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Surface characterization and degradation behavior
of polyimide films induced by coupling irradiation
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The degradation behavior of polyimide in extreme environments, especially under coupling treatment,

directly determines the service life of several key components in spacecraft. In this research, the
combined effect of a high energy electron beam (1.2 MeV), heavy tensile stress (50 MPa) and constant
high temperature (150 °C) was taken into account to study the surface modification and degradation
behavior of polyimide films. By analyzing surface morphology, microstructural evolution and mechanical

behavior of polyimide films after coupling treatment, the results indicated that the coupling treatment

led to severe breakage of chemical bonds and decrease of surface quality. Meanwhile, new chemical
bonds of C-C, CH,-0 and C=N formed after coupling treatment. Additionally, a high dose of electron
beam during coupling experiments contributed to the formation of an oxide layer, surface defects and
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even volatile gases in the outer layer of the polyimide film. This was attributed to the significant

scissioning of molecular chains in polyimide films and corresponding chemical reactions between free

DOI: 10.1039/c8ra05744c
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1. Introduction

In recent decades, polyimide has been widely applied as struc-
tural materials under extreme environments, such as in space-
stations and nuclear installations.” The applications include
shielding materials, thermal blankets, solar sails and arrays
that depend on its reliable thermal stability and performance.**
When exposed to damaging environments with effects of
protons, electrons, solar ultraviolet radiation or thermal cycling,
the microstructure and properties of polyimide will strongly be
affected and tends to degrade gradually, which will lead to
reducing the reliability of components in spacecraft or even
mission failure.”™® Consequently, it is important to figure out
the degradation behavior and mechanism of polyimide under
these threatening environments.

There have been thorough investigations of space's envi-
ronmental effects on polyimide degradation behaviors and
performances. It was believed that the energized particles would
lead to variation in chemical structure through scissioning and
crosslinking among polyimide molecular chains.” In this
process, the original chemical bonds in polyimide tended to be
broken and new chemical bonds formed simultaneously. In the
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radicals and oxygen in air. Consequently, the irradiation-load-heating coupling treatment led to
a remarkable drop in viscoelastic properties and mechanical performance of polyimide films.

meantime, the free radicals might be induced during irradia-
tion and react with oxygen in polyimide, which would facilitate
to the formation of oxide layer in polyimide surface or even
volatile gases.***® These chemical reactions and corresponding
microstructural transformations during irradiation would lead
to significant changes in performance of polyimide, such as
mechanical properties, insulating properties, optical perfor-
mances, surface quality and thermal stability."”~* Investigations
indicated that tensile strength and elongation of polyimide
dropped significantly after high dose of irradiation.”® It was
reported that heavy ions with high energy could even lead to
progressive carbonization and graphitization of polyimide,
which dramatically dropped the sheet resistance of polyimide
films with increasing ion fluence.”* Researchers also believed
that the increase of surface roughness and optical degradation
were mainly caused by the scissioning and then carbonization
of the molecular chains in the polyimide.”?> Therefore, the
polyimide samples tend to degrade after different kinds of
irradiation and then result in reduced reliability of space
components or even huge economic loss.

When polyimide components are placed in space, the irra-
diation by high energy particles is not the only factor to be
considered with regard to degradation behavior of polyimide.
For instance, the solar panels and sail are not only irradiated by
high energy particles, but also in a state of tensile stress, which
might result in creep and plastic deformation. Hence, the
coupling effect by combination of tensile stress and irradiation
could be unneglectable when analyzing degradation behavior of

This journal is © The Royal Society of Chemistry 2018
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polyimide. It was reported that the low energy (0.2 MeV) elec-
tron beam and tensile stress (<7 MPa) coupling treatment had
little effect on the mechanical properties of polyimide."** When
heavy load over 40 MPa was applied, however, the tensile stress
might initiate rapid degradation in irradiated polyimide, which
mainly caused by the acceleration of molecular chains' scis-
sioning in polyimide films.*** Our previous research also
confirms that irradiation-load coupling treatment will lead to
more severe breakage of chemical bonds, surface erosion and
drop of mechanical properties, comparing with the only irra-
diated polyimide samples. Therefore, the stress state has effect
on the microstructure, surface morphology and mechanical
performance of polyimide under irradiation environment,
which has to be considered in process of failure analysis tests.

Additionally, orbital extreme temperature and thermal
cycling might lead to thermal degradation of polymer materials,
which are also potential causes of fractures. According to the
mission profile and simulated results, the surface temperature
of solar arrays in space varied from —150 °C to more than
120 °C.>**® In spite of the excellent thermal stability of poly-
imide, the long-term high temperature would bring about
thermal stress which caused unrecoverable damage micro-
structure and potential dangers.”*>® Investigations indicated
that when polyimide samples were treated by high temperature
isothermal aging treatment, the surface roughness and weight
loss tended to grow.”**?*° Meanwhile, when oxygen existed, the
aging dramatically degraded the tensile strength of polyimide
due to the formation of oxide layer.** In this case, the influence
of temperature should be taken into account when analyzing
the effect of coupling treatment in space environment.

It can be concluded from previous researches that the high
temperature, heavy load or high energy irradiation could lead to
significant degradation of polyimide in specific conditions;
while few of the published studies have attempted to consider
the coupling effect, especially combining the factors of high
temperature and heavy load during electron beam irradiation.
In order to comprehensive analyzing the degradation behavior
of polyimide in extreme environment, the effect of coupling
treatment by combination of high energy electron (1.2 MeV),
heavy tensile stress (50 MPa) and constant high temperature
(150 °C) is introduced in this research. And the aim of this work
is to get an in-depth understanding of the degradation mech-
anisms in polyimide films under irradiation-load-heating
coupling treatment.

2. Experimental

2.1 Sample preparation and self-designed coupling
equipment

Polyimide films (PMDA-ODA, pyromellitic dianhydride-co-4,4'-
oxydianiline) of 50 pm thick were supplied by China Academy of
Space Technology. A schematic of the polymeric repeat unit of
PMDA-ODA is shown in Fig. 1. The polyimide film was aniso-
tropic, which was manufactured by tape casting process and
then stored in rolls. In order to fit the following irradiation-load-
heating coupling experiment, the samples were cut from the
center with dog-bone shaped. The longitudinal direction of the
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Fig. 1 Schematic of the polymeric repeat unit of PMDA-ODA.

polyimide sample, namely the loading direction in following
tensile tests, was in accordance with machine direction of the
film in order to prevent anisotropy effects.

The electron beam irradiation was carried out in a ground-
based simulation facility in Technical Physics Institute of Hei-
longjiang Academy of Sciences. The irradiations were carried
out in air and the dimension of the effective electron beam area
are about 100 mm x 500 mm. The electron fluence in this
research varied from 5 x 10" to 1 x 10'® em ™ with an accel-
erative voltage of 1.2 MeV. During irradiation, the energy
accumulation effect induced by electron beam will lead to
temperature acceleration of polyimide films and the result is
shown in Fig. 2. It can be seen that the temperature of polyimide
films will increase gradually and then remain stable with the
rising electron fluence. And the maximum temperature rise of
polyimide films is about 15 °C. In order to further increase the
temperature, extra heating device should be considered
combined with electron beam irradiation.

The irradiation-load-heating coupling experiment was con-
ducted by self-designed equipment as shown in Fig. 3. The
loading stress was controlled by the weight and sliding system,
which was calibrated by force sensor before irradiation. The
heating part was composed of temperature sensor, heater and
PID controller. During coupling treatment, the temperature of
the sample could be controlled by the feedback of temperature
sensor attached to the polyimide film. Meanwhile, the wires
connected with heater and temperature sensor were protected
by ceramic tubes from electron beam irradiation. At the
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Fig. 2 Temperature variation during irradiation process.
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Fig. 3 Schematic of irradiation-load-heating coupling system.

beginning of coupling treatment, the heater started firstly and
the temperature of sample would reach target temperature
before irradiation. In this work, the tensile stress and heating
temperature were set as 50 MPa and 150 °C, respectively.

2.2 Characterization

The surface morphology of coupling treated polyimide films
was observed by scanning electron microscope (SEM, SUPRA 55
SAPPHIRE, Zeiss). The phases of treated samples were identi-
fied by Panalytical Empyrean X-ray diffraction (XRD) with
copper target. The scan step was 0.05° and the counting time
was 0.4 s. The composition and chemical states after treatment
were evaluated by X-ray photoelectron spectroscopy (XPS,
ESCALAB250Xi, Thermo Fisher Scientific).

Dynamic mechanical analysis was performed using a TA
Instruments Q800. Storage and loss modulus (E/, E”) were
measured in temperature sweep mode (1 Hz, 3 °C min™ ") at the
temperature ranging from 40 to 450 °C. All measurements were
performed under nitrogen atmosphere. The mechanical prop-
erties of the coupling treated polyimide films were measured at
ambient temperature on tensile tester (INSTRON 5569)
according to GB/T 1040-2006 standard. Before testing, the
thickness of pristine and treated polyimide films was measured
by thickness gauge to calculate cross-sectional area, which was
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in order to prevent the influence of creep effect during irradi-
ation process. The strain rate was set to 3 mm min *. The
tensile strength and elongation were determined by the
maximum stress and the strain, respectively; and the average
values were calculated from the stress-strain curves for five
polyimide samples at each treated parameter.

3. Results and discussion

The results of X-ray diffraction patterns of the pristine poly-
imide film are presented in Fig. 4(a). It could be found that there
are three Bragg's peaks at 5.8°, 18.2° and 25.3°, which could be
indexed as (002), (110) and (210), respectively.**** It can be
inferred that the semicrystalline structural pristine polyimide
are still regularly ordered in certain degrees. When tensile stress
of 50 MPa is applied, the molecular chains in polyimide tend to
be stretched and much easier to be broken during high energy
electron beam irradiation. Meanwhile, according to Arrhenius
equation, the extra heating source increases the activating
energy of molecular which lead to more severe chemical reac-
tion in polyimide. Consequently, the coupling treatment
contributes to the decline of crystallinity and disordering
microstructure in polyimide samples. When irradiation-load-
heating coupling treatment is applied, as shown in Fig. 4(b),
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Fig. 4 XRD patterns of pristine, irradiation-load and irradiation-load-heating coupling treated polyimide. (a) Comparison of pristine, irradiation-
load and irradiation-load-heating coupling treated samples; (b) irradiation-load-heating coupling treated samples with different electron

fluence.
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Fig. 5 Atomic ratio of C, O and N in polyimide samples after irradia-
tion-load-heating coupling treatment.

the position of three strongest peaks have no change and the
intensity of XRD patterns gradually decreased as the growing
electron fluence. However, the relative intensity of (002) and
(110) peak are much stronger than that in pristine polyimide,
which indicates that there is a preferred orientation on (002)
planes after irradiation-load-heating coupling treatment.

The atomic ratio of C, O and N, calculated based on the XPS
data, are shown in Fig. 5. The summation of C, O and N is set at
100% by neglecting the ratio of H in calculations. It can be seen
that the contents of C and N drop dramatically after the
irradiation-load-heating coupling treatment. Conversely, the O
content significantly increases from 17.37% to 43.96%. It can be
inferred that the process of severe oxidation, which is induced
by coupling treatment, occurs in outer layer of polyimide films
with increasing electron fluence. Eventually, the oxide layer is
formed on polyimide films.

In order to investigate the chemical bonding states in poly-
imide samples after irradiation-load-heating coupling treat-
ment, the analysis of core-level XPS spectra is introduced in
Fig. 6. For Cls spectrum of the pristine sample as shown in
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Fig. 6(a), the prominent peak located at 284.5 eV corresponds to
phenyl C=C bonds of ODA structure and the peak at 285.5 eV is
related to C-N bonds in PMDA structure. The other two peaks at
286.3 €V and 288.4 eV are attributed to ether group C¢H,-O in
ODA unit and carbonyl group C=0 in imide systems of PDMA
unit, respectively.** After irradiation-load-heating coupling
treatment, the peak positions of C1s spectra have no modifi-
cation. However, the relative intensities of these peaks have
changed significantly. The detailed relative component ratios of
different bonds are shown in Table 1. As electron fluence
increases, the relative intensities of C=C, C-N and C=0 bonds
decrease. Meanwhile, new chemical bond, which is confirmed
as aliphatic C-C bonds,** forms when electron fluence rises up
to 5 x 10" em™2. Moreover, the C=C and C-C bonds become
the dominating components in C1s spectrum after coupling
treatment with fluence of 1 x 10'® cm ™2, and the ratios are 66%
and 29.28%, respectively. However, the ratios of C¢H,—~O and
C=0 peaks decrease significantly, and the peak of C-N bonds
even totally disappears.

In Fig. 6(b), two deconvoluted signals are detected at
531.9 eV and 533.2 eV associated with carbonyl group (C=0)
and ether group (C¢H4-O), respectively. It can be seen that the
ratio of C=0 decreases significantly with increasing electron
fluence after coupling treatment, which is also confirmed by
Table 1. Meanwhile, the ratio of C¢H,-O relatively remains
stable. When the fluence is over 2 x 10'° cm™2, a new bond
detected at 532.5 eV, which can be assigned to ether group
bonds CH,-0.* Moreover, the ratio of CH,—O bonds reaches
51.42% as the fluence increasing to 1 x 10'° em™?, which
become the dominant role in O1s spectra. It can be inferred that
there are several stages of the chemical bonds breakage. In the
first stage, the carbonyl group (C=0) and ether group (C¢H,-O)
are more easily to break after coupling treatment. And the
scissioning of carbonyl group might lead to formation of C-O-
with free radical, which might be incorporate with other free
radical such as C-C-. With increasing electron fluence, there are
severe chemical bonds breakage of benzene ring in PMDA and
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Fig. 6 Curve-fitted XPS spectra of (a) Cls, (b) Ols and (c) N1s for pristine, irradiation-load-heating coupling treated polyimide samples with

electron fluence of 2.0 x 10*® cm™2 and 1.0 x 10'® cm™2, respectively.
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Table 1 The component ratios of pristine and irradiation-load-heating coupling treated polyimide samples

Proportion (%)

Peaks Bonds Epina (€V) Pristine 5 x 10" em™2 2 x 10° em™2 5 x 10" em™2 1 x 10" cm™2
Cls C=C 284.5 60.21 62.97 57.13 40.36 66
C-C 285.0 — — — 19.08 29.28
C-N 285.5 25.95 25.96 21.83 20.25 —
CeH,4—O 286.3 4.65 3.49 13.79 13.26 2.94
C=0 288.4 9.19 7.58 7.25 7.05 1.78
O1ls C=0 531.9 72.82 86.65 30.38 28.32 22.89
CH,-O 532.5 — — 29.71 41.26 51.42
CeH,4-O 533.2 27.18 13.35 39.91 30.42 25.69
Nis C=N 399.4 — — 30.28 43.43 70.06
C-N 400.3 100 100 69.72 56.57 29.94

ODA during coupling treatment, which facilitates to the
increase of aliphatic C-C bonds and corresponding aliphatic
ether group. Further, the increasing fluence during coupling
treatment might also contribute to the formation of free radi-
cals, which might be incorporated with each other or oxygen.
Therefore, the coupling treatment leads to formation of new
chemical bonds and oxide layer in outer layer polyimide films.

Fig. 6(c) shows the N1s spectra of untreated polyimide
sample where only one symmetric peak at 400.3 eV (C-N) is
detected. After the electron fluence rises up to 2 x 10" cm 2,
a new peak located at 399.4 eV is detected, which is assigned to
C=N bond arising from scissoning in imide structure and
crosslinking between nitrogen and carbon under high dose of
electron fluence irradiation, external tensile stress and high
temperature. The ratio of C=N bonds rises up to 70.06% when
samples treated with the fluence of 1 x 10'® ecm 2. Moreover,
the formation of C=N bonds has been also observed when
polyimide were irradiated by high energy beam.®*%%”

Fig. 7 shows SEM images of polyimide film surfaces after
irradiation-load-heating coupling treatment with different
electron fluences. Overall, the degree of surface degradation
rises gradually with increasing fluence of electron. The surface
of pristine polyimide film, as shown in Fig. 7(a), is quite smooth
and there are no obvious defects on polyimide surface. When
coupling treatment with electron fluence of 5 x 10" ¢cm™2 is
applied, a small amount of round-shaped defects form on the
surface of polyimide samples in Fig. 7(b). As electron fluence
rises up to 2 x 10" cm™?, the density and size of defects
increase (Fig. 7(c)). With increase of fluence, however, the size of
defects drops significantly. Meanwhile, there is a rapid growth
of the amount of defects in Fig. 7(d) and the defects tend to be
in round shape. When the electron fluence reaches 1 x 10
cm 2, shown in Fig. 7(e) and corresponding enlarged area A in
Fig. 7(f), the average diameter of defects further decreases to
less than 100 nm, which uniformly distributed on polyimide
surface. It can be inferred that electron fluence has a significant
influence on surface morphology and quality of polyimide films
during irradiation-load-heating coupling treatment. According
to XPS results and SEM images, it can be confirmed that these
defects are oxide products after coupling treatment.

28156 | RSC Adv., 2018, 8, 28152-28160

In process of coupling experiment, as shown in Fig. §(a), the
polyimide film is treated by high energy electron beam, external
tension stress and high temperature. The irradiation of electron
beam may lead to severe chemical reaction and thus scissioning
of bonds in polyimide films, which may lead to the generation
of volatile gases such as CO,, CO, nitrogen and hydrogen in
polyimide matrix.***** Meanwhile, the reaction between free
radicals induced by electron beam irradiation and oxygen in the
air leads to formation of oxide products in the outer layer, which
might be responsible for the formation of surface defects and
oxide layer in the outer polyimide film.* When tensile stress is
applied, the free volume (the volume that is not occupied by
polyimide chains) tends to increase, which would help to
diffusion of oxygen into polyimide matrix, especially at the
position of micro-cracks and defects.*** Consequently, the
probability of free radical reactions increases, which might lead
to an increased rate of degradation in the out layer of polyimide
films.”® Moreover, heating help to increase its crosslinking in
polyimide matrix and accelerate the process of oxidation via
activating energy enhancement.*®* Combining the effect of
electron beam, tensile stress and heating, it can be concluded
that the coupling treatment might lead to formation of oxide
layer, surface defects and even volatile gases, just as illustration
in Fig. 8(b) and corresponding enlarged cross-sectional sche-
matic in Fig. 8(c). Moreover, the products of oxide layer and
defects are confirmed by results XPS and SEM results, respec-
tively. Based on these results, it can be inferred that the
mechanical performance might tend to degrade after
irradiation-load-heating coupling treatment due to the forma-
tion of defects and oxide layer.

The thermal-mechanical properties of PI films after
coupling treatment are characterized by storage modulus (E'),
loss modulus (E”) and loss factor (tan é) from dynamic
mechanical analysis measurements, as illustrated in Fig. 9. As
the temperature increases, E' of the pristine sample decreases
gradually but distinctly from 375 to 425 °C as shown in
Fig. 9(a), which is related with energy dissipation involving
cooperative motions of the polymer chains with temperature.**
By comparison with pristine and coupling treated polyimide
samples, the E’ curve drops with increasing electron fluence.

n
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Fig. 7 SEM images of pristine polyimide and irradiation-load-heating coupling treated polyimide with different electron fluence. (a) Pristine
polyimide, (b), (c), (d) and (e) are the coupling treated samples with electron fluence of 5 x 10%* cm™2, 2 x 10 cm™2,5 x 10 cm~2and 1 x 10'®

cm™2, respectively; (f) is enlarged picture of area A in (e).
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Fig. 8 Schematic of irradiation-load-heating coupling treatment and degradation process of polyimide. (a) schematic of polyimide film at the
beginning of coupling experiment; (b) schematic of polyimide film in process of coupling treatment; (c) enlarged picture of cross-sectional

polyimide film in (b).
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When the sample is irradiated by fluence of 1 x 10'® ecm 2, E/
of the treated sample produces a significant decrease of 61%
from 2570 to 1012 MPa at 40 °C. It can be inferred that the
degradation effects of the coupling treatment lead to
decreased stiffness of polyimide films.*

In Fig. 9(b), the broad peaks of E” at 250 and 390 °C in
pristine polyimide are known as transitions due to the rotation
of aromatic rings (B-transition) and the segmental motion of the
backbone (a-transition), respectively.*® It can be seen that the
intensity of E” curve tends to decrease for coupling treated
polyimide films with increasing electron fluence. Moreover, B-
transition shifts to lower-temperatures when the polyimide
films are irradiated by fluence more than 2 x 10" cm™>. As the
decreased loss modulus is caused by the drop of friction
between molecular chains, it can be concluded that the
coupling treatment contributes to the scissioning of chemical
bonds in polyimides samples as electron fluence increases.

Fig. 9(c) shows the loss factor of polyimide samples, which is
the ratio of E” to E'. T,, which is taken from the peak temper-
ature of the tan 6 curve and also known as glass transition
temperature, provides direct insight into the segmental
mobility of macromolecular chains.* After the coupling treat-
ment by the fluence of 5 x 10" cm 2, T, increases from
405.4 °C to 412.5 °C and the rise in the glass transition
temperature could be attributed to an increasing crosslinking
in polyimide.®* After that, T, decreases gradually with the
increase of electron fluence. When the electron fluence is 1 x
10'® cm 2, the value of T, reaches 404.5 °C, which drops 0.9 °C
comparing with the pristine one. Consequently, when the
electron fluence is low, the scissioning effect is relatively weak
and crosslinking effect dominates after coupling treatment,
which contribute to the increase of T,. As electron fluence
increases, however, the scissioning effect plays a key role and
thus enhances the mobility of molecular chains in polyimide
films.

The mechanical properties after irradiation-load-heating
coupling treatment with different electron fluence are shown
in Fig. 10. From the comparison of stress-strain curves between
pristine and coupling treated polyimide samples in Fig. 10(a), it
can be clearly observed that the treated polyimide samples
exhibit a higher tensile strength than that of pristine one after
low fluence of electron irradiation. As shown in Fig. 10(b), when
the electron fluence is 5 x 10" cm™?, the tensile strength and
elongation of irradiated polyimide sample reach 196.1 MPa and
89.4% respectively. After that, the mechanical properties
decrease gradually with the increase of electron fluence. When
the electron fluence is 1 x 10" cm™?, the tensile strength and
elongation of irradiation-load-heating treated polyimide sample
drop 5.9% and 23.6%, respectively, comparing with the pristine
one. The behavior of mechanical performance may be caused by
the microstructural variation during coupling treatment. When
low electron fluence is applied, there is a slight increase of
tensile strength, which mainly caused by the fact that cross-
linking has a dominant effect during this period. As the fluence
increase, the molecular chains tend to be broken easily after
high dose of irradiation and the effect of scissioning plays a key
role. Besides, the formation of oxide layer and defects

28158 | RSC Adv., 2018, 8, 28152-28160
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illustrated in Fig. 8(c) might facilitate the initiation of crack
propagation and thus decrease the mechanical properties.
Therefore, the irradiation-load-heating coupling treatment
accelerates the degradation process.
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Fig. 9 Dynamic mechanical properties of polyimide films after irra-
diation-load-heating coupling treatment with different electron flu-
ence. (a) Storage modulus; (b) loss modulus; (c) loss factor.
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Fig. 10 Mechanical properties of the polyimide films after irradiation-load-heating coupling treatment with different electron fluence. (a)

Stress—strain curves; (b) tensile strength and elongation.

4. Conclusions

In the present work, the degradation behavior of polyimide
films induced by coupling treatment using self-designed
equipment, combined with different doses of high energy
electron (1.2 MeV), heavy tensile stress (50 MPa) and high
temperature (150 °C), has been investigated. When coupling
treatment is applied, there is a significant decline of crystallinity
in polyimide films. Meanwhile, new chemical bonds of C-C and
CH,-O and C=N formed after coupling treatment. Moreover,
the coupling treatment might contribute to the formation of an
oxide layer, surface defects and even volatile gases. This is
caused by the significant scissioning of molecular chains in
polyimide films and corresponding chemical reactions between
free radicals and oxygen in the air. Consequently, the
irradiation-load-heating coupling treatment led to a remarkable
drop in viscoelastic properties and mechanical performance of
polyimide films, thereby accelerating the degradation of poly-
imide films.
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