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Abstract

Radiation resistant coatings are of utmost importance for the space vehicle protection. Herein, we report on radiation assisted

doping of boron and fluorine (B/F) in polyimide (C,,H, N.O

22771077275

PMDA-ODA, Kapton-H) to enhance the erosion resistant capability

against atomic oxygen (AO) ions. Doping of B/F in polyimide is carried out using Co-60 y-radiations over a dose range of 64-384

kGy@room temperature. Boron is seen to be distributed at a depth of ~ 2 pm from the surface, whereas fluorine is bonded to carbo-

naceous backbone. Details of the bonding architecture is presented. Virgin and B/F polyimide are subjected to AO ions from plasma

having an average energy of ~ 12 eV, and fluence over 5-20x10'® ions/cm2. The paper reports the analysis of the mass loss, erosion

characteristics, modifications in surface texture apart from the molecular and electronic properties. By and large it is observed that

the mass loss in prevented by three-fold times, wherein, erosion yield is reduced by a factor of two in B/F polyimide (@max. doping)

as compared to that in the virgin. Effectively, the presence of boron and C-F bonding offers erosion resistance to polyimide by AO ions.

Similar improvement in the radiation resistance for polyimide is expected for atomic oxygen. Details are presented.
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Introduction

During the recent years, there is a rise in the space mission pro-
grams activated through the launching of satellites for navigation,
communication, purpose and weather studies. Moreover, there is
an emerging trend of launching shuttle vehicles in shallow space
for business travel destination [1]. Consequently, this has put for-
ward a demand in the area of space research and development to
design satellites and, particularly, earth re-entry space vehicles

with improved radiation and thermal protection systems [2].

In general, such space vehicles are designed to operate into two
types of earth’s atmospheric conditions: (a) low earth orbits (LEO,
200-700 km altitude above the mean sea level) and (b) geosyn-

chronous (36000 km) orbits [3,4]. Particularly, LEO vehicles experi-
ence rather turbulent and arid space environment. These are com-
prised of high vacuum, thermal variations, exposure to solar and far
ultraviolet radiations as well as impact by meteoroids and debris.
In addition, there are trapped charge particles such as electrons,
protons, and atomic oxygen from plasma, and other neutral and re-
active species [5-7]. These can affect the performance of radiation
protection systems. By and large, these factors deteriorate the per-
formance parameters in terms of initial physicochemical, mechani-
cal, optical, thermal, and other overall lifetime of protection system
and, ultimately, lead to complete failure [5]. Among these disruptive
elements, atomic oxygen (AO) from plasma is one of the dominant

components, present in upper atmosphere, that badly influence the
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degradation of coating materials [8]. Through space mission and
ground based-simulation experiments, it has been observed that
involved polymeric coatings and film shields undergoes dramatic

degradation when exposed to AO plasma [9-12].

In the upper atmosphere, interaction of short wavelength solar
UV radiation, (> 5.12 eV, < 243 nm) with molecular oxygen leads to
the photo-disintegration and generate AO plasma [6,9]. However,
exposure to AO is a peculiarly dependent upon the altitude of the
spacecraft and the orientation history in LEO position. Moreover,
AO is highly reactive and has dominant surface effects thereby,
primarily, it oxidizes and removes the surface material. The mass
loss depends upon the cumulative exposure of the AO. Since, AO
exposure tends to erase the effects of previous surface damage, the
extent of near-surface degradation can be correlated with the ratio

of equivalent solar hours to AO exposure [11,13].

In recent years, a class of thermosetting polymer i. e. polyimide
has emerged as a radiation protection blanket due to its exclusive
properties such as flexibility, lightweight, inherent mechanical
strength, robust temperature stability, excellent electric insula-
tion, enormous UV stability, and remarkable infrared transparency
[14,15].

However, in spite of the benefits of polyimide as a protective
surface layer for the spacecraft, it's surface gets affected by the
strong chemical reactions with the atomic oxygen species. At-
tempts to reduce the detrimental effects of atomic oxygen on the
surface coatings of the spacecraft, therefore, still remains an area
of investigation. Moreover, polyimide in combo with multilayered
fluorinated polyethylene can readily provide solutions for insula-

tion blankets for thermal control as well as low solar absorptance.

In literature, there have been few technical testing reports on
design and development of anti-erosion (to atomic oxygen) coat-
ings for providing protection to space vehicles on trial and testing
basis [16]. There are a few reports on space environment exposure
effects on ceramic based coatings for thermal protection systems
[17]. More recently, nano-coated carbon-carbon structures have
been found to be effective in reducing the detrimental effects of
atomic oxygen for re-entry applications [18]. In another study,
chemical vapor deposition based nano-coating of carbon compos-

ites for space materials for atomic oxygen shielding has been re-
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ported [19]. Typically, silicon dioxide, fluoropolymer incorporated
silicon dioxide, aluminum oxide, and germanium has been sputter
deposited on polymers to provide protection against AO. Notably,
large solar array blankets on the international space station have
been coated with ~ 150 nm thick layer of SiO, for anti-erosion pro-
tection from AO. However, such coatings have a major drawback.
The excess surface roughness may cause development of defects
and stacking faults that allow AO to react and gradually undercut
the protective coating layers [20]. By and large, paintings or coat-
ings have several limitations in terms of surface bonding, peeling-
off effects, scratching, friction/rubbing, wear/tear, etc., which may
result into removal of coating, consequently, losing the protective
paint. The purpose of this communication is to provide solutions to
reduce atomic oxygen erosion of space quality polymeric coatings

thereby modifying surface properties.

In the present work, doping of boron and fluorine (B/F) spe-
cies into the surface region of polyimide up to a depth of ~ 2 um
using Co-60 y-rays, has been found to be useful in reducing the
surface erosion by atomic oxygen ions produced in laboratory
plasma. Although ions have higher reactivity as compared to the
neutral oxygen atoms, the relative comparison of the erosion rates
for the doped surface vis-a-vis the virgin surface provides the use-
fulness of the treatment. The concentration and depth distribution
of dopants in polyimide was analyzed using neutron depth profil-
ing, Rutherford back scattering, energy dispersive x ray, and x-ray
photoelectron spectroscopy [16]. The B/F doped polyimide vis-a-
vis, the virgin counterpart were, exposed to mean value of 12 eV
energetic AO ions, produced through electron cyclotron resonance
(ECR) plasma system at different levels of fluencies. Erosion stabil-
ity was investigated by number of techniques such as weight loss,
vibration, and uv-visible spectroscopy as well as atomic force mi-
croscopy. By and large, the erosion yield was found to be reduced
by almost 50%, as compared to the virgin sample, for the maximal
B/F doped polyimide. Paper reports the details of the characteris-
tic analysis of the B/F doped polyimide.

Experimental
Materials and Methods

The starting material used in the investigations was a polyimide
film (szHmNzOs' PMDA-ODA, Kapton-H, ®DuPont de Nemours, Inc.,
USA) which was made available by the Department of Space, Indian

Space Research Organization (ISRO), Bangalore. Initially samples,
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each of size 15 mm x 15 mm, were obtained by cutting a polyimide
sheet of thickness ~ 50 um. A large number of cut shards were kept
ready for batch processing to characterize, doping, plasma treat-

ment, post characterization, etc.

Radiation assisted doping of boron and fluorine (B/F) in poly-
imide

One of the crucial requirements was to dope polyimide with bo-
ron and fluorine atoms near surface region of the polyimide. For
this purpose, solution of boron tri fluoride etherate (Grade: LR,
Chemical formula: (C,H,),-0-BF,, concentration: 50 %, CAS: 109-
63-07) was readily obtained from M/S Sigma Aldrich, USA. The pre-
pared polyimide samples were kept in the glass bottles of diameter
~ 2.5 cm and height ~ 4 cm. The solution of BF, was poured into the
bottles, ensuring of the complete immersion of polyimide samples
into the solution. Six bottles were sealed and were subsequently
kept in the Co-60 y-rays irradiation chamber (energy: 1.173 and
1.332 MeV) for irradiation and accumulating the doses of 64, 96,
128,192, 288 and 384 kGy, respectively, at room temperature.

Depth distribution in B/F polyimide: Neutron depth profiling
(NDP), energy dispersive x-ray (EDS), and x-ray photoelectron
spectroscopy (XPS)

The depth distribution of boron in polyimide was examined us-
ing the technique of Neutron Depth Profiling (NDP). The experi-
mental method used was similar to that reported earlier for HDPE
[21].

The presence of fluorine in polyimide was confirmed by EDS
(Make: JEOL JSM 6360A JAPAN) and vis-a-vis compared using XPS.
For XPS, the spectrum was recorded using Mg K_(1253.6 eV) or
Al K (1486.6 eV) x-rays with spectrometer resolution ~1.6 eV@
a pass energy ~ 50 eV. All XPS binding energy curves were cali-
brated with respect to C 1s binding energy curve @285 eV after
making surface charging corrections. The concentration, C,, of fluo-
rine (relative%) in B/F polyimide were obtained after normalizing
the intensity of each XPS peak with respect to the corresponding
photoelectron cross-section. Notably, presence of fluorine in poly-
imide was also confirmed, previously, by Rutherford back scatter-
ing (RBS) technique, details of which are reported in our earlier

communication [22].
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Atomic oxygen plasma treatment: simulation of space radia-
tion environment

Further, virgin, and all B/F polyimide were exposed to different
fluencies of atomic oxygen ions from plasma. The plasma process-
ing carried out in the present work was produced in an electron
cyclotron resonance (ECR) plasma system [11,23] equipped with
microwave cavity resonator in TE ,, mode and a magnetron (pow-
er ~ 500 W, w ~ 2.45 GHz) coupled to plasma chamber through
waveguides. Figure 1 (a) shows the schematics of the system and

(b) displays its photographic image during processing.

rradiation Chamber

Evacuation
Viewing window
Sample Holder
Plasma

Reacting Gas

' environmen

Figure 1: (a) Schematic representation of atomic oxygen ECR
plasma system comprised of microwave injection, magnet, plasma
chamber (including extraction ports), sample holder, plasma di-
agnostic probes, etc., and (b) photographic image of actual system

while plasma processing.

During plasma processing, the base pressure was ~ 10 mbar
and pure oxygen gas (99.9%) was introduced into the chamber
through a mass flow meter. The experimental parameters such as
the oxygen flow rate, microwave power, axial magnetic field, oxy-
gen pressure, etc., were optimized in order to obtain stable ECR
plasma. Importantly, the energy and the flux of oxygen ions in the
ECR plasma at a certain position along the axis of the chamber and
at different pressure conditions were measured using a three-grid
retarding field analyzer (RFA) [11]. At the sample holder position,
the energy ~ 12 eV and the flux ~ 5x 10'* ions/cm?/s for the atomic
oxygen ions were maintained at a given experimental parameters.
The fluence of plasma ions was varied over ~ 5 x 10'® to 2 x 107

ions/cm?, from sample to sample, by varying the irradiation period.

Post plasma treatment characterizations
Virgin, B/F doped, and B/F doped and plasma treated poly-

imides were subsequently characterized using different tech-
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niques, such as weight loss measurements, atomic force micros-
copy (AFM), Fourier transform infrared spectroscopy (FTIR) and

uv-visible spectroscopy.

The weight loss measurements were performed by a microbal-
ance with an accuracy of #1 pg before and after exposure to the
AO ions. The variations in weight loss with the time of exposure
has been analysed. The values of erosion (volume per atom) yields
were determined from the expression given by : Ey =AM/ (p.A.®t),
where, A M, is the change in mass of the sample, p is the density
(1.42 gm-cm™ for polyimide), A is the area of the sample, ¢ is the
flux of incident oxygen ions and t is the time of exposure. The val-
ues of average erosion yield, E was determined to be ~ 8.05x10%
cm? atom! for the virgin polyimide samples. The evaluated erosion
rate of virgin polyimide for the AO ions is almost three order of
magnitude higher than what universally reported for AO (3x10-2*
cm?/at.). This is expected due to the higher activity and higher det-
rimental effects of ions as compared to the neutral atomic oxygen

species.

AFM model (JEOLJSM 5200 JAPAN), studies were performed for
probing the surface morphology. FTIR measurements were carried
out to investigate the effect of irradiation on the molecular environ-
ment of polyimide. The measurements were performed using SHI-
MADZU 8400 FTIR spectrometer over 4000-350 cm™ with air as
the reference. Moreover, for these samples the change in the band
gap has been studied using the UV-visible spectroscopy (JASCO
V-670 Spectrophotometer).

Results and Discussion
Doping of B/F in polyimide: depth distribution analysis

Figure 2 shows the variations in boron-concentration as a func-
tion of depth inside the sample of polyimide measured from the
sample surface. Here, the depth- distribution with boron-concen-
tration is deconvoluted from the recorded a-particle spectrum that
gives values of concentration of boron atoms at different depths in

a boron coated sample.

Three typical spectra are displayed for polyimide doped with
B/F@64, 192, and 384 kGy of Gamma irradiation. By and large,
each concentration profile had a mean value of the distribution at a
certain depth (in pm) followed by a long diffusion tail. At the mean

value, the concentration of B is highest and trailing tails indicate
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Figure 2: Concentration and depth distribution of 1°B in polyimide
at various y-ray dose. Inset shows schematics of radiation assisted

diffusion of 1°B in polyimide.

the maximum penetration of the dopant in polyimide from the sur-
face. We also note that, the diffusion has occurred form both the
sides of polyimide surfaces. For B/F@64, the mean depth is noted
at ~ 0.4 um and corresponding tail is seen to be extended upto ~
0.7um. For B/F@192, mean depth and tail is noted, respectively
at 0.15 and 1.0 um, whereas, for B/F@384, these values are, cor-
respondingly observed at, 1.0 and 2.0 um. One can see that, the
mean depth is skewed by one order of magnitude and range is
extended, approximately, by three times from low to high value of
the dose administered into polyimide. Notably, at lower doses the
concentration of boron is more in the surface region as compared
to the bulk. However, with increasing dose, the concentration in the
bulk increases and on an average the concentration does not vary
much with the depth. Unlike charge particles, y-radiations have
infinite value of penetration and no definite range in the material
and, consequently, lead to different absorption mechanisms such
as photoelectric, Compton, and pair production. However, for the
combination of Co-60 y-radiation energy (E=1.173, 1.332 MeV)
and carbonaceous (Z=6) polyimide the dominant mechanism is
the Compton electron ejection, which is a probabilistic scattering
process. This electron is responsible to cause segmental motions
in polymeric chains by introducing voids in the material matrix to
facilitate the atomic diffusion of boron and fluorine. The scattered

y-ray energy is given by:
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Where, , is ejected relativistic electron in rest mass unit (m c*),,
angle of scattered y-ray, and, , energy of incident Co-60 y-ray. Thus,
by and large, figure 2 reveals that the concentration and depth of
boron atoms in the polyimide samples increase with increasing

dose of y-radiations as measured using NDP technique.

th
L

Fluorine concentration (Cy)

200 300
Dose (kGy)

0 100 400
Figure 3: Variations in CF for B/F polyimide with dose of y-rays;
estimations using XPS and EDS.

Further, Figure 3 shows the variations in concentration of fluo-
rine atoms (C,) for B/F polyimide obtained by two surface sensi-
tive techniques i. e. XPS and EDS. It is clear from both measure-
ments that the amount of fluorine in polyimide has increased with
increasing dose of irradiation. The Compton ejection of electron
leads to induce dramatic variations in polyimide in terms of the
processes containing chain scission and crosslinking. Among them,
chain scissioning, mainly, dominates at low dose rates as compared
with the high dose rates, administered by the energetic charge
particles through accelerators. Such chain breaking generates seg-
mental motions in polymeric chains and leads to the formation of
appreciable number of radicals and disorder, in the form of discon-
tinuities, chain bending, etc. This results into the modification in
local free volume that allows radiation assisted diffusion of boron
and fluorine in the polyimide matrix, as shown schematically in fig-

ure 4.

During irradiation, these atomic species diffuse through disor-
dered zones produced in the surface region of polyimide and reside

in such defect sites. Broadly, their diffusivity (rate of diffusion) de-

y-ray
irradiation

Polyimide

Radiation assisted diffusion

Figure 4: Radiation assisted diffusion of B/F in the matrix caused
due to chain scissioning of polyimide. Polyimide chains breaking
leads to modification in local free volume and allowing boron and

fluorine to diffuse in the surface region of polyimide.

pends, mainly, upon the number of vacancies and defect sites that
exist in the surface region. The results of the XPS revealed that in
the diffused polyimide, the change in the oxygen concentration is
marginal as compared with that of virgin polyimide on irradiation
[20]. It is likely that the vacancies created by the emission of oxy-
gen are filled with the oxygen atoms supplied during irradiation. In
contrast, Mathakari., et al. [24] reported domination of crosslink-
ing over scissioning at higher dose rate ~ 2000 kGy/h by exposing
polyimide to 6 MeV electrons. In their case, enormous radiation
density induced large zones of highly reactive free radicals were
dynamically overlapping with each other, resulting into state of

crosslinking, which is not the case in current studies.

The virgin and B/F polyimide material were exposed to AO to

test their ability against erosion.

Atomic oxygen plasma treatment: simulation of LEO radiation
environment

As discussed earlier, in the upper atmosphere, the AO gets
evolved due to the dissociation of molecular oxygen on account of
the solar UVs and that its energy depends on the speed, orientation,
and position of the vehicle. Normally, the space vehicle receives an
annual flux of AO in the range of 10'°-10?% ions/cm?with mean en-
ergy of ~ 5 eV. Thus, during the mission period of the vehicle the
thermal shield experiences an intense erosion and severe mass

loss. Thus, ground-based simulation studies become important for
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deciding the strategies to be chosen for architecting anti-erosion
materials and coatings to fabricate the effective shielding materi-

als.

Figure 5 (a) shows the variations in the weight loss (W, in %),
and (b) erosion yield (maximum) for virgin, and B/F polyimide at
different y-ray dose. From plot (a), it can be observed that the net
loss in weight for virgin polyimide increases with increasing time

of exposure to AO.
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and O with enhancement in carbon in polyimide by AO. The lower
weight loss for B/F polyimide, as compared to that in the virgin
samples, can be attributed to the homogeneous and ordered dis-

persion of B-0 in PI matrix as well as the formation of C-F bonds.

From plot (b), the maximum average erosion yield (Ey) is es-
timated to be ~ 8.06 x10%? cm?/atom for virgin and ~ 4.28x10%?
cm?/atom for B/F polyimdie@384. The result, suggests the reduc-
tion of the magnitude of Ey by a factor of two, when compared with
that for the virgin. The analysis has, therefore, revealed that the re-
sistance to the attack by AO has been enhanced after diffusing bo-
ron and fluorine in the polymer- polyimide. This can be attributed
to the bonding of the fluorine in B/F diffused surface of polyimide.
It also appears that the emergence of C-F bonds resist the AO attack
due to the endothermic chemical reaction, as shown, schematically,

in figure 6.

Figure 5: Variations in (a) % weight loss (WL in %) with plasma
exposure time (s) @ flux ~ 5 x 10'* ions/cm?/s, and (b) calculated
maximum erosion yield for virgin and B/F polyimide at 64-384
kGy doses of y-ray. Inset in (a) and (b) shows schematic repre-
sentation of uncontrolled erosion in virgin, and B/F incorporated

polyimide by AO.

However, for B/F polyimide the overall weight loss decreases
with the increase in concentrations of boron and fluorine in the sur-
face region of polyimide. One can see that the % change in weight
of virgin polyimide is around 3% where as that for B/F@384 is ~
1.5 % for maximum exposure up to 4000 s. Thus, almost double
prevention in weight loss is noted. Other process which is reported
relates to the chemical reactions of AO with near surface atoms to
rupture the weak bonds. This results into the evolution of gaseous
species from polymers during plasma treatment. The observed
weight loss in polymer is therefore reported to be a combined ef-
fect of atoms which are removed from surface and redeposited onto
surface during irradiation. For virgin polyimide, with interaction of
AO, composition of carbon to nitrogen enriches almost twice due to
loss of nitrogen that subsequently form new C-0-N binding with
residual nitrogen species. But breakage of C-O-N bonding is also
possible leading to creation of new species like NO_onto surface
that could be diffused out of the matrix. By and large, water vapor

contamination and NO_ species could lead to the reduction in N

Ey(polyimide) >> Ey (B/F polyimide)

|

Polyimide B/F polyimide

Figure 6: Schematics of erosion in polyimide by out gassing
C-0O-N, OH, and NOx, there by enriching carbon in the matrix,
whereas, B/F polyimide reduces erosion by a factor of two due to

endothermic nature of C-F bond formation.

Further, 3D surface morphology of virgin, B/F polyimide has
been investigated before and after exposure to the AO @ ~ 2 x10"7
ions/cm? up to 4000s and variations in topologies are shown in fig-

ure 7.

Figure 7(a) show surface condition of a typical virgin polyimide
scanned for an area of 5 x 5 um? The surface is seen to be quite
smooth, however, at some places small hillock features (white ar-
rows) are visible including line-faults (yellow arrows) due to the

intrinsic polymeric chain erosion. By and large, the observed varia-
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virgin plasma

B/F@384
+

plasma

Dy

Figure 7: 3D surface topology recorded by AFM for (a) virgin, (b)
plasma treated, (c) B/F polyimide at y-ray dose of 384 kGy, and
(d) B/F@384 treated with plasma. Plasma exposure time 4000 s.

Typical scan area of 5 x 5 um?.

tions are attributed to the inherent composition emerged during
fabrication of the polyimide film. The root mean square (rms)
surface roughness is measured to be ~ 7 nm. Figure 7(c) displays
the surface morphology of B/F polyimide (@ 384 kGy). The mor-
phology is observed to be distinctly different with the reduction
in small hill features and emergence of line-faults (yellow arrows).
The rms surface roughness is calculated to be ~ 15 nm for B/F dif-
fused polyimide. The values of rms surface roughness are observed
to increase by almost two-fold with respect to that with the virgin
sample. Figure 7 (b) shows the surface morphology of the virgin
polyimide exposed to plasma. The dramatic variations are seen,
particularly, the weak hillock features on the virgin surface became
very prominent after plasma exposure, indicating range type pat-
tern (shown by extended arrows). As discussed, virgin polyimide
is prone to plasma sputtering of nitrogen, oxygen that are bonded
weakly onto the surface polyimide chains. During plasma exposure
these bonds get splashed from the surface and sub-surface region
resulting into the modifications in the surface topology and causing
redistribution of free volume available in the sub-surface region. It
is also speculated that entire fault line might get eroded. From the
three surface profiles (a), (b), and (c) it is revealed that changes in
surface morphology for virgin surface is prominently more when
directly exposed to oxygen plasma, whereas, for B/F doped poly-
imide, the changes are not that drastic. The rms surface roughness
values calculated for plasma treated virgin polyimide is ~ 65 nm
which is noted to be almost ten times higher than the calculated

for the virgin rms values. However, on exposure of B/F polyimide

35
(@ 384 kGy) to the AQ, it has marginal impact onto surface mor-
phology. It seems that, presence of boron and fluorine in surface
region of sample has reduced erosion as discussed earlier. And the
obtained results are consistent with the weight loss and erosion
yield analysis, presented before. The rms surface value of B/F poly-
imide exposed to AO is estimated to be ~ 18.2 nm which is closer

to B/F polyimide.

In order to clarify the role of B/F in preventing erosion from
plasma exposure, vibration spectroscopic analysis has been car-
ried out for virgin and B/F polyimide, both exposed to plasma for
4000 s. Figure 8 shows the FTIR spectra for these specimens over
4000-1000 cm™.

There are seven functional imprints of PMDA-ODA that appears
over 1000-4000 cm™. Their details are provided in Table 1 describ-
ing the functional groups, their characteristics and appearance in
band.

13:;'_ Group Characteristic details Ban((gnr:gion
0] -C-0- Stretching vibrations 1050-1250
(i) =C-N- Cyclic imide (CO-N-CO) 1376-1390
(iii) -C-C- Skeleton benzene rings 1504

(iv) | -N-H- Bending and stretching 1602 and 3486
(v) -C=0- | Carbonyl stretching in PDMA 1724-1780
(vi) -C-H- Stretching 3085

(vii) | -O-H- Stretching 3630

Table 1: Characteristic functional groups assigned
for polyimide [25-27].

These functional groups are present in all samples. However,
some changes have been observed, particularly, for skeleton ring
stretching band (assigned as (iii) in Table 1) emerged at 1504 cm™.
For virgin, the doublet at 1504 cm™ is quite prominent that shows
two vibration mode one breath in mode (I',) and other breath out
(v,)- After plasma treatment, this peak is somewhat altered indi-
cating modification in skeleton stretching band. For B/F@384
polyimide it is even changed with subsequent modification after

plasma treatment.

Further we have also observed dramatic variations in absorp-

tion related to N-H bonds, both in bending and stretching modes.
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B/F@384 + plasma

B/F@384

- 17 . 2
plasma@2 x 10" ions/cm

Transmittance (%)

) (i) (i)

3000 2000 1000
Wavenumber (cm™)

4000

Figure 8: Recorded FTIR spectra for virgin, plasma @2x10'ions/
cm?, B/F@ 384 kGy, and B/F@384, and plasma treated polyimide.

Especially, N-H stretching seems to have lost its symmetry after
plasma processing. By and large, for virgin, more chain scissioning
has been seen as compared with B/F polyimide after plasma treat-
ment. This can be confirmed by a closer observation in terms of
dramatic decrease in intensities of almost all peaks after plasma ir-
radiation of virgin. While the reduction in overall IR intensities for
functional peaks is marginal for B/F polyimide after AO exposure
at a fluence of ~ 2 x10'7 ions/cm? The decrease in the intensities
of the peaks reveals that the concentration of the corresponding
bonds has lowered due to the ejection of atoms at the correspond-
ing elements from the surface. These results, therefore, indicate
that the surface of the boron and fluorine diffused polyimide sam-

ples become more resistant to the AO attack.

Figure 9 (a) shows the UV-visible spectra for virgin, and plasma
treated polyimide @5x10'® and 2x10' ions/cm? It is observed
that, in the wavelength range between 500 to 900 nm, there is a
significant reduction in the % transmittance due to plasma treat-
ment at various ion fluences. Particularly, at high value of plasma
fluence the transmittance beyond 550 nm is observed to vary be-
tween 20-30%. Figure 9(b) shows transmittance spectra for B/F
diffused polyimide@384 kGy y-ray dose. It is worth noticing that
there is no significant change in the absorption edge for both, vir-
gin and plasma treated polyimide. Consequently, the band gap of
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Figure 9: UV-Visible transmission spectra recorded for: (a) virgin,
plasma treated (@ 5x10 and 2x10%) polyimide, and (b) B/F dif-
fused@384 kGy with sequential plasma treatment @ 5x10'¢ and

2x10v7ions/cm?.

polyimide sample, even after B/F doping has remained unaltered.
Moreover, the reduction in transmittance level beyond 550 nm is
not seen to be too drastic when compared with virgin polyimide
treated with AO. For highest plasma fluence @2x10'” ions/cm? for
B/F diffused@384 kGy the change in the transmittance level is
recorded to be between 30-40% in the range of 550-900 nm. The
overall prevention of loss in B/F polyimide shows protection from
AO plasma degradation due to presence of boron, carbonization,
and C-F bonding. The results presented herein are internally con-
sistent [28].

Our study has thus provided a solution towards fabricating a
facile material- architecture by diffusing boron and fluorine into
polyimide. Such a fabrication can provide an effective anti-erosion
coating for AO plasma environment which the space vehicle experi-

ence during their mission period in LEO.

Conclusion

In conclusion, we have designed and tested a prototype anti-
erosive coating that are importantly required for space radiation
protection, particularly, at an altitude of communication satellite
range. Initially, polyimide (C,,H, N,0,, PMDA-ODA, Kapton-H) was
subjected to radiation assisted doping of boron and fluorine (B/F
polyimide) over the dose, ranging between 64 to 384 kGy. These
samples were subjected to surface measurements like neutron
depth profiling, energy dispersive x-ray, and x-ray photoelectron
spectroscopy to investigate the depth/concentration distribution,

and bonding within the matrix. Details of the analysis are pre-
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sented. However, in a nutshell, we have revealed that, with subse-
quent increase in the amount of dose, boron was diffused upto ~
2 pum, whereas, fluorine concentration was found to be 5% (max.)
bonded with carbonaceous backbone of polyimide. Virgin and B/F
doped polyimide was subjected to AO treatment using ECR based
plasma excited by microwave source, with a power ~ 500 W, w
~ 2.45 GHz. The mean energy of the ions was around 12 eV and
having capability to deliver ion flux of 5-20x10' ions/cm™. Both
types of polyimides were analyzed for % weight loss, erosion yield,
topography, vibrational absorption, and UV visible transmittance.
The weight loss measurement showed prevention of mass loss
by at least three-fold for highest B/F dopped polyimide, whereas,
erosion yield was reduced by a factor of two. Although the erosion
yield of AO ions is observed to be higher by three orders of mag-
nitude for polyimide as compared to that reported [17-19] for AO
atoms, the relative improvement of the radiation resistance of the
BF doped polyimide surfaces to the attack of AO will remain the
same. This proves the improved erosion resistance property of the
treated surface against AO in space applications. The AO enriches
carbon surface of polyimide there-by outgassing nitrogen, oxygen,
hydrogen resulting unprecedented erosion losses. However, pres-
ence of boron and fluorine in the backbone of polyimide prevent
the attack of atomic oxygen due to C-F bonding and its endothermic

characteristic. Possible mechanism is discussed.
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