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Abstract: The article discusses the results of mathematical modeling of the one-sided pressing technological process of
powder fluoropolymer materials. The peculiarity of the theoretical description is the consideration of rheodynamics,
structuring and kinetics of compaction of the compressed medium. An important point of such a description is the choice
of rheological equations. In what follows, it is assumed that the compaction of the material occurs according to the
mechanism of viscous flow of the mass into pores (according to the theory of Ya.l. Frenkel). The rheological properties of
such a medium, i.e. the ability to deform and flow, are determined by the properties of the solid phase, the presence and
degree of porosity. Two variants of the technological process of pressing are considered depending on the externally
specified conditions for the movement of the press plunger: modes of a constant specified force or its constant speed.
The analysis of numerical calculations for each of these modes made it possible to identify their fundamental features.
It was found that in the mode of a specified force, progressive autobraking of the compaction process occurs over time.
It is shown that for pressing materials in both modes it is necessary to select such parameters when the time of structural
transformations is longer than the compaction time. The conducted analysis allowed to develop specific recommendations
for forecasting rational modes of one-sided pressing of powder materials.
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KuHeTHKa X0/101HOI0 YIVIOTHEHUSI KOMIIO3MIIUOHHOI0 MaTepUaJia
HAa OCHOBE MOJUTETPAPTOPITHIICHA C YUETOM CTPYKTYPHBIX (DAKTOPOB
B Pe:KMMAaX NMOCTOSHHOIO YCHJIMSI HA IUIYHIKepe mpecca
WIH ero NMOCTOSIHHON CKOPOCTH
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AnHotamusi:  OOCYXIAlOTCS  pe3ynbTaThl  MAaTEeMaTHYECKOTO  MOJICITHUPOBAHHSA  TEXHOJOTHYECKOTO  MpoIiecca
OJTHOCTOPOHHETO MPECCOBAHUS TMOPOIIKOBBIX (DTOPIOIMMEPHBIX MaTepranoB. OCOOCHHOCTHIO TEOPETUIECKOTO OIHCAHUS
SIBIIICTCSL y4eT PEONMHAMHKH, CTPYKTYPHUPOBAHUS M KWHETHKH YIUIOTHEHHS CXKHUMaeMOW cpenbl. BakHBII MOMEHTOM
TAaKOTO ONFCAaHUS — BBIOOP PEONOTHYECKHX YpaBHEHHWHA. B manpHeHIIeM mpexamonaraercs, 9YTO YIUIOTHEHHE MaTepHhaia
MPOUCXOIUT IO MEXAHW3MY BSI3KOTO TE€UYeHHs Macchl B TOpHI (cormacHo Teopum . . ®dpenkemns). Peomormueckue
CBOKMCTBa TakKOH CpeIbl, TO €CTh CIMOCOOHOCTh K JAe(POPMHUPOBAHUIO M TEUEHUIO, OTPEACNISIIOTCS CBOMCTBAMH TBEPIOU
(da3pl, HAIMYMEM U CTCICHBIO MOPUCTOCTH. PacCMOTpEHBI JBa BapHaHTa TEXHOJIOTMYECKOTO IMPOIecca MPEeCCOBAHMUS
B 3aBHCHMOCTH OT 33JlaBa€MbIX M3BHE YCJOBHI Ha MEpeMelleHHe TUTyHXKepa Mpecca: PeKUMbl MTOCTOSHHOTO 3aJJaHHOTO
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YCHIJIMSL WJTH €70 TIOCTOSIHHOM CKOPOCTH. AHAJIN3 YHCJIEHHBIX PAacyeTOB ISl KAKIAOTO U3 ATUX PEKHMMOB MO3BOJIMII BHISIBUTH
WX TPUHIMIHAAIGHEIE OCOOCHHOCTH. YCTAHOBIICHO, YTO B PEKUME 3aJaHHOTO YCHIIMS TPOUCXOAUT IPOTPECCHBHOE
aBTOTOPMOYKCHHE TIpoIlecca YIDIOTHEHHs BO BpeMeHH. [loka3aHo, 4TO IS MPECCOBAHUSA MaTEpHANIOB B 00OUX peKHMax
clenyeT BHIOMpaTh TakWe MapaMeTphl, KOrJa BpeMs CTPYKTYPHBIX MpPEBpamieHHH OOJbINe BPEMEHH YIUIOTHEHHS.
[IpoBeneHHBIf aHANIM3 TO3BONMI BBIPAOOTAaTh KOHKPETHBIE PEKOMEHAALMH MPOTHO3a PANMOHANBHBIX PEKUMOB
OJTHOCTOPOHHETO MPECCOBAHMS TIOPOIIKOBBIX MAaTEPHAIIOB.

KaioueBble cioBa: (roproiauMepsl; NOIUTETPA()TOPITHIICH;

PEOJMHAMUKA; CTPYKTYpPU3ALHSL.
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1. Introduction

It is known that deformation has a strong effect
on the structure of the forming polymer and on the
kinetics of viscosity changes during technological
processes. Despite the successes achieved and a large
number of published works in this area, there are still
phenomena and dependencies which nature is still
unclear. This is quite understandable if we take into
account the fact that problems of structural-
deformational dependencies cover a wide range of
processes, phenomena and objects in the chemistry
and mechanics of polymers [1, 2]. During shear
deformation  of  fluid  structured  systems,
a phenomenon of viscosity superanomalies, named so
by the founder of domestic polymer rheology
G.V. Vinogradov, is realized [3]. This phenomenon is
associated with a decrease in resistance to
deformation with an increase in the deformation rate.
In this case, the rheological curve in the coordinates
of stress from the shear rate has an N-shaped form,
and one of the branches of this curve has a negative
slope (negative differential viscosity). It should be
noted that under conditions of super-anomaly of
viscosity, a sudden transition through the critical
value is possible, which leads to the fact that the
deformation mode with an almost intact structure and
high viscosity abruptly changes to the deformation
mode with an extremely destroyed structure and low
viscosity.

Previously, a theoretical analysis of the process
of one-sided pressing under conditions of a constant
speed on the press plunger and constant pressure of
powder composite polymer materials based on
polytetrafluoroethylene (PTFE) with small additives

(less than 5 %), such as silicon dioxide SiOj,

kaolinite  Al4[Si4019]J(OH)g, carbon nanotubes,
carbon fiber was carried out. New visual ideas about
the kinetics of compaction of powder materials based
on polytetrafluoroethylene under conditions of
constant pressure and speed of the press plunger were
established [4].

This paper presents a mathematical model of the
process of cold pressing of a viscous structured
material. Previously developed rheodynamic models
of solid-phase pressing of materials [4, 5] are
supplemented by taking into account the dependence
of viscosity on the structural parameter.

It is assumed that under the action of external
loads the structure of the material can be destroyed.
The processes of structural transformations, namely,
the destruction and restoration of the structure, are
similar to the process of a chemical reaction occurring
in the forward and reverse directions [3, 6, 7].
But rheodynamics was not taken into account in the
theoretical description of these processes.

The structural approach allows us to analyze the
dynamics of the deformation processes of structured
systems and explain the nature of various critical
(threshold) phenomena and oscillatory modes [7, 8].
This approach made it possible to analyze the
dynamics of the deformation process of structured
systems. Based on a numerical study of the problem
posed for the process parameters corresponding to
solid-phase  pressing of fluoropolymers, the
possibility of various deformation modes was
theoretically shown.

2. Process model and problem statement

The compaction of a viscous porous material in
a cylindrical chamber limited from above by
a moving piston should be considered. The axis of
symmetry of the work piece is taken as the z axis, the
positive direction of which is opposite to the direction
of piston movement.

The rheodynamic model of the process, which
does not take into account structural transformations,
is presented in [4]. The formulation of the problem
taking into account structural transformations
includes equations, equilibrium (1), continuity (2),
rheological relationships (3), (4), and a kinetic
equation describing the change in structure (5):
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where ©_.,0,,., Ogy are axial, radial and tangential

stresses; p is relative density of the material; u,
€ is shear and bulk viscosity of the material; V' is flow
rate of the material; p is density of the incompressible
base of the material, @ is a degree of structural
changes. Due to the high viscosity of fluoropolymers,
the Reynolds criterion is small [8, 9], therefore, for
cold pressing of fluoropolymers, the equilibrium
equation (1) can be used instead of the equation of
motion.

To study the process of structural transformations,
we use a model of the flow of a two-component
liquid taking into account the kinetics of the mutual
transformation of structural units [8].

Let the rheological system consist of structures
of types A and B, mutually transforming into each

AjB under the action of an applied
e

mechanical field with their concentration in the
volume a and b =1-a. In this case, the kinetic
equation for the change in structure is written as (5).
We assume that the processes of restoration and
destruction of the structure are activation processes,
the rates of destruction and restoration of structures
can be written as:

other

U -E
RT
U,+E
kz =k20 - 5
RT

where T is the sample temperature; U; is the
activation energy of viscous flow; R is a universal gas
constant; E| is the effective activation energy; ki, k20
are constants of destruction and restoration of the
structure, respectively. For cold pressing, the

temperature does not change during the process and
is equal to the ambient temperature (293 K).
Then the total rate of structural transformations:

olac_.)=-ka+k,(1-a).

Under the influence of a mechanical field,
deformation of bonds in the structure being destroyed
occurs, depending on the magnitude of the stress, and
the orientation of randomly directed molecular-
kinetic units, depending on the velocity gradient.
In this case, the effective activation energy
E|=pi0,,, where p; is the constant of the destruction
intensity. Due to the high viscosity of fluoropolymers
(108—4-109 Pa-s), orientational rotation is difficult and
the effective activation energy decreases only under
the action of compressive (or tensile) stress (this
applies to the mechanical destruction of polymers).

In this paper, the generalized Newton model is
used to describe the viscoelastic behavior of the

material:
4 or
G, =|—u+t é I
3 0z
where u=p(a)=pyexplka) is the viscosity

depending on the degree of structural transformations
a (the concentration of intermolecular crosslinks).
Usually, different deformation modes are set in
the experiment: a mode with constant force
(a constant pressure P is set on the piston) and a
mode with a constant deformation rate (a constant
piston speed is set): GZZ|Z=H(I) =-P, szlzzH(z) =V.

In this paper, both deformation modes are considered.

The problem is characterized by the presence
of a moving boundary: the upper boundary of the
solution region (Z= H), corresponding to the press
plunger

dt

The problem has two viscosity coefficients —
shear (n) and volume (§), depending on the density
and structural parameter (a):

w(p,7,a)=pop™ exp(ka);
4 4
&p,T)= gu(p,T,a)p/(l -p)= guop”’“/(l—p)exp(ka)-

At the initial moment of time, the density
distribution by the pressing height is given
p(z, 0) = po(z) = po+ (Pm — Po)z/Hy and the initial
distribution of the structure by sample a(z, 0) = ag(z).
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Boundary conditions:

z=0:V=0;

z=Hy: 6,,=—P (for the case of a given force on
the press plunger);

z=Hy: V,,= V) (for the case of a given speed on
the press plunger).

For the numerical solution of the problem,
Lagrangian coordinates associated with the medium
for stopping the upper moving boundary of the
sample were used. Lagrangian coordinates (g; f) have
the following meaning: ¢; =¢ is real time, mass
coordinate ¢ has the meaning of the relative mass
between the lower boundary of the mold and the
upper moving boundary z:

4=[otz 0
0

Hy
qo = jp(z,O)dz is the initial coordinate, which is the
0
total mass of the sample, expressed in linear units.
The problem statement in Lagrange coordinates has
the following form:

4 oV
G, = _“+é p—:
3 oq

2 oV
G, =0Opp = __“+E.~ pP—;
3 Oq

0(a)
- = (p(a’czz )/plp .
ot
Boundary conditions:
qg=0:V=0;
q = qo: 65, =—P (for the case of a given force on
the press plunger);
q=qo: V,, = Vy (for the case of a given speed on
the press plunger).
Initial conditions:

p(g, 0) = po(q);

a(g, 0) = ao(q)-
The equations were reduced to dimensionless

form and solved numerically using a conservative
balance scheme. This scheme ensures exact (without

taking into account the rounding error) fulfillment of
conservation laws on any grid in a finite region
containing an arbitrary number of nodes of the
difference grid [10]. The grid is non-uniform in space
and time. Then the resulting algebraic equations are
solved using the sweep method.

As a result of the solution, unknown stresses
(0,,,0,., Ogg), relative density (p), velocity (V),

structural parameter (a) were found, which are
functions of the coordinate (¢) and time (7).
The problem has two scales of characteristic

times:  compaction 7, =4u;/3P,  structuring
t, =1k, viscosity of the

incompressible base material, gq is the relative initial
mass of the material, P is the pressure on the piston.
Depending on the relationships between these scales,
various modes of compaction and structural changes
are possible.

Parameters  (technological parameters and
properties of polytetrafluoroethylene) vary within the
following limits: P=10"-5-10° Pa, V=810~
210° ms', p;=22510" kgm>, p=10"-
4-10° Pa-s, go=1.5-102-3-10 > m, kjo=1-10-1-10".
The characteristic times corresponding to these
parameter values vary in the following intervals:
t.=3102-53-10°s, 2,= 10 =10’ s.

where p; s

3. Results and Discussion

3.1. Pressing mode with constant force
on the press plunger

In general, the deformation mode is determined
by the ratio of characteristic times. The limiting
values of density and degree of structural changes are
affected by the main parameters of the process.

Below are the results of numerical calculations
for plunger cold pressing with a given force on the
press plunger. Fig. 1 shows the dependences of
density (p and structural parameter a on time ¢) for
two limiting cases: the time of structural changes is
much longer than the deformation time (Fig. 1a) and
the time of structural changes is shorter than the
deformation time (Fig. 1b). In the first case, the
samples are dense, but not completely structured, and
in the second case, the samples are not compacted to
the maximum value.

Transitional modes of structuring and
compaction lie between these extreme cases (Fig. 2).

It can be assumed that in the case when the

characteristic time of complete structuring ¢, is

comparable with the deformation time #., the samples
are smoother, but not compacted.
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Fig. 1. Dependence of relative density p (curve /) and structural parameter a (curve 2) on pressing process time ¢:
a—t.<<tg, b—t.>>1,

For the pressing mode with a given force on the
press plunger, the dependence of the time to reach the
maximum density value on the pressure on the press
plunger is shown in Fig. 3a. It is evident that for
pressure values less than 100 MPa, this time is very
long (more than 25 min, and the characteristic
compaction time is much longer than the structuring
time. The material will be uncompacted.

The characteristic times of compaction and
structuring strongly depend on the applied pressure
on the press plunger (Fig. 3b). If the pressure is less
than 100 MPa, the characteristic time of compaction
is significantly longer than the structuring time, and
when the pressure is greater than 130 MPa, the

characteristic times are comparable. In these cases,
the material is undercompacted and understructured.
Between these modes (pressure from 100 to
130 MPa), the characteristic time of compaction is
shorter than the structuring time, but the material has
time to undergo these processes and the material
should be of better quality.

3.2. Pressing mode with constant speed
on the press plunger

When pressing in the mode with a constant
speed on the press plunger, the material always
reaches the ultimate density value [6].
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Fig. 3. Pressure dependence P on the press plunger:
a — time ¢ to reach the limit value of density; b — characteristic compaction times (curve /) and structuring (curve 2)

But in the case when the time of structural
transformations is significantly longer than the
compaction time, the material is compacted to the
ultimate density, but the structuring process does not
have time to complete (Fig. 4). In a large range of
speeds (Fig. 3a, V=210" ms , Fig. 3b,
y=210" m-sﬁl) used in practice, this is exactly the
case. In Fig. 4a, the characteristic compaction time
(0.025 s) is much less than the structuring time (10 s),
and in Fig. 3b, the characteristic compaction time
(2.5 ) is slightly less than the structuring time (10 s),
and in both cases, the density reaches its ultimate
value, and structuring is not complete.

Figure 5 shows the case of pressing at a constant
speed, when the characteristic times of structuring
and compaction are comparable. It can be assumed
that in this case the material will be less durable than

in the case when the material is quickly compacted
(Fig. 4a), although the structuring process is not
finished.

The most acceptable case is when the
compaction time is several times (3 or 4 times) longer
than the structuring time. In this case (Fig. 4b) the
material reaches the limit value, the structuring
process is almost finished and the compaction process
itself is smoother than in the case of high speeds on
the press plunger, which should affect the quality of
the obtained samples towards its improvement.

Figures 6, 7 show the dependences of the density
and structural parameter on time for cases when the
characteristic compaction time is slightly less than the

structuring time (7.<t,) (Fig. 6), the characteristic
compaction time is much less than the characteristic

structuring time (¢, << t,) (Fig. 7).
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Fig. 6. Dependence of relative density p (a) and structural parameter a (b) on pressing process time ¢
at three different points: top is a blue curve /, middle is a red curve 2, bottom is a green curve 3, . <1,

In the first case, the material reaches the limit
value of density and the end of structuring, and the
difference in the value of the structural parameter of
the top and bottom of the material by the end of
pressing is no more than 0.05 (Fig. 7a). And for the
second case, the structuring is not finished, and it can
be assumed that there will be a non-uniform surface
(the plunger speed in this case is 2:10° ms =
=120 mm-minﬁl). Therefore, the option when the
speed is 12 mm-min " is preferable (Fig. 6).

4. Conclusion

The development of the cold solid-phase
pressing process depends on the ratio of the
characteristic times of compaction and structural

transformations. These times depend on the process
parameters: the press plunger speed, the pressure on
the plunger, the intrinsic properties of the material,
the bulk and shear viscosities and their dependence
on the density, the structural parameter, the geometry
of the setup and the sample [11-14]. The averaging
method used in this work and the application of
Lagrangian coordinates make it possible to simplify
the finding of the optimal region of parameters for the
implementation of the most favorable modes from the
technological point of view. For pressing materials in
modes with a constant force on the press plunger and
at a constant speed, such parameters should be
selected when the time of structural transformations
is slightly longer than the compaction time.
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Fig. 7. Dependence of relative density p (&) and structural parameter a (b) on pressing process time ¢
at three different points: top is a blue curve /, middle is a red curve 2, bottom is a green curve 3, #.<<t,

Then the samples are dense, although the
structuring process is almost complete, the
distribution of the structural parameter and density
along the height of the sample is uniform.
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