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Abstract   Rheological  explosion  in  polymers  under  uniaxial  compression  in  an  open  volume  occurs  at  the  end  of  continuous  rapid  plastic

deformation  after  several  stages  of  creep.  Two  types  of  polymers  were  chosen  for  this  study:  brittle  glassy  amorphous  polystyrene  and

thermoplastic semi-crystalline polypropylene. Electric pulses were detected during explosion, and their spectra were analyzed with two models.

X-ray diffraction methods were used to investigate changes in the structure and morphology of polymers during deformation and rheological

explosion.  The pores appear in polymer in this  process,  and their  shape and size distribution were derived from X-ray experiments.  The main

reason for  the  formation of  pores  in  polymer  samples  in  rheological  explosion experiments  is  the  intense  microshifts  in  the  polymer  volume

under the action of high applied pressure.
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INTRODUCTION

Behavior  of  various  substances  under  high  pressure  and  shear
deformations was first investigated in the thirties of the 20th cen-
tury,  and  is  still  of  interest  to  many  researchers.[1−12] Bridgman
was  the  first  to  record  emissions  of  matter  from  the  high-
pressure zone with open boundaries, which were accompanied
by  intense  sound  effects  and  dispersion  of  the  substance.[1,2]

Bridgman  called  this  phenomenon  a  mechanical  explosion,
and later, the name ‘rheological explosion’ was firmly entren-
ched  in  it.[3−12] Interest  in  this  phenomenon  is  not  weakening,
since  it  is  directly  related  to  problems  of  the  transition  of  des-
tructible material from a brittle to a plastic state under dynamic
inelastic  compression.[3,4] It  is  related  to  resistance  of  ceramics,
glass,  and  metal  alloys  to  instant  destruction.[5,6] Acoustic  and
mechanical  effects  are  accompanied  by  electrical  phenomena.
Recently, it was found for polymer composites—multiferroics
based  on  a  polystyrene  (PS)  matrix  containing  binuclear
organoelement complexes (QH)2Co…O…Co(QH)2 or (QH)2Mn…

O…Mn(QH)2 (QH is  a ligand based on 3,6-di-tert-butylpyrocate-
chol)  that  during  mechanical  activation  by  a  rheological  exp-
losion, radio-frequency superradiance is observed.[8−14]

At  present,  there  is  no information as  to  what  happens  to
polymer matrix during a rheological explosion,[8−12] although
it is obvious that the change in its structure and the physico-
chemical  processes  that  occur  during  this  explosion  have  a

significant  impact  on  charge  transfer  and  the  formation  of  a
radio frequency pulse.

The  aim  of  this  work  was  a  comparative  study  of  the
change in the structure of polymer matrices having different
plasticity  during  deformation  and  rheological  explosion.  Ac-
cordingly,  two types of  polymers were chosen for  this  study:
brittle glassy amorphous polystyrene and thermoplastic semi-
crystalline polypropylene.

EXPERIMENTAL

A  special  high-pressure  cell  was  used  to  study  the  processes
during  compression  and  rheological  explosion  (RE).  This  cell
was  placed  in  the  IS-500  compression  machine  (Fig.  1a).
Samples  of  polymers  (10  mm  in  diameter  and  2  mm  in  thick)
were  subjected  to  rapid  uniaxial  compression  at  a  pressure  of
~1−2  GPa  and  compression  rate  of  0.5  GPa/s.  After  explosion
the  thickness  of  the  films  was  300  μm,  so  X-ray  studies  were
performed using initial and deformed samples of this thickness.
The cell  (Fig.  1a)  is  electrically  isolated from the press  equipm-
ent and consists of Bridgman anvils (1 in Fig. 1a), steel cage (2 in
Fig. 1a) and punches (5 in Fig. 1a), also electrically isolated from
the cage, between which the test sample is located (3 in Fig. 1a).
The  punches  are  connected via a  50  Ohm  load  resistance to
Tektronix  MSO  200  two-channel  digital  oscilloscope  (6  in
Fig.  1a).  The  cell  allows  registering  alternating  current J(t)
generated  by  the  electrical  component E(t)  of  electromagnetic
radiation emitted in the sample during rheological explosion.

Industrial  grade  polymers  were  used  to  prepare  the
samples:  PSM  115  polystyrene  (Salavatnefteorgsintez  OAO
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Russia,  MFR  5.3  g/10min, Tg=100  °C[15])  and  01030  Kaplen
polypropylene  (Gazpromneft  -  Moscow  Refinery,  MFR  2.9−
3.5  g/10min,  glass  transition  temperature Tg=−10  °C).[15] The
diffraction  patterns  show  that  characteristic  reflections  of α-
phase and β-phase of i-PP are present.

The  first  series  was  made  up  of  polystyrene  (PS)  samples:
PS0—initial  undeformed  sample;  PS1—polystyrene  sample
that  experienced  rapid  uniaxial  compression  up  to  1.6  GPa
without  rheological  explosion;  PS2—a  polystyrene  sample
that experienced rapid uniaxial compression and a rheologic-
al explosion at 2.2 GPa.

The  second  series  included  the  following  polypropylene
samples  (PP):  PP0—the  initial  undeformed  sample;  PP1—
polypropylene  sample  that  experienced  rapid  uniaxial  com-
pression up to  1.6  GPa without  rheological  explosion;  PP2—
polypropylene  sample  that  experienced  rapid  uniaxial  com-
pression and a rheological explosion at 2.0 GPa.

The  changes  of  nanoheterogeneous  structure  of  polymer
samples  were  traced  using  scanning  electron  microscopy
(SEM),  X-ray  scattering  at  large  (WAXS)  and  small  angles
(SAXS).  Since  the  use  of  these  research  methods  directly  in
the process of deformation is impossible for the experiment-
al setup shown in Fig. 1 (SEM) or difficult to implement (WAXS
and SAXS),  the change in the structure of deformed samples
was  controlled  in  post-processes,  after  the  deformation  and
unloading  of  the  samples  were  completed.  Micrographs  of
the  surfaces  of  the  samples  were  taken  with  JEOL-5300LV
scanning electron microscope.  Electron paramagnetic  reson-
ance  spectra  were  recorded  using  Varian  E12a  electron  spin
resonance  (ESR)  spectrometer  at  77  K  for  samples  that  were
quickly placed in liquid nitrogen (77 K) immediately after the
explosion.  X-ray  diffraction  studies  at  large  scattering  angles
were  performed  using  Bruker  D8  Advance  diffractometer
(CuKα radiation,  a  focusing  Ge  monochromator  on  the
primary  beam,  pass-through  mode).  The  scattering  intensity
was recorded in the range of scattering angles 2θ=10°−60°.

SAXS studies  were carried out  on a  Bruker  Nanostar  setup
(CuKα radiation, three-point collimation scheme, two-dimen-
sional  gas detector HI-STAR).  The scattering intensity was re-
corded  in  the  range  of  the  scattering  vector  modulus s =
4πsin(θ)/λ = 0.007–0.2 Å–1 (where 2θ is  the scattering angle),
which made it possible to analyze scattering from the scatter-

ing phase particles with sizes from 30 Å to 800 Å.
To  analyze  small-angle  scattering,  we  used  the  GNOM,

DAMMIN,  DAMMIF,  DAMAVER,  and  SUPCOMB  procedures  of
the  ATSAS  2.4  software  package,[16] based  on  the  use  of  the
Tikhonov  regularization  method.[17] The  GNOM  procedure
was  used  to  calculate  the  scattering  curves Ireg(s),  optimized
over  the  entire  range  of  scattering  angles,  the  distribution
function of the distances in the particle, the integral values of
the radii of inertia of the particles of the scattering phase, and
the particle size distribution. To determine the shape and spa-
tial  structure  of  scattering  particles  in  the  framework  of  the
model  of  “virtual”  (dummy)  atoms,  the  DAMMIN  and  DAM-
MIF  procedures  were  applied,  based  on  the  application  of
Monte  Carlo  method  with  superimposed  simulated  anneal-
ing. The structures reconstructed in individual runs were aver-
aged using the DAMAVER and SUPCOMB procedures.

RESULTS AND DISCUSSION

Rheological explosion in PS and PP under uniaxial compression
in an open volume occurs at the end of continuous rapid plastic
deformation after stages of unsteady creep (I in Fig. 1b), steady
creep  (II  in Fig.  1b)  and  accelerated  creep  (III  in fig.  1b).  These
three stages of creep have been studied in detail and reviewed
in the literature.[1–4] Stage III  ends with an instant  destruction
of the polymer, a rheological explosion—this is the fast stage
IV in Fig. 1(b); in this case, the material is ejected from under the
punches with a strong acoustic effect.

Electrodynamic Effects
Mechanochemical  reactions  are  associated  with  the  formation
of an electron-hole pair upon detachment of a hydrogen atom
from  the  polymer  chain  H  >  H+ +  e−.[7] Indeed,  ESR  method
(Fig.  2)  showed  that  during  a  rheological  explosion, ―RO2

*

radicals  appear  in  both  PS  and  PP,  identified  by  the  appear-
ance of a characteristic ESR spectrum—an asymmetric singlet
with g⊥=2.005  and g//=2.034.  The  appearance  of ―RO2

*

radicals is usually associated with the addition of oxygen at the
site  of  detachment  of  hydrogen atom in  the polymer  chain.[18]

The elastic wave impulse from RE results in acceleration of local
molecular  mobility  of  macromolecular  fragments  and  partial
ionization  of  individual  atoms  or  fragments  of  the  polymer
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Fig. 1    (a) A diagram of a high-pressure cell: Bridgman anvil (1), steel cage (2), test sample (3), insulation (4), punches
(5), digital oscilloscope (6); (b) Time evolution of rheological explosion in polymer sample.
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chain.  Then,  the  generation  of  electric  current  pulse  can  be
explained on the concept of the appearance of radio frequency
radiation  during  mechanochemical  reactions,[7–9,11] when  a
radio  frequency  electromagnetic  wave  range  provides  the
electron  transfer  process, i.e.,  the  electric  current  pulse J(t)-E(t)
(Figs. 3a and 3b).

In  turn,  this  electromagnetic  wave  is  associated  with
charge  density  fluctuations.  The  Fourier  analysis  of  current
pulses J(t)-E(t)  showed that the spectrum of the observed ra-
dio frequency radiation lies in the frequency range 0 MHz to
150 MHz. As can be seen from Figs. 3(c) and 3(d), the Fourier

transforms of  the signals F(E(t))-F(J(t))  have the form of  band
spectra  due  to  the  emission  from  individual  excited  mo-
lecules  that  are  not  or  weakly  coupled  to  each  other.  Radi-
ation is either by electronic transitions in atoms or vibrational
movements of the atoms themselves in molecules; therefore,
the spectra of such systems can be described in terms of the
Lorentz model of harmonic oscillator with damping,[19] which
corresponds to Eqs. (1) and (2):

−̈→r + 2b−̇→r + ω2
0
−→r =

q
m
−→
E (1)

E (t) = E0e
−iωt (2)

−→
P n−→p

−→p −→qr

where r is the relative position of the dipole atoms and q is the
dipole charge.[19] Moreover, since r changes with the passage of
the  elastic  wave,  polarization  vectors P respectively  change.
According  to  electrodynamics,  forced  vibrations  of  charged
particles  lead  to  polarization  of  the  medium,  which  for  non-
interacting  particles  of  the  same  type  is  described  by  a
polarization vector , equal to  where n is the concentration
of  particles,  and  =  is  the  dipole  moment  of  the  particle.
Then Eq. (1) can be rewritten in the form:

−̈→p + γ−̇→p + ω2
0
−→p = ε0ω

2
RE (t) (3)

ω2
R =

e2n0
ε0m

where  and n0 is  the  maximum  concentration  of

oscillators, ωR is  the  characteristic  frequency  of  natural  oscilla-
tions  of  the charges,  and ω0 is  the intrinsic  frequency of  oscill-
ations of the charges for the maximum of absorption band. As a
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Fig. 2    The EPR spectrum of ―RO2

* radical.
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Fig. 3    The current pulses J(t) during the rheological explosion of (a) PS and (b) PP; and their Fourier transforms F(J(t)) for (c) PS and (d) PP.
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ω2
0= ω2

R α2rule,  + , α = γ is the attenuation coefficient. Eq. (3) is

used  to  analyze  the  spectra  of  resonant  dielectric  losses.  Its
solution is:

ε∗(ω) = ε +
(εS − ε∞)ω2

R

ω2
R − ω2 + 2iαω

(4)

However,  analysis  based  on  the  Lorentz  polarization  Eqs.
(3)  and  (4)  does  not  allow  evaluation  of  the  relaxation  pro-
perties.  Analysis  of  these  characteristics  is  possible  by  the
Havriliak-Negami  model,  which  operates  with  Eqs.  (5)  and
(6),[20] showing that the radio frequency bands have different
relaxation characteristics.  Moreover, the relaxation character-
istics  differ  for  different  sections  of  each  line,  which  can  be
clearly  seen  from Figs.  4(a) and 4(c),  showing  the  curves  ap-
proximating  the  bands  of  radio  frequency  radiation  accord-
ing  to  Eq.  (5).  The  approximation  process  provides  the  para-
meters,  allowing plotting the curves of relaxation time distri-
bution function g(τ) using Eq. (6) (Figs. 4b and 4d). The values
of  the  coefficients  logfmax,  Δε, a and b for  the  Havriliak-Neg-
ami equation,  are shown in Table 1.  It  is  clear  that  the distri-
bution  of  relaxation  time  has  a  long  tail  on  the  high  fre-
quency side.

ε′′ = Δε[1 + (if/f0)a]b (5)

g (τ) = 1
π

(τ/τH)αγsin(γθ)[(τ/τH)2α + 2(τ/τH)αcos(απ) + 1]γ/2
(6)

θ = arctan
»»»»»»»» sin(γπ)(τ/τH)α + cos(απ) »»»»»»»»where .

It is known that inelastic deformation of partially crystalline
polymers  is  fundamentally  nonuniform  throughout  the
volume of polymer sample.[21] The transition from elastic (uni-
form)  to  inelastic  (inhomogeneous)  deformation  is  associ-
ated with a  loss  of  mechanical  stability  of  the system.  In  this
case,  the  polymer  acquires  a  regular  fibrillar  structure.  Such
fibrillation is characteristic of both crystalline and amorphous
polymers.[21−23] In other words, the loss of stability of the poly-
mer  system  is  accompanied  by  the  structural  self-organiza-
tion of the polymer—under rapid uniaxial loading, the globu-
lar structure transforms into a more ordered fibrillar structure.
Ultimately,  critical  fibrillation  leads  to  a  decrease  in  internal
stresses in the system due to the localization of deformations
in the form of shear bands,  and then a rheological explosion
occurs, accompanied by pulsed radiation of ultrasonic waves,
rupture  of  polymer  chains,  and  the  formation  of  free  charge
carriers,  radicals  and  defects  in  the  form  of  nanopores.  The
next part  of  the article  considers  these processes in terms of
polymer morphology.
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Fig. 4    Approximation of the radio frequency bands of (a) PS and (c) PP according to the Havriliak-Negami Eq. (5) and the corresponding
distribution of relaxation time for (b) PS and (d) PP obtained from Eq. (6). Colors denote individual line in spectra in Fig. 3. In panels a and
c, red and light green are individual lines, and dark green is total spectra.
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Transformations of Polymer Structure
X-ray  diffraction  methods  were  used  to  investigate  changes  in
the structure and morphology of polymers during deformation
and  rheological  explosion.  The  experimental  values  of  the
intensity Iexp and the small angle X-ray scattering curves Ireg for
PS0−PS2  samples  calculated  in  accordance  with  the  GNOM
regularization  procedure  are  shown  in Fig.  5 in  coordinates
scattering intensity (I) versus wave vector (s). It can be seen that
the deformed PS1 and PS2 samples scatter X-ray radiation more
intensively  than  the  undeformed  PS0  sample.  The  appearance
of such additional  scattering in deformed samples can only be
associated with the formation of new nanoscale regions having
a density different from the average density of  polymer matrix
in  the  deformed  samples.  It  is  unlikely  that  under  particular
experimental  conditions  of  deformation  of  polymer  samples,
such regions acquire and retain after unloading (stress relieving)
a  density  that  is  much  higher  than  the  density  of  the  initial
matrix.  In  contrast,  the  formation  of  a  porous  structure  (dis-
continuity  of  matrix  integrity)  is  a  common  phenomenon
accompanying large deformations of polymers in the solid state.
Accordingly, the physics of deformation of polymers in the solid
state  suggests  the  quite  reasonable  assumption  that  the  main
reason  for  the  appearance  of  additional  small-angle  scattering

in the samples is  the appearance of  a  heterogeneous nanopo-
rous structure in the system (a system of voids in the matrix).

According  to  Babinet′s  principle,  the  system  of  voids  in  a
matrix  scatters  radiation  in  the  same  way  as  the  system  of
particles in a vacuum provided that the pore density is  equi-
valently replaced by the density of the matrix, and vice versa,
the density of the matrix by the density of voids. Thus, in the
following, we will characterize scattering by a system of pores
in the samples, using terminology that is customary for char-
acterizing  scattering  from  real  nanoscale  particles  with  a
nonzero  density  equal  to  the  density  of  the  polymer  matrix
distributed in the “void”, realizing that all dimensional charac-
teristics  of  such  particles  are  characteristics  of  the  corres-
ponding  pores.  Additionally,  according  to  the  inset  in
Fig. 5(a), the analyzed particles do not have any preferred ori-
entation  (there  is  no  texture),  and  scattering  from  them  can
be interpreted in terms of scattering from isotropic systems.

Since  the  intensity  of  small-angle  scattering from polymer
samples  was  low  for  such  a  large  phase  contrast  (polymer-
vacuum), it is logical to assume that the equivalent scattering
system  "particles  in  vacuum"  is  low  concentrated  (diluted)
and,  therefore,  weakly  scattering.  Note  that  direct  proof  of
this  statement  requires  additional  measurements  of  small
angle scattering in absolute units, which is beyond the scope
of this work and is planned for a further study.

Small-angle scattering by a diluted system of particles can
be interpreted with minimal detail (complication) of the scat-
tering  system  either  in  approximation  of  a  polydisperse  sys-
tem of particles with a known form factor (spheres, prisms, el-
lipsoids  of  revolution, etc.),  or  in  approximation  of  identical
particles  of  unknown  shape  and  spatial  structure.[24] In  the

Table 1    Parameters of the Havriliak-Negami model for radio frequency
radiation bands of PS and PP.

Havriliak-Negami model logfmax Δε a b τmax (ns)

PS1 8.29 12.33 0.92 8.47 12.0
PS2 8.03 2.23 1.58 1.58 27.0
PP1 7.95 1.63 0.99 5.80 15.0
PP2 7.86 0.14 1.87 1.18 26.0
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Fig.  5    (a)  Experimental  intensity Iexp of  small  angle  X-ray  scattering;  (b)  Small  angle  X-ray  scattering  curves Ireg optimized  using  the
GNOM procedure. Samples: 1—PS0; 2—PS1; 3—PS2. The inset shows small-angle X-ray diffraction patterns of samples 1 and 3.
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first  case,  the result  of  the interpretation of  small-angle scat-
tering data is the reconstructed particle size distribution func-
tion,  and in  the  second,  the  determination of  the  shape and
size of the particles.

Fig. 6(a) shows the volumeric particle size distribution func-
tions Dv(R)  in  the  scattering  approximation  of  the  simplest
model  of  polydisperse  scattering  particles  in  the  form  of
spheres with radius R, calculated according to the GNOM pro-
cedure from the scattering curves of the samples.

The functions Dv(R) for the two deformed systems PS1 and
PS2 are almost identical  in appearance and differ  only in the
number  of  particles  (pores)  in  the  system,  which  increases
with increasing deformation of  the samples  at  stages I−IV of
accelerated creep and fracture  of  the material.  The values  of

the  particle’s  inertia  radius Rg for  samples  PS1  and PS2  were
also close to each other (165 and 195 Å, respectively).

In addition to calculating the volumeric particle size distri-
bution function Dv(R), in the approximation of scattering from
identical  particles  of  unknown  shape  and  spatial  structure,
the  shapes  and  sizes  of  such  “averaged”  particles  were  de-
termined  using  the  DAMMIN,  DAMMIF,  DAMAVER,  and  SUP-
COMB procedures within the framework of the model of “vir-
tual” (dummy) atoms. The possibility of restoring the low-res-
olution  structure  of  polydisperse  and  polymorphic  nano-
objects  from  small-angle  scattering  data  using  the  ATSAS
software package was demonstrated previously.[25,26]

The  results  of  reconstructing  the  shape  and  spatial  struc-
ture of the "averaged" particles are presented in Fig. 6(b). The
results  show  that  scattering  "averaged"  particles  (pores)  in
polymer  samples  that  have  experienced  only  fast  uniaxial
compression (PS1) and uniaxial compression with a rheologic-
al  explosion  (PS2)  have  a  shape  close  to  the  shape  of  a
flattened ellipsoid with a ratio of maximum to minimum size
approximately  1.3:1.  The  linear  dimensions  of  the  resulting
pores  in  the  sample  after  a  rheological  explosion  (PS2)  ex-
ceed the linear sizes of pores in the sample subjected only to
rapid compression (PS1) by 20%, which is consistent with the
relative  increase  in  the  above-mentioned  radius  of  inertia Rg

of particles for PS2 sample compared to sample PS1.
We believe that the main reason for the formation of such

pores,  which were  observed in  our  experiment  after  unload-
ing  the  sample,  may  be  intense  microshears  in  the  polymer
volume under the action of high pressure. High local deform-
ation of the polymer material in the zone of such microshear
can  cause  mechanical  destruction  of  the  material  and  the
formation of discontinuities in the matrix—“preforms” for the
future porous structure, which is finally formed after the elast-
ic recovery of the deformed matrix during stress relief (mater-
ial unloading).

Additional  evidence  of  the  significant  effect  of  shear  de-
formations  during  rapid  compression  and  rheological  explo-
sion on the change in the structure of the deformed polymer
matrix  was  found  by  studying  the  second  series  of  deform-
able samples based on semi-crystalline PP. In this case, in con-
trast  to  amorphous  PS  in  the  first  series  of  samples,  in  addi-
tion to small-angle X-ray scattering method, the method of X-
ray diffraction at large angles was informative.

Fig.  7 shows  the  diffraction  patterns  of  samples  PP0  and
PP2.  The  diffraction  pattern  of  the  PP1  sample  was  almost
identical to the diffraction pattern of the PP2 sample and, for
this reason, is not shown in Fig. 7.

The diffraction patterns in Fig. 7 show that the test samples
are  partially  crystalline.  The  diffraction  patterns  show  that
characteristic  reflections  of α-phase  of i-PP  with  indices  130
(2θ=18.56°)  and β-phases  of i-PP  with  indices  300  and  311
(2θ=16.12°  and  21.31°,  respectively)  are  present.[27] The  ratio
of the intensities of reflections of the α-phase and β-phase of
PP  in  undeformed  (PP0)  and  deformed  (PP2)  samples  is  al-
most identical to each other, which indicates the unchanged
phase composition of the crystalline phase of PP even under
such intense mechanical stresses as a rheological explosion.

Significant changes in the diffraction pattern for deformed
samples (Fig. 7) compared to the initial state include a notice-
able decrease in the degree of crystallinity (amorphization of
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Fig.  6    (a)  Volumetric  size  distribution  functions Dv of  nanopores,
calculated from the scattering curves in Fig.  5;  (b)  The shapes of  the
scattering  particles  in  the  samples.  The  top  row  is  a  top  view;  the
bottom row is a side view. Visualization by the model of bulk virtual
("dummy")  atoms  and  the  model  of  "surface  accessible  to  solvent".
Samples: 2— PS1; 3—PS2.
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the material)  and a significant decrease in the size of crystal-
line regions (crystallites)  in PP, which is manifested in broad-
ening of reflections and a decrease in their intensity.

The  measured  values  of  the  degree  of  crystallinity  of  the
samples with progressing deformation during rapid compres-
sion  and  subsequent  rheological  explosion  were  55%,  47%,
and  43%  for  PP0,  PP1,  and  PP2,  respectively.  The  crystallite
sizes  calculated  from  the  half-width  of  the  corresponding
crystallographic  reflections  decreased  by  1.8  times  from  PP0
sample to PP2. The reason for such significant changes in the
amorphous-crystalline  structure  of  the  polymer  sample  at  a
low temperature of  the deformation process can only be ex-
plained  by  the  presence  of  high  shear  stresses,  since  purely
normal stresses (tension, compression) cannot lead to disper-
sion  of  crystalline  material  (crystallites)  under  intense  mech-

anical  action  on  the  material.  This  conclusion  initially  seems
paradoxical,  since in  a  rheological  explosion experiment,  the
compression of a polymer sample occurs in an open volume.

Similar to PS samples of the first series,  the samples of the
second series  also exhibit  changes in  polymer nanostructure
under  rapid  compression  and  rheological  explosion.  The  ex-
perimental  values  of  the  intensity Iexp and  small-angle  X-ray
scattering curves Ireg for the samples PP0 and PP2 calculated
with the GNOM regularization procedure are shown in Fig. 8,
in  coordinates  scattering  intensity  (I)  versus  the  wave  vector
(s). The experimental Iexp curves (Fig. 8) show maxima corres-
ponding to the so-called “long periods”,  characteristic  of  the
supramolecular  structure  of  crystalline  polymers,  which  are
due to periodic  alternation of  crystallites  and amorphous re-
gions in the polymer bulk. The magnitude of the large period
was  147  and  80  Å  for  samples  PP0  and  PP2,  respectively.
Moreover, the large period in PP2 sample (after the rheologic-
al  explosion)  was  1.8  times  shorter  than  in  the  initial  unde-
formed  PP0  sample,  in  full  accordance  with  the  above-de-
scribed effect of crystallite size changes in the same samples.
Thus,  the rapid compression and subsequent  rheological  ex-
plosion  of  semicrystalline  polymer  lead  to  a  sharp  change
(dispersion) of  entire supramolecular  structure of  polymer as
a whole.

Similar to the first  series of  PS samples,  the additional  “ex-
cess” small-angle X-ray scattering for PP2 sample subjected to
rapid  compression  followed  by  a  rheological  explosion  was
attributed  to  scattering  from  the  resulting  porous  system,
analyzed by the same methods that were used for samples of
the first series.

Fig.  9(a) shows  volumetric  particle  size  distribution  func-
tions Dv(R)  in  the  scattering  approximation  of  the  simplest
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Fig. 7    Diffraction patterns of samples: 1—PP0; 2—PP2.
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Fig. 8    (a) Experimental intensity Jexp of small angle X-ray scattering; (b) Low-angle X-ray scattering curve Ireg optimized using the GNOM
procedure. Samples: 1—PP0; 2—PP2. The insets show small-angle X-ray diffraction patterns of samples 1 and 2.
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model of polydisperse spherical scattering particles with radi-
us R,  calculated according to  the  GNOM procedure  from the
scattering curves of the samples. The function Dv(R) for PP2 is
similar to corresponding functions for PS samples of the first
series.  The  values  of  the  particle  radius  of  inertia Rg for  PP2
sample  was  140  Å.  Slightly  smaller  pore  sizes  in  PP2  com-
pared  to  PS2  can  be  explained  by  the  greater  ductility  (frac-
ture toughness)  of  PP matrix  as  compared to PS under  com-
parable fracture conditions.

The results of reconstructing the shape and spatial structure
of the “averaged” particles for PP2 are presented in Fig.  9(b).
The  scattering  “averaged”  particles  (pores)  in  PP2  sample,
which  underwent  rapid  uniaxial  compression  with  a  rheolo-
gical explosion, have a shape close to that of an elongated el-
lipsoid with a maximum to minimum size ratio of about 1.3:1.

The appearance of nanopores during compression and rhe-
ological  explosion  has  a  considerable  effect  on  electrical
properties  and  effects  in  polymer  samples  during  compres-
sion. Electric charges can accumulate on the outer surface of
nanopores  during  rapid  compression  and  rheological  explo-
sion, making nanopores large electric dipoles inside the poly-

mer matrix. This assumption is based on the fact that the pro-
cess  of  formation  and  transformation  of  nano-  and  micro-
pores is accompanied by mechanochemical reactions and ap-
pearance  of  electron-hole  pairs  when  hydrogen  atom  is  de-
tached from the polymer chain.[7]

CONCLUSIONS

Summarizing  the  above  material,  we  can  assume  that  rheo-
logical  explosion  occurs  in  polymer  when  a  critical  concentr-
ation  of  nanopores  is  reached.  The  formation  of  nanopores  is
accompanied by the generation of electron-hole pairs (e− + H+)
or hydrogen atoms H and accordingly,  nanodipoles during the
separation  of  charges  on  the  walls  of  nanopores,  as  well  as
―RO2

* radicals upon addition of molecular oxygen at the site of
separation of the hydrogen atom. The fusion of nanopores leads
to the formation of channels through which the charge density
is transferred by an electromagnetic wave and a current pulse is
formed.  Oscillations  of  spins  of  unpaired  electron  in ―RO2

*

radicals  create  an  alternating  magnetic  field.  Besides,  the
following  factors  lead  to  ultrafast  destruction  of  a  solid-phase
polymer,  a  rheological  explosion:  (a)  an  alternating  magnetic
field; (b) polarization oscillations leading to the appearance of a
radio  frequency  electromagnetic  field;  (c)  free  charge  density.
The  experimental  data  presented  in  this  work  and  the  conclu-
sions made on their basis do not contradict the concept of mag-
netoplastic fracture of a solid body,  which recently was intens-
ively developed by Profs. Buchachenko and Morgunov.[28,29]

The  results  of  the  performed  studies  show  that  the  main
reason for the formation of pores in polymer samples in rhe-
ological  explosion  experiments  is  the  intense  microshifts  in
the  polymer  volume  under  the  action  of  high  applied  pres-
sure. It was also shown that the formation of a porous system
during compression and rheological  explosion occur accord-
ing to some unified scheme that does not depend on wheth-
er  the  polymer  matrix  is  amorphous  or  semicrystalline  and
whether it is in a glassy state or not.

For  deformed  PP  samples  compared  with  the  initial  state,
there  is  a  noticeable  decrease  in  the  degree  of  crystallinity
(amorphization of  the material)  and a  significant  decrease in
the size of  crystalline regions (crystallites)  in  the PP,  which is
expressed in broadening of reflections and a decrease in their
intensity.

In amorphous PS, scattering “averaged” particles (pores) in
polymer  samples  that  have  experienced  only  fast  uniaxial
compression (PS1) and uniaxial compression with a rheologic-
al  explosion  (PS2)  have  a  shape  close  to  the  shape  of  a
flattened  ellipsoid  with  a  maximum  to  minimum  ratio  of
about  1.3:1.  The  linear  dimensions  of  the  resulting  pores  in
the sample after a rheological explosion (PS2) exceed the lin-
ear  sizes  of  the  pores  in  the  sample  subjected  only  to  rapid
compression (PS1) by 20%, which is consistent with the relat-
ive increase in the radius of inertia Rg of particles for PS2 com-
pared to PS1.
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Fig.  9    (a)  Volumetric  nanopore  size  distribution  function Dv,
calculated  from  the  scattering  curve  in Fig.  8;  (b)  The  shapes  of  the
scattering particles: top view (left) and side view (right). Visualization
by  the  model  of  bulk  virtual  ("dummy")  atoms  and  the  model  of
"surface accessible to solvent". Sample: PP2.
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