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The impact of silver metallization and electron irradiation on the physical and mechanical properties of 
polyimide films has been studied. The metal that impregnated the structure of the polyimide substrate was 
1–5 μm. The surface coatings contained 80–97% of the relative silver mirror in the visible and infrared 
regions. Irradiation was performed at the ELU-6 linear accelerator with an average beam electron energy 
of 2 MeV, an integral current of up to 1000 μA, a pulse repetition rate of 200 Hz, and a pulse duration of 
5 μs. The absorbed dose in the samples was 10, 20, 30, and 40 MGy. The samples were deformed at room 
temperature under uniaxial tension on an Instron 5982 universal testing system. A substantial growth of me-
chanical characteristics resulting from the film metallization, as compared to the pure film, was observed. 
The growth of the ultimate strength by ∆σ = 105 MPa and the plasticity by ∆ε = 75% is connected with the 
characteristics of the change of structure of the metallized films and the chemical etching conditions. The 
electron irradiation of the metallized polyimide film worsens its elastic and strength characteristics due to 
the formation of new phases in the form of silver oxide in the coating. The concentration of these phases 
increased with increasing dose, which was also the result of the violation of the ordered material structure, 
namely, the rupture of polyimide macromolecule bonds and the formation of new phases of silver in the 
coating. A mathematical model agrees with the experimental data. 
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1 Introduction

Preparation and study of the metallized polymer-
ic materials [1-4] caused by their extensive use in in-
dustry [5], electronics [6, 7], as well as in production 
of consumer goods [8]. Main directions of new ma-
terials search lies in obtaining composite films with 
different thickness metallic phase distribution retain-
ing mechanical properties [9, 10]. The most promis-
ing variants among metallized polymeric materials 
are polyimides [11-13] along with their high thermal 
stability, good dielectric properties and low coeffi-
cient of expansion [14-17].

On the one hand, crucial moment in such stud-
ies is to identify the influence of a metallized coating 
type, its structure and nature on mechanical proper-
ties of the polymer composite material. On the other 
hand it is important to obtain constitutive equations 
of viscoelastic media to describe a particular type of 

mechanical loading, that allows to predict the per-
formance of the material in various types of loading 
(static, dynamic, etc.) [18-20].

Therefore, the study of viscoelastic, strength and 
other mechanical properties of the metallized poly-
meric materials, revealing the influence of the struc-
ture of the coating on their mechanical behavior, the 
development of their behavior forecasting methods 
seems now as urgent and as important task .

2 Research technique

Metallized polyimide films of the thickness d=35 
mm, obtained at the Institute of Chemical Sciences 
NAS RK named after Bekturov, were discovered. 
The first stage of the process chain comprised by 
obtaining polyimide different thicknesses films on 
the basis ABimid varnish. Technological scheme 
involves rolling out the varnish through spinnerets to 
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conveyor belt cohesive layer, followed by drying at 
90°C and the thermal cyclization at 180° C for 1 and 
2 hours, respectively to film rolls sizes.

The second technological scheme of obtaining 
roll of metallized film lies in successive processing 
of polyimide film original in an organic solvent, 
an aqueous-alcoholic alkaline solution, washing, 
chelation by recovering metal, washing with dialysis 
and thermo – chemical recover of a metal at 220 °C.

The metallized polyimide films were made as 
a continuous ( two- or one-sided ) metallic layer 
impregnated into the structure of the polyimide substrate. 
The metal phase is made of a silver of thickness of 1 
to 5 microns. The overall thickness was about 25-100 
micrometers depending on the initial film thickness.

Metallized coatings surface contained 80 ÷ 97 
% of relative silver mirror in the visible and infrared 
regions. Their surface resistance varied in the range 
of 0.1 ÷ 10 ohms depending on the thickness of the 
metal layer and metal nature. The temperature depen-
dency took the form of ρs= 0.98(1+2,65·10-3t) in the 
range from ‒ 25 °C up to + 200 °C.

There was no sign of detachment (delamination) 
of the metal surface layer until the destruction of the 
entire polymer layer integrity at loads of at least 160 
MPa (200° C).

Number of samples of 25-100 microns thick, 5 
mm wide and 70 mm (working length 50 mm) length 
were cut from the resulting roll of metallized PI – 
film, which are then were divided into 5 groups for 
further electron irradiation of various doses. One 
group of samples was taken as control variant, and 
was not irradiated.

Irradiation of samples was performed on a linear 
accelerator ELU-4. The average energy of the elec-
tron beam was 2 MeV, integral current up to 1000 
mA, sending pulse frequency of 200 Hz, pulses du-
ration of 5 ms. Absorbed dose (D) of each group of 
samples was respectively 10, 20, 30 and 40 MGy.

After that, the samples were deformed at room 
temperature in a uniaxial stretching mode using uni-
versal testing machine Instron 5982. The mechanical 
tests methodology was based on the use of univer-
sal testing machine Instron 5982 and Bluehill 3 soft-
ware, which is designed to determine the mechani-
cal characteristics of various materials. In Bluehill 3 
test method selection is the basis of the experiment, 
which is assigned to the desired type of static test-
ing. Testing was based on the GOST 25.604-82 and 
American standard ACTM D3039 / D 3039M – 00.

Technical characteristics of the electromechani-
cal machine Instron 5982: maximum load of 100 kN, 
load measurement accuracy and deformation of +/- 
0.5 % of measured value.

The study of the structural changes of produced 
composite materials as a result of the effects of phys-
ical factors mentioned above were produced in the 
X-ray difraktrometre of DRON-2M type in air at a 
temperature of 293 K, CuKα radiation (λαCu=1.5418 
А ) when the counter speed 2 deg/min and feed 2400 
mm/h.

3 Experimental results and discussion

Figure 1 shows the resulting relative elongation ε 
depending on the applied stress σ for non-irradiated 
metallized polyimide film.

It is seen that the metallization of polyimide film 
increases its elongation by 120% and breaking stress 
up to ~ 175 MPa. This is due to the method of prepa-
ration of these films – the chemical etching of the 
metal (silver in our case). The surface layer morphol-
ogy of metallized samples is nanostructured, but non-
uniform in terms of the volume. It appeared as 50 nm 
metal-packed grains. The surface layer grains have a 
size of 8 – 10 nm. There is a special gradient distribu-
tion of the metal in the film volume with a maximum 
concentration of metal on the outer layer, decreasing 
in accordance to depth.

Behavior of the material under mechanical defor-
mation can be described by the following analytical 
expression showing dependency of ε on σ:

                           (1)

Expanding expression (1) into series we find that:

+……,           (2)

where E is the average elasticity modulus of the com-
posite material.

The first and second terms of the series (2) de-
scribe the behavior of the material in the elastic re-
gion. The first term describes the expansion behavior 
of the material during the deformation in the linear 
part (when σ < 35 MPa), i.e. Hooke’s law, and the 
second term of the expansion – in a non-linear (if σ 
≥ 35 MPa). The third term takes into account the ex-
pansion behavior of the material in the plastic field 
for which the value of Еn is not a modulus of elastic-
ity, etc.

In accordance to (2) we considered the depen-
dence ε = f(σ) on unexposed metallized polyimide 
films in the elastic region, for which on the basis of 
experimental data the average elastic modulus of 
31.7 MPa was determined.
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As can be seen in Figure 1, the experimental and 
theoretical curves matches very well until the area of 
loads ~ 140 MPa. The further increase in load leads 
to an increase of plastic deformation of the compos-
ite material, which causes it to tear, and this process 
requires to consider the expansion of ε = f(σ) with 
subsequent members and parameters Еn.
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Figure 1 – Change of the relative elongation ε from applied 
stress σ on nonirradiated metallized polyimide films

Figure 2 (a, b) shows obtained dependencies of 
the relative elongation from the stress for irradiated 
metallized polyimide films.

Electron irradiation of the metallized film de-
grades its strength and elastic characteristics and 
elastic modulus is reduced depending on the dose of 
irradiation and is:

given D = 10 МGy ‒ Е = 31.1 МPа; 

D = 20 МGy ‒ Е = 31 МPа;

D = 30 МGy  ‒ Е = 30.1 МPа;

D = 40 МGy  ‒ Е = 27 МPа.

The impact of electron irradiation on the 
metallized polyimide films caused the following: in 
process of increase of the radiation dose maximum 
burst relative elongation decreases. Thereby, for a 
dose of 10 MGy it is about 100% and for 40 MGy, 

about 18%; respectively, the material strength is 
decreased from 160 to 80 MPa (Figure 2 a, b).

The proposed mathematical model describes 
the dependence of the elastic region of the relative 
elongation from stress of the metallized film based 
on polyimide as well as irradiated by electrons (see. 
Figure 2 a, b).

The study of the complex effects of tempera-
ture, static load (80% of the rupture) and electron 
irradiation on these materials showed that for nonir-
radiated films rupture relative elongation is ~ 90%, 
and the time from the beginning of the application 
of the load rupture ‒ 24 minutes. For films irradiated 
with dose of 40 MGy ‒ ε = 30% и τ = 8 min., i.e. 
time of the load exposure on the material decreases 
threefold.

The electrical properties of the metallized film 
are also greatly impacted by a technology of produc-
tion of polyimide, which leads, in particular, to a dif-
ference in surface structures on different sides of the 
film (glossy and matte). And it was established that 
the glossy side, among other things, has better opti-
cal properties than the matte, and matte has a smaller 
electrical resistivity.

The obtained radiographs show the changes in 
the structure of the material affected by electron ir-
radiation and the effects of uniaxial mechanical stress 
(Fig. 3). It is evident that as a result of stretching and 
rupture of the unexposed film the intensity of the first 
peak (at about ~ 16о) decreases by about 78 units off-
setting in the direction of increasing by about ~ 6о 
and a similar effect on the irradiated film a dose of 40 
MGy causes an additional decrease in the intensity of 
the maximum of 20 units same offset.

The first maximum of the curve 1 indicates that 
the initial material had a well ordered structure. Re-
ducing of the intensity and shift of a peak towards in-
creasing angles after the above mentioned influences 
on metallized film indicates that ordering structure 
is disturbed and ruptures of macromolecules of the 
polyimide occur. These changes of the peak lead to 
the the fact that as a result of Compton scattering on 
the new centers X-ray spectrum is shifted to larger 
angles (θ>70°).

Occurrence and amplification of additional peaks 
at θ = 25° and θ = 37° indicates that as the result of 
these effects new phases with dielectric properties in 
the form of silver oxide are formed in the material. 
Amplification of these peaks is associated with the 
fact that electron irradiation of the metallized film 
causes growth of the new phase, which increases 
with irradiation dose.
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                                                   a)                                                                                                          b)

1 – Experiment; 2 – Сalculations
D = 10 MGy (a); 40 MGy (b)

Figure 2 – Change in relative elongation of the applied load of metallized polyimide films,  
electron-irradiated with various doses D

1 – original non-irradiated unruptured metallized film;  
2 – non-irradiated ruptured metallized film (D = 0);  

3 – ruptured irradiated metallized film (D = 40MGy)

Figure 3 – Radiographs of composite materials based on a polymer
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3 Conclusions 

It has been established that the metallization 
of the polyimide film increases the the relative 
elongation by up to 120%, applied voltage reaches ~ 
175 MPa, which is associated with the peculiarities 
of the structure of these films and the conditions of 
chemical etching.

Increasing the dose of the electron irradiation 
results in a decrease in rupturing elongation and, 
respectively, to the reduction of material strength.

The degree of metallization of the film greatly 
affects the growth the electrical resistivity. Increasing 
the radiation dose for all types of of metallization 
samples leads to a significant increase in the surface 

electrical resistance of the film. However, films with 
low metallization will reach saturation of conductivity 
with increasing irradiation dose quicker, than films 
with a higher degree of metallization.

Electronic irradiation and uniaxial mechanical 
tension of metallized polyimide film disturbs the 
ordered structure of the material, in the form of 
breaking the links of macromolecules and the 
formation of new phases.

Proposed mathematical model describes the 
behavior of the metallized polyimide films in 
the elastic region under the influence of uniaxial 
mechanical loading on films, which were non-
irradiated, as well as electron-irradiated with various 
doses.
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