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The object of the study is the sealing elements
of the packer.

The fundamental principle of the cluster model
is the assumption that the sum of the relative vol-
ume fractions of two structural elements of a nat-
ural nanocomposite (loosely packed matrix and
nanoclusters) is equal to one —¢,, +¢,=1. This
approach is incorrect because it is violated when
the nanoclusters are immersed in a loosely packed
matrix. In this regard, a new relationship is pro-
posed that relates the relative volume fractions of
the loosely packed matrix and the part of nanoclus-
ters immersedinit — ¢, + (;70, =1. Calculation for-
mulas are obtained for the relative fractions of the
loosely packed matrix and the interphase region.

The paper shows that such an assumption is
unfounded due to the indispensable immersion of
clusters in a loosely packed matrix, and in this
regard, a new relationship is proposed linking the
relative volume fractions of the loosely packed
matrix and the part of nanoclusters immersed in it.

For a composite with a matrix, a mixture of
synthetic butadiene nitrile and hydrogenated buta-
diene nitrile rubber and the addition of a copper
nanoparticle, it is shown that in a natural nano-
composite, which is the polymer under study in an
amorphous state, the time dependences of the rela-
tive volume fractions of the regions of inter-compo-
nent adhesion and the loosely packed matrix coin-
cide quite well with each other.

The application of the above relationship
between the volume fractions of a loosely packed
matrix and nanoclusters allows to reformulate the
known equations of parallel and sequential micro-
mechanical models, as well as the Kerner equation
Jor a more complex micromechanical model used to
describe the effect of strengthening the elastic mod-
ulus of nanocomposites
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1. Introduction

Among the modern methods of oil production inten-
sification, various methods of influencing oil formations
are of significant practical interest, which requires reliable
operation of well equipment, primarily packers, which con-
sist of a housing with a set of rubber seals and other compo-
nents [1, 2]. This is especially important in connection with
the transition to a new technology of deep and ultra-deep
drilling, for which there was a need for sealing elements (SE)
with high physical and mechanical properties.

As noted above, the object of research in this work is a
packer — a device designed to disconnect two zones of the
borehole and isolate the internal space of the production
column from the impact of the borehole environment. The
tightness of the packers is achieved thanks to sealing ele-
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ments (SE), for the manufacture of which various rubbers
based on butadiene-nitrile rubbers (BNC) are used.

In this work, a new composite with the composition: a
mixture of synthetic butadiene nitrile and hydrogenated bu-
tadiene nitrile rubber (BNC+HBNC), vulcanizer, stabilizer,
technological additives and copper nanoparticles was adopt-
ed as the material for the manufacture of the SE packer [3].

According to the cluster model, a mesh polymer consists
of two components — a loosely packed (or, what is the same,
weakly packed) matrix and nanoclusters, the latter playing
the role of a nanofiller, and a loosely packed matrix — the
role of a matrix of a natural nanocomposite. In [4], based on
fractal estimates of the surface of nanoclusters, the depen-
dence of the volume fraction of the loosely packed matrix
on the temperature of the composite was found. It is shown
that the dimensional effect of nanoclusters is identical to the




corresponding effect of dispersed filler in artificial polymer
nanocomposites, namely, a decrease of the number of statisti-
cal segments in one cluster or the radius of clusters increases
the degree of amplification (modulus of elasticity) of the
artificial nanocomposite [5].

With the results of practical research, it can be con-
cluded that increasing the service life of the packer sealing
unit is determined by the correct choice of material for their
manufacture, as well as the study of the formation of physical
and mechanical properties is an important and urgent task.
Therefore, studies aimed at identifying the mechanism of
formation of clusters and loosely packed matrix in a natural
nanocomposite have scientific significance.

2. Literary analysis and problem statement

In oil wells that are in the last stage of operation, the
frequency of operations and impacts on the reservoir are
increasing. Various methods are used to influence the oil res-
ervoir, among which hydraulic fracturing occupies a special
place [6]. This technology is used to increase the reservoir
throughput [7]. With the multi-stage completion of hydrau-
lic fracturing, the analysis of the production results after the
operation of impact on the formation shows that production
at different stages is very uneven, and up to 30 % may not be
extracted at all due to a combination of geomechanical and
design factors of hydraulic fracturing [8]. The authors [9]
propose a data-driven model for optimizing hydraulic frac-
turing design, in which the workflow is essentially divided
into two stages. As a result of the first stage, efforts to create
a digital database of field data from several thousand multi-
stage high-frequency operations on vertical, inclined and
almost horizontal wells are summarized, and at the second
stage, the optimal set of design parameters of hydraulic frac-
turing is selected to maximize production. This allows not
to damage the well and increase the reservoir throughput
and production levels. In [10], it is proposed to carry out a
comprehensive technology for restoring the productivity of
only wells with a wave hydromonitor, which is characterized
by high efficiency.

It is known from the theory of operation of packer sealing
elements that for reliable sealing of the inter-tube space, it is
necessary that the contact stresses on the casing wall 6;>0,
exceed the hydraulic fracturing pressure [11].

The authors [12] found that in order to reduce the reli-
ability of the packer sealing assembly, it is necessary to use
composite materials filled with metal nanoparticles for their
manufacture. In their research, the authors achieved an
improvement in their performance by regulating the struc-
ture of sealing elements. However, their behavior in various
environments, including sandy, chemical, corrosion-active,
etc., is not specified.

In [13], the authors conducted research in two directions
in order to improve the physical and mechanical character-
istics of sealing elements: constructive and technological.
By adjusting the structural changes, the strength and de-
formability of the sealing elements are increased. There are
three types of rubber with an optimal design that allows
uniform distribution of contact voltage with different wall
thicknesses.

Composite materials based on polytetrafluoroeth-
ylene (PTFE) have been widely used in sealing devices,
combining high rates of deformation-strength, tribotech-

nical, physico-chemical and thermophysical characteristics
that favorably distinguish them from other types of polymer
composite materials. The authors [14] introduced a polymer
matrix of various fillers-modifiers: fibrous, dispersed, me-
tallic and other materials, significantly affect the formation
of structuring in the material and achieved a significant
increase in wear resistance and physico-mechanical proper-
ties of the resulting polymer composite materials. However,
there is no unambiguous answer about their behavior in oil
and chemical environments, which makes it difficult to use
them in these industries.

Thus, research in the field of improving the reliability
and durability of the packer sealing unit is relevant and
requires extensive research in both structural and materials
science areas.

3. The aim and objectives of the study

The aim of the study is to identifying the mechanism of
formation of clusters and a loosely packed matrix in a natural
nanocomposite formed in the amorphous state of polymers
with a description of the effect of strengthening the elastic
modulus of the nanocomposite as a whole for the manufac-
ture of packer sealing elements.

To achieve this aim, the following objectives are accom-
plished:

— to establish the main causes of packer parts failures and
develop recommendations on the choice of composite materi-
al for the manufacture of packer sealing elements;

—to study the process of structure formation in a nano-
composite and the nature of deformation of a loosely packed
matrix and tightly packed nanoclusters.

4. Materials and methods of research

As noted above, the sealing elements of the packer were
accepted as the object of research. For their manufacture, a
composite material, where the matrix is a mixture of syn-
thetic butadiene nitrile and hydrogenated butadiene nitrile
rubber (BNR+HBNR) and filler — nanomedium.

It is known [10] that rubbers based on butadiane-nitrile
rubbers are used in the manufacture of sealing elements of
oil and gas field equipment. Currently, more than 20 brands
of this elastomer with various properties are produced. Their
bearing properties are determined by the ratio of acryloni-
trile (NAC) and butadiene (DB). NAC affects the glass tran-
sition temperature and wear resistance. To impart specific
properties, BNCs are carboxylated [11].

In order to give the composite material a high resis-
tance, hydrogenated butadiene nitrile rubber (HBNA) was
included in the composite matrix. The method of peroxide
vulcanization was adopted for crosslinking the selected elas-
tomers [12]. A nanomedium with dimensions of 60-80 nm
was added to the composition of the second position.

Determination of the physical and mechanical character-
istics of the composite material was carried out:

—GOST 4651-2014 (ISO 604:2002) Plastics. Compres-
sion test method; GOST 12020 Plastics. Methods for deter-
mining resistance to chemical media; GOST 15139 Plastics.
Methods for determining density; GOST 15173 Plastics.
Method for determining the average coefficient of linear
thermal expansion; GOST 32658-2014 (ISO 14129:1997)




Polymer composites. Determination of mechanical charac-
teristics during shear in the reinforcement plane by tensile
testing at an angle=45".

5. Results of research on the choice of composite
material for sealing elements and the process of structure
formation in nanocomposite

5. 1. Results of the study on the choice of composite
material and for sealing elements of the packer

Table 1 shows the results of monitoring to establish the
main causes of packer failures at 100 oil wells for 2020-2022.

Table 1
The main reasons for packer failures
Years
Reasons for packer failures 2020 | 2021 12022
Damage to sealing elements (cuffs) 65 67 64
.Clutch mechanism failure (failurfe of the 28 30 30
dies of the lower and upper anchoring node)
Damage to threaded surfaces 5 3 4
Other 2 - 2

As can be seen from the analysis of the data given in
Table 1, most of the package failures are associated with the
failure of their sealing elements. Therefore, one of the direc-
tions of research was related to the choice of the material of
sealing cuffs.

As a material for the manufacture of sealing elements
of the packer, a composite material was adopted, where
the matrix is a mixture of synthetic butadiene nitrile and
hydrogenated butadiene nitrile rubber (BNR+HBNR). The
composition of the composite material is shown in Table 2.

Table 2
Composition of the composition selected for the study.
Composition of
Name of indicators prototypes, %

K-1 K-2 K-3

Matrix (BNC+BNC) 30/34 | 32/32 | 34/30
The mass fraction of the antioxidant 1.0 1.0 1.0
m isooctane-toluene vulcanizer 30 30 30
Carbon black 1.5 1.5 1.5
Stabilizer (Novantox) 1.0 1.0 1.0
Technological additive (Softener PC-1) | 1.5 1.5 1.5
Nanoparticle 1.0 1.0 1.0

The following components were included in the struc-
ture of the composite material: a mixture of synthetic
butadiene-nitrile and hydrogenated butadiene-nitrile rub-
ber (BNR+HBNR), vulcanizer, stabilizer, technological
additives and copper and iron nanoparticles. The content
of acrylic acid nitrile (NACL) in nitrile butadiene rubber
was 17-19 %.

It has been experimentally established that a composite
material with a formulation corresponding to K-1 is charac-
terized by high physico-mechanical and elastic properties,
as well as increased resistance of rubbers to aggressive
media, which makes it possible to use it as a material for the
manufacture of sealing elements for packers. The factor of

nanoparticles in the composite material contributes to the
formation of a stable structure with increased characteristics.

5. 2. Results of the study of the process of structure
formation in nanocomposite

In the field of elastic deformation in the form of a loosely
packed matrix and inelastic (plastic) deformations in the
form of tightly packed nanoclusters, as well as clarifying
the relationship linking the relative volumetric roles of the
structural elements of a natural nanocomposite, taking into
account the immersion of part of the clusters in the matrix
and based on a new relationship between the above fractions,
within the fractal approach, corresponding expressions for
the equations of parallel and sequential micromechanical
models are obtained.

To describe the structural features of the nanocomposite
under study, a cluster model of the structure of the amorphous
state of polymers was used [4]. This model assumes that in the
amorphous state of the polymer, along with a grid of macro-
molecular “entanglements”, there is a cluster mesh of meshes
consisting of regions of local order (clusters) immersed in a
loosely packed (or, what is the same, loosely packed) matrix. A
schematic representation of the cluster structure of the amor-
phous state of polymers is given in Fig. 1.

Fig. 1. Schematic representation of the cluster structure of
the amorphous state of polymers [5]

The relationship between the concepts of “local order”
and “fractality” in the case of glassy-like polymers has fun-
damental physical foundations and is expressed by analytical
relations [4]:

1/2
d,=3-6.44x107" P (1)
SC

or
d, =3-6.44x10" (Iv,)’". 2)

Here dy — the fractal dimension of the polymer; ¢y — the
volume fraction of clusters; S — the cross-sectional area of
the macromolecule, [y — the length of the skeletal bond of
the chain, C., — the characteristic ratio, which is an indica-
tor of the statistical flexibility of the polymer chain and is
determined from the ratio T,=129(S/C..)"/? where T, — the




glass transition temperature of the polymer matrix, v — the
density of the cluster grid of macromolecular meshes:

__ %
YT ©)

The interpretation of the amorphous state of polymers as
natural nanocomposites is associated with a very important
problem of adhesion loosely packed matrix nanoclusters (in-
ter-component adhesion). In a natural nanocomposite, there
are the following main types of dependences of the degree
of reinforcement E./E,.(9.) (where E. and E,, are the elastic
modulus of the composite and matrix polymer) on the degree
of filler @, characterizing the inter-component adhesion [6]:

1) ideal adhesion between the polymer matrix and the
filler, described by the Kerner equation:

55 =1+11,6-¢, - 44,4-¢> +96,3-¢’, (4)

m

provided E.=E,, E,=E;, and ¢,=¢, where E, and E,,.
are the elastic modulus of a poly-dimensional matrix and a
loosely packed matrix in a natural nanocomposite, @, — is
the relative volume fraction of nanoclusters in the polymer
matrix.

2) zero adhesive strength at a high coefficient of friction
between the filler and the polymer matrix, described by the
equation:

E
C={+¢. 5
7 9, )

m

3) complete absence of interaction and perfect slippage
between the filler and the matrix in the case when the elastic
modulus of the composite is determined by the cross-section
of the polymer matrix and E, is related to the degree of filling
by the equation:

E
<=1-g. 6
L (©)

m

Dependencies (4) and (5) are called perfect adhesion
and strong friction. In relation to natural composites, for-
mulas (4)—(6) assume E.=E,, E,=E;,. and @,=¢@; and write
them as:

L, =1+11.6-@, —44.4-¢’, +96.3-¢°, )
l.m.
E
m :1+ s 8
El,m. (pd ( )
E
m_ —{_ o). 9
E (pd ( )

L.m.

To describe the modulus of elasticity (or the degree of
amplification) of natural nanocomposites, two of the simplest
models (parallel and sequential) are used [6] to describe the
modulus of elasticity of natural composites (polymers), giv-
ing the upper and lower bounds of this parameter [7]. The
parallel model is defined as:

Em =Ecl .(pcl +El.m_ '(Pl.m.’ (10)

and the sequential model is like:

Ecl Elm

E =——d “im.
E,9,+E, ¢,

m

an

At comparable values E,, and Ey,,, for a glassy-like loosely
packed matrix, parallel stress transfer is realized through both
structural components of a natural nanocomposite, and for a
non-glazed loosely packed matrix (E,=Ej,. at E;,,—0), only
sequential stress transfer through nanoclusters is possible.

In most works on natural nanocomposites, the assump-
tion is accepted:

@ +9s =1 12)
where ¢;,, and @ is understood to be the relationships,
Om=Ve/Vu, and V,,=V;,+V,. Equality (12) is obviously
violated when nanoclusters are immersed in a loosely packed
matrix. Clarification of the relationship between the volume
fractions of structural elements of amorphous glassy poly-
mers, considered as natural nanocomposites, will be given at
the end of this section. It follows from assumption (12) that:

(13)

Then formulas (10) and (11) take a known form of writ-
ing (for example [6]):

(Pl.m. =1_(pcl'

Em =Ecl '(p(:/ +El.m. '(1_(P(:1)’ (14)
Erl Elm

= . (15)
E,(1~¢,)+E,, -0,

The paper [6] uses a more complex micromechanical
model of Takayanagi that more complex than (10) and (11),
which allows an empirical description of the response of the
composite to mechanical action:

G, _ 9,G,t(atg,)G, (16)
G, (1+0¢,)G,+0-¢,-G,’

where, G, G,, and G, are the shear modules of the composite,
polymer matrix @, and filler, respectively; and ¢, are the rela-
tive volume fractions of the polymer matrix and filler, respec-
tively; o, — fitting parameter. A generalization of the Takayanagi
model is the Kerner equation, which is identical to relation (17),
but for it the parameter a is not a fitting one and is defined as:

:2(4—5vm)

S 15w,

; 7)

where o, and v,, — the parameter and the Poisson’s ratio for
the polymer matrix. To apply equations (16) and (17) in the
case of natural nanocomposites, one should take G.=G,,
Gu=Gim, Gu=G. where, G, G, and G are the shear mod-
ules of the polymer, loosely packed matrix and nanoclusters,
respectively; and @,=@.. The corresponding shift modules
are calculated according to the expression [8]:

G="",

d,

(18)

where dr — the corresponding fractal dimension.




However, the calculation according to equations (16)
and (17) does not give a good correspondence with the ex-
periment. Taking into account the fact that in the Kerner
equation with the parameter it is o, usually assumed that
the nominal concentration scale differs from the mechani-

cally effective fraction of the filler @ (¢ in the case of a
natural nanocomposite), the above ratio (16) can be written
as follows [9]:

(G, =G
(Gcl Gl.m

(G, +al.m.G£/).
. )(G/m + O(‘I.m.Gn )

of _

0, = (19)

The value oy, is determined according to equation (17),
assuming o=y, and v,,=V;,, the estimate of the Poisson’s
ratio of the loosely packed matrix vy, is calculated from
known values according d;:"" to equation [4]:

d,=(d-1)(1+v), (20)
assuming d, =d}"™, V=V .

The relative Volume fraction of the interphase region in
a composite @;y;, consisting of a matrix and a filler is deter-
mined by the expression [12]:

D, +2.55d,~7.10

21
418 ’ @n

Pipr, =

where Dy, — the fractal dimension of the space (analogous to
a fractal lattice in computer modeling) in which the matrix
structure is formed, d,, — the fractal dimension of the surface
of filler particles. When applied to a natural nanocomposite,
Dy, is a dimension of the fractal space in which the nanoclus-
ter structure is formed and @;;, is determined by the inter-
facial (intercomponent) region between the loosely packed
matrix and nanoclusters. Since the formation of the nano-
cluster structure occurs in a loosely packed matrix below the
glass transition temperature of the polymer T [13] during
the curing of the crosslinking agent/oligomerin mixture, the
fractal dimension of the loosely packed matrix ;" can be
considered as Dy, in (21), which can be calculated accordmg
to the rule of mixtures " (the calculation formula for 7"
will be given in the next sect10n) i.e. D, =d;"

To calculate the fractal dimension of the surface of nano-
clusters d, =d{, the method [6] is used, according to which
d, d" it is calculated using the following equation:

S, =5270-7", (22)
where S, — the specific surface of the nanocluster, r; — its
radius, — the dimension of the Euclidean space in which the
fractal is considered (in our case d=3):

Rp—— 23)
pt:lDd

where D =27, — the diameter of the cluster, p.; is the density
of the nanocluster. The radius 7, of the nanoclass is deter-
mined according to the equation:

7, =[ES /2m)]”,

where § — the cross-sectional area of the polymer macromol-
ecule; 1 is the packing coefficient, which in the case of dense

packing is 0.868; F — the functionality of the cluster (the
number of chains coming out of it), determined by the equa-
tion:

F:43-ZV—"S~Cj, (24)

0"

where v,; — the density of the cluster grid of macromolecular
meshes. Taking into account equality vy=@q/(C.lyS), for-
mula (24) is written as:

F=43.—%__.c_
(10'5)

The process of fluidity of glassy-like polymers is realized
in densely packed regions [14], these densely packed regions
are precisely clusters [13]. The process of fluidity in polymers
is unambiguously associated with the loss of stability by clus-
ters in the shear stress field and it is realized in densely packed
regions of the polymer structure [5]. Within the framework of
the fractal concept of plasticity, the value of the Poisson’s ratio
vji at the point of fluidity can be estimated as [15]:

(25)

v, =v-x+0,5(1-%), (26)
where v — the value of the Poisson’s ratio in the field of elas-
tic deformations, x — the relative fraction of the elastically
deformed polymer. Experimental comparison of the values
x and @y, for amorphous glassy-like polymers also showed
their good correspondence [4].

So, a loosely packed matrix can be identified as an area
of elastic deformation, and clusters as an area of inelas-
tic (plastic) deformations, and that inelastic deformation
processes occur in areas of dense packing of amorphous
glassy-like polymers. According to the model of two-stage
glass transition of polymers [5], loosely packed regions (in
the cluster model, this is a loosely packed matrix) are non-
glassy formed at a temperature T, =T, —50K, where T is
the glass transition temperature. But the nonglossy form
of a loosely packed matrix is only a consequence, and not
a criterion for the implementation of the fluidity process.
A sufficient condition for the fluidity of amorphous glassy-
like polymers is the loss of stability of local order regions
in the field of external mechanical stress. This conclusion
can be reached [4] on the basis of the above description of
the implementation of the fluidity process of amorphous
glassy-like polymers, taking into account the approximate
equality:

X=E@rp- (27)

The structure of mesh polymers is modeled by a set of
a large number of Witten-Sander clusters with a fractal
dimension of each approximately equal to 2.5 [5]. For each
class of mesh polymers, there is a boundary value D,, =D
corresponding to a change in the mechanism of formation of
the structure of a loosely packed polymer matrix according
to the model of diffusion-limited aggregation - from the
mechanism of DOA P-Cl (particle-cluster) occurring at
D, >D., to the mechanism of DOA CI-Cl (cluster-clus-
ter) at D, <D} [6]. Consequently, with a sufficiently
high dcns1ty of chemical crosslinking (lower values Dy,),
the formation of the structure of the loosely packed matrix
occurs not by joining statistical segments, but by combining




groups of these segments. The inequality D, <D implies
the formation of discontinuities or defects (breachs) in the
structure of the loosely packed matrix. The formation of
such discontinuities (and, therefore, the magnitude D)) is
affected by both the application of pressure and the type of
crosslinking agent).

The cluster model of the amorphous state of the poly-
mer assumes that in this state the polymer is divided into a
loosely packed matrix and nanoclusters immersed in it. This
means that the elastic part of the polymer coincides com-
pletely with the loosely packed matrix, since nanoclusters
are an inelastic part of the matrix. Therefore, the parameter
x in equality (26) coincides with the value @, and this
equality will be written as:

V,=v-¢, +0,5(1-¢,, ). (28)

It is shown that using the relation (28) it is possible to
find @y, the dependence of the magnitude @, on the fractal
dimension of the matrix 7. From (18) and the equation for
the critical shear stress, which in the case of polymer fluidity
is written as [4]:

v, =G/(m3), (29)
it follows:
E
o Ea 30
Ty n\/g-d}’"' (30)

Taking into account the general relationship between the
normal stress ¢ and the shear stress ’C=G/\/§ from (30)
obtain the equation:

E
or=— dfj (31
J

From (31) and the equation for the Poisson’s ratio [9]:

2: 1—2vﬂ (32)
E, 6(1+vﬂ)

where vy is the Poisson’s ratio of the polymer matrix at the
point of flow, follows:

A=y 1 (33)
6(1+v,) mdf
Solving equation (33) with respect to vz, let’s find:
TC~d;1
(34)

From the equation d} =(d - 1)(1+vf) (vi Poisson’s ratio
for the polymer) let’s find:
dm

S
v =L,

-1 (35)

Then from (28), (34), (35) let’s obtain the equation:

n-d} -6 _[ dy

———= -1} +0,5(1- v, 36
2(3+n~d/’7’) d-1 J(pl.m. (1=, )v, (36)

solving which is @, relative, let’s find the dependence @y,
on d”:
T

(37)

d-6
Q= ndy )+0.5].

1
_d}"l2(3+n-d}”

1.5

Equality (12), as mentioned above, is valid only if there
is no immersion of clusters in a loosely packed matrix. In
the case when the clusters are immersed in a loosely packed
matrix, the volume of the matrix V,, is represented as a sum
Vu=Vim+Ve, where Vi, and V,; is the volume of the loosely
packed matrix and parts of the nanoclusters not loaded into
the loosely packed matrix and located outside it. Then by

Vi ~ V.
introducing the notation @i = ‘l/ R =71’ let’s obtain
an obvious equality: " "

(pl.m_ + (p('/ = 17 (38)
what is a refinement of the relationship between the volume
fractions of the loosely packed matrix and nanoclusters in
the amorphous state of the polymer matrix, considered as a
natural nanocomposite.

From the mixture equation:

dy = d;m P, +d_;, (1-9,.), (39)

let’s define the fractal dimension of the loosely packed
matrix:

m. 1 m Cf
dy =(p—[df —df'(1—(p1_m_):|. (40)

l.m.

Usually, the fractal dimension of a nanocluster, due to
their dense packaging, is assumed to be equal to the fractal
dimension of real solids, i. e. d_;’ =2.95. The value dlf’” cal-
culated by formula (40) is taken into account as the value of
the value ;" in formula (21) for @i

Taking into account the equality of (38), formulas (14)
and (15) take the form, respectively:

Em = Ecl .(‘P(?l +E1.m, .(pl.m.’ (41)
E = Ecl Elm
! E(:/ '(Pl.m. + El.m. ' (pc/ . (42)

Taking into account the equality of (38), formulas (14)
and (15) take the corresponding form:

Em = Ecl '(Pcl +El.m_ .(pl.m.’ (43)
E,,, — E(:l i El.m. , (44)
Ecl (plm + El.m. ' (pcl

where ¢,,, =1-¢,,.

Fig. 2 shows a comparison the dependences of the frac-
tions of the interphase (inter-component) region @, and
the loosely packed matrix @y, on the test temperature T for
the cross-linked polymer under consideration, calculated
according to forms (21) and (38), respectively.




60

50 e e e
40 |
30

20

Relative fractions, %

314 318 322 326 330 334 338

Temperature, K

Fig. 2. Dependence of relative fractions on polymer
temperature: 1 — loosely packed matrix; 2 — interfacial region

6. Discussions of the results of studies of the cluster
model of the nanocomposite

According to the results of the analysis of the operating
conditions of packers and the main causes of their failures,
it was found that the failure of sealing elements is dominant
and amounts to approximately 65-67 %. The reason is both
design flaws and non-improvement of the technology of their
manufacture of sealing elements, as well as the composition
of the composite material.

It has been experimentally established that a composite
material with a formulation corresponding to K-1 is char-
acterized by high physico-mechanical, chemical and elastic
properties. The presence of nanoparticles contributes to the
formation of a stable structure with increased characteristics.

It is shown that a mixture of synthetic butadiene-nitrile
and hydrogenated butadiene-nitrile rubber (NBR+HBNR)
filling with nanoparticles contributes to an increase in the
physical and mechanical characteristics of the sealing ele-
ments of the packer.

Studies have established that (Fig.2) there is a good
correspondence between the values ¢, and @js, since the
discrepancy between the graphs of the functions ¢y, (T)
and @;u(T) does not exceed the measurement error. For
comparison, let’s note that under the condition @y, +@.=1
on the example of polycarbonate (PC), the average discrep-
ancy between @, and ¢y was 7 % [4, 5], and under the same
condition on the example of polymer ED-20/BSK, this dis-
crepancy was about 5 %. Consequently, it can be stated with
great certainty that in a natural composite, which is consid-
ered polymer, there are no interfacial regions and regions
structurally different from the loosely packed matrix, except
for the natural presence of nanoclusters. In addition, the rel-
ative volume fractions of the loosely packed matrix ¢;,, and
the part of the nanoclusters immersed in it @, are related by
the ratio (40), which plays an essential role in determining
the relative volume fraction @y, and fractal dimension d }’”
of the loosely packed matrix.

The results of the study of the cluster model of a natural
nanocomposite are:

— it is shown that the loosening of a loosely packed ma-
trix at a temperature of /=T, —50K (T, is the glass tran-
sition temperature of the polymer) is only a consequence,
and not a criterion for the implementation of the fluidity

process, and that a sufficient condition for the fluidity of
amorphous glassy polymers is the loss of stability of local
order regions (nanoclusters) in the field of external mechan-
ical stress;

—is normally used for natural nanocomposite ratio
QpmTOs=1, where @, and @y refers to the relationship
(pp.mA=Vp.m./Vm: 0c=Vei/ Vi, ,\Vm=Vp4m4+Vcl is encouraged
to correct theA ratio j,, +Va=1 where @pn=Vpm/Vn,
¢,=V,/V,, V, — the volume of the part of clusters not
loaded into the matrix;

—in accordance with the proposed fractal approach to
the description of the mechanism of formation of a natural
nanocomposite in the amorphous state of glassy polymers,
using the example of BNR/HBNR, it is shown that in the
natural nanocomposite, which is the polymer under study,
the time dependences of the relative volume fractions of the
regions of inter-component adhesion, ¢,; and the loosely
packed matrix, @, coincide approximately with the mea-
surement error of the data.

The paper shows that the process of fluidity of glassy
polymers forming densely packed regions in the form of
clusters in the amorphous state is associated with the loss
of cluster stability when the stress in the natural nanocom-
posite reaches the macroscopic yield strength o7. As a result,
at a temperature of T,=T,—50K (T, is the glass transition
temperature of the polymer), a mechanical interpretation
of the loosely packed matrix occurs within the framework
of the two-stage polymer glass transition model. Beyond
the yield point, a plateau of forced elasticity (cold flow)
begins, associated with the deformation of the uncovered
loosely packed matrix, in which clusters seem to “float”. In
the theory of rubber high elasticity, in which the behavior
of a mesh polymer on a cold flow plateau is well described,
the grid of stable clusters is preserved and only the decay of
unstable clusters occurs, which determines the loosening of
the loosely packed matrix.

The formation of the nanocluster structure of a natural
nanocomposite is realized only in the fractal space created
by the loosely packed matrix. The dimension of this space
Dy, is affected by the crosslinking density. This influence
is not unambiguous and is determined by the aggregation
mechanism.

It should be noted that the formula (21) used in the work
for the relative volume fraction of the interfacial region @,
in a nanocomposite consisting of a loosely packed matrix and
nanoclusters relies on information about the maximum possi-
ble value of the elastic modulus of this nanocomposite in order
to obtain the maximum possible value of the elastic modulus
of this nanocomposite. the modulus of elasticity of a natural
nanocomposite E,. To obtain such information, it is necessary
to develop a polymer structure with a higher Dy, size, which to
some extent limits the range of the formula (21).

The generally accepted opinion that the stitching density
increases is incorrect. The prospect of developing an approach
to describing the mechanism of formation of the structure of
a natural nanocomposite is associated with a deeper study
of the fractal mechanics of polymers and requires the use of
mathematical and physical modeling of the process.

7. Conclusions

1. It is shown that the most vulnerable elements of pack-
ers are sealing elements used to seal the well and differ in the




failure rate. The main reasons for failures of sealing elements
are design flaws, not improving the technology of their man-
ufacture, as well as the composition of the composite materi-
al. A new composite material is proposed: a mixture of syn-
thetic butadiene-nitrile and hydrogenated butadiene-nitrile
rubber (BNR+HBNR), vulcanizer, stabilizer, technological
additives and copper nanoparticles, which is highly effective
for the manufacture of packer sealing elements.

2. In contrast to the cluster model of the amorphous state
of glassy polymers, the polymer structure is considered as
a natural nanocomposite, in which a loosely packed matrix
plays the role of a matrix polymer, and nanoclusters play
the role of a filler. It is assumed that the sum of the relative
volume fractions of these two structural elements is equal
to one, which is not correct. A new relation is proposed that
relates the relative volume fractions of a loosely packed ma-
trix and a part of nanoclusters immersed in it. In accordance
with the proposed approach to the description of the cluster
model of a natural nanocomposite, calculation formulas for
the relative fractions of a loosely packed matrix and an inter-
facial region characterizing the inter-component adhesion
between the constituent elements of the structure are ob-
tained, and expressions for parallel and sequential models in
the case of a natural nanocomposite, nanocomposites are re-
formulated. It is shown that in a natural nanocomposite, the

temperature dependences of the relative volume fractions of
the regions of inter-component adhesion and loosely packed
matrix approximately coincide with the measurement error
of the data. Thus, it can be stated with great confidence that
in a natural nanocomposite there are no interfacial regions
and regions structurally different from a loosely packed
matrix, except for the natural presence of nanoclusters in it.
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