oxygen by dissociation of molecular O2 using a pulsed CO2 laser. The background pressure is below 10−5 mbar [140,141]. NASA Marshall Space Center provides an atomic oxygen beam facility, a UV radiation test chamber, and a combined environmental effect testing chamber [142].



DLR (German Aerospace Center) has a solar simulation facility with a complex irradiation facility and high vacuum. Material degradation can be studied individually by space exposure through vacuum thermal cycling or solar radiation. However, synergetic exposure is not possible until now [63].



The University of Toronto also provides an atomic oxygen beam facility whose results are being used to develop several prediction models for erosion yield due to atomic oxygen [1,64,69,70]. The facility is capable of delivering neutral ground atoms at ~2.2 eV with a flux level of ~1016 atoms/cm2s−1 [143].




5. Few Suggested Composite Materials


The high strength-to-weight ratio, joining capability (specifically thermoplastics) and thermal stability have motivated numerous researchers to use composite materials for space applications since 1960. Fiber-reinforced epoxy was used in large sunshades, antennas, fairings and payload adapters, skin modules, sandwich panels and other primary structures of the satellite during the last decade of the 20th century. Due to a lack of technological progress in various manufacturing techniques, thermoplastic material is still rarely used for space applications. Moreover, there is a lack of experimental data to describe the material behavior in space environment. Especially in the case of fiber-reinforced plastics, two matrix materials have been studied well until now, namely PEEK and epoxy. Other studies were conducted on polymer thin films only.



PEEK is one of the most resistant polymers against AO and absorbs 10 times less moisture compared to epoxy. Semi-crystalline PEEK has a 17% weight-saving capability in the fabrication of a sunshade compared to epoxy [7]. The joining capability of thermoplastic materials by welding makes it more suitable compared to epoxy resin. Several investigations have been conducted on the behavior of PEEK polymer in the LEO environment.



Polymers like PET or PI (Kapton) also show good resistance against AO, similar to PEEK. PET film is generally used together with aluminum metallization as a sail membrane or multi-layer insulation [144,145]. The erosion yield due to atomic oxygen for PET and PEEK is similar, as well as its moisture absorption [2]. PET shows high resistance against impact loads and chemical reactions. It is used for space suits [146]. However, the manufacturability of carbon fiber composites with PET matrix is challenging.



Cross-linked ethylene-tetrafluoroethylene (X-ETFE) is widely used for jacketing the material for space applications, particularly for electric cables on solar arrays. It exhibits high resistance to heat, cold flow and creep resistance. The operating temperature can be as high as 150 °C [147].



Windform material is a 3D printed material composed of carbon-fiber-reinforced polyamide manufactured by selective laser sintering technology. It does not show remarkable damage under vacuum ultra-violet radiation of wavelength range 115–200 nm and exposure for 36 continuous hours [148]. This material has qualified for the ESA requirements of outgassing [149]. This material is now available for space application. A nanosatellite TuPOD was constructed by Windform XT 2.0 CRP in 2016. Another satellite, PrintSat, also uses a primary structure made of Windform XT material [150]. However, this satellite became lost, and its position is unknown to date. The exposure time of 36 h was very short compared to the estimated dwelling time of the satellite or satellite parts in space, which should be at least more than a year. Long-term material degradation analysis is required.



Accura Bluestone stereolithographically fabricated parts from nano-composite material are developed by 3D systems. These parts were recently used for spacecraft structures, particularly miniature satellites. It was developed for 3D printing and is generally used for nozzles, tubing and storage cold gas propulsion systems, and attitude thrusters. This plastic has a high stiffness and impact strength as well as extreme resistance to high temperature due to its monolithic element structure [150,151,152].



Florinated-ethylene Teflon film (FEP) is already used for multi-layer insulation. It is highly resistant to erosion from atomic oxygen and ultraviolet rays. Due to its chemical structure, it is 15 times more resistant than PEEK [Table 1]. Therefore, fiber-reinforced FEP would be a good candidate material to investigate.



Polytetrafluoroethylene (PTFE) is also highly resistant to atomic oxygen, 21 times more resistant than PEEK (Table 1). PTFE is already used in satellites (e.g., Grossamer deorbiter) as plates, cable insulation, and coatings. The strength of PTFE decreases significantly when exposed to radiation. However, by reinforcing PTFE with fibers, its strength can be improved. Fiber-reinforced PTFE could be a good candidate for studying material degradation [21,153].



Other polymers suggested for material investigation are bismaleimides (BMI), polyimide, phenolic, polyetherimide, polystyrene, polysulfone, polystyrene, PMMA Teflon etc.




6. Conclusions


Several degradation mechanisms due to the space environment for composite materials were studied in this paper. The effects of each component of the LEO environment were studied, and a few major design characteristics were drafted, which should be investigated by a space engineer to develop a composite space structure. One such characteristic was an empirical model based on the chemical composition of the polymer to estimate the potential erosion due to atomic oxygen. The performance of the polymer can also be evaluated to some extent by these models [57,69,70,71,104,105]. However, to verify these models, we require experimental data, which we lack. Apart from the selection of a proper polymer and fiber, it is also necessary to select a proper manufacturing method. By studying the degradation mechanisms and the techniques to mitigate the degradation, the selection of the material can be done wisely.



Even though polymers have been used since the beginning of the space age as polymer thin films in protective layers, coating, insulation, space suits, etc., we have limited material data. Since 2000, the new space age industries have focused more on reducing weight. They have already listed the benefits of composite structures in space. Nowadays, composite materials are used in space structures such as antennas, hinges, morphing wings, booms, solar arrays, struts and trusses, frames of satellites, battery casings, holding cases of satellite equipment like lenses, sensors, thrusters, reaction wheels, cameras, etc.



Surprisingly, these composite parts are launched into space without a thorough examination of material data dependent on the space environmental conditions. Space regulations for cube satellites are also relaxed compared to those for large satellites. One possible reason behind this could be a lack of assessment of the risk factors that could lead to catastrophic failures of the satellites. Material erosion and degradation due to long-term exposure are not well understood, and there is a lack of data on material performance in relation to space environmental factors.



Studying material degradation in the space environment has many challenges. The initial challenge is to develop testing chambers equivalent to the orbit environment, which can replicate approximately vacuum, radiation and thermal cycles experienced in the orbit. Very few institutions have these facilities, but they are mostly in separate chambers situated in different locations. The costs and time required to obtain experimental data from these specialized chambers are significant, which further extends project durations and costs. Synergetic climatic chambers that combine multiple environmental factors could be a valuable addition, which not only reduces the time but also improves the accuracy of material data, as a synergetic environment is more detrimental to material degradation. However, it is a second challenge to combine all the factors of the orbit environment in one chamber, even with modern technology. The third challenge is to accelerate the process so that long-term material data could be generated in the shortest time period and at the lowest cost.



The synergistic effects of the LEO environment, including electron/proton and ultraviolet radiation combined with atomic oxygen and thermal cycling, can significantly accelerate mass erosion compared to individual factors. For example, the double-sided aluminized Kapton thermal blanket used in the ISS was completely damaged after one year of exposure even though the expected lifetime was 15 years, based on ground laboratory tests in which the specimen was irradiated by atomic oxygen with fluence level equivalent to 15 years [68,71]. The erosion rate of Kapton film in space (in orbit of the ISS) was 18 times higher than the results obtained in a ground test facility on Earth [2]. Therefore, the simulation of individual effects in test facilities cannot accurately estimate the synergetic damage rates.



This study concludes that in the era of the new space age, where the satellite production is as high as 20 satellites per week [27] and satellite life is short, the use of composite materials is beneficial. It degrades faster and hence can sublimate in space rather than dwelling in the space for a long time. Therefore, material degradation should be investigated thoroughly for more polymer and composite materials. A comprehensive material database should be provided to the designers to create a responsible space structure that will not fail during the functional life of the satellite as well as does not stay longer in space as space debris.
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Figure 1. Source of heat for a satellite. 
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Figure 2. Spectral irradiance at low earth orbit. 
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Figure 3. Cause and effect diagram of design requirement and its characteristics. 
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Table 1. Comparison of theoretical erosion yield to in-space tested values with correlation of beta and gamma parameters.
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	Polymer
	Erosion Yield by Simulated Testing Ey × 10−24 cm3/Atom [69]
	Erosion Yield by In-Space Testing Eyx

×10−24 cm3/Atom

[66]
	Chemical Formula of Monomer
	γ
	β





	PEEK
	2.2
	2.99
	C19H12O3
	2.1
	1.8



	Kapton 1
	3.0
	3
	C22H10O5N2
	2.3
	1.8



	Polyethylene
	3.2
	>3.7
	CH2-CH2
	3
	3



	PET
	3.9
	3.01
	C10H8O4
	3.7
	2.2



	Polyamide 66
	4.4
	1.8
	C12H22O2N2
	3.8
	3.2



	PMMA
	4.8
	>5.6
	C5H8O2
	5
	3



	FEP
	
	0.2
	C5F10
	3
	3



	PTFE
	
	0.14
	C2F4
	3
	3



	PEO
	5.7
	1.93
	C2H4O
	2.2
	1.86







1 Space-qualified polyimide.













 





Table 2. Few polymers with their respective glass transition temperature.
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	Polymer
	Glass Transition Temperature (°C)





	PEEK
	145–155



	Kapton (HN)
	360–410 [114]



	PET
	114 [115]



	Polyamide 66
	47



	PMMA
	88–125 [116]



	PTFE
	27 [117]
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