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MODEL OF CHANGING THE STRESSED-DEFORMED STATE
OF A POLYMER SHEET DURING STRETCHING

Purpose. Development of methods for determining the degree of drawing, at which the transformation of the
unoriented structure of the polymer sheet (geomembrane) into a highly oriented one begins, which increases its
strength, and, thereafter, the durability in the process of gold extraction by heap leaching.

Methodology. The theoretical method for the investigation of the stress-strain state of a polymer sheet in the pro-
cess of drawing on the basis of previously obtained experimental data.

Findings. The following has been developed: the model of the supramolecular spherulitic structure of amorphous-
crystalline polymers in a non-oriented and oriented states; the method for determining the degree of drawing at which
the destruction of the spherulitic structure of the polymer material begins.

Originality. For the first time, the problem of changing the stress-strain state of a polymeric material during its
orientational drawing was solved by an analytical method. The developed mathematical model allows predicting the
elastic properties of oriented amorphous-crystalline polymers of a spherulitic structure, which makes it possible to
increase their strength in the desired direction.

Practical value. On the basis of theoretical studies, as well as the results of previously conducted experimental
studies, a method was developed for determining the degree of drawing at which the destruction of the spherulitic
structure of a polymeric material begins and a fibrillar structure is formed. This technique can be used while designing
the equipment for the orientation of sheet polymer materials that are therefore used for strengthening polymer sheets
(geomembranes), used for gold extraction by heap leaching.
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Introduction. Polymer sheets (geomembranes) are
widely used in the construction of hydraulic systems:
pools, sumps, dams, and others. Polymer sheets are es-
pecially important in the mining industry. For example,
in the process of gold extraction, polymer plates can be
placed under the base of the ore piles and at the bottom
of the tank with processed solutions.

In the mining industry, the requirements of the
physical-mechanical characteristics of polymer sheets
are very high. The rupture of a geomembrane can lead to
environmental pollution — penetration of cyanic solu-
tion into the ground and the groundwater, as well as loss
of gold, which in the form of gold sand can leak through
the rupture with the solution.

It is almost impossible to find and eliminate the rup-
ture of the polymer sheet in the process of mining.

Nowadays there is a wide range of applications of
polymer sheets. Geomembranes differ in the material
from which they are produced (high, medium, and low
density polyethylene), in thickness, size, and structure
of the polymer [1].

One of the most important physical-mechanical
characteristics of the polymer sheet is its tensile strength.
It may vary depending on the polymeric material used
for the geomembranes production. The tensile strength
can reach 25 MPa with low density polyethylene, and
35 MPa — with high density polyethylene.
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However, in the ore piles, the polymer sheet, in ad-
dition to the pressure of the soil and the solution, under-
goes considerable pressure from the soil movement and
subsidence. Therefore, obtaining high-strength geo-
membranes, which are used in the process of mining, is
an urgent issue in the mining industry.

In this regard, the main task of this research is to
simulate changes in the stress-strain state of a polymer
sheet during stretching.

Analysis of the recent research and publications.
High-strength polymer sheets can be obtained in two
ways: at the stage of their production and by orienta-
tional deformation.

In the paper [2], the model of filling the mold with a
polymeric material by injection molding is presented,
which allows one to observe and influence the process of
forming the structure of the product. The disadvantage
of this method is that after filling the mold in order to
avoid shrinkage, pressure exposure is required, during
which the degree of orientation of the polymeric mate-
rial structure is reduced [3].

In this paper we are investigating the second process
for producing high-strength polymer sheets, i.e. their
orientational deformation process [4, 5].

The main development direction of model ideas
about the polymer structure is the modeling of changes
in the polymer structure influenced by various strains
[6]. This will allow quantitative description of the change
in the physical-mechanical properties of polymers in-
fluenced by mechanical and temperature fields [7].
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Many different supramolecular structural elements of
a polymeric material, formed depending on the technol-
ogy of polymer processing, do not allow us to describe
their mechanical properties with a single model [8].
Hence, the main idea of this work is the model fixation of
the main levels of the supramolecular structure of the
polymer, which are formed at all stages of its deformation.
Undoubtedly, the most convenient object for study-
ing the structural transformations occurring in polymers
during their deformation is single crystals. However, the
main and most common structural formation is a spher-
ulitic structure [9], which is formed during the produc-
tion of polyethylene geomembranes (Fig. 1).
Formulation of the problem. The structural model of a
spherolitic polymer (Fig. 2) consists of two interrelated
models describing two states of the supramolecular struc-
ture of polymers: before deformation — a model of an un-
oriented spherulite structure; after deformation — a mod-
el of an oriented spherulite structure of the polymer [10].
Taking the model shown in Fig. 1 as the original one,
and taking into account the characteristics of structural
elements [11] — spherulites and the amorphous phase, as
well as their internal structure [12], neglecting dissipative
phenomena in these elements, in the first approximate we

Amorphous
phase
Crystalline
phase
¢
2
a b

Fig. 1. Structural model of the spherolitic structure of a
polymeric material:
a — micrograph of spherulites; b —model of spherulite
structure

Fig. 2. Structural model of the polymeric material in the
oriented state:

1 — spherulites (crystalline phase); 2 — amorphous phase
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divide the entire polymer drawing process into a finite
number of its structural changes at a fixed degree of
stretching. In the work [12], it was found that when the
degree of stretching is equal to the natural one, the corre-
lation between the original spherulite structure and the
orientational one remains. At the same time, as the degree
of drawing increases, the degree of flattening of spheru-
lites increases, that is, spherulites change spherical shape,
becoming elongated in the direction of orientation.

The above facts are the basis for the hypothesis of the
existence of a quantitative correlation between the pa-
rameters of spherulites drawing and the elastic proper-
ties of the polymers in each of these states.

Consider a model of the unoriented state of the
spherulitic structure [12], which undergoes uniaxial ori-
entation with the degree of drawing A. Fig. 2 shows a
model for the transformation of the original non-orient-
ed spherulitic structure into an oriented [2] in the direc-
tion of the axis x; and at a constant volume of spherulites
[9] (p. = const).We will model the orientational drawing
as a uniform compression (stretching) of the space [10].
In this case, uniform compression (stretching) of the
spherulite actually occurs in the direction from the
plane x,0x;, considered the main one (Fig. 3). Expres-
sions for the coordinates transformation, taking into ac-
count the invariance of the spherulite volume, are as
follows: xf=Ax, x;=x;=1"2x,. At A > | tensile
strain of polymeric material takes place, and at A < 1
polymer compression strain occurs.

Spherulite equation with radius  (x{ +x3 +x3 =r?),
uniformly stretched with drawing ratio A, as a result of
substitution of the coordinate transformation formulas
and bringing it to the canonical form will be as follows

(0P G| 0
}\’2 r2 r2

Expression (1) represents the equation of the rotated
ellipsoid (spheroid). It should be borne in mind that if
A > 1, then the spherulite has a shape elongated in the
direction of the axis x, of rotated ellipsoid, and if A < 1,
then it is compressed in the same direction. As a result
of drawing, the spherical shape of spherulites is trans-

EERRRERE

Fig. 3. The model of drawing of the polymer with a sphe-
rolitic structure
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formed into an ellipsoidal one. This fact is in satisfactory
agreement with the results of numerous studies [7, 10].
The change in the shape of spherulites, as will be
shown below, during the drawing process contributes to
the emergence of a general anisotropy of the structure of
the polymeric material with the isotropy of supramo-
lecular formations (spherulites and amorphous phase).
The elastic constants of the deformed polymeric mate-
rial will be determined based on the positions of the mi-
cromechanics of composite materials [13] with the in-
volvement of both the Cartesian and curvilinear systems of
degenerate ellipsoidal coordinates v, ¥, @, the correlation
between which is determined by the following expressions

x, =r(A =212 chucos;

x, +ixy = r(A2 =1~")V? shusin 9e™.

2)

Lamé coefficients of the system (2) are expressed by

these equations
H2=H}=r*(\*-17")(sh?u+sin’9); 3)
HZ =r*(3>=217")-sh?u-sin* 9.

The first quadratic form of an element of arc length
ds is found in the following expression

ds? = r>(\* = XH[(sh?u + sin® ) (du? + dO?) + @
+ sh?u sin*9-do?].

The unit vectors of the curvilinear e,, €,, e, and Car-
tesian e, e,, e; coordinate systems are connected by
such ratios

€,=0a) "€ +a, €+d;-€;;
€y=0dy - € T Ay €+ dy- e (5)

€,=a3 € +dz-€+daz-e;,

where
shucos9 chusin$
a]] :—; a2] :_—;
2 02 2 i02
sh”u+sin* 9 sh”u+sin* 9
_ chusin8coso _ shucosScos¢
y =7~ — U =7T— — 6
sh?u+sin? 9 sh?u+sin’ 9 (6)
g = chusin9sing 4 shucos3sing
13~ - > 23 = - >
Vsh?u+sin’? 8 Vsh?u+sin’ 8
a;, =0, a5 =-sinQ;,  a; =cose.

The inverse transformation is conducted using these
equations
€ =ay -€,+ay €ytas €,

€=ap €,+ay €y+as- €, (7)
e3:al3'eu+az3'e§+a33'e¢.

Presentation of the main research. To determine the
elastic constants, the stress state is represented as a sys-
tem of stressed states — longitudinal and two-dimen-
sional transverse tension, longitudinal tension, and lon-
gitudinal shear. A detailed consideration of the defor-
mation of the spherulitic structure makes it possible to
identify two types of deformation of the supramolecular
structure during drawing: homogeneous and inhomoge-
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neous [10]. The uniform nature of the deformation of
the spherulitic structure corresponds to spherulite, all
parts of which stretch simultaneously and proportion-
ally. Based on this, we conclude that when exposed to
uniform stresses at infinity in an amorphous-crystalline
medium, stresses in spherulite are homogeneous and of
the same type, that is, normal and tangential stresses in
spherulite at main sites do not mix with each other. The
presence of both homogeneous and inhomogeneous de-
formation is characteristic of the interspherolite (amor-
phous) space, which indicates the dissipation of the me-
chanical energy of extrusion mainly in the intersphero-
lite space. Thus, in the approximation of the linear the-
ory, it can be assumed that between the elements of the
supramolecular structure there are unknown stresses of
the interaction between spherulites that act through an
amorphous medium o..

To determine the stresses o we use the theorem of
equivalent states [9, 15]

1 1
U_izjcikaikdl/ _is[cinuids’ ®)

k=1 v,

where U is potential energy of elastic deformation; S, is
the given surface.
The first representation of the energy of elastic defor-

mation through medium stresses 6,-]- and deformations
éij in the case of longitudinal stretching is as follows

1. .
U=26¢. 9)

Expressing an elementary surface (4) as
ds = HydOH,do = r*(\* — L") (sh®u + sin*9)* x
x shu sin® dddo,

and equating in the first approximation the reduced in-
tegration surface S, in (9) to the surface of an elongated
spherulite, we obtain the expression for the potential en-

crgy

1
2V.

x (sh? u +sin? 8)*° shusin 3d9d,

U= Ics,.nuiﬂ(}.z -2 Hx
.

(10

where V. :gnﬂ(?ﬂ —A 12 chush?u is the volume of

the ellipsoid bounded by the reduced surface S,

Considering that ©,u; = oju; +cigug, and using the
first representation of the energy of elastic deformation,
we obtain

A 1
6,8, =— (| (c%u’ +c%us)r* (M —r")x
! a
x(sh? u+sin? 9)%’ shusin 3d9d¢.

Substituting in equation (11) the values of uniform
displacements u, and ug, stress values o4, ojq from
[12], integrating (11) at ¢ from 0 to 27 and at ® from 0 to
m and using expressions for constants
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2[RI, R1, ]{R1B, —[ R2,B, +E, (1-3v, )(B3+B4)]}—

[R1, vy~ R1y, J{RLB, ~[ R2,B, + E, (1-3v,)(B, +B, ) |} +
~[RLB, + R, || R2, - E,(1-v,)]
+[ R, + RLB{ Ry, —[ R2,v, + E,(1-3v,)
o/ 2[RLy,-Rl,y,|[R2,-R2, |-[ R, Rl] {Rl,y

=0

[R1B,+R1B, J{ Ry, ~[ R2,v,+E,(1-3v,)(y
~[R2,y,+E,(1-3v,)(v

4—v3)]}—

~[ Ry, ~ Ry J{R1B, ~[ R2,B,+ E, (1-3v,)(B, +B,) |} |

where
R, =E (1+v,); Rl,=E,(1+v,);
R2,=E (1-v,); R2,=E,(1-v,);
_0O(chuy) 0" (chu,) |
1 chu, 2shu, ’
_ O (chuy) N 0" (chuy)
> chy, 2shu,
:Ql(”(chuo)_ 1 dO"(chu,).
’ shu, 2chuy, du,
_0"(chyy).
¢ shu, ~
B, =(3—dv, Ql(chuo) Ql“)(chuo) chy, sz(chuO)
chu, shu, 2sh u, du,
B, =(Gdv, ) Qi(chuy) _Q"(chuy)  3chy dQ,(chu).
chu, shu, 2 shu, du,
B, =—(1-2v,) Ql(chu0)+Q11)(chu0) chu0 sz(chuO)
“\  chy, shu, “shu,  du,
B, =21-2v.) Q,(chu0)+Q,(')(chuO) chuo sz(chuO)
“\  chy, shu, “shu,  du,

we obtain the stress values of interaction between spher-
ulites o depending on the current average stress &,
and the drawing ratio A
0_ 5,
oy = 2 2
1+(A-2v, A, +(1+v, ) F

13)

where y is the degree of crystallinity [ 14]; 4., F, are con-
stants with a structure corresponding to the expressions
(12), and with functions vj...Y4, By...Bs, determining the
shape of spherulites, expressed through the degree of

drawing A
yrzxﬁlna+(4—2x3)\/m;
2(an ina+ 23453 -1)
;= VA Ina+ @+ 200 -1
20 ina+ 2303 —1)
. (A-23WP -1

i Ing+ 230 -1

va=L

86

12
4_Y3):|} ()
B -2y ) M Ina+2427 -1
: ‘ k\/_lna+2k3\/ﬁ
Q1 +DIna+ 6wt -1
| 400 1) e
By = 2(1-2v )k[lna+2\/x3—
alntna s 20 1
203 +DIna+ 60t -0,
. 402 1) T (14)
B;:_4(1_2Va)+3(2k3+1)lna+67n/7»4—k;
203 -1)
By =2(1-2v,)-
_3@N +DIna+ 61 -0.4202 1),
20 ~1)

i1 -1
i+ -1

According to [11], we write the second energy repre-
sentation in the following way

Ina=In

~ 2 2092
G_IZM”(G U+ G0 U)X
2F, .5 (15)

x (sh?u+sin? 9)%3 shusin 3d9d.

Substituting into (15) the values of uniform stresses
o, and oy, displacement values 4 and uj from [12]
and solving the expression (9) relating to E;, we deter-
mine the elastic modulus of the oriented polymeric ma-
terial of the spherulitic structure in the direction x;

1+(1-2v, ) A, +(1+v, ) *F,
N=(1+v )12 A, —(A+v, )y >F,

(16)

1 =

where A,., F., are constants with a structure correspond-
ing to the expressions (12), where functions
vivs, BBy, determining the shape of spherulites,
are expressed through the degree of drawing A in the fol-

lowing way

o M Ina+@-23 W -1
oW+ —1)
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o A Ina+(@+23 WA -1
P owmas2iio1)
o (2_27\‘3)V7\‘3_1 .
P oana+ 2 -1
o i Ina+23 0 -1
Y aina+ 24 -1
1R+ 2 e+ -1 ]
+Y1 5
2 (amlma+23—1)03 -1
3 (429 na+ 002 -0 |
o
(Waima+ 2 13-
aR [ (1+203) Ina + 60203 - 1) |
"4y, —243 :
(A na+ 2y —1)(3 -1
3_
. :(2_4Va}xx/21na+2~/(x )

A=W -1

E kﬁ[(l +203) Ina+ 63 —1)]
2 (Whma+2-1)os -1

Expression (16) allows determining the elastic mod-
ulus of oriented polymers of a spherolitic structure in
the direction of deformation and requires, in the first
one approximate knowledge of the elastic properties of
the amorphous phase E,, v,, spherulites E,, v,, as well as
structural and technological parameters of the recycling
process, contributing to the change in the initial isotro-
pic non-oriented structure and the formation of an ori-
ented amorphous-crystalline medium.

Elastic constants of various polymers in amorphous
state E,, v, can be measured directly or taken from refer-
ence books [15]. As for the elastic constants of the crys-
talline phase E,, v,, then the use of the elastic modulus
of the crystal lattice E,,, as it was done in [16], in our
opinion, is not correct. The complex structure of spher-
ulites, which is, according to [4], the third after crystal-
lites and lamellae level of supramolecular structure, in
which both crystallites and lamellae, having a different
orientation in space, are interconnected by intercrystal-
line amorphous layers, does not allow considering them
as single crystalline morphoses. In [4, 10], it was estab-
lished that spherulites, even at high final strains, deform
with the polymer as a whole, stretching in the direction
of drawing and only slightly lagging behind the defor-
mation of the polymer.

As elastic constants of oriented spherulites E, v, it is
proposed to use the values of elastic constants deter-
mined from equation (16) for the elastic modulus E, = E|
and [12] for the Poisson’s ratio v, at the degree of crys-
tallinity y; = %max» D€ing the maximum possible for a
given polymer. In other words, the ideal structure of a
spherulite is simulated, in which crystallites and (or) la-
mellae appear to be ellipsoidal inclusions in an amor-
phous matrix (Fig. 1a), which are ideally adhesively in-
terconnected. The elastic modulus of such models of
spherulites is equal to the elastic modulus of the crystal

s
=2-4v,+

sk
Yy =2-4v,+
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lattice (E, =E ,)- The values of elastic constants ob-
tained in this way can be used in further calculations as
elastic spherulite constants E,, v, for prediction of elastic
properties, which are very important for determining the
degree of drawing at which the transformation of the
initial oriented spherulite structure of the polymer into
oriented one begins.

Fig. 4 shows the dependences that allow one to de-
termine the degree of drawing at which the destruction
of the spherolitic structure of high density polyethylene
(HDPE), medium density polyethylene (MDPE) and
low density polyethylene (LDPFE) begins.

Baseline data for curves 2, 4, 6 [15]:

HDPE — E, = 8239 MPa, v,=0.32; E,=2000 MPa,
v, =0.39; y =0.40.

MDPE — E,= 5500 MPa, v,=0.35; E,= 3400 MPa,
v, =0.39; x =0.10.

LDPE — E.=1020 MPa, v,=0.37; E,=77 MPa, v,=
=0.39; v =0.68.

Curves 1, 3, 5 meet the experimental data obtained
in [15, 16] (o).Here are the results obtained from other
sources [17] for HDPFE and LDPE (e).

Data analysis (Fig. 4) shows satisfactory coincidence
of the predicted and measured values of the elastic mod-
ulus £, the maximum spread of values does not exceed
14 % for HDPE, 16 % for MDPE and 18 % for LDPE.

It should be noted that when obtaining oriented
polymeric materials as the technological value of the de-
gree of drawing A the values corresponding to straight
line dependencies are selected.

For these areas, the spread of values between the
predicted and measured values is much smaller and is no
more than 8 % for HDPFE, no more than 10 % for LDPE,
and almost complete coincidence for MDPE. The in-
crease in the spread between the predicted and experi-
mental values for high degrees of drawing is explained,

E-10° MPa
160 5
B | 1
140 ’f//7 ;’?
/lo . L
120 |
Al I
100 Wks / |
|
|
80 : i i
60 i //f ! /‘(37__
| o | 6
‘ -
40 j /9)/ I ,/u/ ;;)}"
G~ 2inE
| S ; 1
& ‘ %/I |
S i I R

1 2 3 4 5 6 7 8

Fig. 4. Dependencies of elastic modulus HDPF (1, 2),
MDPE (3, 4) and LDPE (5, 6) on the degree of
drawing
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apparently, by the beginning of the destruction of the
original oriented spherulitic structure and its transfor-
mation into a fibrillar one.

Conclusions and recommendations. The dependen-
cies shown in Fig. 4, allow determining the degree of
drawing, corresponding to the natural one, at which the
destruction of the spherulitic structure begins. The ex-
ample of curve 2 (point B) shows the method for deter-
mining the degree of natural polymer stretching 2, that
can serve as a guideline in the design of equipment in-
tended for the hardening of polymer sheets.

Considering the passage to the limit in the equation
(16) at A = 1, it can be shown that equation (16) takes the
form corresponding to the model of the unoriented
structure of the polymeric material and satisfactorily de-
scribes the experimental data.

Further studies are planned on the dependence of
the elastic modulus of polymer sheets on shear stresses,
as well as on the totality of tensile and shear stresses.

In conclusion, the authors express their gratitude to
V. V. Kostritsky for the constant attention and valuable
comments made in the course of this work.
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Meta. Po3pobka METOAMKM BM3HAUEHHSI CTYMEHS
BUTSIKKU, 32 SIKOi IOYMHAETHCS MIEPETBOPEHHST HEOPi-
€HTOBAHOI CTPYKTYpPU MOJIMEPHOIO JiMcTa (reoMeM-
OpaHa) y BUCOKOOPIEHTOBAHY, 1110 T03BOJIUTH 301/IbIIN-
TH IOTO MILIHICTb, a, BiIMOBIAHO, i IOBrOBIYHICTH y IIPO-
1ieci BUIoOyTKY 30JI0Ta KyIT4aCTUM BUJTYTOBYBaHHSIM.
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Mertomuka. TeopeTUUHMIT METOI JOCIIIIXKEHHS Ha-
TIPYKeHO-Ie(OPMOBAHOTO CTaHy MOJIMEPHOTO JIMCTa
y TIpolieci Horo BUTSKKU HA OCHOBI €KCIIEpUMEHTAIb-
HUX TaHUX, OTPUMAaHUX paHiIlle.

PesynbTaTtu. Po3pobieHi: Moaenb HaaMOJeKyIsIp-
HO1 c(epoiTHOI CTPYKTYpU aMOpP(PHO-KPUCTATIUYHUX
MoJiMEpiB Yy HEOPIEHTOBAHOMY Ta OPIEHTOBAHOMY CTa-
Hi; METOIMKA BU3HAYEHHS CTYIICHST BUTSKKH, 3a SKOL
TMOYMHAETbCS PYHHYBaHHS CQEPOJIITHOI CTPYKTYpH
MoJIiMEpHOro MaTepiainy.

HaykoBa HOBM3HA. YTIepIlle aHATITUIHIM METOIOM
BUpillIeHa 3a/1aya 100 3MiHU HaIpyxXeHo-aedopma-
LiMfHOrO CTaHy IIOJIMEpPHOIro MaTepialy y Impoieci
ioro opieHrauiiitHO1 BUTSKKU. Po3pobiieHa maTtemMa-
TUYHA MOJEIb JO3BOJISIE IIPOTHO3YBATHU MPYXKHi BJIac-
TUBOCTi OPiEHTOBAHUX aMOP(PHO-KPUCTAIIYHUX TTOJTi-
MepiB cdepoiTHOI Oyn0BHY, 110 1a€ MOXJIUBICTb M-
BUILYBaTH iX MilIHICTh Y HEOOXiTIHOMY HAMPSIMKY.

IIpakTnyna 3HaummicTh. Ha mincraBi pesynbrartiB
TEOPETUYHUX TOCTIMKEHb, a TAKOX pe3yJbTaTiB Mpo-
BEIEHUX paHillle eKCIepUMEHTaJbHUX JOCIiIXEeHb,
po3pobsieHa METOIMKAa BU3HAYEHHS CTYNEHS BUTSIXK-
KM, 32 SIKOI MOYMHAETHCS PYMHYBaHHS CHEpOTiTHOL
CTPYKTYpPH TIOJIIMEPHOTO MaTrepiajay Ta YTBOPIOETHCS
dibpungpHa cTpykTypa. JaHa MeTomuMKa MoxXe OyTU
BUKOpPHUCTaHA IIPU IIPOEKTYyBaHHI 00JIaTHAHHS TS OPi-
€HTYBaHHS JIMCTOBUX IOJIIMEPHUX MaTepiaiB, 1110 J10-
3BOJINTH 3MILIHIOBATU TIOJIMepHi IUCTU (reomMeMOpa-
HU), sIKi BUKOPUCTOBYIOTh ITPU BUAOOYTKY 30J10Ta KYII-
YaCTUM BWJIYTOBYBaHHSIM.

Kuouosi ciioBa: eeomembpana, nonimep, cmpykmypa,
opieHmayitina BUMAICKA, HAnNpyaa, MIYHICMb
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MOJIMMEPA MPH €r0 PACTKEHUH
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enb. PazpaboTka METOAMKU OMpenesIeHUsT CTere-
HU BBITSDKKH, TIPY KOTOPOI HAUMHAETCS Ipeodpa3oBa-
HHE HEOPMEHTUPOBAHHOM CTPYKTYPHI MOJMMEPHOIO
mucra (reomeMOpaHa) B BBICOKOOPMEHTUPOBAHHYIO,
YTO TTO3BOJIUT YBEJIMYUTH €0 MPOYHOCTD, a, COOTBET-
CTBEHHO, U JOJITOBEYHOCTh B IIpoliecce J0ObIYM 30J10Ta
KYYHBIM BbILIEIaYMBaHEM.

Metoauka. TeopeTUUeCKMii METOA MCCIICIOBAHMUS
HaIpsLKeHHO-Te(OPMUPOBAHHOTO COCTOSTHUS TIOJIH-
MEpHOTO JIMCTa B TIPOIIECCE €TO BBITSKKM Ha OCHOBE
SKCIEPUMEHTAIBHBIX JAHHBIX, TIOJYYCHHBIX paHee.

PesyabraTel. Pa3paboTaHbl: MOIEIb HAIMOJICKYJIISIP-
HOM c(hepOIUTHOM CTPYKTYPBI aMOP(DHO-KPUCTAIITIAIC-
CKUX TIOJIUMEPOB B HEOPHMEHTUPOBAHHOM U OPUEHTH-
POBAaHHOM COCTOSIHUU, METOJIMKA OIpeIeICHNUsI CTeTIe-
HM BBITSDKKH, TIPM KOTOPOII HAUMHACTCS Pa3pylIcHUe
chepoIUTHOI CTPYKTYPhI TOJIMMEPHOTO MaTepurara.

Hayunas HoBu3Ha. BriepBbie aHaTUTUYECKUM METO-
JIOM pelleHa 3a1aya 00 U3MEHEHUN HaIpsLKeHHO-Ie-
(GOpMaALIMOHHOTO COCTOSIHMSI TIOJIMMEPHOIO MaTepua-
JIa B TIpOIIeCCe er0 OPMEHTALIMOHHON BBITSKKM. Pa3-
paboTaHHasI MaTeMaTHU4ecKast MOZAEJIb ITO3BOJISIET TIPO-
THO3MPOBATh YIIPYyTME CBOMCTBA OPUEHTUPOBAHHBIX
aMOpP(PHO-KPUCTAUITMIECKUX ITOJTMMEPOB ChHEepOIUT-
HOTO CTPOCHUS, YTO JAaeT BO3MOXKHOCTD ITOBBIIIATH MX
IIPOYHOCTH B HEOOXOIMMOM HaIIPaBJICHUM.

IIpakTuyeckas 3Hauumoctb. Ha ocHOBaHUM pe3yiib-
TaTOB TEOPETUIYECKUX UCCIICIOBAHMIA, a TAKXKE Pe3yIbTa-
TOB ITPOBEICHHBIX PaHEe IKCTIEPUMEHTATbHBIX UCCIIENO0-
BaHU, pa3paboTaHa METOAMKA OMpeAeeHUs CTereHU
BBITSKKM, TIPYM KOTOPOI HAUMHAETCsl pa3pylieHue che-
POJIUTHOM CTPYKTYPHI ITOJIMMEPHOTO MaTepyraia u oopa-
30BbIBaeTCS (hUOPWLISIpHAs CTPYKTypa. JaHHast MeTo-
IIMKA MOXKET OBITh MCITOJIb30BaHUSI TP TTPOESKTHUPOBa-
HUM OOOPYIOBaHUS IS OPHEHTHPOBAHUS JIMCTOBBIX
TTOJIMMEPHBIX MaTePHUAJIOB, UYTO ITO3BOJUT YIIPOUHSITH
TTOTMMEPHBIC JIUCTHI (TeOMeMOpaHbI), KOTOPBIC UCTIOb-
3YIOT IIPH JOOBIYE 30J10Ta KYIHBIM BHIIIICIauBaHUECM.

KimogeBble ciioBa: ceomembpana, noaumep, cmpyKmy-
Pa, OpUeHMAUUOHHASL BbIMANCKA, HANPAICEHUE, NPOYHOCHb
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