144

EAast EUROPEAN JOURNAL OF PHYSICS
East Eur. J. Phys. 4. 144-153 (2020) DOI:10.26565/2312-4334-2020-4-18

PACS: 61.41.+e, 62.20.fg

REGULARITIES OF LOW-TEMPERATURE DEFORMATION AND FRACTURE
OF POLYIMIDE FILMS OF KAPTON H TYPE OF DIFFERENT THICKNESS

Viktory A. Lototskaya®*, "“'Leonid F. Yakovenko?, ““ Evgeniy N. Aleksenko?,

Vyacheslav V. Abraimov®, Wen Zhu Shao®

“B. Verkin Institute for Low Temperature Physics and Engineering of National Academy of Science of Ukraine
Avenue Nauky, 47, Kharkov, 61103, Ukraine
Corresponding Author: lototskaya@ilt.kharkov.ua
bHarbin Institute of Technology
Harbin, the People’s Republic of China
Received October 5, 2020; last revised November 3, 2020; accepted November 6, 2020

The mechanical characteristics (limit of forced elasticity Grore, rupture stress o, relative deformation to rupture &r) of polyimide films
of kapton H type under uniaxial tension conditions along the direction of drawing in the temperature range (4.2-293 K), deformation
rates (107 - 107 s!) and film thicknesses (25, 75 and 125 pum) were investigated. It is discovered, that the forced-elastic state remains
for all films up to 4.2 K of all strain rates - Gfors<0r. In this case, the reserve of elasticity significantly depends on the thickness of the
film with a decrease in temperature. A sharp decrease in & occurs in films: 125 pm thick - at 77 K, 75 pm thick - at 4.2 K. Two
variants of deformation curves are possible in a 25 um thick film at 4.2 K: with a short nonlinear stage or with a long one proceeding
jumpily. The working surface of the samples that have undergone jump deformation is covered with a deformation relief, partially
representing a delayed highly elastic deformation. The ofors limit is most sensitive to the strain rate. The nature of the strain rate
sensitivity ores(& ) depends on the temperature and film thickness. The change to the opposite in the character of Gros( & ) and
or( €) with a decrease in temperature to 4.2 K in 75 and 125 thick films was found for a first time. Change in the character of

otors( € ) is not observed in 25 pm thick film which retains the maximum reserve of elasticity at 4.2 K.
KEYWORDS: polyimides, low temperatures, limit of forced elasticity, rupture stress, deformation

The study of the mechanical and structural properties of polyimides has been going on for decades, and the results
of these studies in the field of normal and elevated temperatures are given in numerous articles, monographs and
reference books. Since the end of the XX century, the widespread use of polymers of this class in cryogenics,
astronautics and nuclear power began. Interest in the study of their properties has shifted to the area of low temperatures
and the effect of radiation factors. It is known that most polymers, including polyimides, become embrittled below
room temperature and, especially, the temperature of liquid nitrogen (77 K) [1, 2]. Only polypyromellitimide films
(such as kapton H and PM) retain some deformability up to the temperature of liquid helium (4.2 K) [3,4] and are used
(as thermal control coatings and screen-vacuum thermal insulation) in devices operating under extreme conditions. The
films of this type are up to ~100 pum thick are most widely used.

The compliance of their mechanical properties with the required performance characteristics is one of the criteria for
their applicability. These are, first of all, strength and deformability at different strain rates in a wide temperature range of
4.2-300 K. It is important to establish how the film thickness affects these characteristics at helium temperatures, where the
elasticity of the films decreases. Another important aspect, already from the point of view of the physics of polymers, is the
study of their ability to create a highly oriented structure at low temperatures, the establishment of the physical
mechanisms of film shape change under these conditions, since these questions are still open.

In this work, we continued the study of the mechanical properties of polyimide films of the kapton H type, begun
in [5], in wider ranges: temperatures (4.2-293 K), strain rates (10°-10- s') and film thicknesses (25-125 microns).

MATERIAL AND METHOD OF RESEARCH

The objects of study were samples of thermoplastic film of aromatic polyimide — poly-4,4'-diphenylene oxide
pyromellitimide, manufactured by PRC (People's Republic of China). Polyimide films kapton H (manufactured in the
USA) and PM (manufactured in the Russian Federation) are their well-studied analogs. The thickness of the films was
6 =25,75, and 125 um.

The structure of films with a thickness of 75 and 125 um in the initial state and after deformation to rupture at 293
and 77 K was previously investigated in [6] by X-ray diffraction analysis for reflection from the sample plane. Both
films were found to be in an amorphous state upon delivery. A higher degree of ordering and a noticeable unevenness in
the distribution of the density of the substance over the thickness was found in the initial film with a thickness of
125 um. The change in the degree of ordering was observed only in a film with a thickness of 125 um after deformation
to rupture (i.e., into the stage of irreversible deformations). The formation of regions with long-range order occurred in
it both after deformation at 293 K and at 77 K, which is in good agreement with the results of [7].Although in the film
with &= 75 um, the contribution of irreversible deformation at 293 K was greater than in the film with 8= 125 pm.
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The structure of a film with 25 um thickness has not been studied. However, films with this type of monomer of
small thickness (<70 um), as a rule, are amorphous, according to the data which obtained by other authors in [1,7-9].
Two-blade samples according to State Standard 11262 (Fig. 1) with the tension axis along the direction of the film
drawing were using a special die. The sample was fixed in testing machine with special clamping grippers, which
gripped and pressed rollers with blades of non-working surfaces of the sample wrapped around them.
t The samples deformation under uniaxial tension
j 4 was performed using FPZ-100/1 tensile testing
" : machine with a low-temperature unit, designed and
ﬂ:f ‘;?[ created in the Institute for Low Temperature Physics
and Engineering [10]. Film samples with a thickness
27 of 25 um were tested at three temperatures of 293, 77
and 4.2 K and three active rod moving speed Vger=
0,085; 0,85 and 7,6 mm/min, and, correspondingly,
with the strain rate & =7-107, 7-10* and 6-103 s’!
Figure. 1. The shape of the tensile test sample. (& =Vaet/Lo, where L, is the initial working length of
the sample). Film samples of 75 and 125 um were tested at three temperatures with deformation rate € =7-107° s and

80

with all rate £ at T=4,2 K. Data of investigations for films with a thickness of 75 and 125 microns with strain rates &
=7-10*and 6-1073 s at 293 and 77 K were received earlier [5].

In the process of deformation a tensile diagram was recorded in the coordinates “load P-elongation AL”, from
which the following mechanical characteristics were determined: the apparent limit of forced elasticity, corresponding
to the stress, at which the highly elastic deformation is 1% (according to State Standard 14236), Gfore. = P1%/So; rupture
stress of the sample o, = P,/S,, where S, is the initial cross section of the sample; relative deformation to rupture
& = AL,/L,, where AL, elongation corresponding to the moment of the sample rupture, and L, — value of the original
working length of the sample.

Elongation to rupture AL, can include same contributions: reversible (elastic) elongation AL, associated with
the unrelaxed elastic modulus of the polymer, elongation ALpigh 1.1, due to highly elastic deformation reversible at the
test temperature, elongation AL pigh c12, due to delayed high elastic deformation, and elongation ALjrevers, corresponding
to irreversible deformation that does not disappear upon heating up to the melting temperature Tr. The types of
contributions may vary depending on the test temperature. The procedure for their determination is described in detail
in [5]. In this work, we do not give the values of the contributions, but, the deformed to rupture films were annealed at
623 K (350°C) for 2 hours in air as in [5], to determine the presence of the contribution of irreversible deformation and
the total value of highly elastic deformation (€nigh cl.1 + € high el.2)-

Before the low-temperature test, the sample in the deforming device was held in a cryostat with a refrigerant for at
least 30 min.

All mechanical characteristics are presented below as average values based on the results of tests of 4 - 10 samples,
depending on the magnitude of the spread of values under the given test conditions.

Fractures of the samples were studied using an optical microscope MBC-9.

RESULTS OF EXPERIMENTS

Deformation curves. Fig. 2 a,b shows typical curves “stress (c)-deformation (g)” of polyimide film samples of
different thickness at temperatures 293, 77 and 4,2 K for the limiting deformation rates in this experiment — 7-1073 s°!
(Fig. 2a) and 6-107 s! (Fig. 2b). It can be seen that, the tension diagrams for films with a thickness of 75 and 125 um at
all temperatures exhibit two stages: a linear stage associated with elastic deformation and a nonlinear stage including
the contributions of highly elastic deformation (reversible with removal of the load and delayed) and at 293 K
containing the contribution of irreversible deformation [5]. The first elastic linear stage occupies most of the
deformation curves of samples of these films at temperature of 4.2 K. In this case, a stress jump is observed at a short
nonlinear stage on the curves of some samples of films with a thickness of 75 um at all deformation rates.

Curves (o—¢) of films of 25 pm at temperatures of 293 and 77 K have three stages: linear elastic and two nonlinear.
The slope coefficient do/de is higher in the last third stage than in the second nonlinear stage. Samples of a thin film at
4.2 K at all test rates exhibit two different types of deformation curves: 1) 2-stage curves (o — €) similar to the other two
films with a very short second nonlinear stage, monotonic or containing one or two jump of stress (Fig. 2, curves 1a),
2) curves with a noticeable (up to €~35%) nonlinear stage of deformation proceeding jumpily (Fig. 2, curves 1b).
Curves (o — €) are three-stage at the lowest strain rate &€= 7-10~° s™! - the nonlinear range has two stages with different
slope coefficients, as at higher temperatures.

Temperature influence on mechanical properties. Figure 3 shows the temperature dependences of the average
values of mechanical characteristics: the limit of forced elasticity oo (Fig. 3a, d), rupture stress o: (Fig. 3b, e) and
relative deformation before rupture & (Fig.3c,f) of films of different thicknesses at two limiting strain
rates, £ =7-107 s (Fig. 3 a,b,c) and & =6-107s'(Fig. 3 e,f,g).
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Figure. 2. The typical deformation curves of films of 25 um (curves 1, la,b), 75 um (curves 2) and 125 pm (curves 3) at interval
temperatures 4,2-293 K and deformation rates: a) - & =7-10%s1,6) - & =6-103s’!

3500 100
T> = —O— 25 um O 25 um
| 300
250 —>—25um e 80
75 um
g200< —@— 125 m
60
o
=50 =
<2
© 40
1004
. 5 4 7
50 e=7-10"s 204 .- . .
507 §=710°s" - ¢=710°s"
0 T T T T T T 0 T T T T T T 1 0 T T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300
T, K T, K T,K
a b c
300+ 200 jon —>— 25 ym 100+
3 ——25um ] - 75 um O 25 um
250-] 75 um \ 129 um
—@— 125 um 2501
, 2001 2004 \Q
< g
—5150~ = 150
°a o
100-] 100
v £=610"s"
501 £=610°s" 501
0 . . . . . . 0 T T T T T T 0 . . . . . .
o %0 100 180 200 280 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
T.K T.K T,K
d e f

Figure. 3. Temperature dependences of the mechanical characteristics of polyimide films in the temperature range 4,2-293 K at

strain rates & =7-10s"! (a,b,c) and £ =6-103¢! (d,e,f): a, d - forced elasticity limit, b,e- rupture stress; c,f — relative deformation
to rupture

Figure 4 shows the limits of the scatter of the values of mechanical characteristics +(AGfore/Cfore, %0, AGH/G1,% and
Ag./e:,%) under these conditions. The scatter of the measured characteristics in films of 75 and 125 um is significantly
lower than in a film of 25 um, and changes with decreasing temperature are also much less. The spread in the values of
the characteristics of a 25 pum film sharply increases with decreasing temperature, especially for the values of
deformation to rupture €. As shown in Fig. 2, for samples of a film with a thickness of 25 pm at 4.2 K, two types of
curves are observed, and for &, it is possible to distinguish, as it were, two average values and two values of the scatter
(Fig. 4c, d) for each type of curves. For rupture stress, two predominant average values can also be distinguished, but
in this case there is no clear correspondence - higher strength values and higher deformation, or vice versa. Although at

a strain rate of £€=7-10" s the samples which show curves of type 1b (Fig. 2, T = 4.2 K) have predominantly higher
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values, and at £=6210" s - lower. In this regard, two limiting values are shown in Fig. 3 for the rupture stress and
relative deformation to rupture of the 25 pm film at 4.2 K instead of the average values of the characteristics.

Figure 3 shows, that the values of the forced elasticity limit Gyors, Of the films strongly depend on temperature and
only slightly depend on the thickness. The limit o With decreasing temperature from room temperature to 4.2 K
increases in films of all thicknesses by more than 4 times at a minimum strain rate of 7-10” s™ and by 3.2 - 3.4 times at
a maximum rate of 6-:10° s'. The magnitude of the rupture stress o, in all films with a decrease in temperature to 4.2 K
grows much more slowly — by 1.7-2 times. Even at 4.2 K, at all deformation rates, there is a certain reserve of
elasticity — the ratio Grors/0:<1 and is equal to ~0.94, 0.9 and 0.8, respectively, for films with 6=125, 75 and 25 pm. The
rupture stress o; depends on the film thickness much more strongly than the limit Gfors.. Thus, a thick film (& = 125 pm)
has the lowest values o, (20 - 30% lower than the values o, of the average film) in the entire temperature range at all
strain rates. The magnitude o, of the films 75 um and 25 pm differ significantly less. The maximum difference is
observed at low temperatures and reaches 10-17%, and depending on the strain rate, either the values o; of the thinnest
film (£ =7-107 s) or the average (£ = 6-107 s™!) are higher, which is associated, as will be shown below, with the
different strain rate sensitivities of the films of these thicknesses.
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Figure. 4. Temperature dependences of the spread in the values of the mechanical characteristics of polyimide films in the
temperature range 4,2-293 K at strain rates £ =7-10% ¢! (a,b,c) and £ =6103 s (d,e,f): a, d — error in measuring forced
elasticity limit, b,e- rupture stress; c,f — relative deformation to rupture (points a and b correspond to the values_+Ae:/erfor curves
of type a and b for samples of a film with a thickness of 25 um at 4.2 K in Fig. 2)

The temperature dependences of the deformation before rupture (Fig.3 c, ) indicate that a film with a thickness of
125 um sharply decreases its elasticity already in the range of T=77 K, and a film of 75 pm - in the range of 4.2 K.
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However, the level of highly elastic deformation even in a film 125 pm at 4.2 K remains at a level of not less than 2.5%
at all strain rates. In the thinnest film of 25 pm at 4.2 K, the samples have two average values: the values &;: magnitudes
& of some of the samples practically coincide with the values &, of thick films, and some of the samples demonstrate

elasticity, as at 77 K.

Strain rate influence. The dependences of the average values of the mechanical characteristics of the films on the

strain rate at temperatures of 293, 77, and 4.2 K are shown in Fig.5a-c.
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Figure 5. Dependences of the forced elasticity limit (a), rupture stress (b)
and relative deformation before rupture (c) of polyimide films on the rate

at4.2,77, and 293 K.

Let us consider the dependence of the
forced elasticity limit of films on the strain rate
Gros( &€ ). Fig. 5a shows that at room
temperature the values o of all films
practically coincide in the entire range of strain
rates and grow weakly with increasing £ , which
is in good agreement with the data obtained on
polymer films earlier [2]. As noted in [5], limit
Grors in thicker films increases with strain rate &
at 77 K (especially in a film with 6= 75 pm).
The slope of the dependence Gros( € ) of the
thinnest film remains the same as at 293 K and,
accordingly, the values of limit G at strain
rate £=6-10" s are lower than the s values
of the average film thickness.

At 4.2 K, the limit Ofys. of a thinnest film
practically ceases to depend on deformation rate
& , while for thicker films an inverse
relationship is observed — an increase in the
limit oo, With decreasing rate £ . Such a rate
dependence Gt (€ ) at T = 4.2 K was observed

for the first time. Dependencies c,( £ ) behave in
a similar way (Fig.5b). It should be noted that
the values of rupture stress or at 4.2 K for all
three films at the highest strain rate of & =6-10
s’ are close to those at 77 K. In this regard, in
order to better distinguish the dependences of
o (€ ) at 77 K and 4,2 K, the latter for clarity in
Fig. 5b are shown by a dotted line. For the same
purpose, the dependences of o &) at 4.2 K in
Fig. 5c are also represented by dotted lines.

The relative deformation before rupture &,
for all films (except for the 125 um film at
4.2 K), taking into account the large scatter of
values, can be considered practically
independent of the strain rate at all test
temperatures. It should only be noted that the
values of & at temperatures of a sharp decrease
in elasticity practically coincide for all films.
Namely, for samples of a film with a thickness
of 125 um, the &, values practically coincide at
temperatures of 77 and 4.2 K. At 4.2 K, the &
values coincide for all samples of films with a
thickness of 75 and 125 um and samples of a
film with 25 um, having a deformation curve of
the type la (Fig. 2). In samples of a thinnest film
with deformation curves of type 1b (Fig. 2), the
& values at 4.2 K at all strain rates are close to
those at 77 K.

Fracture of films. In fig. 6 (a-i) and 7 (a-1)
show photographs of the fracture zones of
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samples of different thicknesses, deformed at temperatures of investigation and limiting deformation rates. Figures 6i
and 7i show the fracture zones of film samples with a thickness of 25 pm, which at 4.2 K had the character of curves (c

— ¢€), similar to that of thicker films (type la, Fig. 2).Figures 8a-d show the surface relief of thin film specimens, which
found noticeable jump-like deformation at 4.2 K.

D‘.o .O‘

g
Figure 6. Surfaces of samples with a thickness 25 (a, d, g), 75 (b, e, h) and 125 pm (c, f, i) in the fracture zone at temperatures of 293

i

(a, b.c), 77 (d, e, f) and 4.2 K (g, h, 1) at a strain rate £=7-105s"

-
f
g i

Figure 7. Surfaces of samples with a thickness 25 (a, d, g), 75 (b, e, h) and 125 pm (c, £, i) in the fracture zone at temperatures of 293
(a,b.c), 77 (d, e, f) and 4.2 K (g, h, i) at a strain rate & =6-10-s"!
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Figures 6 and 7 show that the fracture of the films occurs by tearing off perpendicular to the tensile axis of the
sample at temperatures of 293 and 77 K. Weak necks in the plane of the film, which are absent in thickness, were found
on the fractures of all films at room temperature. Up to a temperature of 4.2 K, the neck is retained only in a film with a
thickness of 25 pm. Ties and shear zones parallel to the separation zone (apparently, the tear zones of a part of the fibers)
appear in films with a thickness of 75 and 125 pm at 77 and 4.2 K. The length of the tension bars extended from the
zone of tear at 77 K decreases with an increase in the strain rate £ , especially in a film with a thickness of 125 um.

The shape of the 125 pum film surface in the fracture zone, which is characteristic at 77 K, remains at the
temperature of liquid helium. Shear bands at an angle of 60 ° to the tension axis associated with the fracture zone appear
in addition to tension bars at a low strain rate in the thinnest film of 25 um at 77 K. At a strain rate of &= 6-1073 5!,
tension bars and shear bands in it are absent and well the neck is visible in the plane of the film.

Shear bands at an angle of 60 ° to the tension axis associated with the fracture zone are observed at 4.2 K in films
of small and medium thickness at all strain rates. Cracks appear in them at a high strain rate. Shear bands are observed
only near a fracture in films with a thickness of 25 um with a small elongation to rupture. This deformation relief in
films of both thicknesses is irreversible and is retained after annealing destroyed samples at 350°C for 2 hours. Shear
bands, oriented in two directions at an angle of 60 ° to the tension axis, extend over the entire working part of the
sample in films with a thickness of 25 um with a noticeable nonlinear stage (Fig.8a and b). The number of shear bands
agrees well with the number of jumps on the deformation curves. Part of this relief disappears after annealing the
destroyed samples at 350 ° C for 2 hours. (Fig.8c and d).

c d

Figure 8. Surfaces of the working part of 25 pm thick specimens deformed to rupture at 4.2 K at strain rates £:7-10%s! (a, ¢) and
6-10-s! (b) after warming up to room temperature (a-c) and annealing at 350°C for 2 hours. (d)

DISCUSSION OF INVESTIGATION RESULTS

The deformation curves of the studied amorphous films do not show a maximum upon transition to the forced
elastic state, while the films have high limits of forced elasticity and strength. This is typical for pre-stretched, oriented
amorphous polymers [2]. The X-ray method can detect such a texture only when shooting at the end of the film,
perpendicular to the axis of the broach in the technological process. According to the available data of X-ray diffraction
analysis [6], obtained during recording by reflection from the film plane, it was found that the initial films have
different degrees of ordering and density. In the case of linear polymer molecules, this may mean that the polymer
chains have different angles of disorientation along the tensile axis in films of different thicknesses. A film with a
thickness of 125 um has the highest ordering in the initial state. Long-range order is formed in it after deformation at
both 293 K and 77 K.

Despite the larger contribution of irreversible deformation, long-range order was not detected in the thinner film
(75 um). However, the ordering processes in this and even more disoriented film with a thickness of 25 are seemed to
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proceed more intensively. The appearance on the deformation curves of a 25-um-thick film of the second nonlinear
stage with a higher hardening coefficient, which is observed in some samples even at 4.2 K, indicates this. This allows
us to assume the possibility of orientation in this film under the action of an external force not only of individual
segments of molecules, but also the orientation of molecules as a whole and even bundles of molecules along the tensile
direction at the second nonlinear stage. But these processes are also more reversible when unloading due to the smaller
thickness. In films deformed at low temperatures, these processes are also reversible upon heating to room temperature.

Irreversible deformation that develops at the last stages of deformation is associated not only with shear
deformation without violating the integrity (orientation), but also with the processes of material destruction - the
formation of microcavities, microcracks and their growth in the oriented material. This is especially evident at low
temperatures, where deformation begins to proceed partially localized already at 77 K and completely at 4.2 K. The
appearance at 77 K of a relief in the form of shear bands observed on the surfaces of deformed samples of the thinnest
film (25 um) near the fracture, and in thicker films - directly in the fracture zone indicates this. Cracks are also clearly
visible on the surface of shear bands at 4.2 K. The retention of shear bands after annealing in films deformed at 77 K
and the formation of cracks in them at 4.2 K indicates that the main process of the formation of localization zones is
precisely the processes of destruction - the formation of microdefects and the development of microcracks, which
become macroscopic at 4.2 K.

Despite the significant reduction in elasticity and the appearance of cracks in the shear bands from the point of
view of the ratio of the values of the forced elasticity limit and the rupture stress (Grrs<0r) at these strain rates, the
brittleness temperature Ty, is not yet reached in any of the films even at 4.2K. However, the appearance of strain rate
sensitivities &( £ ) in films with a thickness of 75 and 125 pm at 4.2 K with a slope opposite to that at 77 K indicates
that the achievement of Ty, is possible at higher strain rates. Although there is a weak margin of orientational elasticity
in these films at 4.2 K, the main process occurring at the nonlinear stage of deformation is the formation and growth of
microcracks according to the microstructures of fractures.

The ability to orient the segments of polymer molecules without cracking in the places of localization of
deformation is retained in a film 25 pm thick at 4.2 K. This is evidenced by the disappearance of a part of the relief
during subsequent annealing (Fig.8c, d), the presence of a neck in the fracture zone (Fig. 6g and 7g) and the smallest
ratio ors/cr. However, the competition between the course of orientation processes without and with the formation of
cracks is strong. As a result, some specimens with a more favorable arrangement of molecular chains exhibit high
elasticity values, while in others, cracking immediately develops with destruction of the specimen.

The limit Grors determines the stress at which the forced elastic deformation begins to develop steadily, i.e.
processes of rearrangement of segments of polymer molecules occur. When the external force changes, they lag behind
the equilibrium ones, i.e. have a relaxing nature. According to the developed relaxation theory, Gors depends on the
deformation rate of the material and increases with an increase in the latter, which was observed in various polymers [2]
and by us at 293 and 77 K. A change in the film thickness and a change in the structure, which are observed with a
change in the thickness of the initial films, in the room temperature area does not lead to a change in the slope of the
orors( € ) dependence for films of different thicknesses, or to a change in the Grors values.

The difference in the thickness and in the initial degree of ordering of the structure of the films leads with a
decrease in temperature to 77 K to different values of the slopes of the dependences oo € ). However, an increase in
Grors With an increase in & occurs for all films. It can be assumed that microfracture processes begin to operate at all
deformation rates simultaneously with entropic orientational processes in a film with =125 pum, which sharply
decreases its elasticity already at 77 K. As a result, no significant growth of orrs occurs with increasing speed. The
processes of orientation of segments of polymer molecules continue to remain primary in the film with =75 um at all
strain rates. The critical relaxation time t (the onset of the development of highly elastic deformation) can be achieved
at a lower temperature with an increase in the strain rate at significantly higher stresses Grrs. And the processes of
orientation in a film with =25 pum, which has the lowest density and the most amorphous structure, are the least
complicated and the slope of the Grrs( £ ) dependence is similar to that at T = 293 K.

The processes of orientation of both molecular segments and microfracture seem to turn on almost simultaneously
when the o limit is reached at 4.2 K in thicker films (75 and 125 um). Moreover, the higher the rate of deformation,
the earlier the processes of microfracture start. As a result, the dependences Grors( € ) and o,( € ) have a reverse course -
a decrease in the values of Grrs and o with an increase in the strain rate. A noticeable change in the slope of the
deformation rate dependences of the strength properties is not found in a film with 6=25 um, which retains sufficient
elasticity at 4.2 K. This allows us to assume the preservation of the mechanisms of shape change, characteristic at room
temperature, up to 4.2 K, but their flow is localized along the working part of the sample.

CONCLUSION
1. The characteristics of strength (forced elasticity limit Gsrs and rupture stress o,) and deformability (relative
deformation before fracture €) of three polyimide films of the kapton H type (made in China) of different thickness
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(25, 75 and 125 pm) in the temperature range 4.2 -293 K and strain rates 10°-10-3 s'!. The significant hardening of
the films with a decrease in temperature to 4.2 K was discovered.

It was found that the deformation curves of films with a thickness of 75 and 125 um have two stages at all
temperatures and strain rates: linear and nonlinear. On the (c-€) curves of a 25-um-thick film at 293 and 77 K,
three stages are observed: a linear and two nonlinear ones with different hardening coefficients, and at 4.2 K, two
types of curves are observed - with a small and large stage of nonlinear deformation proceeding jumpily.

It has been established that the brittleness temperature Ty, is not reached (Grors<or) for films of all thicknesses at
investigation temperatures and strain rates. The minimum elasticity level for all films is similar, and the
temperature at which it is reached depends on the film thickness. It occurs for a film with a thickness of 125 pm at
77 K, for a film with a thickness of 75 pm and samples of a 25 um film with a short nonlinear stage - at 4.2 K.
Necks in the fractures of the film samples in the plane of the film, the presence of which depends on the thickness
and temperature were found. Necks are observed in all films at all strain rates at room temperature. With a decrease
in temperature, only in thinnest film samples.

For the first time, a deformation relief in the form of shear bands associated with the localization of deformation at
low temperatures was observed. The presence of a relief, the temperature of its appearance and the area of the
working part of the sample occupied by it depend on the thickness of the film. The relief at a small film thickness
can be caused by two different processes: irreversible processes of formation and development of cracks and
reversible processes of orientation of segments of polymer molecules.

For the first time, it has been established that the strain rate sensitivity of the strength properties depends on the
film thickness both in magnitude and in character at low temperatures. It was found that the character of the rate
sensitivity of the ofors and Grors limits changes to the opposite at 4.2 K in more ordered thick films (75 and 125 um)

and that the character of the Grr( € ) and 6. € ) dependences remains up to 4.2 K in the most amorphous thin film
(25 pm).

The authors are grateful to V.D. Natsik for his interest in the topic discussed in the article, for the comments and

additions expressed during its discussion.
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3AKOHOMIPHOCTI HU3bKOTEMITEPATYPHOI JE®OPMAIIII MOJIIMIJTHAX IIIBOK TUITY KAPTON H

PI3HOI TOBIIUHU
B.O. Jloroupka?, JI.®. SIkosenko?, €.M. Ajekcenko?®, B.B. Aopaimos®, Benn Uiy Illao®
“@izuxo-mexuiunuti incmumym Husbkux memnepamyp im. b.1. Bepxina Hayionanvnoi axademii nayx Yxpainu
np. Hayxu, 47, m. Xapxie, 61103, Ykpaina
bXap6incoruii lonimexniunuti incmumym, m. Xap6in, KHP

JlocipkeHO MeXaHI4HI XapaKTepHCTHKH ITOJIIMITHUX IUTBOK (TPaHHI BHMYIICHOI €NacTUYHOCTI O, HAIpyra pyWHyBaHHS Gp,
BifHOCHA JlepopMmartist 10 pyiHyBaHHS gp) TuIry kapton H (Bupo6HunTBa KHP) B yMoBax 0JHOOCEOBOTO PO3TATY B3HOBXK HAMPSIMKY
BUTSDKKY B auanasoui temneparyp (4,2-293 K), msuakocreii gepopmanii (10° — 103 ¢ 1) Ta toButin mwiisku (25, 75 it 125 Mkm).
BusBneno, mo ax 10 4,2 K npu Bcix mBHAKOCTAX AedopMariii y BCiX INTBOK 30epiracThCs BUMYIICHO-EIACTHYHUI CTaH - G5<Gp.
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Ilpym 1npoMy 3amac €nacTUYHOCTI HPH 3HIKEHHI TEMIepaTypu ICTOTHO 3aJISKUTh BiJ TOBIIMHM IUTIBKH. Pi3Ke 3HIDKCHHS &p
BiZI0yBaeThes B IUTIBKAX: TOBIIMHOI 125 MkM - pu 77 K, ToBmunoo0 75 MM - nipu 4,2 K. V miBi ToBuuHOW0 25 MM mipu 4,2 K
MOXJIMBI IBa BapiaHTU AeQOpMaLiifHIX KPHBUX - 3 KOPOTKOIO HENiHIHHOI ab0 3 JOBrolo CTaii€lo, 10 MPOTIiKAaE CTPHOKOMOMIOHO.
PoGoua moBepxHs 3pa3KiB, W0 3a3HaNM CTPUOKOMOAIOHY aedopmaliifo, moKpuTa AehopMauiiiHUM penbedoM, SIKHH YacTKOBO
NpeJCTaBIsAE 3aTPHUMaHy BHCOKOeNacTH4HY Aedopmarito. I'paHuus o HalOLIBII 4yTiuBa 210 WBUAKOCTI Aedopmarii. Xapakrep
MIBAAKICHUH YyTIMBOCTI Os( € ) 3al€XKUTH BiJ TEeMIEpaTypH 1 TOBIIMHH IUTIBKH. Briepiie BHSBICHO 3MiHa XapakTepy Os( & ) Ha
MIPOTHJICKHUH B TUTIBKaX TOBHIIMHOWO 75 1 125 MKM mpu 3HIKeHH] Temneparypu 1o 4,2 K. ¥V mriBii ToBIIKHOIO 25 MKM, 110 30epirae
MaKcUMaJbHHH 3amac enactudHocTi npu 4,2 K, 3minu xapaktepy os( £ )HE CIOCTEPIraeThes.

KJIIOUYOBI CJIOBA: noniimiay, HU3bKi TeMIepaTypu, FpaHuIsl 3MYyIIEHOI eJaCTHYHOCTI, Halpyra pyHHyBaHHs, AedopMmaris

3AKOHOMEPHOCTH HU3KOTEMITEPATYPHOM JTE®OPMAIIAA U PA3PYIIEHUS MOJTAUMUAIHBIX
MJEHOK TUMA KAPTON H PA3JIUYHOM TOJIIAHBI
B.A. Jlorouxas?, JI.®. SIkosenko?, E.H. Anexcenxo?®, B.B. A6paumon”, Bens Usxy Illao?
1QUUKO-MEXHUYeCKUTI UHCMUmym Hu3kux memnepamyp um. b.1. Bepxuna Hayuonanvhou akademuu Hayk Yxpaunol
np. Hayku, 47, 2. Xapvkos, 61103, Yxpauna
b Xap6unckuii Honumexnuyeckuti uncmumym, 2. Xapbun, KHP

HccnenoBansl MeXaHWYECKHE XAapaKTEPUCTHUKH (TIPefed BBIHYXKICHHOM 3JIACTUYHOCTH Oy, HANpPSDKEHHE pa3pylIeHUs Op,
OTHOCUTENbHAS NeopMaIis [0 pa3pylIeHHs €p) MOIMUMHIHBIX IUIeHOK Tuma kapton H (mpomsBomctBa KHP) B ycmoBmsx
OJHOOCHOTO pACTSHKEHHsI BJOJIb HAIpPaBJICHUS BBITSOKKM B Juanasone temmneparyp (4,2-293 K), ckopocreit nedopmarmu
(107 - 10 ¢y u Tomuun wienku (25, 75 u 125 mxm). O6HAPY)€EHO, 4TO BIUIOTH 10 4,2 K 11pu Beex cKopocTsx aeGopMaiyy y BCex
IJIGHOK COXPAHSCTCS BBIHYKICHHO-2J1aCTHUECKOE COCTOSIHUE - Gs<Gp. IIpu 3TOM 3amac 371aCTUYHOCTH IIPU CHUKEHUM TEMIIepaTyphl
CYLIECTBEHHO 3aBUCUT OT TOJIUHBI INIEHKU. Pe3koe CHIKEHUE €p MPOMCXOAUT B IUICHKAX: TonmuHou 125 Mxm npu 77 K, TommuuHoi
75 mMxm — nipu 4,2 K. B mienke tommmuo# 25 MxM npu 4,2 K Bo3MOXXHO /1Ba BapuaHTa J1e()OPMalMOHHEIX KPHUBBIX - C KOPOTKOM
HEJIMHeWHOM WiIM ¢ JUIMHHOM crajaued, mpoTekaromield ckaukooOpa3Ho. PabGowasi HOBEpXHOCTh 00pasloB, MPETEPIIEBLINX
CcKaukooOpasHyro  JaedopMaiuio, MOKphITa JeGOpMAIMOHHBIM  penbe)OoM, YACTHYHO IPEACTABIAIONINM  3aJepiKaHHYIO
BBICOKO2MAcTHUHYyI0 nedopmanuio. Ilpenen o Hambosiee 4YyBCTBHTEIEH K CKOPOCTH aAedopManuu. XapakTep CKOPOCTHOM
YyBCTBUTEJIBHOCTH Op( & ) 3aBUCHT OT TEMIIEPATyphl M TOJIIMHBI INICHKU. BriepBrle 0OHapykeHO M3MEHEHHE Xapakrepa Os( £ ) U
Gp( € ) Ha MPOTUBOIIOJIOXKHBIIN B IUIEHKAX TOJNIIUHOW 75 M 125 MKM Ipu nmoHmwxkeHun temiepartypsl 1o 4,2 K. B mnenke TommuHoi
25 MKM, COXpaHSIONICH MaKCUMAaIbHBIN 3amac 3nacTuaHoCTH npH 4,2 K, u3aMeHeHust xapakrepa os( € ) He HaOIro1aeTCsl.
K/IIOYEBBIE CJIOBA: nonuuMmuibl, HU3KHE TEMIEPaTyphl, IPEIEN BBIHYXKICHHOM 3JIACTUYHOCTH, HANPSLKECHHUE Pa3pylLCHHS,
nedopMmarys





