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Surface characterization of atomic oxygen
beam-exposed polyimide films using contact

angle measurements

Abstract Polyimide surfaces ex-
posed to simulated low Earth orbit
space environment, i.e., under
hyperthermal atomic oxygen bom-
bardment, were characterized by
using atomic force microscopy,
X-ray photoelectron spectroscopy,
and contact angle measurements.
The surface analytical results
showed that the roughness and the
O/C ratio at the atomic oxygen-
exposed polyimide surface increased
with increasing atomic oxygen flu-
ence. The advancing and receding
contact angles decreased with in-
creasing O/C ratios at the polyimide
surfaces. The Lifshitz-van der Waals
component, the acid and base
parameters of the surface free energy
of polyimide films were calculated
from the contact angles. The base
parameter increased with increasing

O/C ratio, whereas the acid
parameter and the Lifshitz-van der
Waals component did not show a
remarkable change. These analytical
results agree with the in situ XPS
data showing the formation of
surface functional groups due to
atomic oxygen exposure. It was
demonstrated in this study that the
polyimide surface in a low Earth
orbit space environment may
become hydrophilic due to the
bombardment by atomic oxygen.
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Introduction

The oxidation of polymeric materials in a low Earth
orbit (LEO), which is 200-700 km above sea level, is one
of the major concerns in the field of spacecraft
engineering over the last decade. Oxidation of polymers
in LEO is due to the collision with ground-state atomic
oxygen (AO) which is the dominant (>95%) species of
the upper atmosphere of the Earth [1]. The flux and
collisional energy of AO with spacecraft surfaces are as
high as 10" atoms/m?/s and 5 eV because of the high
orbital velocity of spacecraft (8 km/s). Such a high-
energy collision with chemically active AO leads to the
material degradation of the exterior surfaces of space-
craft. Since polyimide (PI) has widely been used as a

passive thermal control material to cover exterior
surfaces of satellites or space structures, PI is one of
the key materials to be investigated in AO reactivity.
Some experimental studies have already been carried out
both on the ground and in in-flight experiments [2—4].
However, most of the ground-based research has
ignored the collisional energy factor due to the difficulty
in forming a 5 ¢V AO beam in ground-based facilities.
Thus, basic knowledge of the interaction between
energetic AO and polymer surfaces has not been studied
extensively using the ground-based experiments. On the
other hand, the in-flight experiments have been dis-
turbed by severe contamination during the space flight.
Once the PI surface is contaminated during the flight,
the AO reaction with PI is difficult to analyze after
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retrieval. Moreover, the attachment of contamination
affects the surface properties of PI films and influences
the function of the thermal control system of spacecraft.
Due to the requirements for longer operation of
spacecraft, avoidance and elimination of the contami-
nation at PI surfaces become more and more impor-
tant. In general, the surface free energy of solids is one of
the major factors governing the contamination attach-
ment. Since the PI surface is considered to be contam-
inated after AO exposure in LEO, the evaluation of the
surface free energy of PI in a simulated LEO space
environment is valuable for predicting the contamina-
tion behavior of PI surfaces in the LEO space environ-
ment.

On the other hand, the use of the 5eV AO beam
formed by the recently developed laser-detonation
source is advantageous also for basic polymer studies
as well as space applications. Unlike other plasma
modification techniques, the laser-detonation source
generates high purity, ground state atom/molecular
beam with translational energies being tunable from 1-
20 eV. In such a translational energy range, physical
sputtering is negligible and surface chemical reactions
play the major role in surface modification. A recent
study using this type of beam source clarifies the
presence of the collision-induced beam-surface interac-
tions with PI surfaces [5]. Since the significant role of the
adsorbed oxygen is mentioned in the gasification
reaction of PI [6], this new chemical reaction scheme
may be accompanied with the adsorbed oxygen which
may lead to a change of the surface free energy as well.
A study of surface free energy at the AO-exposed PI
surfaces provides information for a better understanding
of the interaction between energetic AO and PI surfaces
as well as for establishing a method for contamination
control at PI surfaces in LEO space environments.

In the present study, we investigated the surface free
energy of AO-exposed PI surfaces. The laser-detonation
AO source developed for simulating the LEO space
environment was used for this purpose. The surface free
energies of pristine and AO-exposed PI films were
determined by the contact angles measured using the
Wilhelmy and the sessile drop methods. Chemical and
topological characteristics of the AO-exposed PI surfac-
es were characterized using X-ray photoelectron spec-
troscopy (XPS) and atomic force microscopy (AFM).
The effect of AO exposure on the contact angle and on
surface free energy at PI surfaces are discussed.

Materials and methods

Materials

The PI samples used were pyromelitic dianhydride-4, 4’-oxydian-
iline (PMDA-ODA) PI, commercially available from DuPont
(Kapton-H). The thickness of the PI film was 25 um. Prior to use,

the PI films were purified with water, ethanol, and diethyl ether
by applying ultrasonic waves. Water was deionized and doubly
distilled using a borosilicate glass apparatus.

Atomic oxygen exposure

The AO beam facility used in this study was based on the laser-
detonation phenomenon [5]. Details of the facility are described
elsewhere [7, 8]. The CO, laser light was focused on the nozzle
throat at the moment when a pulsed supersonic valve introduced
pure oxygen gas into the nozzle. The AO beam was characterized
by a time-of-flight (TOF) distribution measured by a quadrupole
mass spectrometer as a detector. From a TOF distribution, the
mean energy of the hyperthermal AO beam was calculated to be
4.5 eV. The AO flux of the beam was measured by an Ag-coated
quartz crystal microbalance [9] and was typically 3 x 10'7 atoms/
m?/s at the sample position.

The PI surfaces before and after AO beam exposures were
characterized by XPS consisting of a double-pass cylindrical mirror
analyzer (DESA-100, Staib Instrumente GmbH, Germany) and
a non-monochromatic dual anode X-ray source (TA-10, VSW,
England). The surface roughness of the samples was analyzed by
AFM (Nanoscope IlIa, Digital Instruments, USA).

Contact angle measurements

In the present study, the contact angle measurement was carried
out both by the Wilhelmy method and by the sessile drop method
to measure the advancing and receding contact angles of the film
with the different wettability at each side of the film. In the
Wilhelmy method, an electrobalance (Model C-2000, Cahn Instru-
ments Inc., USA) and a reversible elevator (Inchworm Motor
Model 6000, Burleigh Instruments Inc., USA) were utilized to
measure the contact angle [10-15]. A PI film (0.3-0.6 mm in width
and 4-5 mm in length) was suspended from the arm of an
electrobalance. A beaker containing a probe liquid was raised by an
elevator so that the liquid surface reached 2—3 mm higher than the
lower edge of the film (immersion). Then the beaker was moved
down to the original position (emersion). A continuous weight
recording was made during an immersion-emersion cycle at an
interfacial moving rate of 0.3 mm/min [11, 12]. The immersion-
emersion cycle was repeated twice and the reproducibility of the
weight recording was confirmed. The contact angle was calculated
from the wetting force using the Wilhelmy equation [11]. The
effective perimeter of the film was calculated from the wetting force
at the pentane/air interface because the contact angle in this system
can be assumed to be zero [11].

The sessile drop experiments were performed using a video
contact angle system (VCA-2500, ASC products, USA). A liquid
drop of 2-3 uL was placed at the film surface using a microsyringe
[16, 17]. The drop was viewed using a CCD camera attached to a
microscope. The drop image was digitized and stored in a computer
every second during the measurement. The contact angle and the
drop base diameter of each frame were measured by placing
markers on the circumference of the drop image on a monitor.

Determination of surface free energies of PI films

The Young-Good-Girifalco-Fowkes equation including acid-base
interaction terms can be written as [18]:

WY Vb + \/“/;vt) M

where 6 is the contact angle of the liquid, y is the surface free
energy; the subscripts S and L refer to solids and liquids,
respectively, and the superscripts LW, +, and — refer to the
Lifshitz-van der Waals component, the Lewis acid parameter, and

yL(l +cosf) = 2(
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the Lewis base parameter, respectively. In order to solve the
three unknowns for solids, i.e., ylgw, ¢ and g, it is necessary to
determine the contact angles with three completely characterized
liquids [19]. Therefore, the advancing contact angles of three pure
liquids (water, diiodomethane, and ethylene glycol) on the PI films
were measured by the sessile drop method. The surface free energies
of solids, i.e., ¥V, y& and y5 were calculated using Eq. 1 with the
contact angles, 6, and the published values of ytV, 7/ and y{ [19].

Results and discussion
XPS analysis

Figure 1 shows the high-resolution XPS spectra of the
pristine and AO-exposed (AO fluence of 5.9 x 10*!
atoms/m?) PI surfaces. The XPS measurement was made
with 200 W Mg-Ka X-rays with an average take-off
angle of 45° in UHV conditions. The deconvolution
procedure of the XPS spectra is described elsewhere [3]
but is briefly explained here. On the basis of the
molecular orbital calculation of PI reported by Silver-
man et al. [20] and of the experimental database
reported by Beamson and Briggs [21], the carbon atoms
in the PI structure were categorized in 4 groups for the
pristine sample and in 6 groups for the AO-exposed
samples. The major peaks of the 4 groups were 285.0,
286.0, 286.6, and 288.9 eV for the Cls spectrum for the
pristine PI: the first, 285 eV, is attributed to eight carbon
atoms in ODA; the second, 286 €V, is due to six carbon
atoms in PMDA and carbon singly bonded to nitrogen;
the third, 286.6 eV, is due to two carbon atoms singly
bonded to oxygen in the ODA; and, finally, 288.9 eV is

due to the carbonyl group in the PMDA chain [6]. Two
peaks were added for the deconvolution of the AO-
exposed PI, being 287.7 and 289.6 eV, which correspond
to carbonyl and carboxyl groups, respectively. The
compensation of the surface charging effect was made
by using the Nls peak position as a reference. The
results of compensation was also verified by the peak
position of carboxyl carbon in the Cls spectrum. The
shake-up satellites in the Cls and Ols were not
considered in the peak fitting results because of the
insufficient signal to noise ratio of the spectra. Compar-
ing the Cls XPS spectra of AO-exposed PI films with
pristine ones, it was found that AO exposure leads to an
increase of oxidized states of carbon atoms in the PI
structure (carbonyl and carboxyl). The change in the
Cls XPS peak due to AO exposure is fairly large
compared with those reported previously [3]. This is due
to the large AO fluence and the effect of not suffering air
exposure before the XPS measurements [6]. As for the
Ols spectra, there exist two peaks with the original
surface. The peak of 532.0 eV is due to the imide
carbonyl groups, while the peak of 533.3 eV is due to the
ether-type oxygen species. Two additional peaks were
added to synthesize the Ols spectrum of the AO-exposed
polyimide, being 531.3 and 533.9 eV, which are possibly
due to -CH,-C(O)-NH- and -(C=0)-O-(C=0)- struc-
tures [21]. The N1s peak centered at 400.6 eV is assigned
to imide nitrogen species. No significant change in the
Nls spectrum was observed after exposure. The change
in XPS spectra suggests the scission of the C—N bond in
PMDA and the formation of functional groups such as
carbonyl and carboxyl groups at this location. These

Fig. 1 The XPS core level spec-
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analytical results are consistent with the conclusion
obtained using the ion beam-type AO source [3].

The peak areas were divided by the atomic sensitivity
factors of the respective elements (Cls: 1.00, Nls: 1.77
and Ols: 2.85) to calculate the atomic concentrations of
carbon, oxygen and nitrogen. It was found that the
oxygen concentration increased with AO exposure,
whereas the nitrogen concentration was almost constant
at 6-10%. Figure 2 shows the O/C ratio as a function of
total AO fluence. One finds that the O/C ratio increased
with AO fluence and reached the saturation value of O/
C =0.45 at the AO fluence of 3 x 10%! atoms/m>. It is
concluded that the PI surface becomes a steady-state
oxidized surface from the AO beam exposure with an
AO fluence of 3 x 10*! atoms/m”>.

Effect of atomic oxygen exposure on contact angles
and surface free energies

The weight recording measured by the Wilhelmy method
in the pristine PI/water/air system is presented in Fig. 3.
The points ““a”, “b”, and “c” show the moments when
the lower edge of the PI film touched the water surface,
when the direction of the motion of the water surface
was reversed, and when the lower edge of the film was
separated from the water surface, respectively. It is
obvious that the weights during the advancing and
receding scans were almost constant, although the local
deviation of the wetting force was obvious. This is due to
a deviation in the local contact angle and/or perimeter of
the film along with the line of contact. The advancing
and receding contact angles were calculated from the
changes in weight at the points “a” and ‘“c”, which
correspond to the advancing and receding wetting
forces, W, and W, respectively.

Figure 4 shows the contact angle data for the pristine
PI film measured by the sessile drop method. The

0.5

contact angles of water on the film are plotted as a
function of time. The contact angle linearly decreased
with time at the initial stage of the measurement (see the
inset in Fig. 4). At this stage, the drop base diameter
increased and, hence, the water front advanced. There-
fore, the contact angle extrapolated to time-zero was
determined as an advancing contact angle. After a
certain period, the contact angle decreased and became
almost constant. In this stage, the drop base diameter
decreased due to the vaporization of the liquid, i.e., the
water front receded. Therefore, the contact angle
showing the constant value was treated as the receding
contact angle. The determination of the advancing and
receding contact angles using the sessile drop technique
has been made by adding or withdrawing a small volume

—> Time

- Weight

Fig. 3 The weight recording for the pristine PI film at the water/air
interface
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Fig. 2 The O/C ratio at the PI surface as a function of total AO fluence
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Fig. 4 Change in the contact angle of water on the pristine PI film as
a function of time
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of the liquid [22]. The contact angles, thus measured, are
often interpreted in terms of advanced and receded
angles [23]. In the present study, we propose a new
method for evaluating the advancing and receding
contact angles by the sessile drop technique. The
advancing and receding contact angles measured by
the sessile drop method in this study (76.9° and 39.5°)
showed good agreement with those measured by the
Wilhelmy method (76.4° and 38.2°). The agreement
justifies the method for evaluating the advancing and
receding angles by the sessile drop technique proposed in
this study.

The AO exposure of the PI sample was carried out
only on one side of the sample. In the wetting force
measurement of the AO-exposed PI samples using the
Wilhelmy method, the total wetting force is considered
to be the sum of the wetting forces at the AO-exposed
side and at the unexposed side of the specimen.
Therefore, the contact angle of the AO-exposed surface
was calculated by subtracting the wetting force of the
unexposed side using the contact angle of the pristine
PI. The contact angles of the AO-exposed side, thus
calculated, were compared with those measured by the
sessile drop method. The Wilhelmy method determined
the advancing and receding contact angles of the AO-
exposed surface to be 74.4° and 26.3°, whereas using the
sessile drop measurement they were 74.0° and 27.6°,
respectively. The consistency in the contact angles
obtained by the two procedures showed the propriety
of the proposed data-processing by the Wilhelmy
method.

Figure 5 shows the contact angles of water as a
function of AO fluence. With increasing AO fluence,
both the advancing and receding contact angles de-
creased, i.e., the wettability increased. The contact
angles were replotted against the O/C ratio measured
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Fig. 5 The advancing (O,A) and receding (@, A) contact angles of
water on the PI films measured by the Wilhelmy (O, @) and the sessile
drop methods (A, A) as a function of total AO fluence

by XPS. The results are shown in Fig. 6. Both the
advancing and the receding contact angles linearly
decreased with increasing O/C ratio. The behavior of
contact angles as observed in the present study is
consistent with the theoretical calculations of the contact
angles on the heterogeneous surfaces as reported by
Johnson et al.: both advancing and receding contact
angles decrease with increasing percentage in the high-
energy region of intermediate surfaces such as in PI film
surfaces [23]. In the previous study [13], we had
investigated the contact angles of water on AO-exposed
carbon fibers using the Wilhelmy method. The results on
carbon fibers indicated that the receding contact angle
decreased with increasing atomic concentration of
oxygen, whereas the advancing contact angle remained
constant. This behavior of contact angles is also
explained by Johnson’s theory, i.e., only receding
contact angles decrease with an increasing percentage
in the high-energy region of hydrophobic surfaces such
as graphitized carbon fibers.

Surface roughness is another factor influencing the
contact angles. The degrees of surface roughness of the
pristine and the AO-exposed PI films were examined by
AFM with mean and root mean square roughness,
measured over a 1 yum X 1 um area. The results are
shown in Fig. 7 as a function of total AO fluence. The
roughness of the PI surface was found to increase with
increasing AO fluence. This is considered to be an early
stage of the formation of a ‘“‘shag-carpet-like structure”
which is widely known as a surface texture of the PI
exposed to LEO space environment [24]. However, the
roughness of the AO-exposed PI surface was small, in
the order of a few nanometers. Wenzel stated that the
observed contact angle on rough surfaces was not
identical to the intrinsic contact angle [25, 26]. Accord-
ing to Wenzel’s equation, the observed contact angle can
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Fig. 6 The advancing (O, A) and receding (@, A) contact angles of
water on the PI films measured by the Wilhelmy (O, @) and the sessile
drop methods (A, A) as a function of O/C ratio at PI surfaces
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decrease with increasing surface roughness for contact
angles of less than 90°. The contact angles obtained by
the Wilhelmy and the sessile drop methods in the present
study correspond to the intrinsic and the observed
contact angles, respectively. The agreement in the
contact angles of the AO-exposed PI measured by
the Wilhelmy and the sessile drop methods indicate that
the effect of surface roughness in the range of a few
nanometers does not affect the contact angle measure-
ments reported in this study.

The Lifshitz-van der Waals component, and Lewis
acid and base parameters of the surface free energy of PI
films are presented in Fig. 8 as a function of the O/C
ratio. The base component increased with increasing
O/C ratios whereas the other two components remained
constant. This result may be explained by the introduc-
tion of surface functional groups due to AO bombard-
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Fig. 7 The mean roughness, R,, (O) and the root mean square
roughness, R, ((J) at PI film surfaces as a function of total AO fluence
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Fig. 8 The Lifshitz-van der Waals component (O), the acid param-
eter (A), and the base parameter (OJ) of the surface free energy of PI
films as a function of O/C ratio

ment. The formation of carbonyl and carboxyl groups at
the AO-exposed PI surface was clearly detected by XPS
as described earlier. These surface functional groups are
expected to be electron donors. It is, therefore, conclud-
ed that the change in contact angles of PI by the AO
beam exposure is due mainly to the increase in the base
component of the surface free energy which is explained
by the formation of carbonyl and/or carboxyl groups.

PI surface in LEO space environment

In this study, XPS measurements were made without
ambient air exposure and we observed oxidation of PI
surfaces even without air exposure. This result suggests
that the surface oxidation can occur in LEO. This
conclusion is contradictory to that reported by Gross-
man et al. [27]: they observed the loss of surface oxygen
during AO beam exposure. However, previous research
into the effect of air exposure on the AO-exposed PI
supports our conclusion which can explain the results
of in-flight experiments [6]. The experimental results in
this study suggest that the increase in wettability of PI
surfaces due to AO bombardment occurs in the LEO
space environment. Such a hydrophilic surface easily
allows for the attachment of contamination such as
dumped water from a spacecraft. Therefore, for the
future assessment or modeling of the contamination
behavior at PI surfaces in LEO space environment, the
influence of the AO-induced hydrophilic effect should be
taken into consideration.

Conclusions

The PI surfaces exposed to AO beam with a translational
energy of 4.5 eV were characterized by AFM, XPS and
contact angle analysis. The AFM and XPS data showed
that the roughness and surface oxygen content at the PI
surface increased after AO exposure. The contact angles
of water on the AO-exposed PI film were found to
decrease linearly with increasing O/C ratio at PI surfaces.
It was also clear that the decrease in contact angle was
due to the increase in the base component of the surface
free energy. These experimental results were interpreted
to show that the adsorbed oxygen at the AO-exposed PI
surface formed surface functional groups which served as
electron donors. It was suggested that the increase in
wettability of PI surfaces due to AO bombardment
occurs in the LEO space environment. Such a hydro-
philic PI surface allows for the easy attachment of
contamination and may accelerate its performance loss
as a thermal control material. Therefore, the AO-
induced hydrophilic effect should be considered in a
future assessment of material degradation and of con-
tamination attachment in the LEO space environment.
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