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Abstract

The paper considers the main theoretical, experimental and technological results of the study of solid-phase processes of
ram extrusion, compaction and die forging of polymeric materials based on polytetrafluorethylene. The experimental data were
systematized; they allowed concluding about general regularities of the formation process and the structure formation in the
materials. The rheological approach is proposed to find the optimal conditions for compacting polymeric powder billets. The
main aspects of mathematical modeling of solid-phase extrusion and compaction based on direct consideration of structuring,
densification and extrusion of viscoelastic polymer systems are discussed. The examples of practical application of solid-phase
methods for manufacture of products from polymer materials are given.
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Introduction

Manufacturing of products of a given shape and
size from powder materials or solid preforms is an
important issue of industrial application of polymers
and composites based on them. In the most common
traditional methods of processing polymeric materials,
catalysts and solvents and long-term heating
technological processes are used in products to transfer
the material into a viscous-flowing or highly elastic
state and its subsequent cooling. This raises a number
of fundamental difficulties associated with the
heterogeneous spatial-temporal temperature
distribution, and the duration of operations limits the
overall productivity of the processing equipment. In
the manufacture of products from polymers, cost-
effective methods of machining are often used; this
method results in a large amount of waste in the form
of chips. Therefore, it is important to create alternative
technologies for the manufacture of products made of
polymer  materials. The development  of
environmentally  friendly and  resource-saving
technological processes of solid-state technology,
which are devoid of the aforementioned shortcomings,
remain important. Using solid-phase technologies,

materials with high quality parameters can be
produced by plastic deformation of the material under
conditions of high hydrostatic pressure (volumetric
and sheet stamping, solid-phase and hydrostatic
extrusion, pressing, rolling, etc.).

This paper discusses the main theoretical,
experimental and technological results of solid-state
processes of ram extrusion, compaction and die
forging of polymeric materials obtained in the studies
of the Basic Research Program of the OCHNM of the
Russian Academy of Sciences No. 7 and No. IIL5
“Safe and resource-saving chemical-technological
processes. Testing processes to obtain experimental
batches of substances and materials”. Particular
attention is given to the methodological aspects of the
insufficiently studied problem of forming polymeric
materials. The moldability criterion as a property of
the molding process is defined. The experimental
studies have been systematized, making it possible to
draw conclusions about the general laws of the
molding process and the associated process of
structure formation in materials. A method of free
compression is proposed to determine the specified
criterion, not tied to a specific technological
equipment. A rheological approach to finding the
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optimum conditions for pressing polymer powder
preforms is discussed. The main aspects of
mathematical modeling of solid-phase extrusion and
compaction based on direct consideration of the
processes of structuring, compaction and extrusion of
viscoelastic polymer systems are highlighted; this is
the key to a correct understanding of the laws of high-
temperature compaction and molding of finished
products from fluoroplastic powders. The examples of
practical application of solid-phase methods for
obtaining products from polymer materials are given.

A rheological approach
to finding optimal pressing conditions
for powdered polymer performs

Powder materials are specific rheological objects.
The study of their behavior during deformation, taking
into account their porosity, constitutes an independent
field of research and is of interest for obtaining
products from polymer powders.

The most important question in the pressing of
powders is the establishment of a relationship between
the applied pressure and the density of compacts.
For this purpose, a large number of experiments are
carried out under conditions of static loading in the
regime of constant pressure P = const [1]. However, in
this case, there are methodological difficulties
associated with the uncertainty of the experiment since
the compaction process is essentially non-stationary
and the degree of compaction is continuously changing
with time. Therefore, the density corresponding to the
preset pressure depends also on the duration of the
pressing process. If we assume that the density should
be understood as its maximum value, then this value
also depends on the holding time under pressure. For
different materials, the conditions for manufacturing
integral preforms with an optimum density are usually
found empirically.

In [2], a rheological approach to finding the
optimum conditions for pressing polymer powders is
discussed; according to this approach, the relative
change in the density or volume of the material is
deformation. The compaction of powders and their
formability are considered as nonstationary
deformation processes, which depend on rheological
factors [3]. This approach makes it possible to
understand the deformation mechanisms of powder
materials and find their rheological properties. Its
essence lies in the experimental study of stress-strain
curves in the regime of constant rate of deformation
(and non-constant pressure). These curves are invariant
to the equipment and shape of the preform. It is
important to note that these curves are obtained

continuously from one experiment [4]. Thus, within
the framework of the proposed approach, it is much
easier to estimate the required pressure values that
provide preset density values of the preform. On this
basis, the necessary pressure is selected to ensure the
given density value.

To study the effect of structural factors on the
compaction kinetics of various fluoroplastic grades
(different molecular weight of the polymer, the
morphology of the powder particles and the regularity
of their structure, particle size, flowability, etc.),
5 grades were chosen in [5-7]: F-4; F-4D; F-4M;
“Forum”, “Fluralite”. Their choice is connected with
the desire to investigate the compactability of a variety
of produced and practically used fluoroplastics,
differing in morphology, dispersion, specific surface
area and contact area of particles.

Pre-pressing is the preparatory technological stage
in the preparation of PTFE products, which precedes
the thermal treatment of articles in the furnace at a
temperature of 360-380 °C. The study of the
compaction of powders is necessary to select the
pressing conditions — pressing pressure and holding
time under pressure. The pressing mode should
provide the optimum value of density, which causes a
certain level of strength properties of the preform for
subsequent sintering. These structural factors affect the
change in density during compaction. However, the
effect of the initial structure of the powder on the
compacting kinetics the powder material has not been
studied sufficiently.

The experiments were carried out in a mold at
room temperature in a constant speed mode.
The loading rate in all cases was 5 mm/min. For all
grades, the total weight of the sample was 4 g. The
diameter of the mold-pouring chamber was 12 mm.
The powder was poured into the mold and placed
under the plunger of the universal testing machine
“INSTRON”  with a  2-coordinate  recorder.
The maximum force caused by pouring was 1 ton [5].

The height of the bulk layer for each brand was
different. F-4 and grades F-4M, F-4D are hydrophobic
materials that are easy to electrify and cake. During
storage and transportation, these powders are caked in
a lumpy, non-friable mass, which must first be
loosened prior to pressing to break up the lumps and
ensure uniform filling of the powder in the mold.
Therefore, the concept of bulk density can be
conditionally applied to these grades. Forum and
fluralite have good flowability, so that the bulk density
of these powders can be measured with great accuracy.
As a result of the experiments, the pressure-time
curves were plotted, on the basis of which the
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Fig. 1. Dependence of strain on pressure for fluoroplastic powders
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due to the movement of powder
particles into the pores, and it does
not require considerable effort.

Pressing pressure P, MPa
120

100

80

The second stage of deformation
in the range from 0.32 to 0.41 %
corresponds to a nonlinear rise in
stress with increasing deformation.
At this stage, the movement of
particles occurs due to their
accommodation among themselves
and partly due to the deformation of

40

20

Sea
-
e ccccccccecacccoc oo ---

I
I
I
I
I
60 I
I
I
I
I

0 50 100 150

Fig. 2. “Pressing pressure-time” diagram for different loading

rates for polymer F-4, mm/min:
1 —5;2-75;3-10;4-15;5-20;6-30

rheological pressure-strain curves were constructed,
which made it possible to determine the rheological
properties of the polymer material, to reveal
deformation mechanisms, and to determine the optimal
moldability conditions for the powdered polymer. The
latter can be chosen through the analysis of the
rheological curve of “pressure-deformation” (Fig. 1),
constructed on the basis of the “pressure-time” curve.
Deformation is calculated by the formula:

&= Ah/hin,

where /i, is initial height of the bulk layer, A4 is
change in the height of the bulk layer over time. In the

Deformation time ¢, s difficult to

particles [8]. This stage requires great
effort for further heterogeneous
deformation of the material. It is this
stage that is of greatest technological
interest, since plastic deformation
accumulates in the material. However,
the plastic state does not occur at all
points of the material [9], so it is
choose the plasticity
condition for porous materials [10].

In the third stage, when the stress
is increased over a wide range, a
small change in the strain occurs. In
this case, the compaction process occurs, mainly, due
to the growth of the contact surface during
deformation of the particles.

For the selected systems, such properties as the
compressibility modulus G, the finite value of
deformation of the linear section of the stress-strain
curve €*, the compressibility coefficient k.o, were
determined. Table 1 shows the values of these
properties for the investigated grades at a loading rate
of 5 mm/min. The compressibility modulus is
numerically equal to the tangent of the slope angle of
the linear portion of the stress-strain diagram.
The numerical value of the relaxation time can be
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Fig. 3. Main stages of deformation of powder materials

Table 1

Rheological parameters of the investigated brands

Fluoroplastic Parameters
grade G, MPa & Keom, P2
F4 1 0.5 1
F-4d, F-4M 10.24 0.57 0.09
Forum, Fluralite 13.89 0.59 0.07

determined by extrapolating the nonlinear part of the
pressure-time curve to the time axis. The
compressibility coefficient characterizes a reversible
decrease in the height (volume) of the sample under
the action of pressure and is quantitatively determined
by the formula:
kcom = _i A_h, P
h. Ap

in

where Ah' and Ap' are limiting values of the height

and pressure changes of the linear section. In terms of
physical meaning, it characterizes the ability of the
material to compact at the initial (linear) stage, during
which the compaction intensity is maximal.

It is noteworthy that powdered polymers are an
object of a special nature, and from the rheological
point of view, little has been studied and an important
question arises: how to correctly measure the
rheological properties of these materials. Their specific
features, in comparison with the objects of classical
rheology, make it impossible to apply the known
schemes and methods of experimental rheology, to
make anew the study of viscosimetric flows,
rheological coordinates, instruments and methods for
solving the inverse problem. The solution of these

problems, together with the development of the
instrument base and the accumulation of experimental
data, including the dynamics of structural
transformations in the process of deformation, is the
content of the scientific direction — rheology and
rheodynamics of powder materials [11, 12].

Mathematical modeling of solid phase extrusion
of fluoropolymers

The first experiments on the development of
solid-phase extrusion processes revealed the need for
technological parameters to enter the optimal area, for
which the method of mathematical modeling proved
effective. A theoretical description of the process of
solid-state plunger extrusion of fluoropolymer
materials was carried out in [13-17], taking into
account rheodynamics, heat transfer, structuring, and
kinetics of condensation of a compressible medium.
A non-isothermal mathematical model of the process
of solid-phase ram extrusion (SPRE) of a viscous
structured material is presented. An important point of
the theoretical description is the allowance for the
dependence of viscosity on the density of the
compressible material, temperature and structural
parameter.

The development of the solid-phase extrusion
process depends on a variety of effects: the mode
parameters (the press plunger speed, the pressure on
the plunger), the intrinsic properties of the material
(bulk and shear viscosities and their dependence on
density, temperature, structural parameters), thermal
and boundary conditions, thermophysical properties
and their dependence on density, geometry of the
device and the sample. These factors determine the
values of the characteristic times of the main
processes: extrusion, compaction, thermal relaxation
and structural transformations.

As part of the proposed approach, the dynamics of
the deformation process of structured systems was
analyzed. Using a numerical study of the problem for
technological parameters corresponding to the solid-
phase extrusion of fluoropolymers, the possibility of
oscillatory modes of deformation was theoretically
shown. The results of the investigations were
compared with the experimental studies of the
instability of solid-phase extrusion of fluoropolymers.

The SPRE experiments on fluoropolymer
materials (F-4) in the velocity range 0.083-0.83 m/s
were carried out on an Instron machine at room
temperature [16, 17]. The rods were used as preforms,

ro was the initial radius of the preform equal to
2.5-10° m, H, is the initial height of the preform

Advanced Materials & Technologies. No. 1, 2018 7



Fig. 4. Photo of the extrudate surface at different
degrees of reduction: the radii (r1) of the die:
1-1=11-10"m2-1=125-10"m; 3-r=19-10"m

15107 m, rq is the draw die radius that changed in the
experiment (1.9 10° m, 1.25-10° m, 1.1 - 10° m).
Fig. 4 shows photographs of the extrudate surface
for various degrees of reduction, which is equal to the
fraction of the cross-sectional area of the loading
chamber divided by the cross-sectional area of the
capillary. For the maximum die radius, r; = 1.9 - 10 m,

the average extrusion pressure P,, was 50 MPa,
pressure oscillations in time are practically absent, as a
result of which the surface of the extrudate is smooth
(Fig. 4, sample No. 3). As can be seen, the extrusion
process proceeded in an unstable mode — periodic
oscillations arose over the entire surface of the sample,
resulting in samples with an inhomogeneous extremely
dense structure. In this case, the medium after the
ultimate compaction became hard, and in the material
periodic stress oscillations can occur in time. This
result corresponded to the physical concepts of the
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onset of unstable extrusion modes of materials [12] in
a solid state. For the intermediate diameter of the die

r1 = 1.25:10° m, the value of P, = 100 MPa, which

was twice as high as for dgje = 3.8 mm. There were
significant fluctuations in pressure over time, as a
result of which helical formations characteristic of
flow instability propagated along the cylindrical
surface of the extrudate (Fig. 4, sample No. 2). For the

minimum diameter of the die ; = 1.1:10° m, the
average value of the extrusion pressure was higher
than in the two previous cases and was equal to
135 MPa (Fig. 4, sample No. 1). The frequency and
amplitude of the pressure oscillations in time increased
sharply, so that on the surface of the extrudate, spiral-
like defects reduced the pitch and increased
quantitatively. In this case, the sample lost integrity
and broke up into separate spiral-like filaments.

For comparison with experimental data, numerical
calculations of solid-phase rem extrusion of
fluoropolymers at a given rate were performed. The
parameters of the model corresponded to the
experimental conditions. In Fig. 5 the pressures on the
press plunger are plotted against time for two limiting
cases: the time of structural changes was much longer
than the deformation time (Fig. 5a, the small die
radius) and the time of structural changes was much
shorter than the deformation time (Fig. 5b, large die
radius) . In the first case, the stress caused small-scale
oscillations against the background of its general rise.
It can be assumed that the result of these oscillations
was the helical formations on the surface of the
extruded sample observed in the experiment (Fig. 4,
sample No. 1). In the second case, the samples were
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Fig. 5. Dependence of pressure P on time 7 for different degrees of reduction (different die radii r):

a-r=1110"m;b—r =1.910" m; parameters: 7y = 5107 m; textr= 180 s; press velosity V= 0.83:10* m/s
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obtained with a smooth surface, but they were not
compacted. Transition modes of structuring and
compaction lie between these extreme cases

To expand the capabilities of solid-phase methods
of molding products, ultrasonic treatment is often used,
which has a significant effect on the process of plastic
deformation of materials and allows reducing porosity
and improving the quality of products. However, in
theory, the use of ultrasound in pressing and extrusion
of powder materials has not been studied sufficiently.
It is known that ultrasonic, as well as mechanical
vibrations are often used to intensify various
technological processes. Therefore, at first glance, it
seems strange that ultrasonic exposure leads to an
increase in the extrusion time, and not to a decrease in
it. One can propose the following explanation for this
experimental fact. In the extrusion of porous materials,
there are cases of successive flow of compaction and
extrusion processes. Since ultrasound affects both of
these processes, the extrusion velocity of the material
as it becomes denser slows down and the extrusion
time increases.

To wverify the presented explanation of the
obtained experimental results, mathematical modeling
of the effect of ultrasonic action on the process of
deformation of porous viscoelastic material was made,
taking into account the real rheological behavior of
these materials and the process of structural
transformations [18]. It was shown that the influence
of a sound wave leads to a reduction in porosity and a
decrease in its gradient, which should favorably affect
the quality of the products. The theoretical justification
was given for the experimentally observed increase in
extrusion time under ultrasonic action. The
mathematical model developed in this work makes it
possible to qualitatively evaluate the influence of
ultrasonic action on the properties of the material
being extruded.

Molding of polymeric materials

One of the main issues in the development of
solid-phase methods is the evaluation of moldability of
polymeric materials, which is determined by the set of
their rheological, thermophysical and physical-
mechanical properties [19].

The description of the molding process can be
constructed on the analysis of specific technological
processes of extrusion, pressing or stamping. However,
the approach based on the study of the general features
of the molding process that is not related to specific
process equipment is more important. This approach
requires the solution of a number of methodological

VoV ]

P: TE
Fig. 6. The scheme of free uniaxial compression:

P — pressing pressure; 5 — time of aging of the material
at a given pressure

issues, and, first of all, the determination of the
molding properties of the material itself.

To study the ability of polymeric materials to be
molded, a free compression method is proposed. The
essence of which lies in the deformation with constant
velocity of cylindrical preforms from the polymeric
materials under study at a given pressure and
temperature of the initial heating (Fig. 6).

It is proposed to determine moldability for
polymeric materials as a measure of the ability of a
material to undergo shear deformation in a given
pressure and temperature range. As a criterion for the
formability of materials, it is proposed to use the
degree of deformation:

v = (Sk— Si) / Si,

where Sj is cross-sectional area of deformed material,
Si is cross-sectional area of the initial preform. Thus,
as a main property of the molding process, it is
possible to use the dependencies of the degree of
deformation of the material on the pressing pressure
and the heating temperature of the initial samples.

For example, for fluoroplastic F-4 experiments
were conducted at heating temperatures from room
temperature to 100 °C and at pressures of 1 to 3.5 MPa
(Fig. 7). As can be seen from the obtained
dependences, without heating the preforms at low
pressing pressures, the material exhibited a low plastic
deformation ability. This result can be explained by the
lamellar packing of PTFE macromolecules, which
facilitated the sliding of the chains relative to each
other, providing the ability to cool flow. When the
pressing pressure was increased to 3.5 MPa, the degree
of deformation increased to 0.77. When heating
60-100 °C in the whole range of pressure changes, the
maximum value of the deformation y=0.95 was
achieved at low pressures (I MPa), and further
pressure increase did not lead to a marked
improvement of the material formability. This range of
temperature changes at low pressures of 1-1.5 MPa
can be taken as optimal for processing PTFE in the
solid phase. Using the experimental data obtained, the
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Degree of deformation, y

Practical applications
of solid-phase processes

Practical applications of solid-
phase technological processes for
manufacture of products from various
functional gradient polymeric and
composite materials are promising
[20-22]. For example, die forging
from fluoroplastic-4 in the solid state
in a closed mold of the plunger type

has its own peculiarities. The preform
is a monolith, close in shape to the

1 -
0.9 Pl S K i St it - 4
' : —~{F — a
0.8 - 2 4 4
0.7 4
0.6 -
=T =20C
0.5 1
=T =40C
0.4 -
T=60C
0.3 -
=T =80 C
0.2 4
=ie=T =100C
0.1 -
U T T T T T T 1
0.5 1 1.5 2 25 3 Pressing pressure

Fig. 7. Correlation between the deformation degree, the pressing pressure
and the heating temperature for the initial samples of F-4
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product (Fig. 9a). Preliminary the
volume of the preform was calculated
to obtain the required linear
dimensions and the volume of the
final product, taking into account the
material compressibility of 7-8 %.
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a2 ] Based on the theoretical and
0.8 /__ > e gxperimental studi.es, a pilot batch of
0.7 1 : ... insulators of various configurations
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Fig. 8. Correlation between the deformation degree, the pressing pressure
and the heating temperature for the initial samples of PA-6

optimum pressing pressure intervals and the heating
temperature of the initial samples were determined
without reference to the competitive equipment, and
conclusions were drawn about the ability of the
material to be molded.

Polyamide PA-6 behaves in a similar way, but
unlike fluoroplastic, it is more sensitive to pressure and
temperature variations and does not have the ability to
cool in the absence of heating. This is expressed in a
more pronounced dependence of the strain on the
pressing pressure and the heating temperature.
Polyamide has good moldability when heated above
200 °C and pressing pressure 4 MPa and above. At low
pressures and temperatures, solid-phase treatment is
not recommended, since the formability of PA-6 under
these conditions is low (Fig. 8).

and size. Compared with casting
under pressure, the speed of
manufacture by die forging is almost
independent of the thickness or the
total volume of products.

Fig. 10 shows the sealing cuffs of the hydraulic
cylinders of the BELAZ vehicle suspension made of
PTFE-4, obtained by industrial method (Fig. 10, 1, 2)
and by die forging (Fig. 10, 3, 4). The experience has
shown that product samples obtained by die forging
are characterized by dimensional stability over a wider
temperature range and less shrinkage than samples
produced by an industrial method at a temperature

Pressing pressure
P, MPa

above Ty, which is due to a reduction in the share of
linear thermal shrinkage during deformation at a lower
temperature. ~ The  products have  elevated
physicomechanical parameters caused by the
physicochemical processes occurring in the material
and the more ordered structure of the polymer.

10 Advanced Materials & Technologies. No. 1, 2018
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a)

b)

Fig. 9. Preform of fluoroplastic F-4 for the “Insulator” product (),
various configurations of the “Insulator” product (b)

Fig. 10. Sealing cuffs made of fluoroplastic-4 for the hydraulic

cylinders of BELAZ vehicle suspension made by the industrial

method (I, 2) and cuffs made by die forging from the circular
preforms (3, 4)

Fig. 11 shows metal fluoroplastic impellers of a
centrifugal pump made by forging in a solid phase.
Materials based on polytetrafluoroethylene largely
meet the requirements imposed on the impellers of
centrifugal pumps operating in an aggressive
environment. Die forging of impellers of fluoroplastic
pumps was performed on a 120-ton hydraulic press in
specially designed molds. As materials for the
research, pure polytetrafluoroethylene, as well as
graphite-filled and coke-filled fluoroplasts 7B-2A and
F-4K20 were used.

The obtained experimental data make it possible
to recommend the method of solid-phase rem extrusion
of PTFE and materials based on it in a solid aggregate
state for the manufacture of parts of centrifugal pumps

Fig. 11. Metal polymer impellers of a centrifugal pump:
1 — pump impeller from ATM-1; 2 — initial preform from F-4
for forging of the pump impeller; 3, 4 — metal fluoroplastic impellers
made by die forging

and other similar products of improved quality for
chemical equipment. The experimental forged metal
fluoroplastic impellers of centrifugal pumps passed
production tests and were recommended for use at
chemical enterprises.

Conclusion

The studies have revealed the following
advantages of solid-phase manufacturing technology:

— increased technological parameters (low
technological shrinkage, lower than that of cast
moldings of similar shape and dimensions and,
accordingly, high dimensional accuracy of the
product), higher melt flow indices;

Advanced Materials & Technologies. No. 1, 2018 1
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— increased performance characteristics of
products: strength indices for various loading schemes
are higher than those for the raw material (in one
case — by 1.5-2.0 times, in the other cases — by dozens
of times); heat resistance, dimensional stability is not
lower than that of cast products;

— an increased economic and environmental
performance: a sharp decline in material and energy
costs, a reduction in harmful emissions, improved
working conditions;

— the possibility of using existing press
equipment for polymers and using cheaper equipment
in comparison with traditional methods significantly
increase the economic efficiency of solid-state
technology.

With the expansion of the practical capabilities of
solid-state technology, it has become expedient to use
mathematical modeling of this process for solving a
number of problem situations, and, most importantly,
for giving recommendations and forecasts for
manufacture of long-length products of large diameter.
Using a numerical study of the problems,
corresponding to the solid-phase extrusion of
fluoropolymers, the possibility of vibrational modes of
deformation has been theoretically demonstrated. The
results of the investigations have been compared with
the experimental studies of the instability of solid-
phase extrusion of fluoropolymers.

It should be noted that for each specific practical
application it is necessary to solve problems directly
related to the technology of manufacturing products
under consideration and the technical properties of
these products. Practical applications of solid-phase
processes for manufacture of various types of products
from different functional gradient polymer and
composite materials are promising. In this regard, there
is an urgent need to continue research in three main
directions:

— studying the possibility of changing the
structure and properties of a number of composite
materials by adding finely dispersed inorganic and
carbon nanomaterials, molecular relaxation and
physical and mechanical properties of the initial
polymer systems that meet the requirements of the
pressure treatment in the solid phase;

— studying physical processes and mechanisms of
plastic deformation in real conditions of technological
processes;

— studying the structure and performance
properties of materials that have undergone solid-
phase treatment (tests in shear, stretching, impact
strength, microhardness, etc.).

References

1. Andrievskij R.A. Vvedenie v poroshkovuju
metallurgiju [Introduction to Powder Metallurgy]. Ilim,
1988, 174 p. (Rus)

2. Stolin A.M., Bazhin P.M., Pugachev D.V.
Reologicheskoe  povedenie  poroshkovyh — shihtovyh
materialov  pri  holodnom  odnoosnom  pressovanii

[Rheological behavior of powdered charge materials under
cold wuniaxial pressing]. [Izv. vuzov. Poroshkovaja
metallurgija i funkcional'nye pokrytija. 2008, Issue 4,
pp- 26-37. (Rus)

3. Stel'mah L.S. Stolin AM. Teplovye rezhimy
uplotnenija pri gorenii poroshkovogo materiala [Thermal
regimes of compaction in the combustion of powder
materials]. Doklady Rossijskoj Akademii Nauk. 2000,
Vol.373, pp. 206-209. (Rus)

4. Stolin A.M., Bazhin P.M., Pugachev D.V. Cold
uniaxial compaction of Ti-containing powders: Rheological
aspects. International Journal of Self-Propagating High-
Temperature Synthesis. 2008, Vol. 17, Issue 2, pp. 154-155.

5. Pugachjov D.V., Buznik V.M., Stolin A.M.,
Vopilov Ju.E., Baronin G.S. Viijanie strukturnyh faktorov
na kinetiku uplotnenija ftoroplastov razlichnyh marok
[Influence of structural factors on compaction kinetics of
fluoroplastics of various grades]. Vestnik Tambovskogo
gosudarstvennogo  tehnicheskogo  universiteta. 2011,
Vol. 17, Issue 2, pp. 552-562. (Rus)

6. Pugachev D.V. Stolin A.M., Vopilov Ju.E., Baro-
nin G.S., Buznik V.M. Viijanie stpukturnyh faktorov na
kinetiku uplotnenija ftoroplastov razlichnyh mapok pri
pressovanii izdelij [Influence of structural factors on the
compaction kinetics of fluoroplast of different brands during
the processing of products]. Jenciklopedija inzhenera-
himika. 2009, Issue 11, pp. 18-23. (Rus)

7. Pugachjov D.V., Stolin A.M., Baronin G.S,
Vopilov Ju.E. Issledovanie reologicheskih svojstv poroshkov
ftoroplastov razlichnyh marok pri uplotnenii [Investigation
of the rheological properties of fluoroplastic powders of
various grades during compaction]. Nauka i ustojchivoe
razvitie obshhestva. Nasledie V.I. Vernadskogo. 2009,
Issue 9, pp. 207-208. (Rus)

8. Murashova N.A. Osobennosti uplotnjaemosti
dvuhfaznyh  poroshkovyh  kompozicij  [Features  of
compactability of two-phase powder compositions]. Uspehi
sovremennogo estestvoznanija. 2004, Issue 4, pp. 12-16.
(Rus)

9. Petrosjan G.L. Plasticheskoe deformirovanie
poroshkovyh materialov [Plastic deformation of powder
materials]. M.:Metallurgija, 1988, 152 p. (Rus)

10. Zalazinskij G.A., Poljakov A.A., Poljakov A.P.
O plasticheskom szhatii poristogo tela [On the plastic
compression of a porous body]. Izv. RAN. Mehanika
tverdogo tela. 2000, Issue 1, pp. 123-134. (Rus)

11. Malkin A.Ja., Kulichihin V.G. Reologija v
processah  obrazovanija i prevrashhenija  polimerov
[Rheology in the processes of formation and transformation
of polymers]. M.: Himija, 1958, 240 p. (Rus)

12 Advanced Materials & Technologies. No. 1, 2018



AM&T

12. Buchackij L.M., Stolin AM. Vysoko-
temperaturnaja reologija SVS-materialov [High-temperature
rheology of SHS materials]. Inzhenerno-fizicheskij zhurnal.
1992, Vol.63, Issue 5, pp. 593-604. (Rus)

13. Stel'mah L.S., Stolin A.M., Pugachjov D.V.
Matematicheskoe modelirovanie tverdofaznoj jekstruzii
ftorpolimerov [Mathematical modeling of solid phase
extrusion of fluoropolymers]. Himicheskaja tehnologija.
2012, Vol. 13, Issue 5, pp. 308-315. (Rus)

14. Beljaeva N.A., Stolin A.M., Stel'mah L.S. Rezhimy
tverdofaznoj jekstruzii vjazkouprugih strukturirovannyh
sistem [Modes of solid-phase extrusion of viscoelastic
structured systems). Inzhenernaja fizika. 2009, Issue 1, pp.
10-16. (Rus)

15. Stel'mah L.S., Stolin A.M., Baronin G.S., Lose-
va A.S. Matematicheskoe modelirovanie tverdofaznoj
Jekstruzii  kompozicionnyh — materialov  [Mathematical
modeling of solid phase extrusion of composite materials].
Vestnik Tambovskogo gosudarstvennogo tehnicheskogo
universiteta. 2009, Vol. 15, Issue 1, pp. 127-136. (Rus)

16. Beljaecva N.A., Stolin A.M., Stel'mah L.S.
Neustojchivost' v tverdofaznoj jekstruzii vjazkouprugogo
strukturirovannogo materiala [Instability in solid-phase
extrusion of a viscoelastic structured materials]. V sbornike:
Matematicheskoe modelirovanie i kraevye zadachi Trudy
pjatoj Vserossijskoj nauchnoj konferencii s
mezhdunarodnym uchastiem. 2008, pp. 56-59. (Rus)

17. Beljaeva N.A., Stolin A.M., Pugachev D.V.,
Stel'mah L.S. Neustojchivye rezhimy deformirovanija pri
tverdofaznoj jekstruzii  vjazkouprugih  strukturirovannyh
sistem [Unstable modes of deformation in solid-phase
extrusion of viscoelastic structured systems]. Doklady
Akademii nauk. 2008, Vol. 420, Issue 6, pp. 777-780.
(Rus)

18. Prjanishnikova E.A., Beljaeva N.A., Stolin A.M.,
Kobzev  D.E.  Viijanie  ul'trazvuka na  svojstva
jekstrudiruemogo kompozitnogo materiala [Effect of
ultrasound on the properties of the extruded composite
material]. Kompozity i nanostruktury. 2013, Vol. 2 (18),
pp. 30-41. (Rus)

19. Stolin A.M. Methods and Techniques for
Measuring Rheological Properties of SHS Materials.
International  Journal  of  Self-Propagating  High-
Temperature Synthesis. 1997, Vol.6, Issue 3, pp. 327-332.

20.Kobzev D.E., Kombarova P.V., Baronin G.S.,
Habarov S.N., Blohin A.N., Voronin N.V. Razrabotka
strukturno-tehnologicheskoj shemy processa poluchenija
izdelij iz polimernyh materialov obrabotkoj davieniem v
tverdoj faze [Development of a structural and technological
procedure for the process of obtaining products from
polymeric materials by pressure treatment in a solid phase].
Voprosy sovremennoj nauki i praktiki. Universitet im.
V.1 Vernadskogo. 2014, Vol. 3 (53), pp. 227-232.
(Rus)

21. Baronin G.S., Samohvalov G.N., Kerber M.L.
Fiziko-himicheskie i tehnologicheskie osnovy pererabotki
polimernyh materialov v tverdoj faze. Tverdofaznaja
ob#emnaja shtampovka termoplastov [Physico-chemical and
technological fundamentals of treatment of polymeric
materials in a solid phase. Solid-phase bulk stamping of
thermoplastics]. Himicheskaja promyshlennost'. 2002, Issue
8, pp. 24. (Rus)

22.Baronin G.S., Stolin A.M., Kerber M.L., Dmit-
riev V.M. Pererabotka polimerov i kompozitov v tverdoj
faze: uchebnoe posobie [Processing of polymers and
composites in the solid phase: tutorial]. Tambov: Izd-vo
Tamb. gos.un-ta, 2009, 140 p. (Rus)

Advanced Materials & Technologies. No. 1, 2018 13




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


