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Abstract: Polyimide (PI, Kapton-H®) films are widely utilized in the spacecraft industry for their
insulating properties, mechanical durability, light weight, and chemical resistance to radiation. Still
PI materials remain exposed to a combination of high-energy electrons, protons, and ultraviolet (UV)
photons, particles primarily responsible for radiation-induced damage in geosynchronous Earth orbit
(GEO), which drastically change PI’s properties. This work reviews the effect of electron, proton,
and UV photon irradiation on the material properties (morphology, absorption, mechanical properties,
and charge transport) of PI. The different damaging mechanisms and chemical consequences that
drive changes in the material properties of PI caused by each individual kind of irradiation will be
discussed in detail.

Keywords: polyimide; geosynchronous Earth orbit (GEO); electron-irradiation; proton-irradiation;
UV photons impingement; optical properties; charge transport; space weather

1. Introduction

Man-made satellites are made from many different materials; among them polyimide (PI,
Kapton-H®), a solid organic insulator with a monomeric unit of C22H10N2O5 [1], has taken an honored
place over more than four decades due to its insulating properties, mechanical durability, low density,
and resistance to space radiation. PI mainly serves as the exterior surface of a satellite, offering an
ultra-lightweight thermal insulator to provide a stable range of operating temperatures for satellite
systems, as well as shielding electrical and electronic componentry from the space environment through
which the spacecraft travels [2–5].

This paper will review the effect of the various components of the space environment, mainly
geosynchronous Earth orbit (GEO), on PI’s chemical structure, as well as several material properties
since these changes can have profound effects on the performance of the spacecraft. The natural GEO
environment comprises electrons and protons with a broad spectrum of particle energies [6–8] as well
as solar ultraviolet (UV) radiation [9]. Other particles are present in GEO including gamma rays, etc.,
but in terms of total energy deposition into a spacecraft, solar charged particles and UV photons are
the dominant species interacting with the spacecraft surface [10].

Highly energetic electrons (0.1–10 MeV) form two toroidal belts extending out to about 60,000 km
(10 Earth radii, or RE) from the Earth’s center, with a maximum intensity typically at about 3–5 RE at
the equator. Thus, although GEO orbit (6.6 RE) is beyond the distance of maximum intensity, it is well
within the limits of the outer belt, and satellites orbiting within it are subjected to significant penetrating
electron and proton fluxes, as can be seen in Figure 1. Solar UV radiation is often divided into two
regions, the near-UV region including photon energies from 6.2–3.1 eV (200–400 nm) and vacuum-UV
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(VUV) region corresponding to UV photons with wavelengths below 200 nm. The hydrogen Lyman-α
line at 121.6 nm is the strongest vacuum ultraviolet (VUV) emission line in the solar spectrum [11].

When a solid dielectric interacts with energetic particles at GEO, it is subject to a number of
different destructive and non-destructive processes. Non-destructive processes can result in electronic
and vibrational excitation, electron emission, radiation induced conductivity, and a host of other effects
that can alter spacecraft material behavior over a wide range of time scales, e.g., [12–14]. While a
detailed understanding of these processes is vital to understanding and predicting a spacecraft’s
performance over its mission lifetime, they lie outside the scope of this review. This article will focus on
the destructive processes that lead to chemical changes in spacecraft materials and how the material’s
physical properties change as a manifestation of that chemical damage.

The nature of the dominant mechanism of energy deposition depends strongly on the mass of the
particle. Massive particles such as protons will impart large amounts of ballistic energy over a relatively
short depth, displacing nuclei in the solid, exciting phonons and vibrational transitions sufficient to
rupture every chemical bond [15]. Less massive particles, such as electrons, can be expected to deposit
energy primarily in the form of electronic excitation. Sufficient electronic energy deposition will also
rupture bonds, but the damage will be deposited over a longer trajectory and the chemical damage
will be more bond-selective. UV photons are energetic enough to dissociate molecular bonds, resulting
in photo-oxidation reactions that scissor or crosslink the polymer chains [16]. Indeed, even very low
energy ions and low mass particles such as He+ ions impart enough energy to break all bonds along a
penetration track in principle, but experimental studies have shown that low energy and low mass
particles impart damage through distinct and relatively well defined reactions [17].

Electrons, protons, and photons incident on a surface can also cause secondary electrons to be
ejected, initiating a charge imbalance near the surface. The secondary electron emission probability is
strongly dependent on the incident energy of the impinging particle [18–20]. Additionally, after the
kinetic energy of a charged particle has been exhausted, the proton or electron can embed itself into
the bulk, creating a local charge imbalance at the penetration depth of the particle. When considering
the interaction of the space environment with solid dielectrics, it is important to distinguish between
energy deposition and charge deposition [21]. If the charge in a material builds to a sufficient level,
this can lead to a dielectric breakdown or discharge to an adjacent (lesser charged) material. Both of
these electrostatic discharges can cause extensive local material damage.
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Figure 1. (Top panel) Mean annual electron flux (>100 keV electrons) and (bottom panel) mean annual 
proton flux (>5 MeV protons), orbit averaged, experienced by a satellite in a circular geocentric orbit 
as a function of altitude and maximum latitude (inclination for prograde orbits, supplement of 
inclination for retrograde orbits). Representative orbits are shown as dashed lines for reference, as are 
the positions of the Moon, International Space Station (ISS), and several other satellites. Figure based 
on AE9 V1.5 mean radiation belt model [22] for trapped electrons and protons, ACE EPAM data 
[22,23] for untrapped solar wind electrons, and the Xapsos model [24] for untrapped protons, with 
approximate geomagnetic cutoffs in solar proton access based on [25]. 
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Figure 1. (Top panel) Mean annual electron flux (>100 keV electrons) and (bottom panel) mean annual
proton flux (>5 MeV protons), orbit averaged, experienced by a satellite in a circular geocentric orbit as
a function of altitude and maximum latitude (inclination for prograde orbits, supplement of inclination
for retrograde orbits). Representative orbits are shown as dashed lines for reference, as are the positions
of the Moon, International Space Station (ISS), and several other satellites. Figure based on AE9
V1.5 mean radiation belt model [22] for trapped electrons and protons, ACE EPAM data [22,23] for
untrapped solar wind electrons, and the Xapsos model [24] for untrapped protons, with approximate
geomagnetic cutoffs in solar proton access based on [25].

Kapton has been utilized for the spacecraft industry starting in the 1970s, and several attempts to
summarize changes in its material properties, among those of other dielectrics, after interaction
with charged particles have been already made [26–28]. While comprehensive, these reviews
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primarily emphasize the usage of dielectrics as electrical materials, with little attention given to
the changes of mechanical and optical properties and the underlying changes in the chemical structure
of irradiated materials.

The radiation-induced changes to PI’s material properties are the result of radiation induced
effects on the material’s chemical structure. Thus, for instance, increased dark conductivity of
electron-irradiated PI is attributed to the presence of radicals formed as a result of radiation-induced
breakage of imide rings and/or ether bridges forming a metastable carbonyl. Increased concentration
of radicals, which can act as localization sites for both electrons and holes, together with increased
probability of charge release rate in radiation-damaged material leads to faster movement of the charge
body thus improving the conductivity of the material [29]. Since radiation induced conductivity (RIC)
in PI is controlled by several competing physical processes, it is therefore dependent upon radiation
dose rate, total received radiation dose, electric field, and temperature; thus, decrease and increase of
RIC depending on PI’s irradiation conditions has been reported [30].

The intensity of the VUV radiation is negligible (0.11 W/m2) compared to the total electromagnetic
intensity of solar radiation (1356 W/m2). However, the effects of VUV radiation should not be neglected
since complete absorption of high-energy photons in spacecraft materials can induce photolysis with
subsequent formation of highly chemically reactive moieties [31]. The creation of these reactive
chemical structures may result in a large variety of processes from the modification of the polymer
surface to complete decomposition [32,33].

One of the critical components missing from reports of ground-based simulation of material
degradation is detailed description of the sample handling procedures. It has been shown that materials
damaged by charged particles or light are susceptible to quick and dramatic “healing” in the presence
of air. This makes comparisons between experiments from different facilities extremely difficult and
has created uncertainty in the primary driving mechanism for material damage in space as each
facility’s space degradation simulation has different strengths and weaknesses in simulating the space
environment. In this review we will look at results regardless of the how the samples were handled,
but where possible post-irradiation sample handling will be reported and a higher priority will be
given to results using samples that were handled in vacuum or inert environments.

Whereas simulated spacecraft material degradation typically takes place under high vacuum
conditions, ~10−6–10−7 Torr, the subsequent material characterization is often performed in an
uncontrolled laboratory atmosphere. Chemical reaction of atmospheric gases with the highly reactive
radiation-modified PI may change the properties of damaged material in a way that is unrepresentative
of the space environment. Throughout recent decades, limited attention has been given to the effects
that the characterization/handling atmosphere has on the material properties of PI films irradiated
with high energy particles. Investigators at the U.S. Air Force Research Laboratory Space Vehicles
Directorate have evaluated the effects of several major constituents of Earth’s atmosphere (Ar, N2, O2,
and H2O) on the charge transport properties of PI damaged by exposure to 90 keV electrons and found
that exposure to O2 and H2O can have rapid and profound effects on the charge transport properties of
electron irradiated PI [34]. Whereas a detailed discussion of this topic is out of scope of the presented
review, we would like to emphasize the importance of careful control of the storage, handling, and
characterization protocols of irradiated material.

In the present work we review the published literature on alterations of material properties of
Kapton irradiated with high energy particles (electrons and protons) and VUV photons spanning the
1970s-present time period. It should be noted that vast majority of the publications reviewed here
investigate the effect of applied radiation doses on the order of several MGy, corresponding to the
several decades of mission duration. The typical operational lifetime of a GEO satellite currently
spans between 12 and 15 years. However, these limits are usually imposed by the amount of fuel
available for station-keeping [35], and the spacecraft design community strives continuously to extend
the lifetime of new satellites in orbit in order to reduce launch and operation expenses [36–39], to name
just a few. Thus, the operational life of GEO satellites may increase significantly in the near future
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and the understanding of the PI’s material changes at higher irradiation doses is important for the
development of more reliable predictive spacecraft models.

Moreover, decommissioned spacecraft do not disappear from GEO; rather, they are sent to a
“graveyard orbit” where they continue to age. An understanding of space-weather-induced material
changes in PI at higher irradiation doses is essential in order to assist with cataloguing of the unknown
objects in the GEO ring for collision risk mitigation of currently operational GEO satellites with the
decommissioned GEO satellites. Additionally, space debris, especially high area to mass ratio (HAMR)
objects, populate all orbits of interest and knowledge of how their optical and chemical signatures
change on orbit could be useful in their characterization.

This review may be useful for the development of more reliable predictive spacecraft models
(electrical charging, thermal, etc.) to guide the design of satellites with improved lifetime and system
reliability, and decreased satellite operational and construction costs.

2. GEO-Environment Simulation Facilities

At GEO, space weather may be represented by a combination of high vacuum, electron
(10 keV–2 MeV) and proton (10−4–10 MeV) fluxes, solar photons, and thermo-cycling between
120–150 K and 400–420 K [40,41]. Several irradiation facilities are available worldwide to perform
material investigations under radiation conditions that are prevalent in the space environment.

In some of them multiple radiation sources are combined in one vacuum irradiation chamber e.g.,
bombardment of materials with electrons and protons having energies up to 100 keV in the complex
irradiation facility (CIF) at the DLR-Institute of Space Systems in Bremen, Germany [42], 116.5 nm and
123.6 nm VUV photon and up to 100 keV electron sources at the US Air Force Research Laboratory,
Kirtland Air Force Base, USA [43], or 20–100 keV electrons, 30–150 keV protons, 120–1500 nm VUV
photons, and 5 eV atomic oxygen sources at the Arnold Engineering Development Center (AEDC) [44].
Others allow the testing of combined effects in one location but not necessarily in the same chamber, as sets
of UV, VUV, proton, and electron sources at the Boeing space and defense systems irradiation facility [45].

Most of the irradiation facilities utilize only the dominant source of energy deposition, e.g., the
SIRENE facility at Toulouse, France uses 20–400 keV electron “spectrum” generated by a Van de
Graff accelerator (monoenergetic, 100–400 keV) and an electron gun (monoenergetic, 1–35 keV). The
monoenergetic electron beams can be attenuated using a set of diffusion windows to simulate the
spectrum of electron energies found in the space environment [46]. The electron beam irradiation
facility (JAEA) at Takasaki, Japan [47] uses a 1–2 MeV monoenergetic electron beam; the National
Centre for Accelerator based Research (NCAR), Bilaspur, India utilizes proton and neutron sources
with a wide particle energy range [48], and the Taiwan Daheng Irradiation Plant, Taiwan, Republic of
China uses an electron beam for the irradiation of industrial materials [49]. A comprehensive online
database of irradiation facilities around the world has been prepared by the European Organization for
Nuclear Research (CERN) [50].

3. Results

3.1. Changes in Electrical Properties

The electrical properties that are of major importance to the operation and lifetime of a GEO
satellite include the surface and volume resistivities of its surface materials. Figure 2 presents a plot
of the surface potential decay rate as a function of dark (volume) resistivity [51]. When the charge
decay time of the surface materials exceeds the orbital period (one day for GEO), the material can
differentially charge throughout the entire mission and the likelihood of discharge increases. The red
star in Figure 2 shows the resistivity of pristine polyimide. As shown in Figure 3, the conductivity of
polyimide can increase by orders of magnitude after electron irradiation. The irradiated material can
become far less susceptible to charge accumulation. Thus, an understanding of the charge conduction
and dissipation mechanisms is important for the satellite designers to understand the behavior of a
satellite throughout its operational lifetime.
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It should be noted that the method of conductivity measurement of inhomogeneous insulators is
important and depends on the application. The measurement method must be chosen carefully in
order to avoid misleading results [52,53]. In order to measure the most conductive pathway through a
disordered insulator, for applications such as shielding high voltage wires or microprinting electronics,
where possible current leakage is the relevant property, then the ASTM standard [54] produces the
relevant resistivity value. However, for spacecraft charging applications in which understanding
residual surface charge due to charged particle implantation is the goal, the result given by the
surface-potential decay (SPD) method is more appropriate as this will measure the least conductive
domains in the inhomogeneous material [55].
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Figure 2. Plot of charge decay time versus resistivity value for PI. The red star indicates the resistivity
of pristine PI. Note, that after electron irradiation the resistivity can decrease by several orders of
magnitude. Adapted with modifications from [56].
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The evolution of surface potential during electron irradiation (charge build-up) and after charging
(potential decay) [55,57,58] and pulsed electro-acoustic (PEA) [59–62] measurements are considered
the most significant laboratory methodologies used to investigate the PI’s charging and discharging
behavior in a space environment. Several different factors need to be taken into account for the
development of reliable theoretical models of charge distribution and dissipation in electron-irradiated
material. For example, charging involves simultaneous charge transport and electron scattering
mechanisms, whereas potential decay is an even more complex process superimposing electronic
excitation assisted charge transport, termed radiation induced conductivity (RIC) [63], charge capture
and release by radiation-induced deep and shallow traps, surface conduction, and, possibly, polarization
effects [64].

Charge build-up in electron-irradiated PI films has been extensively studied by Sessler et al. [65,66]
and Cao et al. [67–69]. Excellent reviews of mechanisms accounting for the potential decay in
electron-irradiated PI as well as various charge carriers transport models developed over the past
several decades have been recently published by Molinie [70] and Tyutnev [71]. The various approaches
for the potential build up and decay differ significantly with respect to the underlying assumptions
concerning charge trap distribution, carrier mobility, charge injection methods, etc. [72,73].

A number of physical parameters related to charge carrier transport may be extracted from the
fitting of experimental surface potential build up/decay curves. These parameters include, but are not
limited to, the density of charge trap states, charge capture cross-section, the charge trap release and
re-trap probabilities, and dark resistivity of the irradiated material. The presented paper is not intended
to provide comparison between physical parameters extracted from the theoretical simulations of
build-up and pre-transit regions of the surface potential versus decay time curve. Instead, attention is
focused on the changes in bulk resistivity, or its inverse, conductivity, of the irradiated material.

The irradiation-induced enhancement of conductivity in polymers has been observed by numerous
different research groups (e.g., [74–77]). Figure 3 presents conductivity of 76 µm PI material mounted on
rotating aluminum carousel irradiated with 90 keV electrons (maximum penetration depth 83 µm) [6]
versus energetic radiation dose measured under vacuum (pressure <1 × 10−6 Torr) with the SPD
method [55]. Irradiation was performed at an accelerated dose rate of 94.8 Gy/s. The average electron
flux received by PI film during irradiation was 7.8 nA/cm2. Each SPD measurement was performed
using irradiation with 5 keV electrons. During charging, a flux of ~20 nA/cm2 was applied for less
than 10 s to a fully discharged sample which had been under vacuum for a minimum of 24 hours. The
initial applied surface potential was 2.5–3 kV for all tests. The dark conductivity values were derived
from the slope of the SPD curve after it became linear on a log/linear plot. This regime of the SPD curve
represents the regime in which the front of the charge body has already reached the grounded backing
plane and the decay of surface potential may be modeled as a leaky capacitor [78].

The conductivity of electron-irradiated polyimide showed an increase of two orders of magnitude
after irradiation with an initial dose of 20 MGy and further increases for larger doses, as shown in
Figure 3. Similar results have been reported by other research groups [29,79,80].

The interpretation of the physical processes that cause an increase of conductivity in irradiated PI
is still questionable. Generally, charge transport in disordered materials like PI occurs via incoherent
electron hopping among transport sites. Bulk conductivity is influenced by both energetic and
geometric disorder of electron trap sites. That is to say, the facility with which an electron can travel
through a disordered material in the presence of a strong electric field is dependent on both the energetic
distribution of transport sites within the material and the geometric distribution of the transport
sites. The latter dependency arises due to the variation of intersite electronic wavefunction overlap
originating from the positional and orientational distribution of these hopping sites [81]. Authors of the
present manuscript attribute the observed dose-dependent bulk conductivity increase in irradiated PI
to the radiation-induced formation of electron hopping sites and the formation of extended pi-bonded
chemical structures which are not present in the pristine material. These sites are created as a result of
bond-specific rupture during electron bombardment. This phenomenon is considered to be distinct



Appl. Sci. 2019, 9, 1999 8 of 23

from RIC which is temporary and is the result of increased energy in the system and therefore the
excitation of electrons to excited states, forming electron-hole pairs that facilitate electron mobility.
This must not be confused with the creation and destruction of transport sites within the material as
discussed here.

Other researchers attribute observed long-term conductivity increases after irradiation to the
delayed RIC (DRIC) induced by aging [78,82–85]. At lower irradiation doses, trapped charge carriers
are easily de-trapped in the conduction and valence bands, therefore a high conductivity is maintained
for a long period of time without any degradation. At higher doses (>106 Gy), the structural damage
in PI prevails over the ionization one thus causing the recovery of the conductivity values to the level
of the pristine material.

There are not many studies addressing the change of PI volume charge transport characteristics
after proton and VUV irradiation. Yue et al. [86,87] reported a decrease in RIC of up to three orders of
magnitude for PI material irradiated with 60–110 keV protons to a maximum fluence of 1014 protons/cm2,
that was attributed to the pyromellitimide groups’ (C-N, C=O) degradation. Further, formation of a
graphite-like layer on the surface of PI samples that have been proton-irradiated with particle beams
of energy ranging from 10 keV to a few MeV up to a maximum fluence of 2.4 × 1016 protons/cm2 has
been reported to cause a decrease in surface resistivity [88].

Several research groups have studied the ultraviolet-laser induced conductivity of PI films under
ultraviolet laser irradiation [89–91]. A permanent increase of PI’s electrical conductivity up to fifteen
orders of magnitude was observed, which is attributed to the radiation-induced creation of surface
conductive region. In this region, the chain scission between imide nitrogen atoms and phenyl rings of
the ether segments is taking place under laser irradiation, followed by the formation of the network of
fused aromatic rings with an effective π-orbital overlap facilitating the electrical conduction.

3.2. Changes in Chemical Properties

Fourier-transform infrared (FTIR) spectroscopy is a widely used and convenient tool for the
characterization of chemical changes in irradiated PI. It probes chemical bonding by optically exciting
vibrational transitions within the polymer. Changes in the position and intensity of the IR absorption
“fingerprint” of damaged material will offer insights into what chemical bonds are being modified
during the radiation-induced degradation. PI has a complex IR signature with each peak corresponding
to a specific vibrational mode of one bond within the monomer; some of these characteristic vibrational
assignments are summarized in Table 1 [92–98].

The formation of new absorption features has not been reported for PI material irradiated with
low (5 keV)–or high (90 keV)–energy electrons. Instead, several interesting radiation-induced changes
in the IR fingerprint of the damaged film were observed for the PI irradiated with 90 keV. First, the
absorption at the wavelength associated with the carbonyl out-of-phase stretch (1679 cm−1) increased
after electron bombardment. This suggests first that existing carbonyl moieties were not preferentially
broken due to electron bombardment. A concurrent reduction in the absorption associated with
the ether C-O-C stretch after electron bombardment suggests that ether breakage may result in new
carbonyl-like moieties. Further, peak intensity at 1780 and 1376 cm−1 increases after irradiation, which
is generally attributed to the formation of imide rings, possibly leading to the formation of new
π-bonded carbon structures [56].



Appl. Sci. 2019, 9, 1999 9 of 23

Table 1. Vibrational assignments of polyimide.

Assignment (cm−1) Irradiation Absorption (cm−1) Characterization

568 δ(phenyl) Phenyl ring deformation
607 δ(phenyl) Phenyl ring deformation
636 δ(C=O) Carbonyl deformation
705 δ(C-N-C) Imide deformation
717 C=O Carbonyl bending
725 δ(C-N-C) Out-of-phase bending of imide ring
734 C=O Carbonyl bending

752–960 δ(phenyl) Phenyl ring deformation
1079 C-O-C stretch Stretching deformation
1095 v(C-N-C) Imide stretch
1117 v(C-N-C) Imide stretch
1160 C-C C-C bending
1168 v(C-N-C) Imide stretch
1188 δ(phenyl) Phenyl ring deformation
1230 C-N C-N stretch
1243 v(C-O-C) Bridging C-O-C stretch
1260 v(C-O-C) Bridging C-O-C stretch

1290–1307 δ(phenyl) Phenyl ring deformation
1350 C-N C-N stretch
1376 δ(C-N-C) Imide stretch
1390 C-N C-N stretch

1456–1600 v(phenyl) Phenyl ring C-C stretch
1679–1779 v(C=O) Carbonyl stretch

1825 Cyclic anhydrides, presented in not fully cured polymer (precurser)
3020–3155 v(C-H) Phenyl ring C-H stretch

3488 v(C-H) Phenyl ring C-H stretch

PI irradiated with 5 keV electrons demonstrated evidence of swelling due to irradiation-induced
cross-link formation [99] manifesting itself as a re-positioning of imide deformation bands in the FTIR
spectrum of irradiated PI [71].

Electron paramagnetic resonance (EPR) is another tool to probe the nature of chemical changes in
irradiatied material by quantification of the radiation-induced unpaired electron concentration [65,100].
The EPR spectra of PI irradiated with 90 keV electrons to the dose of 56 MGy reveals formation of
ketone (predominant), phenyl and phenoxy radicals originating from the rupture and subsequent
rearrangement of the imidic rings and homolytic bond scission of ether bridges, respectively.

Carbon-13 nuclear magnetic resonance (13C NMR) spectra of irradiated and pristine PI revealed
no qualitative differences such as removal or addition of peaks initiated by irradiation [101,102]. The
nearly identical chemical shifts of the carbon resonances for irradiated and pristine samples imply that
there is no effect of electron irradiation in the main chemical structure of the PI film for the electron
doses investigated. The stability of the structure is believed to be due to the absence of aliphatic
hydrogen in Kapton which facilitates the recombination of phenyl radicals and self- mending of
irradiated Kapton [103]. The absence of new peaks can also be a result of the low relative population
of 13C to 12C. Because the relative abundance of 13C to 12C is ~1%, a significant portion of the bonds in
the material would have to be modified before a new peak would be apparent in the NMR spectrum.

FTIR spectra of aluminized PI film irradiated with 90 keV protons and maximum fluence of
1.0 × 1016 protons/cm2 did not demonstrate new features; however, decreased intensity and widening
of vibrational bands associated with C-C stretching of phenyl ring (1515 cm−1), imide =C-N stretching
(1390 cm−1), and asymmetric stretching of aromatic ether C-O-C (1260 cm−1) was reported [104].

Raman spectra of PI irradiated with 25 keV protons with fluence of 2.25 × 1017 protons/cm2

demonstrated two new broad peaks at 1350 cm−1 and 1583 cm−1, which are assigned to the D and G
broad bands of disordered and ordered graphitic materials [105], respectively, along with disappearance
of characteristic peaks corresponding to the C-N (1376 cm−1), C=O (1780 cm−1), and C=C (1613 cm−1)
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bands [106]. This suggests that complex chemical reactions are taking place during proton irradiation
of PI, including the bond breakage of the carbonyl (C=O), aromatic ether (C-O-C) moieties and a ring
opening reaction of cyclic imide (C-N) accompanied, presumably, by evolution of CO into the gas
phase. As a result, the surface concentration of C increases and the PI surface is transformed into a
carbon-enriched structure, as confirmed by X-ray photoelectron spectroscopy (XPS) measurements of
proton-irradiated PI [87]. Furthermore, the EPR measurements of PI irradiated with 100 keV–200 MeV
protons with fluences of 4.0 × 1015 protons/cm2–1019 protons/cm2 [107–109] revealed the formation of
long-lifetime pyrolitic carbon radicals. It should be noted that lower proton energy leads to a faster
increase in the pyrolytic carbon-radical-specific population with proton fluence [110,111]. This effect
can be attributed to the dependence on the rate of energy deposition with particle velocity.

Exposure of PI to UV irradiation results in the formation of a high concentration of radicals as
confirmed by EPR studies [112–115]. These radicals originate from a broken C-N bond in the imide
group and the C-O bond of the ether of PI [116]. Results of spectroscopic ellipsometry of UV-exposed PI
films suggested that the UV generated radicals are situated near the surface of the film, with ~500 nm
depth of damaged layer [117].

3.3. Change in Dielectric Properties

As reported by Alegaonkar et al. [118], the dielectric constant and dielectric loss of PI exibit
changes under electron irradiation. Irradiation with 1 MeV electrons to a maximum fluence of
~1015 electrons/cm2 resulted in a decrease of dielectric constant from 3.1 to 2.4, with increasing electron
fluence. This is explained by the irradiaton-induced reduction of PI’s density and formation of
π-electron clouds with their polarization aligned in the direction of the molecular chains. The dielectric
loss, ε”, increases with increasing electron fluence, as is typical for most polymer dielectrics [119]. This
is attributed to the increased concentration of charged carriers and available hopping sites.

The dielectric strength of PI irradiated with 21–800 MeV protons up to a maximum fluence of
2.0 × 1016 protons/cm2 was studied by Seidl et al. [120]. Insignificant degradation, within 90% of the
value of pristine PI, was observed for the proton-irradiated material. A factor of ~2 change in dielectric
loss and dielectric constant over a wide range of frequencies, attributed to irradiation-induced polymer
chain scission, was reported by Shah et al. [121].

Despite chemical changes induced by VUV exposure of PI films, no significant alterations of the
dielectric properties were reported. For example, a small (~8%) decrease of the index of refraction over
the 300 nm–1750 nm wavelength range of the UV-exposed PI film was observed [122].

3.4. Changes in Mechanical Properties

In general, the tensile strength of a disordered polymeric material is governed by the overall
tendency of the material to crosslink or undergo chain scission under exposure to radiation [123].
Depending on the type of polymer, the type of radiation, and the dose rate, either scissioning or
crosslinking may dominate. It is hypothesized that high irradiation doses received by PI facilitate the
overlap of zones enriched with radiation-induced highly reactive free radicals with the subsequent
crosslinking of such radicals with each other [124]. Moreover, in polymers with predominant
radiation-induced crosslinking the tensile strength may increase to a maximum and then decrease with
increasing irradiation, suggesting that the crosslinking density may become so high that the irradiated
material embrittles [125]. Computer simulation of a polyimide slab exposed to 90 keV electron beam
demonstrated the significant increase of its tensile elastic modulus, suggesting the radiation-induced
crosslinking in PI film. This is supported by the experimental results from both x-ray scattering and
mechanical analysis [126].

Mathakari et al. [127] reported a 22%, 120%, and 199% increase in tensile strength, elongation,
and Young’s modulus, respectively, for PI material irradiated with a 6 MeV pulsed electron beam at a
maximum fluence of 4 × 1015 electrons/cm2. Low-energy (8 keV–40 keV) electron irradiation of the
similar material at the maximum fluence of 1 × 1016 electron/cm2 resulted in 11% and 8% decrease
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in tensile strength and elongation, respectively [128–130]. Irradiation of PI films with 18–20 MeV
electrons to the dose of 37 MGy at 4 K also resulted in degradation of its tensile strength [131]. Sasuga
et al. [132] reported ~30% decrease in tensile strength, ~80% decrease in elongation at break, and ~8%
increase in Young’s modulus for PI irradiated with 2 MeV electron beam to a dose of 120 MGy.

In addition, dynamic mechanical analysis (DMA) performed on PI irradiated with 1 MeV electron
beam to a dose of 15 MGy revealed the increase of loss tangent (tan σ) from 0.048 (pristine material) to
0.054 (electron-irradiated). That suggests the increase of loss modulus rather than a storage modulus,
implying that irradiated PI became more viscous [133], thus supporting the hypothesis about increased
chain crosslinking in irradiated PI.

The effect of irradiation of PI with 1.7 MeV electrons to a maximum dose of 5 × 106 Gy on the
tribological properties of PI was studied by Pei and Wang [134]. The wear rate of the irradiated PI
decreased to 5.32 × 10−6 mm3/(N × m) compared to the 9.55 × 10−6 mm3/(N × m) of the pristine
sample. Friction tests revealed that electron irradiation did not exert much influence on the friction
coefficient of PI under the experimental conditions. The changed tribological properties of PI were
mainly attributed to carbonization induced by radiation, after which the wear mechanism shifted from
adhesive wear and scuffing for the pristine PI to mild scuffing for the irradiated sample.

The effect of proton irradiation on the mechanical properties of PI has been investigated by several
different research groups. Hill and Hopewell [135] reported reduced elongation to break (from 25% to
5%), stress to break (from 2.4 × 109 N/m2 to 1.5 N/m2), and fracture energy (from 7 MJ/m2 to 1 MJ/m2)
for PI film irradiated with 3 MeV protons to the maximum dose of 75 MGy. The Young’s modulus did
not change significantly under the same irradiation conditions. Reduction of elongation to break after
PI exposure to 45 keV–10 MeV protons with fluences of ~1.0 × 1015 protons/cm2 was also reported by
Shen et al. [128] and Kim et al. [136]. Reduced elongation at break together with increased brittleness
and the hardness of proton-irradiated PI is attributed to the formation of carbon-rich moeities on the
surface of the PI film as a result of bond breakage of carbonyl, ether, and cyclic imide group during
proton irradiation. Formation of a surface layer enriched in carbon as a result of proton irradiation is
evidenced by studies of friction and wear properties of PI irradiated with 25 keV protons with fluence
of 2.25 × 1017 protons/cm2 performed by Lv et al. [106].

VUV exposure of PI film has not been shown to significantly affect its mechanical properties. For
example, the irradiation of PI film, intended to serve as a sunshield in the next generation space telescope
(NGST) mission, with VUV radiation of 1000 equivalent sun hours, caused changes in the ultimate
tensile strength and elongation of failure of all samples within the experimental uncertainty [137].

3.5. Changes in Physical Properties

Radiation-induced microscopic changes in the chemical state of the PI material manifest themselves
as macroscopic alterations of physical properties, including color, optical transmission characteristics,
and morphological changes.

3.5.1. Optical

Exposure of PI to electron or proton particles results in PI’s significant darkening; PI’s color changes
from characteristic golden yellow of pristine PI to a dark brown color after irradiation. This is attributed
to an overall increase in conjugated systems in the polymer microstructure after electron irradiation
(e.g., [138], with 40 keV electrons, dose of 2.5 × 109 rads) and the formation of new chromophores
and auxochromes, such as isocyano (-N=C=O), ketamine (C=C=N-), and hydroxylamine (C-O-N)
groups after proton irradiation (e.g., [139], with with proton energy of 90 keV, flux of 5 × 1011 cm−2s−1,
fluence varied in a range of 5 × 1014–1 × 1016 cm2). Darkening of the PI material induced by electron
or proton irradiation leads to increase of solar absorption of the PI that would induce strong effects on
the thermal balance of spacecraft.

Ultraviolet-visible transmission/absorption (UV-VIS) spectroscopy is widely used to access
information regarding the variation in optical band-gap before and after irradiation. A red shift
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of the absorption edge of irradiated PI has been reported by different research groups for different
electron irradiation conditions, e.g., 3 h with 5 keV electrons [140], with 2 MeV electrons to the dose of
10 kGy [141], with 90 keV electrons to the dose of 73 MGy [142], as well as different proton irradiation
experiments, e.g., with 90 keV protons with fluences of 5 × 1015 protons/cm2–1 × 1016 protons/cm2 [104],
with 2 MeV protons with fluence of 2.6 × 1015 protons/cm2 [143], with 170 keV protons with fluences
of 2 × 1015 protons/cm2–1 × 1016 protons/cm2 [109], and with 0.25 MeV protons with fluence of
7.0 × 1015 protons/cm2 [144].

Representative UV-VIS transmission spectra of pristine PI and PI irradiated with 90 keV electrons
and protons are shown in Figure 4. The nearly zero transmittance at wavelengths less than ~480 nm
exhibited by both pristine and damaged PI is associated with π–π* transitions in the aromatic
groups [145,146].
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Figure 4. Representative transmittance spectra of PI irradiated with (a) 90 keV electrons with fluence
of 1.7 × 107 Gy and (b) 90 keV protons with different fluences. Adapted with modifications from [142]
and [104], respectively.

The increased absorption in the UV/Vis spectrum of electron-irradiated PI (left panel) around
700 nm indicates an effective shrinking of the “band gap” to ~1.8 eV in the damaged material
due to the presence of radiation-induced trap states. Compared to the measured “band gap” of
Kapton of 2.3 eV [147], the newly created electronic states are energetically shallow. The creation
of low energy electronic states coupled with the formation of radicals suggests that traps acting as
new electronic transport sites are being created in the bulk. The gradual red-shift of absorption
edge of proton-irradiated PI is attributed to the increasing surplus of carbon atoms formed
after radiation-induced bond-breaking followed by loss of nitrogen and oxygen atoms [148,149].
A comparison of the two plots in Figure 4 shows the fundamental difference in the damage mechanism
between electrons and protons.

Irradiation of PI film with VUV radiation (5–200 nm) led to a darkening of the PI material
and is attributed to surface carbonification, causing significantly reduced reflectance of PI film in
the 250–500 nm spectral region [137]. The VUV-induced breakage of the ether bridge oxygen and
carbon-nitrogen bonds leads to the high concentration of benzene group near the surface of PI film [113].

3.5.2. Surface Morphology

Modification of the surface morphology of electron-irradiated PI may be attributed to the degassing
of elements of the PI upon electron impact. However, due to the small mass of electrons, no significant
roughening of surface is expected. Alegaonkar and Bhoraskar [150] noticed formation of wrinkle-like
patterns on the surface of PI irradiated with 6 MeV electrons at a fluence of ~5 × 1015 electrons/cm2.
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The maximum roughness of irradiated PI exceeds that of the pristine material by a factor of six.
Oppositely, Mishra et al. [151] reported that irradiation of PI with 2 MeV electrons to a dose of 26 kGy
resulted in reduced mean surface roughness of irradiated material, 4.0 ± 0.5 nm, compared to the
pristine PI, 5.8 ± 0.5 nm.

Due to their significantly higher mass than electrons, protons are expected to noticeably damage
the exposed film resulting in its degradation. It should also be taken into account that for a given
incident dose protons will do more damage to a thin film than electrons of the same energy. For
instance, the maximum penetration depth of a 1 MeV proton is ~0.002 cm whereas the penetration
depth for electrons of the same energy is ~0.3 cm, thus the density of deposited energy is two orders of
magnitude higher for protons [6,152].

Formation of scattered blisters with size of ~10 µm on the surface of PI irradiated with 250 keV
protons to the fluence of 7 × 1015 protons/cm2 was reported by Shrinet et al. [99]. The blistering
mechanism is correlated with the release and subsequent coalescence of CO molecules on the surface
of PI film during proton-irradiation. A similar result was observed by Li et al. [139] for the irradiation
of PI film with a 90 keV proton beam to a maximum fluence of 1016 protons/cm2. RMS roughness of
aluminized PI film irradiated to a fluence of 2.0 × 1015 protons/cm2 increased by factor of ~6 due to
the formation of finger-like bulges; with further irradiation these finger-like bulges were gradually
stripped which reduced the RMS surface roughness.

Severe degradation of PI surface roughness with formation of humps and dents with ~20 nm
height/depth, respectively, as a result of PI film exposure to the UV irradiation in a form of single
UV-laser pulses with pulse durations between 140 ns and 5 µs was reported [16,153].

3.6. Other Properties

Mishra et al. [154] reported on modification of the thermal behavior of PI induced by irradiation
with 2 MeV electrons to the dose of 23 kGy. The endothermic transition signifying the melting
temperature of electron-irradiated PI was reduced from 387 ◦C in the pristine PI to 380 ◦C. The same
research group studied the effect of 62 MeV proton irradiation on the thermal stability of PI [155]. An
increase in the glass transition temperature from 280 ◦C in pristine PI to 290 ◦C for PI irradiated with
a 10–60 kGy dose was observed. Changes in the thermal stability of electron- and proton-irradiated
PI were attributed to the radiation-induced chain-scission and cross-linking of some of the degraded
molecules by electron and proton irradiation, respectively.

The effect of electron irradiation on the free volume of PI, i.e., the volume of microvoids originating
during the manufacturing process of PI, was investigated by Alegaonkar and Bhoraskar [156] and
Hirade et al. [157]. The existence of large free volume in PI may affect its structural characteristics, in
particular, the diffusivity of metal inclusions in irradiated PI. It was shown that electron irradiation
facilitates the evolution of various gas species, such as oxygen, nitrogen, H–OH, N-H etc., from the PI
matrix resulting in a decrease of the free volume. Practical applications of silver diffused PI for the
realization of electron radiation resistant material were studied by Mahapatra et al. [158,159].

4. Conclusions

Understanding the effect of space weather on the electrical, mechanical, and physical properties of
the commonly used spacecraft material Kapton-H® will serve to the advantage of spacecraft scientists
and engineers by facilitating more efficient and robust spacecraft design. Further, detailed knowledge
of how space environments interact with materials in Earth orbit will guide the development of next
generation spacecraft materials.

A considerable amount of information related to the interaction of electrons, the primary damaging
species in GEO in terms of energy deposition, protons, and UV photons, with Kapton-H® material
is available in the literature. Whereas a representative space weather simulation would include
simultaneous exposure to high energy electrons, protons, and UV photons in order to study synergistic
damage processes that occur during the interaction of materials with a complicated charged particle
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environment, no literature is available in open sources on the cumulative effect of GEO environment
constituents on the PI film. Partially, this may be explained by the dominant role of high energy
electrons in GEO environment and the experimental hurdles involved in simultaneous exposure.

It should also be noted that despite the efforts of many researchers over the past decades,
understanding of damage mechanisms resulting from the electron and proton irradiation of PI film
are still somewhat unclear. For example, the computer simulation of a PI slab exposed to a 90 keV
electron beam suggested radiation-induced crosslinking in PI film; this conclusion was supported
by the experimental results from both the x-ray scattering and mechanical analysis [126]. However,
thermogravimetric analysis performed on electron-damaged PI film by Mishra et al. [154] suggests
the polymer chain-scission as a dominant effect of electron irradiation. Still, work by Marletta and
Iacona suggests that the mechanism of energy release and consecutive damage to the solid will be
qualitatively different for protons and electrons since it depends on the mass and/or the energy of the
bombarding particles [17].

Last but not least, we want to briefly discuss the industrial applications of polymers modified
with ionizing radiation. An excellent review on radiation-assisted processes of various polymers and
their commercial applications was recently published by Clough [160]. Generally, ionizing radiation is
widely used for the development of advanced polymeric materials for a broad range of industries,
including the production of insulating (e.g., [161–165]), heat-shrink (e.g., [166–168]), and shape-memory
materials (e.g., [169–174]).

The development of novel engineered materials involving the exposure of PI to high energy
ionizing radiation is an actively evolving engineering field where the efforts of many researchers are
focused. Reports on PI irradiation with electron beams of different energy and exposure to VUV
photons (usually in the form of laser irradiation) to improve PI’s radiation resistance (e.g., [175])
and surface properties (e.g., [19,176–181]) have been published. Moreover, efforts were undertaken
to improve the atomic oxygen (AO) erosion resistance of PI for low Earth orbit (LEO) applications.
Along with the deposition of thin protective oxide or alloy coatings on PI surface (e.g., [182–191]),
the incorporation of phosphorus-containing functional groups into the polyimide chemical structure
attracted the researchers’ attention as a viable alternative for the development of materials with
improved AO erosion resistance (e.g., [192–201]). However, the detailed review of the AO erosion
protection techniques for the improved PI performance at LEO as well as PI modifications with
energetic species commonly found at LEO and is out of scope of the presented paper.

In conclusion, this paper presents our best effort to compile the information available over the
past four decades on the alterations of material properties of PI under a simulated GEO environment
as well as the underlying chemistry that drives these changes. While the information presented here
may not be exhaustive, it serves to illustrate the broad variety of chemical and physical changes that
can occur in a given material under space-like conditions and the importance of understanding the
damage mechanisms of each species individually and cumulatively.
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