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In this paper, we propose a method to describe the dynamics of deformation of
polymeric materials under thermal and mechanical impacts. The method is based on solving
the equation for a viscous incompressible fluid in the quasi-stationary approximation. This
method is implemented for the case of simple compression of a cylindrical sample, the
thickness of which is much less than its diameter. We construct dependencies of the viscosity
coefficient on temperature and determine the relaxation time for the Maxwell mathematical
model. It is shown that the viscosity of materials strongly depends on temperature, and
this dependence is exponential. The performed calculations of the deformation of various
polymeric materials demonstrate satisfactory agreement with the experimental data over
the entire temperature range.
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Introduction

The problem on mathematical modelling of the behavior of porous organic materials
under the action of mechanical and thermal loads is inextricably connected with the
analysis and prediction of emergency situations that are caused by the use of energy
materials in industry, their safe storage and operation. Accidents associated with fires in
warehouses of energy materials occur quite regularly. Therefore, the relevant problems are
safe handling of emergency products that fall into the thermal field of a fire, and a reliable
assessment of the safe time spent by energy materials in the thermal field of a fire.

In products containing energy materials, there are parts from porous organic matter
such as foam or penodiflon. This fact can significantly complicate such an assessment, since
during heating, the parts can be significantly deformed as a result of thermal softening
and mechanical action of the adjacent strong parts. The deformation, in turn, can lead
to reducing thermal resistance (due to thinning and increased density) and reducing the
predicted time before ignition. At present, an insufficient number of computational and
theoretical studies of the behavior of thermoplastic materials under mechanical impact
and elevated temperatures were carried out. For these purposes, it is necessary to develop
a mathematical model of deformation, which should take into account thermal softening
to correct the estimate of material deformation, as well as an increase in density (decrease
in porosity) under force impacts and elevated temperatures.

In this regard, in this work, we carry out mathematical modelling of the behavior of
thermoplastic materials under mechanical action in the temperature range 70°-180°C and
compare the results obtained with the experimental data given in [1].
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1. Mathematical Model of Deformation of Thermoplastic
Materials

There exist viscous fluids that behave like solids for short time intervals, which are
long compared to molecular times. Such amorphous solids can be considered as the limiting
case of such viscous fluids.

The properties of such fluids can be described in terms of the Maxwell model [2]. For
short periods of time, these fluids are elastically deformed. After the deformation stops,
shift stresses remain in the fluids and decay with time. The stress decay time 7 is called
the Maxwellian relaxation time. At times of deformation much shorter than the relaxation
time, the medium behaves like a solid body. At times of deformation of the order of time
7 and more, the medium behaves like a fluid with a characteristic viscosity n

0~ JT, (1)

where p is a shift modulus.

Experimental data on the deformation of thermoplastic materials under heating and
mechanical load [1] very clearly demonstrate the properties of the materials under study as
the properties of a very viscous fluid: at a constant load and temperature, the deformation
process lasts for tens of minutes. At the initial moments of time after loading, according
to the experimental data, an estimate of the medium flow velocity is ~ 107° m/s, which
is much less than the velocity of sound.

Thus, the deformation of thermoplastic materials can be described in terms of the
model of a quasi-stationary flow of an incompressible fluid. The mathematical formulation
of this model is expressed in the form of the incompressibility condition and the stationary
Navier-Stokes equation:

(Vo) =0, (2)
p(GV) T = —VP +nV?33, (3)

where p, P, U are mass density, pressure, velocity, respectively.

The geometry of the problem to be solved is shown in Fig. 1. A sample of material
with the thickness h and the radius R is subjected to compression under the action of the
force F, which is constant per unit area. During compression, the thickness of the sample
decreases and, accordingly, its radius increases. We are interested in the dependence of the
relative deformation of the sample on time:

A h(t) h(t)

=1 - =2 4
e W ()

where hg is the thickness of the sample at the initial moment of time.

This problem is solved in a cylindrical coordinate system. The velocity field is
characterized by the radial component v, (r, z) and the axial component v, (r,z). The
boundary conditions on the velocity field have the following form:

a) the no-slip condition

vy (r,z=0)=uv,(r,z=h)=0 (5)

is satisfied for the radial component of the velocity at the contact boundaries;
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Fig. 1. Geometry of problem

b) for the axial velocity component, the condition is
v, (r,z=0)=0, wv,(r,z=h)=u1, (6)

where v, is the velocity of movement of the upper plate of the press, which depends on
the applied force F.

First of all, we take into account that the medium flow velocities are small
(~107° m/s), which makes it possible to neglect the left side of equation (3), which
contains the second powers of the velocity. In this case, the system of equations (2), (3)
can be written as:

10 ( 0vr> v, 10P 10 ( 8vz) v, 10P
r + —

~or \"ar or ) T2 T naa (7)

022 nor’ ror

10 (rv,)  Ov,

- =0. 8

r  or - 0z ®)
At a given point in time, the sample thickness is defined as

t

h(t) = ho — / v, (hot)) dt. ()

0

Equations (7) — (9) with boundary conditions (5) and (6) form a system of equations
that describe the quasi-stationary deformation of a sample under the action of the applied
force.

In general case, the solution of this formulated system is possible only numerically,
but for the case h << R the system has a simple analytical solution similar to the
solution obtained in [3]. To check the correctness of this approach to the description of the
phenomenon under consideration, we use this analytical solution.

Since the medium is incompressible, its volume remains the same and is equal to
Vo = wR2h. This implies:

Up 2h
= —— 10
o (B) 7 (10)
where v, = h, vy (R) is the velocity of radial spreading of the sample during its

compression, which is the maximum value in comparison with the velocities at other
points of the medium.
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It follows from (10) that the inequality v, << v, holds for h << R. From the estimate
of derivatives of velocities using expressions

Jv, v, dv, U 0%v, Ur 9% v, Uy (1)
ar R 0z h’ Or? R?" 022 h?’

we have
v, ov,  0%v, v,
<< : << . 12
or 0z or? 022 (12)
Of course, in expressions (12), the absolute values of the quantities are compared.
Taking into account (12), equations (7) take the form:

v, 10P oP
022 npor’ 0z 0 (13)

As follows from (13), the pressure is uniform along the depth of the sample, which allows
us to represent the radial velocity component in the form:

1 0P

From continuity equation (8) and solution (14) we find:

B Zla(rvr) 1 0 [oP ([ hz
“P‘/?sz— ﬁa—[ ar (“7)} (15)
0

Substituting boundary condition (6) into (15), we can find the pressure field in the
compressible sample expressed in terms of the velocity of the upper press plate v,:

3nv,

P(r)= 13

(R*—1?) + Py, (16)

where P, is the external pressure. Using (16), it is easy to calculate the total force acting
on the top plate of the press:

R
3mnu, R*
*RF 7r/ (P - Py) rdr—;]Tg (17)
0
From (17), we obtain the dependence of the press plate velocity on the applied force:
2 F

t — Rt (t 18
0, (1) = ). (18)

Taking into account (9), expression (18) makes it possible to find the velocity v,, and,
consequently, the fields of velocities, pressure, and deformation at any moment of time.
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2. Numerical Research. Comparison with Experiment

The dynamics of deformation of thermoplastic materials at a given temperature and
constant mechanical loading is calculated by formulas (4), (9) and (18). For calculations,
expression (18) is represented as:

2 F
Up (tn—f—l) = gm [h (tn) —Up (tn) A t]4v (19)
where t,,1 = t,+ A t, A t is the time interval that is chosen so that the change in the
medium flow velocity in this interval can be neglected. In the calculations below, the value
of Atis3—5s.

In (19), the unknown parameter is the relaxation time contained in expression (1),
which is a function of temperature. At this stage of research, this value can be found
only on the basis of experimental data. Since the spread of elastic constants for polymeric
materials is quite large, then, instead of the relaxation time, we directly determine the
viscosity coefficient on the basis of experimental data.

80 — IMPa

0.5 MPa

60 —

0 5 10 15 20 25 L,min

Fig. 2. Time dependence of relative deformation

Experimental data [1] are used to determine the viscosity coefficient. The calculations
are carried out for a sample with the following parameters: the thickness is hy = 7 mm,
the radius is Ry = 20 mm. The pressures applied to the sample are set in the range
F=0.1-1.0MPa (1 — 10kgf/cm?).

Fig. 2 shows the results of comparing the calculated and experimental dependencies of
the relative deformation on time for the foam plastic PS-1, the polystyrene PS-1 at various
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Fig. 3. Time dependence of relative deformation of ABS 2020

pressures and the temperature of 140°C. Markers denote experiment [1], lines represent
calculations with the viscosity coefficient n = 2 - 10° Pa-s.

The above comparisons indicate a qualitative agreement between the results obtained
within the framework of the model considered here and the experimental data. The
greatest discrepancy between the calculated and experimental results takes place at small
deformations, which is primarily due to the non-fulfillment of the condition h << R used
in the model.

Similar calculations are carried out for the samples of the material ABS-2020 (Fig. 3).
Markers denote experiment [1], lines represent calculations with the viscosity coefficient
n = 5.5-10% Pa-s. As in the previous calculations, the greatest discrepancy between the
calculated and experimental results takes place at small deformations, that is, in the case
when the condition h << R is not satisfied.

Within the framework of this model, the values of the steady-state deformation of
penodiflon at the temperature of 140 °C are also quite satisfactorily described at the
value of the viscosity coefficient n = 8 - 108 Pa-s. Comparisons of the calculated and
experimental data are given in Tables 1-3. Tables 1-2 compare the steady-state values of
relative deformations (at the time point of 30 minutes) with experimental data [1], as well
as present the values of viscosity coefficients for various temperatures.

From the data given in Tables 1-3, it follows that with increasing sample temperature,
the viscosity coefficient, and, consequently, the relaxation time, decrease, as a result of
which the material becomes more fluid. It is noteworthy that for polystyrene there is an
effect of <saturations of viscosity: it remains constant in the range of 130° — 150 °C.

Fig. 4 shows the dependence of viscosity coefficients on temperature for various
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Table 1
Relative deformation of the material foam plastic PS-1 at different temperatures and

pressures

F=01MPa | F=03MPa | F=05MPa | F=10MPa | Viscosity
T O Deformation %| Deformation %| Deformation %| Deformation %

Exp. | Calc. | Exp. | Cale. | Exp. | Calc. | Exp. | Calc. Pa-s
95 14.1 154 | 30.5 | 303 | 37.1 38.1 473 | 48.9 2.5-107
115 | 314 | 275 | 499 | 446 | 484 | 522 | 476 | 61.3 107

130 | 50.5 52.2 73.9 66.1 74.8 71.2 75.3 77.1 2-10°
140 | 52.5 52.2 64.1 66.1 68.2 71.2 75.1 77.1 2-10°
150 | 52.5 52.2 08.1 66.1 64.8 71.2 69.0 77.1 2:10°

Table 2
Relative deformation of the material ABS 2020 at different temperatures and pressures

F =0.1MPa F =0.3MPa F =0.5MPa F =1.0MPa Viscosity
Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc. Pa-s
115 5.1 5.4 12.1 13.4 18.5 19.3 27.9 29.1 9-107
140 | 32.1 36.8 47.6 53.3 58.3 60.0 67.7 68.1 5.5-10°
150 | 41.6 49.0 60.1 63.5 66.8 69.0 76.8 75.3 2.5-10°

Table 3
Relative deformation of the penodiflon material at different temperatures and pressures

. F =0.1MPa F =0.3MPa F =0.5MPa F =1.0MPa Viscosity
T, C Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc. Pa-s
140 1.6 0.67 3.4 1.96 5.6 3.2 5.8 5.9 8108
150 7.2 6.72 15.2 16.0 20.9 22.6 34.9 33.0 7-107
180 | 514 49. 69.5 63.0 71.9 69.0 75.2 75.3 2.5-10°

materials. It follows from the above dependencies that the viscosity of materials strongly
depends on temperature, and this dependence is exponential — on a logarithmic scale, the
dependencies on temperature are close to a linear law.

Based on the viscosity values found, the relaxation time can be estimated. The shift
modulus of polystyrene is j1 ~ 107 Pa, which leads to the relaxation time 7 = 0.2 — 2.5 s.
The ABS_ 2020 shift modulus is p ~ 10° Pa and then 7 = 2.5 — 100 ms.

3. Conclusions

Based on the results of this analysis, the following conclusions can be drawn.

1. The results presented in this paper show that for the case of simple compression
of cylindrical samples of porous organic materials, the thickness of which is much less
than its diameter, the properties of the material can be described in terms of the Maxwell
model [2].

2. The performed calculations demonstrate satisfactory agreement with the
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Fig. 4. Dependence of viscosity coefficients on temperature

experimental data. Based on the experimental data, an estimate of the relaxation time of
the materials polystyrene PS-1 and ABS-2020 is obtained: for polystyrene, the relaxation
time is 0.2 — 2.5 s in the temperature range 95° — 150° C, while for ABS 2020 the relaxation
time is 2.5 — 100 ms in the temperature range 115° — 150° C.

3. To obtain more accurate data on the temperature dependence of the viscosity
coefficients using this method, it is necessary to have a more detailed dependence of the
relative deformation of samples on temperature than that presented in [1], taking into
account the velocity of their heating. The latter circumstance is significant, especially at
low temperatures, at which the relaxation time is especially long.

4. To apply the proposed model for describing the dynamics of deformation of
polymeric materials under thermal and mechanical impacts in real structures, it is
necessary to develop a method for solving equations in arbitrary geometry and arbitrary
boundary conditions, taking into account real state equations [4, 5] of the material and
methods for calculating the effective thermal conductivity [6].

The work was carried out with the financial support of the Ministry of Education and
Science of the Chelyabinsk Region within the framework of the complex project < Research,
development and manufacture of technology demonstrators of a hydrogen propulsion system
with a central body for a rocket and space complexr with a reusable single-stage launch
vehicle> under Agreement No. 379 dated 07.12.2021
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MATEMATNYECKOE MOJAEJINPOBAHUE
AEOOPMUWPOBAHUNSA ITIOPUCTBIX OPTAHNYECKNX
MATEPHNAJIOB

A. A. Adidepxranosa, FO. M. Koeanes, A. IlI. Saosey,

B nannoit pabore npesjiokeH METO, ONMUCAHNS IUHAMUKHI 1e(OPMUPOBAHUS IOJIUMED-
HBIX MATEPUAJIOB IPHU TEMIIEPATYPHOM U MEXaHUIeCKOM BozjelicTBuu. Meroji ocHOBaH Ha
pellleHnn ypaBHEHUS JIJTsl BA3KON HECKUMAEMON YKUJIKOCTHA B KBa3UCTAIIMOHAPHOM MTPUOJIN-
keHuu. JIaHHBIA MeTOJI peajM30BaH JJIsl CJIydas IIPOCTOrO CXKATHUsS IUIUHIPUIECKOTO 00-
pasma, TOJIMKHA KOTOPOTO MHOTO MEHBIIIE ero auaMeTpa. Db mocTpoeHbl 3aBUCHMOCTH
k03 durimenTa BA3KOCTH OT TEMIIEPATYPHI U OIPEJIETIEHO BPEMs PEIAKCAIINN JJIs MaTeMa-
Tudeckoit mogenn Makcsesuta. [lokazaHo, 9TO BA3KOCTH MATEPUAJIOB CHUJIBHO 3aBUCUT OT
TEeMIIEPATYPbI, IPUYEM 3Ta 3aBUCHMOCTH HOCHUT dKCIIOHEHIIMAJILHBIN xapakTep. [Iposeien-
HbIE pacyeThl J1ePOPMUPOBAHUS PA3INIHBIX TOJUMEPHBIX MATEPHUAJIOB IIPOJIEMOHCTPUPOBA-
JII yJIOBJIETBOPUTEJILHOE COIJIacHe C IKCIIePUMEHTAJbHBIMHU JAHHBIMUA BO BCEM JIAAIla30HE
TeMIepaTyp.

Karouesvie caosa: 64A3KGA HECHCUMAEMAA IHCUIKOCTND,  MGMEMATMUNECKAA MOOEAD

Maxcseanra; menaonpogodHocmy; YpasHEHUE COCTNOSAHUA.
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Paboma evinosnanacy npu durarncosot noddepoicke Munucmepcmea obpasosanus u
nayku Yeaabumnckol obaacmu 6 pamkar Komnaexcrozo npoekma <Hccaedosanua, padpa-
bomka u u320mosAeHUe 0EMOHCTPATNOPOE METHOA02UT 6000p0dH0T deu2amenvroli Ycma-
HOBKU C UEHMPAALHOIM MENOM ONA PAKEMHO-KOCMUYECKO20 KOMNAEKCE C MHO20PA30801]
odnocmynenuamoti paxemoti-nocumenems no Cozaawenuro NM379 om 07.12.2021 e.
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