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Previously, we developed several technical solutions for the conversion of isotropic polymers into materials of a new
type—gradually oriented polymers with a gradient of physical and mechanical properties, thereby materializing for the first time
the unused possibilities inherent in the polymeric nature of the substance. The scientific basis of these developments is the
concept of a new structural state of linear polymers—a gradually oriented (stretched) state (GOS), the essence of which is set out
briefly. An algorithm and a mathematical model for controlling the process of uniaxial, zonal stretching of linear polymers are
proposed, which allow the formation of gradually or homogeneously oriented polymers (polymer composites). At the same
time, specified values of quantitative parameters are ensured, in particular, the selected profile of distribution of the relative
elongation (linear, sinusoidal, etc.) along the length of the gradually oriented polymer sample and the specified constant relative
elongation along the length of the homogeneously oriented polymer. Mathematical expressions for calculating the conditions to
obtain gradually oriented polymers with given geometric dimensions (length, width) and with a given distribution of relative
elongation along the length of the resulting sample were also derived. The description of method and principles of operation of
the appropriate device is given. Experimental data illustrating the possibilities of the proposed method and the efficiency of
mathematical modeling are presented. The issues of creating functionally graded materials with a gradient of microstructure
(gradient of degree of orientation/relative elongation) or chemical composition (volume fraction of functional fillers),
respectively, based on thermoplastic polymer/copolymer or polymer composite (containing functional fillers) by method of
uniaxial, zonal graded stretching are discussed.

1. Introduction

1.1. Background. Uniaxial orientational stretching is a wide-
spread method of structural modification of the linear poly-
mers [1–3]. As a result of stretching at the above glass
transition temperature, the isotropic polymer goes over into
the oriented state, which is characterized by a preferential
location of the structural elements in the stretching direction.
The material becomes anisotropic. The structural anisotropy
leads to the considerable change in many physical and
mechanical properties. Therefore, the study of orientation
processes is closely associated to the development of polymer
science and polymer industry.

There are various technical solutions for converting a
polymer into an oriented state: cold or hot stretching [4, 5],
extruding solid polymer [4–7], rapid stretching from melts
or solutions [4, 8, 9], and zonal stretching [10–12].

The polymer samples with different properties, films in
particular, can be obtained by varying the degree of orienta-
tion, which depends on the following parameters: stretching
temperature, stretching speed (in conditions of the same rel-
ative elongations), cooling speed of the heated polymer, and
relative elongation (λ).

If during the stretching of the polymer we provide a gra-
dient of one of the four aforementioned parameters, for
example, the gradient of relative elongation (λ), then the
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gradient of the degree of orientation and, consequently, the
gradient of physical and mechanical properties should be
formed. The validity of this consideration is indicated by
the relationship between the birefringence and relative elon-
gation [13]:

Δn = n1 − n2 = γλ, ð1Þ

where n1 and n2 are the index of refraction of ordinary and
extraordinary rays, respectively, γ is the optical coefficient
of deformation, and λ is the relative elongation. From this
equation, it follows that the gradient of relative elongation
should cause the gradient of birefringence.

If we abstract from the foregoing, wide unused
resources will be revealed that exist in the polymer nature
of the substance due to the flexibility of the macromole-
cules and, as a result, the property of the change in the
conformational set. This is the ability to create a new type
of material—gradient-oriented polymers (composites) with
the gradient of many physical and mechanical properties.

This, in turn, requires expansion of the concept of an ori-
ented state and a new understanding of the structural fea-
tures of oriented polymers, developing new technical
solutions for orientational stretching, and determination of
the appropriate quantitative regularities.

Paying a tribute to the historical justice, it should be
noted that almost half a century ago Shen and Bever [14]
apparently first noted the importance of investigation of gra-
dient polymeric materials. The authors point to different
ways to create a gradient. With respect to the gradient of
degree and direction of orientation, the authors have limited
themselves to pointing out the undeniable importance of
studying this problem without giving any specific solutions
for implementing this idea. This issue was put into practice
for the first time by us.

We have developed various methods (stretching in
inhomogeneous mechanical field [15–17], controlled exten-
sion of the stretching zone [18, 19], and controlled zonal
stretching [20, 21]) for converting isotropic polymers (poly-
mer composites) into a gradually oriented state (GOS) and
have established quantitative relationships for the process
of forming a gradually oriented structure for some specific
configuration of a tensile device [22–29]. The structural fea-
ture of GOS is the gradient of the preferred arrangement of
structural elements (macromolecular chains and their parts,
as well as supermolecular structural fragments) in the
stretching direction. Quantitatively, the degree of orienta-
tion in GOS can be characterized by the orientation func-
tions cos2θ and cos4θ (θ is the angle between the
stretching direction and the axis of a given section of the
macromolecule) [30]. GOS can be also described with func-
tion λ = f ðLÞ where λ = Δℓ/ℓ, λ is the relative elongation,
Δℓ is the lengthening of the sector, ℓ is the initial sector
length, and L is the coordinate of the sample (length of
the sample). Relative elongation varies within the 0 ≤ λ ≤ n
range, wherein the maximum value of n for currently exist-
ing thermoplastic polymers may be 8 ÷ 10. It is necessary to
underline that the degree of orientation is uniquely depen-

dent on the relative elongation under the immutability of
other factors of stretching mode (temperature, stretching
velocity) [31–33].

The scheme we have created is shown in Figure 1. It illus-
trates the essence of the gradient stretching by the example of
a change in the conformation of macromolecules—the trans-
formation of a statistical coil [34, 35] into an isotropic sample
of an amorphous polymer (Figure 1(a)) during its gradient
zonal stretching.

As the degree of stretching increases in the local region of
the sample, the statistical coil gradually unfolds and
straightens in the direction of propagation of the stretching
front (Figure 1(b)). The relative elongation λ of the separate
parts of the sample gradually increases from 0 to about 2.5.

The optical, electrical, and magnetic properties of gradu-
ally oriented polymer systems are studied. By the example of
gradient-oriented films of polyvinyl alcohol and polyethylene
terephthalate, a good correlation is established between the
values of relative elongation and birefringence [22–27, 36].
Investigations of electric and magnetic properties of gradu-
ally stretched polymer composite films (polyvinyl alcohol
with graphite, carbon black, and nickel) show that the char-
acter of change of these properties essentially depends both
on the composition of materials and their degree of elonga-
tion [37–40].

It was also shown that inhomogeneous stretching of a
polyvinylidene fluoride plate leads to a gradient phase trans-
formation α⟶ β and, accordingly, to a gradient of piezo-
electric and optical properties [41].

These studies indicate that gradient orientation is an
effective scientific and technical approach for creating mate-
rials of a new type. We believe that these studies are only the
first steps in a broad, practically unexplored, perspective sci-
entific field, which opens up great opportunities for obtaining
new type of gradient materials with different physical and
mechanical properties.

Further development of this promising direction, among
other things, is connected with the development of new tech-
nical solutions and the establishment of quantitative patterns
of the orientational stretching process. This article proposes
an algorithm and a mathematical model for managing the
process of formation of gradually and homogeneously ori-
ented polymeric materials by the uniaxial, zonal stretching
method. The experimental data illustrating the possibilities
of the method and the efficiency of mathematical modeling
are presented. The outlooks for creating functionally graded
materials by the methods of gradient stretching of the ther-
moplastic polymers (composites) are also discussed.

(a) (b)

Figure 1: Scheme of transformation of an isotropic amorphous
polymer in the process of gradient stretching (transformation of a
statistical coil): (a) isotropic polymer film and (b) the same film
gradually stretched. The arrow indicates the direction of
propagation of the extension front.
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2. Materials and Methods

2.1. Research Materials. The method of uniaxial, zonal
stretching is based on the ability of materials to have large
deformations. Therefore, any thermoplastic polymers, copol-
ymers, and composites with a polymer matrix containing
inorganic (ceramics, metal), organic, or polymeric fillers
can be used as test materials. The method cannot be used
for structural modification of samples having a complex, vol-
umetric shape. Therefore, the starting and received products
are films, plates, rods, or fibers.

In this article, polyvinyl alcohol films were used as the
model material. The films are prepared as follows: after swell-
ing in distilled water (24 hours) and boiling (24 hours), a hot
10 ÷ 15% polymer solution is poured onto a horizontal glass
surface and the solvent is evaporated at room temperature.
Highly transparent films with a size of about 200 × 300mm
and a thickness of 0:1 ÷ 0:3mm are obtained. Samples of
the desired size are cut out from an isotropic film. To register
the distribution of elongation along the length of the speci-
men as a result of stretching, equidistant parallel lines are
applied to its surface perpendicularly to the direction of the
subsequent stretching. Uniaxial zonal stretching of samples
(gradient or homogeneous) is carried out on a device devel-
oped by us (the description is given below) at 373K and a
zonal heater moving speed of 10mm/min. The speeds of
the active cooler and the active clamp are determined on
the basis of the proposed model.

2.2. Uniaxial Zonal Controlled Stretching Method. The dis-
tinctive features of the method under consideration are as
follows: application of an active cooler in the stretching pro-
cess, adjustment of the extent of the stretching zone, and
adjustment of speed/acceleration and direction of movement
of the active cooler. According to [21], the zonal stretching
device (ZSD) consists of three structurally independent units:
a tensile testing machine or its simplified analog, an add-on
module (zonal heater, active cooler, and mechanism for their
movement), and a stretching process control block. On the
ZSD, it is possible to stretch polymer samples both in homo-
geneous (nongradient) and in gradient modes and to ensure
the specified distribution of relative elongation along the
length of the resulting sample.

Consider the operation of the ZSD using rectangular-
and trapezoidal-shaped films (Figures 2(a) and 2(b)). The
test sample is fastened between fixed and active clamps.
Zonal heaters and coolers (blowers) are located on both sides
of the sample. A more detailed pattern of the heating element
and cooler is shown in Figure 2(f). Heaters and coolers have
an equidistant geometric shape relative to the test sample and
are arranged perpendicularly to the stretching direction.
Tubular heaters are placed in heat insulators. The heat insu-
lators are equipped with shutters for regulating the clearance
of the channels guiding the heat flow. Heat insulators and
coolers are connected to electric engines (not shown). At
the beginning of the stretching process, the coolers are
located near the active clamps. Heaters are located between

(a) (b)

(c) (d) (e)

(f)

The equidistant parallel lines 
are plotted on the surface of the 
isotropic film to record the 
distribution of the elongation 

Fixed clamp Test film
Shutter

Cooler
(blower)

Insulator
Tubular

heater

Istropic film

Zonal heater

Active cooler
(blower)

Active clamp

Direction of motion 
of the zonal heater 

Direction of motion 
of the cooler
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Figure 2: Zonal stretching scheme. Isotropic films with rectangular (a) and trapezoidal (b) forms. (c) Scheme of zonal homogeneous
(nongradient) stretching of the (a) rectangular film. (d) Scheme of zonal graded stretching of the (a) rectangular film. (e) Scheme of zonal
gradient stretching of the (b) trapezoidal film. (f) Mutual arrangement of the test film, zonal heater unit, and cooler (side view).
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the coolers and the fixed clamps. The motion mode of
heaters, coolers, and active clamps is controlled by the con-
trol unit (not shown).

2.3. Zonal Homogeneous Stretching. Figure 2(c) shows the
scheme of zonal homogeneous (nongradient) stretching
of a rectangular film (Figure 2(a)). The sample is heated
in a narrow zone by zonal heaters. The yield point of
polymer sample decreases in the heated zone. When active
clamps are moved, a part of the sample in the heated zone
will stretch. The stretching stops in the cooling zone. Con-
sequently, elongation of the sample is strictly limited by
the distance between heaters and coolers. By simulta-
neously moving the active clamps, heaters, and coolers,
the rest of the sample will also be stretched. In the homo-
geneous stretching process, active clamps, heaters, and
coolers move at a constant speed. The ratio of these
speeds, the distance between heaters and coolers, and the
height of the heaters determine the value of the local elon-
gation (see below).

2.4. Zonal Graded Stretching. Figure 2(d) shows a zonal
graded stretching scheme for the rectangular film. In this
case, the heating, stretching, and cooling of the sample
are carried out as described above. Under conditions of a
constant height of the heaters and a constant speed of
their movement, the gradient stretching is achieved by
ensuring proper acceleration of the displacement of the
active clamps. At the same time, simultaneous adjustment
of the extent of the stretch zone (the distance between the
heater and the cooler) is achieved by selecting speed (con-

stant or accelerated) and direction of motion of the cooler.
Stretching regime is determined on the basis of a mathe-
matical model (see below).

In the process of zonal graded stretching, an increase
of velocity of movement of the active clamp (i.e., an
increase in relative elongation) leads to an increase in
the transverse shrinkage of the sample. Rectangular isotro-
pic film (Figure 2(a)) transforms into a gradually oriented
trapezoidal film (Figure 2(d)). If the original film has a
trapezoidal shape (Figure 2(b)), its stretching in the same
regime gives a rectangular one (Figure 2(e)). The necessary
geometric dimensions of the initial trapezoid can be deter-
mined on the basis of an experiment or by the use of
Poisson’s ratio.

2.5. Liquid Cooling. The test sample can be cooled with liquid
(water) in a vessel with a variable volume, for example, a bel-
lows. Figure 3(a) shows the initial state of the ZSD, equipped
with bellows.

Between the fixed and active clamps, the test film is
fastened. The active clamp is fixed to the inner bottom
of the bellows, and the bellows is in turn attached to the
active clamp of the stretching device. The bellows is
equipped with pipes for water inlet and outlet. The upper
open end of the bellows is connected to the electric engine
(not shown). In the process of stretching the sample, the
bellows unfolds. With a controlled motion of the upper
open end of the bellows (similar to cooler in Figure 2),
the height of the stretching zone of the sample is adjusted.
Stretching stops when the sample is immersed in a cooling

(a) (b)
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of stretching

Direction of motion 
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Direction of motion of open 
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Figure 3: Scheme of using bellows with liquid for cooling the test sample during the stretching process: (a) initial state and (b) stretching
process.
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liquid. Figure 3(b) shows the ZSD with a partially
stretched sample.

The stretching of the sample (homogeneous or gradient
mode) is realized in accordance with the algorithm consid-
ered below.

3. Mathematical Modeling of Uniaxial Zonal
Homogeneous and Graded Stretching

The following subjects are considered below:

(i) Algorithm design for homogeneous and gradient
zonal stretching

(ii) Derivation of mathematical equations for calculat-
ing the conditions of obtaining homogeneously and
gradually oriented samples with a given distribution
of the relative elongation

(iii) Calculation of the total elongation of an isotropic
sample with a length L if the predetermined distribu-
tion of the relative elongation is realized along its
entire length

(iv) Calculation of the initial length L of the test sample,
the gradient stretching of which will lead to the for-
mation of a sample with a predetermined distribu-
tion of the relative elongation and a length L + ΔL

The model is approximate. The model more accurately
describes the stretching process the smaller the height of
the zonal heater. The model does not consider the physical
processes that occur during stretching. At the same time, it
is assumed that the heat transfer is carried out only along
the direction of the thickness of the sample (the heat transfer
along the length of the sample is so insignificant that it can be
neglected). Consequently, only the heated zone of the sample
is subjected to stretching.

We introduce the following notations:
L: Initial length of isotropic sample,
ΔL: Total elongation of isotropic sample as a result of

stretching,
ℓ: Height of the heating zone in the sample (ℓ = const),
T : Duration of the stretching process,
t: Moment of the sample stretching process (t ∈ ð0 ; TÞ),
ΔℓðtÞ: Elongation of ℓ zone of the sample at moment t,
λðtÞ: Relative elongation of ℓ zone at moment t,
V1: Zonal heater moving speed at moment t (V1 = const),
V2ðtÞ: Cooler (upper open end of bellows) moving speed

at moment t,
V3ðtÞ: Active clamp moving speed at moment t,
hðtÞ: Distance between zonal heater and cooler (upper

open end of bellows) at moment t,
s1ðtÞ: Distance passed by zonal heater at moment t,
s2ðtÞ: Distance passed by cooler (upper open end of

bellows) at moment t,
s3ðtÞ: Distance passed by active clamp at moment t,
λ: Relative elongation calculated with respect to the

heated zone ℓ.

We write the zonal homogeneous and graded stretching
conditions in the general form. The condition of zonal
homogeneous stretching is

V1 =V2 = const,
V3 = const:

ð2Þ

Taking into account the equality of the first two veloci-
ties, it is clear that in the process of zonal homogeneous
stretching hðtÞ = const.

From the various possible modes of zonal gradient orien-
tation, consider the following combination of speeds of
mobile components of the ZSD:

V1 tð Þ = const,
V2 tð Þ = const,
V3 tð Þ ≠ const:

ð3Þ

This combination leads to a rectilinear distribution of
the relative elongation. In all cases of graded stretching,
hðtÞ ≠ const.

The zonal heater passes ℓ distance in time t. During the
same time, as a result of moving of the active clamp, the
heated ℓ zone of the sample is lengthened by s3ðtÞ = ΔℓðtÞ.
At time t, the relative elongation of the heated zone is

λ tð Þ = Δℓ tð Þ
ℓ

: ð4Þ

The relative elongation can also be written as the ratio of
speeds of movement of the active clamp and the zonal heater:

λ tð Þ = V3 tð Þ
V1

: ð5Þ

At time t, the length of the elongated segment of the sam-
ple is ΔℓðtÞ + ℓ and it will be located between the heater and
the cooler.

At any stage of the stretching process between the heater
and the cooler, it is necessary to provide a distance equal to
the length of the current elongated part of the sample:

h tð Þ = Δℓ tð Þ + ℓ = ℓ λ tð Þ + 1ð Þ: ð6Þ

In the stretching process, the set value of hðtÞ is main-
tained by ensuring the appropriate speed of cooler. The
cooler (upper open end of bellows) moving speed V2ðtÞ is
calculated as follows.

At any point in the stretching process, h can be repre-
sented as the difference in distances traveled by the heater
and the cooler:

h tð Þ = s1 tð Þ − s2 tð Þ: ð7Þ

Taking into account (6), we have

s1 tð Þ − s2 tð Þ = ℓ λ tð Þ + 1ð Þ: ð8Þ
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Since V1 is constant, we can write

V1 ⋅ t − s2 tð Þ = ℓ λ tð Þ + 1ð Þ: ð9Þ

We differentiate (9) with respect to t. The speed of the
cooler will be written in the following form:

V2 tð Þ =V1 −
dλ tð Þ
dt

⋅ ℓ: ð10Þ

To illustrate a zonal stretching process, let us consider
several examples.

Assume it only needs to carry out a homogeneous or
gradient stretching of an isotropic sample. Figure 4(a) pre-
sents the graphs of function λ = f ðLÞ—three cases of dif-
ferent possible conditional distributions of relative
elongation λ that must be created along L length of the
test sample. The first case is realized as a result of homo-
geneous (nongradient) stretching, cases 2 and 3 as a result
of gradient stretching.

Heater moving with speed V1 = const, the working
length L of an isotropic sample passes in time T .
Figures 4(b)–4(d) show graphs of the functions V = f ðTÞ,

the conditional distributions of speeds of the heater,
cooler, and active clamp during the stretching process,
which provide given elongations at given points of isotro-
pic sample, thus realizing the conditions specified in
Figure 4(a).

Consider zonal homogeneous stretching (Figure 4(a),
curve 1, and Figure 4(b)). The value of relative elongation
λ is selected. From (5), the speed of the active clamp V3 is
calculated. This conditionally can be V3 ′, V3 ′′, or V3 ′′′.
Taking into account the chosen value of λ from (7), we
determine hð0Þ.

In the starting position, the distance between the heater
and the cooler is zero despite the stretching regime (homoge-
neous or gradient). We turn on the heater. Upon reaching the
desired temperature, all the moving components of the
stretching device (heater, cooler, and active clamp) are simul-
taneously activated. At first, the cooler moves in the stretch-
ing direction with a speed of the active clamp
V2 =V3ðV3 ′, V3 ′′, orV3 ′′′Þ. As soon as the distance
between the heater and the cooler reaches the calculated
value h, the cooler changes the direction of motion and will
move in the opposite direction, following the heater with a
speed of V2 = V1.
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Figure 4: Creation of various distributions of relative elongation by appropriate combinations of motion speeds of zonal heater, active cooler,
and active clamp. (a) Three cases of different possible conditional distributions of relative elongation λ that must be created along the length L
of the isotropic sample. (b–d) Dependences of motion speeds (V) of the heater, active cooler, and active clamp on the duration of the
stretching process (T), which realize the distribution of relative elongations along the length L of the isotropic sample corresponding to
curves 1, 2, and 3 in (a).
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The zonal gradient stretching (Figure 4(a), curve 2, and
Figure 4(c)) is carried out by the following scheme. λðtÞ is
selected. From (6) and (10), we determine correspondingly
V3ðtÞ and V2ðtÞ. We turn on the heater. When the
desired temperature is reached, the heater, the cooler,
and the active clamp are simultaneously activated. The
cooler moves in the direction of motion of the heater with
speed V2 = const and V2 <V1, so that the distance
between it and the heater continuously increases and at
any time is equal to hðtÞ (7).

The zonal gradient stretching (Figure 4(a), curve 3,
and Figure 4(d)) is carried out by the following scheme.
λðtÞ is selected. From (5) and (10), we determine corre-
spondingly V3ðtÞ and V2ðtÞ. In the case under consider-
ation, λð0Þ > 0. With this in mind, hð0Þ is determined
from (5). We turn on the heater. After achieving the
required temperature, the heater, cooler, and active clamp
will move at the same time. At first, the cooler will move
in the stretching direction and with the speed of move-
ment of the active clamp V2ðtÞ =V3ðtÞ. When the distance
between the heater and cooler will be equated to hð0Þ, the
cooler will change the direction of travel and will move in
the direction of the heater movement at speed V2ðtÞ =
const and V2ðtÞ >V1. From moment t ′, the speed of the
cooler will become V2ðtÞ = const and V2ðtÞ <V1. V2ðtÞ
will be determined from (10).

We have considered a combination of speeds of the
mobile components which provides a rectilinear distribution
of the relative elongation. In order to implement the curvilin-
ear distribution of the relative elongation, the following com-
bination of speeds can be applied:

V1 tð Þ = const,
V2 tð Þ ≠ const,
V3 tð Þ ≠ const:

ð11Þ

We now turn to consider the next subject.
We calculate the total elongation of an isotropic

sample with a length L if the relative elongation λðxÞ,
x ∈ ½0, L�, is realized along its entire length λðxÞ ≥ 0
and it is continuous throughout the area of the defini-
tion. The initial length L of the sample is divided into n equal
parts. The length of each part is denoted by Δxi and the elon-
gation of this part by ΔLi.

On the segment Δxi any point ξi is selected. At ξi, the rel-
ative elongation is

λ ξið Þ = ΔLi
Δxi

, ð12Þ

ΔLi = λ ξið ÞΔxi: ð13Þ
Sum both sides of equality (13) from 1 to n:

〠
n

i=1
ΔLi = 〠

n

i=1
λ ξið ÞΔxi: ð14Þ

We pass to the limit on both sides of equality (14)
when Δxi ⟶ 0,

lim
Δxi→0

〠
n

i=1
ΔLi = lim

Δxi→0
〠
n

i=1
λ ξið ÞΔxi: ð15Þ

From (15), it follows that the elongation of the sample
with an initial length L equal to

ΔL xð Þ =
ðL
0
λ xð Þdx, x ∈ 0 ; L½ �: ð16Þ

Consider the last subject.
Now we calculate the initial length L of the test sample,

the gradient stretching of which will lead to the formation
of a sample with a predetermined distribution of the relative
elongation and a length L + ΔL .

The relative elongation along the entire length of the
sample is λðxÞ, where x is the designation of the length
of the segment ½0 ; x�. The definition area of the function
λðxÞ is the interval ½0 ; L + ΔL�. At the same time, λðxÞ ≥
0 and it is continuous throughout the area of the
definition.

Segment ½0 ; L + ΔL� is divided into n equal parts. The
length of each part is denoted by Δxi and the elongation of
each part by ΔLi. On segment Δxi, any point ξi is selected.
At ξi, the relative elongation is

λ ξið Þ = ΔLi
Δxi − ΔLi

: ð17Þ

From (17), we get

ΔLi =
λ ξið Þ

1 + λ ξið ÞΔxi: ð18Þ

Sum both sides of equality (18) from 0 to k (k ≤ n):

〠
n

i=1
ΔLi = 〠

n

i=1

λ ξið Þ
1 + λ ξið ÞΔxi: ð19Þ

According to the clause, λðxÞ function is positive and
continuous throughout the area of the definition. On both
sides of the equality, we pass to the limit, when Δxi ⟶ 0,

lim
Δxi→0

〠
n

i=1
ΔLi = lim

Δxi→0
〠
n

i=1

λ ξið Þ
1 + λ ξið ÞΔxi: ð20Þ

From (20), it follows that the elongation of the sample
on the segment ½0 ; x� will be

ΔL xð Þ =
ðx
0

λ xð Þ
1 + λ xð Þ dx, x ∈ 0 ; L + ΔL½ �: ð21Þ
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From (21), we obtain that in a sample of length L + ΔL
the length of the elongated part is

ΔL =
ðL+ΔL
0

λ xð Þ
1 + λ xð Þ dx: ð22Þ

It is clear that the length of an isotropic sample is
equal to the difference between the length of the elongated
sample and the total elongation:

L = L + ΔLð Þ −
ðL+ΔL
0

λ xð Þ
1 + λ xð Þ dx

=
ðL+ΔL
0

dx −
ðL+ΔL
0

λ xð Þ
1 + λ xð Þ dx

=
ðL+ΔL
0

1 − λ xð Þ
1 + λ xð Þ

� �
dx:

ð23Þ

That is

L =
ðL+ΔL
0

dx
1 + λ xð Þ : ð24Þ

4. Zonal Graded Stretching Method and
Functionally Graded Materials

The method of zonal graded stretching makes it possible to
realize the selected distribution of the relative elongation λ.

Figures 5(a) and 5(b) show gradually oriented polyvinyl
alcohol films obtained from rectangular samples. A sample
(Figure 5(a)) was obtained by combining the speeds of
mobile nodes (heater, cooler, and active clamp), the relative

conditional values of which are shown in Figure 4(c) and
the sample (Figure 5(b)) by the combination of speeds shown
in Figure 4(d). In the second case, the stretching was first car-
ried out by a combination of speeds represented to the right
of t ′ on the T axis and then by a combination corresponding
to the time interval of stretching 0 ÷ t ′.

Figures 5(c) and 5(d) show the distribution of the relative
elongation λ along the length (L + ΔL) of gradually oriented
films presented in Figures 5(a) and 5(b). The total elongation
of the sample with an initial length of 35mm is 117%, and the
distribution of the relative elongation along the length of the
film is linear and varies in the range λ = 0 ÷ 2:3 (Figure 5(c)).
The total elongation of the sample with an initial length
60mm is ~100%, and the distribution of the relative elonga-
tion along the length of the film is sinusoidal and varies in the
range λ = 0 ÷ 2:76 ÷ 0 (Figure 5(d)).

In the process of gradual stretching of polymeric com-
posites simultaneously with the elongation of the polymer
matrix, redistribution of concentration of functional filler
occurs—the volume fraction of functional filler decreases in
the direction of propagation of the extension front. The
intensity of redistribution of concentration is proportional
to the value of relative elongation in a given region of the
sample. The features of distribution of concentration of func-
tional filler in local areas directly affect the properties of these
areas [37–40].

Graded stretching method can be considered as a scien-
tific and technological innovation for the creation of a new
type of FGMs on the base of liner polymers/copolymers
and their composites.

FGMs are composites or single-phase materials [42–46],
whose properties change continuously or stepwise in at least
one direction of particle, film or bulk sample. The change of
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Figure 5: Gradually stretched polyvinyl alcohol films with different distribution of relative elongation: (a) linear and (b) sinusoidal. (c, d)
Dependence of relative elongation λ on the length of gradually oriented films ðL + ΔLÞ presented, respectively, in (a) and (b).
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characteristics in FGMs is associated with a corresponding
variation of the chemical composition or physical structure
of the material.

The unique characteristics of FGMs attract great atten-
tion in the scientific community. It is considered that this
new concept of designing of material microstructures will
revolutionize the field of materials science, as it allows for
the first time full integration of material and structural fac-
tors in the final design of structural componentry.

In accordance with [43], four main types of microstruc-
ture gradation exist—gradation in volume fraction, form, ori-
entation, and size of functional filler. In both natural and
synthetic FGMs, more than one type of gradation may be
existing simultaneously.

Based on our results, the important conclusion can be
made: in addition to the four types of gradation, there is a
fifth type of microstructure gradation inherent in thermo-
plastic polymers—gradient of preferential arrangement of
structural elements (macromolecular chains and their parts,
as well as supermolecular structural fragments) in stretching
direction. The transformation scheme of statistical coils in
the process of gradient stretching was shown in Figure 1.

The creation of a new type of microgradation actually
means the emergence of new opportunities for research.

Gradient-oriented stretching methods give the possibility
to create FGMs by using both known technological approa-
ches—creation of gradient of microstructure or gradient of
chemical composition.

In our case, gradient of microstructure corresponds to
the gradient of preferential location of structural elements
(macromolecular chains, its segments and supermolecular
structural fragments) in the stretching direction which is
characterized quantitatively by the gradient of orientation/-
stretching degree. Gradient of microstructure causes the
gradient of optical, mechanical, thermal, acoustic, sorption,
etc. properties of polymer material. Gradient of microstruc-
ture can be formed on the base of single polymer/copoly-
mer. For illustration, we can call for GB (Gradient of
Birefringence)—elements, which were obtained by gradient
orientation of polyvinyl alcohol and polyethylene ter-
ephthalate—films [22–27, 36].

Gradient of chemical composition is created by stretch-
ing of polymer composites (in which thermoplastic polymer
is a matrix for metal, ceramics, another polymers or pores) in
graded mode. As it was shown above in polymer composites
containing conductive particles, an increase in the drawing
degree leads to a gradual increase in the electrical resistance
of composite, which is caused by a gradual reduction of vol-
ume concentration of conductive particles in the drawing
direction. A similar reasoning is also valid for composites
containing a magnetic filler [37–40].

5. Conclusions

An algorithm and a mathematical model are proposed for
managing the process of forming materials of a new
type—gradually and homogeneously oriented linear poly-
mers (polymer composites) with a given distribution of
relative elongation. The transformation of isotropic poly-

mers (polymer composites) into a gradually or homoge-
neously oriented state is carried out on a specially
designed device for uniaxial, zonal stretching. The design
feature of the device is the use of an active cooler with
the ability to move adjustable speed/acceleration and
direction of movement in the process of stretching the test
sample. This provides a predetermined (constant or
changing) extent of the stretching zone in the process of
drawing the sample. The description and principles of
operation of the uniaxial, zonal stretching device are given.
The experimental data illustrating the capabilities of the
method and the effectiveness of the mathematical model-
ing are presented. Gradient orientation can be considered
as an effective scientific and technical innovation for creat-
ing functionally graded materials with a gradient of micro-
structure (gradient degree of orientation/relative elongation
of the polymer matrix) or chemical composition (volume
fraction of functional fillers), respectively, based on a sin-
gle polymer/copolymer or polymer composites containing
functional fillers.
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