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The polymeric materials could degrade due to the electron irradiation, photo-irradiation and heat effect following with the surface 
flashover in vacuum. On the other hand, the surface insulating performance could be improved by electron irradiation. In order to 
study the effect of electron irradiation on the insulating materials, the surface parameters were measured and the flashover 
experiment was performed in vacuum after electron beam irradiation. First, several typical polymeric samples, such as 
polytetrafluoroethylene (PTFE), polymethylmethacrylate (PMMA) and polyamide (PA6), were exposed by different energy electron 
beam from 10 keV to 30 keV and in different radiation times. Then the surface parameters, such as surface topography, chemical 
group and surface roughness, were measured for insulating samples in different processing conditions. Since the surface trap 
distribution is closely related to the microscopic structure and defects, the trap parameters of PA6 samples were deduced based on 
the surface potential data. In this measurement, the polymeric surface was charged by needle-to-plane corona discharge, and then 
the surface potential was measured by Kelvin electrostatic probe. The surface flashover experiment in vacuum was performed using 
finger-type plane-electrodes, and the relationship between electron beam energy, irradiation time, and flashover voltage was 
analyzed. The experiment results indicate that the surface trap energy level is deeper and the trap density is greater after electron 
irradiation, and the surface flashover voltages for several materials are also improved to different degrees. Combined the 
macroscopic dielectric parameters with the microscopic one, the effect of electron irradiation on surface insulating property was 
analyzed. 
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Introduction 

The changes in dielectric insulating properties 
affect reliable operation and service life of electrical 
equipments in an irradiation environment. The 
research fields of dielectric properties after irradiation 
include irradiation crosslinking [1], space environment 
[2], material aging [3], and so on. In the case of 
spacecraft, surface or deep discharge phenomena are 
caused by charging of the dielectric in the space 
environment, resulting in abnormal operation of the 
spacecraft, such as the internal charge accumulation 
of the high-power cable insulation, the electromagnetic 
interference caused by the electrostatic discharge to 
the electronic device, the flashover across the 
insulation between the conductive rings of the driving 
mechanism, and the surface discharge between the 
battery cells [4], etc. The direct internal damage events 
of spacecraft are rare since the high energy (MeV or 
higher) electron and ion density is low in the space 
environment [5]. Therefore, it is important to pay 
attention to the surface insulating properties of the 
dielectric after irradiation. 

It is widely concerned about the electrical 
properties of insulating dielectric after irradiation. 
Hegeler et al. reported that the effects of different 
ultraviolet irradiation positions on vacuum flashover 
with polycarbonate and borosilicate glass. They found 
that the surface withstand voltage was reduced when 
irradiated on the electrode position; however, the 
flashover voltage had a 10% increase when irradiated 
on the dielectric surface [6]. Fujii et al. found that the 
flashover voltage of lead-containing glass decreased 
after 100 eV low-energy electron beam irradiation, and 
it became more obvious with increasing electrode gap 
[7]. Liu et al. observed that under the irradiation of low 
energy electron beam (keV), the vacuum flashover 
voltage increased first and then decreased with the 

increase of electron beam energy, but it was still higher 
than the unirradiated sample [8]. Li et al. reported that 
flashover voltage was jointly affected by electron beam 
energy and incident angle on sample surface [9].  

In addition, more researches have focused on 
changes in the intrinsic properties of dielectrics. Lin et 
al. reported that epoxy micro-composite was treated by 
electron beam irradiation in vacuum environment, and 
the shallow trap density decreased, the deep trap 
density and energy level increased with increase of the 
irradiation energy [10]. Zheng et al. found that the 
ability to resist radiation and store charge is related to 
material type during high energy electron beam 
irradiation (MeV). They also showed that the relative 
dielectric constant of materials is mainly influenced by 
the number of molecules per unit volume and the 
molecular polarizability [11, 12]. Thus, the existing 
research mostly focuses on the effects of irradiation 
energy, angle, and irradiation position. Some 
experimental results are inconsistent. Therefore, it is 
necessary to study the changes of the surface 
insulation properties of different materials after 
irradiation and at the same time take into account the 
effects of different irradiation times.  

In this paper, several typical polymers were used, 
such as polytetrafluoroethylene (PTFE), polymethyl 
methacrylate (PMMA), and polyamide (PA6), which are 
widely used in electrical equipments. The dielectric 
surface was firstly irradiated with different energy and 
different time electron beams. Then the surface 
parameters of the samples, such as surface 
morphology, surface roughness and trap distribution, 
were measured. At last the surface flashover 
experiment was developed to obtain the surface 
insulating properties of the irradiated samples in 
vacuum.  
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Experimental Setup 
The samples used in the experiment were PTFE,  

PMMA and PA6, with a size of 50×50×2 mm, dried for 

5 hours at 70 ℃ in a vacuum drying box. The electron 

gun in scanning electron microscope (JSM-6360LV) 
was used to irradiate the surface of the samples. The 
irradiating conditions were shown in Table 1.  

Tab. 1. Treatment of samples by electron beam irradiation 

Energy (keV) 
10 15 20 30 

Time (min) 

10    ✓ 

20    ✓ 

40    ✓ 
60 ✓ ✓ ✓ ✓ 

 
In the vacuum flashover experiment, finger-shaped 

electrodes are used to ensure that the flashover occurs 
in a certain area. A lower voltage is firstly applied on 
the sample surface. If there is no flashover within 20 s, 
0.5 kV will be increased. This process of gradually 
increasing voltage will be repeated until flashover 
occurs. Five flashover experiments were performed on 
each sample. The vacuum is maintained at (2~6)×10-4 
Pa during the whole flashover experiment. The 
schematic diagram of vacuum flashover experiment is 
shown in Figure 1. 
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Fig. 1. Schematic diagram of flashover experimental system 

 

Experimental Results 

The surface morphology of PTFE after irradiation 
under different conditions was observed by SEM, 
which is shown in Figure 2. It can be seen that some 
micropores begin to appear on the surface of the 
material after irradiation with certain conditions. When 
irradiation energy is 10 keV, the sample surface is 
partly layered and fewer micropores are also observed, 
but the above phenomenon is not increased when the 
energy is increased to 15 keV. When the energy is 
increased to 20 keV, many small and dense pores 
appear on the surface of the sample except the above 
micropores and folds. As the energy is increased to 30 
keV, the pore size of the sample surface also 
increases. A similar situation exists in PMMA, but no 
micropores appear on the surface of PA6.  

Since the SEM observation range is 21×17 μm2, 

the irradiated area of the sample is about tens of mm2, 
and the minimum spacing of the electrodes is mm in 
the flashover experiment, we measured the surface 
roughness Ra by roughness meter (TR210). The result 
is shown in Figure 3. The increase of Ra for PTFE is 
relatively small compared to non-irradiation sample, 
and the increment is maximum at 20 keV. The surface 

roughness of PMMA and PA6 also increases, but the 
increment is smaller than PTFE. 

 

Fig. 2. Morphology of samples radiated by electron beam with 
different conditions 

0 5 10 15 20 25 30
0.00

0.01

0.02

0.03

0.4

0.5

0.6

0.7

0.8

s
u

rf
a

c
e

 r
o

u
g

h
n

e
s
s
 R

a
 (

μ
m

)

Irradiation energy (keV)

 PTFE

 PMMA

 PA6

(a) Irradiation time, 1 h

 

0 10 20 30 40 50 60
0.00

0.01

0.02

0.03

0.4

0.5

0.6

0.7

0.8

(b) Irradiation energy, 30 keV

s
u

rf
a

c
e

 r
o

u
g

h
n

e
s
s
 R

a
 (

μ
m

)

Irradiation time (min)

 PTFE

 PMMA

 PA6

 
Fig. 3. Surface roughness of samples after irradiation 

Figure 4 shows the infrared spectrum of the 
samples after irradiation with electron beam energy of 
30 keV for different times. The characteristic peaks of 
PTFE, PMMA and PA6 in different irradiation times are 
basically coincident. That is, electron beam irradiation 
under vacuum does not cause new chemical groups 
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on the surface of polymeric materials due to chemical 
reaction. 
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Fig. 4. Infrared spectrum of samples after irradiation 

The surface trap of insulating material is related to 
the accumulation and dissipation of surface charge, 
which affects the local electric field. Its influence on 
vacuum flashover has attracted extensive attention 
[13]. The surface trap parameters of PA6 were 
calculated by Isothermal Surface Potential Decay 
(ISPD). The trap parameters can be calculated as 
follows: [13, 14]:  

( )lnT B ATEE k T v t=                    （1） 

( )
( )0 sr

s

e

d t
Q t t

q L dt

 
=                   （2） 

Where ET is the trap level, Qs is the trap charge 
density, kB is the Boltzmann constant, T is the sample 
temperature, vATE is the escape frequency of trap 
charge (4.17x1013 s-1), L is the sample thickness, Φs(t) 
is the surface potential value. 

When the irradiation energy is 30 keV, there is a 
positive correlation between the irradiation time and 
the trap energy level, as shown in Fig. 5. Meanwhile 
there is also a positive correlation between the 
irradiation energy and the trap level.  
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Fig. 5. Trap parameter of PA6 after irradiation 

The vacuum flashover experiments were carried 
out on the samples irradiated by different electron 
beams to study the surface insulating property. Figure 
6 shows the surface flashover voltage of several 
materials in vacuum. In general, the flashover voltage 
of several materials is on the up trend after diffrent 
electron beam irradiations. There are some differences 
in the change trend for different materials. 
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Fig. 6. Flashover voltage of samples in different conditions of 
irradiation 

In Figure 6, the flashover voltage of PA6 increases 
with the irradiation time and energy, but the surface 
morphology does not change significantly. The surface 
trap parameter results show that the trap density and 
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energy level increase after electron beam irradiation, 
which is similar to the results of ducument [10]. 

 

Conclusions 
The typical polymer samples, PTFE, PMMA, and 

PA6, were irradiated under different conditions of 
electron beams. Some surface parameters were 
measured and analyzed. The micropores appear on 
the surface of PTFE and PMMA, but the chemical 
groups have no obvious changes for three materilas. 
The surface roughness has minor increase for three 
materilas.  

The surface trap level is deeper and the trap 
density is higher after electron beam irradiation, and 
the surface flashover voltage of several materials also 
increases approximately. The surface insulating 
performance is improved mainly by the trap distribution 
change after electron beam irradiation. 
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