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Abstract: The morphology of virgin reactor powder (RP) of high-density polyethylene HDPE with Mw =
160,000 g/mol was investigated with the help of DSC, SEM, SAXS and WAXS methods. The morphological
SEM analysis showed, that the main morphological units of RP are macro- and micro-shish kebab structures
with significantly different geometric dimensions, as well as individual lamellae of folded chain crystals.
Quantitative analysis of an asymmetric SAXS reflection made it possible to reveal the presence of several
periodic morphoses in the RP with long periods from 20 nm to 60 nm and to correlate them with the observed
powder morphology. According to the DSC crystallinity data, the thickness of the lamellae in each long period
was estimated. Their surface energy was calculated in the framework of the Gibbs-Thompson theory. The
presence of regular and irregular folds on the surface of the different shish-kebab lamellae is discussed. The
percentage of identified morphoses in the RP was calculated. It has been suggested that the specific structure
of HDPE RP is due to the peculiarity of polymer crystallization during suspension synthesis in a quasi-
stationary regime, in which local overheating and inhomogeneous distribution of shear stresses in a chemical
reactor are possible.

Keywords: high-density polyethylene (HDPE); reactor powder; small-angle X-ray scattering
(SAXS); wide-angle X-ray scattering (WAXS); differential scanning calorimetry (DSC); scanning
electron microscopy (SEM); long period; crystallinity; lamella; shish-kebab

1. Introduction

Ultra-high molecular weight polyethylene (UHMWPE) continues to be one of the most popular
and widely used polymer materials due to its high chemical resistance to aggressive media, high
wear resistance, low friction coefficient, high impact strength, ability to fiber formation and the
possibility of obtaining high performance fibers, on the basis of which products for various purposes
are created: from bulletproof vests and armor to boat hulls, towing ropes, medical implants, suture
material, etc. As known, UHMWPE has a very high melt viscosity, which makes it impossible to
process it by traditional methods such as ram extrusion and injection molding. Recently, it has
become possible to process UHMWPE in the molten state by modified methods of ram extrusion and
compression molding due to a significant increase in temperature (up to 200°C) and an increase in
the residence time of the polymer at elevated temperature (up to 2 hours) [1]. However, the presence
of the polymer for a long time at a high temperature inevitably leads to its destruction and
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deterioration of properties. To facilitate the processability of UHMWPE and modify its behavior one
can mix it with polyethylene (PE) of lower Mw.

For instance, a synthesized UHMWPE with a less entangled state and a commercial UHMWPE
with a highly entangled state were blended with high-density polyethylene (HDPE) by melt
blending, respectively [2]. It was demonstrated that the UHMWPE with the less entangled state was
easy to be oriented at a given flow. More mechanical networks were achieved among the HDPE
matrix and the UHMWPE chains due to the fewer entanglements of synthesized UHMWPE,
improving the melting recovery of blends. However, the phase separation of blends was
characterized when more weakly entangled UHMWPE was incorporated. In [3] the blends of high-
density polyethylene (HDPE) with ultra-high molecular weight polyethylene (UHMWPE) were
obtained by mixing in a melted state at concentrations ranging from 10 to 30% by weight in an
intermeshing co-rotating twin screw extruder (ICTSE). The morphological analysis conducted by
scanning electron microscopy showed that the UHMWPE is present in the HDPE matrix as a second
phase, but there is a good interface between the two. In [4] blends of HDPE and UHMWPE, with a
content of UHMWPE up to 20% wt, were prepared using two different types of processing apparatus,
a single screw extruder and an internal mixer, as a function of mixing time. Evaluation of melt
viscosity of the blends showed a double effect of UHMWPE due to its slight dissolution and to its
presence as filler. Most methods of mixing polymers have their limitations and require special
conditions.

Recently, interest has increased in the structure and properties of the nascent polymers, so-called
reactor powders (synthesis products that have not been subjected to any impact influence) since a
solution-free method of processing polymers and their mixtures into products from reactor powders
directly is being actively developed. The possibility of manufacturing products from UHMWPE in
particular, high-performance fibers, directly from the nascent reactor powder was discovered at the
end of the 80s by P. Smith et al. [5,6] and is being successfully exploited at present [7-11]. The ability
of reactor powders to monolithization and orientation drawing depends on their molecular and
supermolecular structure. The sintering of reactor powders with subsequent high-temperature
orientation drawing remains a much more acceptable method for processing UHMWPE high
performance fibers.

At the same time there is different industrial demanding to the mechanical properties of
UHMWPE products. These properties can be changed by adding the reactor powder with a lower
molecular weight PE to the UHMWPE reactor powder (RP). Earlier, one of the co-authors of this
article [12] attempted to obtain polymer-polymer mixtures by the method of two-stage PE synthesis
in order to more homogeneously mix the components. The reactor powders of molecular composites
consisting of UHMWPE (Mw = 1 x 10¢ g/mol) and linear HDPE (1.6 x 10° g/mol) can be obtained by
changing the synthesis conditions in the same reactor. It has been shown that the mechanical behavior
of the molecular composited strongly depends on the content of the components and the sequence of
synthesis. The best properties were demonstrated by the composites into which HDPE was
synthesized at the first stage. While the structure of UHMWPE reactor powders is fairly well
understood, the structure of HDPE reactor powders has not been sufficiently studied.

So, the aim of this work is to study the complicate hierarchical structure of the nascent HDPE at
all levels of the molecular organization.

2. Materials and Methods

2.1. Objects of Study

For the study, reactor powder of a linear HDPE with a molecular weight 160,000 g/mol,
synthesized on a metallocene catalyst (rac-(Me)25i(Ind)2ZrClz/methylalumoxane) at a temperature of
70°C at the Federal Research Center for Chemical Physics named after N.N. Semenov RAS was
chosen.
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2.2. Methods

2.2.1. Scanning Electron Microscopy

The morphology of the powder particles was studied using a Zeiss Supra 55VP scanning electron
microscope. To avoid charge accumulation when scanning samples with an electron probe, the
particles were placed on a conductive substrate and a thin layer of platinum was deposited onto them
in an Q150T ES (Quorum Instruments, UK).

2.2.2. Thermal Analysis

Thermograms were recorded on a DSC-500 differential scanning calorimeter (Spetspribor,
Samara). The temperature scale was calibrated by the melting points of ice (273.1 K) and indium
(429.7 K), and the heat flux was calibrated by the heat capacity of sapphire. The scanning speed (V)
varied from 1.0 to 10 K/min. The true melting temperature (T'n), the true temperatures of the
beginning (Tt) and end (T%) of melting were obtained by extrapolating the dependences Tm(V12),
T1(V12) and T2(V'?2) to zero heating rate (V=0), respectively [13]. According to this extrapolation, the
methodological error AT was estimated, which in this case was AT = 1.6 K and which was taken into
account in the calculations. The melting enthalpy (AHm) was calculated from the area of the melting
peak, and the degree of crystallinity y was calculated from the relation y = AHm/AH%, where AH is
the melting enthalpy of an ideal PE crystal (4.1 kJ/mol =294 ]/g) [14].

2.2.3. X-ray Diffraction Analysis at Small Angles (SAXS)

Small-angle X-ray scattering (SAXS) curves from the powder were recorded for reflection in the
0-20 scanning mode (angle range 0 < 20 < 2) on a Bruker D8 Discover diffractometer equipped with
a rotating anode as an X-ray source. We used monochromatized CuKa radiation with a wavelength
A =1.5406 A. The reactor powder was placed in a standard cuvette and a drop of vaseline oil, having
an electron density close to the electron density of polyethylene, was added there in order to create a
flat surface of the sample to reduce diffuse X-ray scattering on a rough surface and suppress
scattering on the pores. The resulting small-angle scattering curve was decomposed into elementary
peaks using the Fityk 1.3.1 program, and for each peak, the value of the long period Lsaxs was
calculated. In scientific articles concerned with the study of the supermolecular structure of reactor
PE powders, they usually write about the absence of a regular long-period structure in them. In fact,
this is due to the masking effect of X-ray scattering in air in the pores of reactor particles with a loose
packing of various morphological units.

2.2.4. X-ray Diffraction Analysis at Large Angles (WAXS)

X-ray diffractometry in the region of large angles from the studied HDPE reactor powder was
carried out on a Bruker 2DPhaser powder diffractometer using a PSD detector and a nickel 3-filter
(CuKa radiation, A = 1.54 A), voltage 30 kV and current 10 mA. Registration was carried out with a
step of 0.036 degrees in the angular range of 60-84 degrees on the 20 scale. The curve was recorded
in the accumulation mode for 24 hours. The average sizes of crystallites in the direction perpendicular
to the plane (Donz) were calculated from the linear half-widths of the 002 reflection (Scherrer method).

3. Results and Dicussion

3.1. Scanning Electron Microscopy

Figures 1 and 2 shows electron micrographs of the investigated reactor HDPE powder, taken at
different magnifications.
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Figure 1. Scanning electron micrographs of HDPE (A), (B), (C) and (D) at various magnifications, shown in the
images with scale bars. 1C is the area circled in the image 1B.

It is quite clear from the given micrographs that in the particles of reactor powder various
morphological structural units coexist, that is clearly visible at high magnifications. It is possible to
distinguish a number of morphoses that are frequently encountered:

e extended lamellar plates (Figure 1C is the enlarged area marked with a circle in Figure 1B). Since
it can be seen in the selected area that the lamellae are deformed with the formation of fibrils,
like classical single-crystal mats with simultaneous unfolding molecular folds at the transition
boundary from lamella to fibrils, it can be assumed that they are formed by folded crystallites
with regular folds;

e the fibrils themselves, which are formed during the deformation of the lamellae under the action
of tensile forces arising from the pressure of the polymer mass growing during the synthesis.
The forces leading to the deformation of the lamellae do not arise from the very beginning of
synthesis, but upon the accumulation of a certain mass of polymer at a certain stage of synthesis;

e  classic shish-kebab formations (Figure 1D), which, as is known, consist of a central shish and
lamellar kebabs of folded crystals crystallizing on it [15];

e itisimportant to note that the sizes of kebabs and the distance between them vary markedly. It
is possible to distinguish at least three types of structures with transverse dimensions of about
200 nm, 100 nm and 50 nm (Figure 2);

e  central shishas, clearly visible in Figure 2A in yellow circles.

In addition, the central shish can have a complex structure and themself consists of a central
thread formed by partially extended molecules (1), and micro-kebabs (2) growing on them (Figure
3).


https://doi.org/10.20944/preprints202308.0369.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 August 2023 doi:10.20944/preprints202308.0369.v1

Stage

500KV pperture si

8 Nov 2021 18:18:57

100 nm 10000k x "P= 160 000) 2 SUPRA 55VP-32-49
-

Figure 2. Enlarged area where shish-kebab morphological units are observed. The results of
measurements of the thickness of individual kebabs (A) and measurements of the periodicity in
kebabs location on the central shishas (B) are shown.

The latter are not visualized on scanning micrographs, but one can presumably speak of the
possibility of their existence, since the micro-shish-kebab structure was previously observed when
studying polyethylene crystallized from a stirred solution using high-resolution transmission
electron microscopy [15]. Note that the HDPE reactor powder we studied also crystallizes during
suspension synthesis in a stirred solvent.

It is rather difficult to estimate the true percentage of the morphological units in the reactor
powder using electron micrograph images. First, more statistics is needed. Second, the operators
often pay more attention to the most expressive structural areas and can skip areas with less
pronounced structure. Even if the operator is attentive to all possible structures, it is impossible to
obtain reliable statistical results from SEM images, not to mention the fact that the ratio of different
structures in the volume and on the surface of the polymer may differ. In addition, in determining
the thickness of the lamellae, even in the images where the lamellae are oriented by sideways to the
observer, there is a large uncertainty in the thickness of the platinum layer spattered to avoid
charging of the sample.
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Figure 3. Schematic representation of the central thread (1) with micro (2) and macro (3) shish-kebab
structure. .

We nevertheless took such measurements in order to compare them with small-angle X-ray data.
The average thickness of lamellar macro-kebabs was 12.1 + 2.4 nm, with their periodic arrangement
along the central shish equal to 49.8 + 14.6 nm. There is no polymer material between the macro-
kebabs.

At the same time, scanning electron microscopy does not provide information on the
distribution of crystalline and amorphous regions in morphological units. To quantify crystalline
regions, disordered regions, and their location, it is necessary to involve such research methods as
WAXS, SAXS and differential scanning calorimetry (DSC).

Often in the literature, a large period, determined from SAXS, is denoted by the letters L, the
same as the thickness of the lamella (L), which sometimes leads to some confusion in understanding
the data published. To clarify the experimental data obtained, we present below our model proposed
earlier for lamellar structure [16] consisting of the lamellae themselves and the disordered regions
separating them, formed by the ends of the molecules, regular and irregular folds, as well as tie
molecules of different degrees of conformation (Figure 4).
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Figure 4. Model of long period structure.

Lsaxs is the so-called long period (latlat 2linterphase), determined by SAXS; I (1) is the crystalline
core size of the three-dimensional coherent scattering region in the direction of the chain (Dooz)
determined by WAXS; linterphase (2) is the transition region between crystalline core and true
amorphous region (la) consisting of a set of different conformers (irregular folds (3), strongly curved
molecular molecules (4), ends of molecules (5), weakly curved molecular molecules (6), molecular
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folds connecting 2-3 molecules at the exit of the crystallite (7) and taut tie molecules (8); Liam is the
thickness of the lamella (crystal core + two thicknesses of the more or less regular folded surface that
melt simultaneously with the crystalline core). Obviously, Lsaxs > Liam > Ler.

To estimate the parameters of the lamellar structure of the investigated HDPE reactor powder,
the above listed experimental methods were used.

3.2. Small Angle X-ray Scattering (SAXS)

SAXS picture from the powder is presented in Figure 5.
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Figure 5. Small angle scattering from HDPE reactor powder. The inset shows a part of the curve with
a modified intensity scale (primary beam cut in height), which makes it possible to clearly observe
the asymmetric diffraction maximum.

Despite the fact that many authors, as a rule, do not detect a diffraction peak on SAXS of RP, it
still exists. It is merely masked by air scattering on porous powders. We succeeded in its detection
adding a drop of mineral oil to a powder sample which has an electron density close to that of PE.
The peak is well seen in the inset in a right upper corner of Figure 5. The asymmetric profile of the
observed peak implies the overlapping of lamellar stacks with different periodicity. It is possible to
decompose the observed diffraction peak into elementary peaks with a known degree of reliability
only in the range of angles 0.1 <26 < 1.0. The intensity in the range of angles 1 < 26 < 2 is small and
almost does not change. When taking the logarithm of the initial curve (Ig I(20)), a rather high
intensity is observed in this region, allowing to assume the presence of periodic structures with other
(smaller) values of long periods (Figure 6).
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Figure 6. Ig 1(26) for HDPE reactor powder.

The periodic structures can be identified by decomposing the resulting curve (Figure 6) using
Fityk 1.3.1 software (Figure 7).
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Figure 7. Decomposition of the dependency lg 1(26) for HDPE reactor powder into elementary peaks
using the Fityk 1.3.1 software.

The number of substantiated peaks in the decomposition was chosen in accordance with the
number of different morphoses in the powder under study. It should be emphasized that the
logarithmic scale makes it possible to obtain the elementary peaks without taking into account their
real weight contribution. To estimate the real weight contribution, the decomposition of the original
curve (Figure 8) was carried out with fixed angular positions of the peaks obtained by decomposing
lg 1(20) (Figure 7). As a profile function, the Pearson function was used.

As is known, a small-angle diffraction peak occurs when a stack of alternating regions with
different electron densities (regions of order and disorder) is present in the object under study, the
so-called long period (Lsaxs), as it was mentioned above. In our case, the regions of order are lamellae
(Liam) and disordered areas between them (l.). Moreover, the intensity of low-angle peaks depends
on the squared difference in the densities (p) of these areas (Ap?) and the degree of stack regularity
(ALsaxs/Lsaxs). The diffraction peak distribution obtained (Figure 8) was recalculated to the long
period size distribution using the Bragg equation 2Lsin0 = n\ (Figure 9).
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Figure 8. Decomposition of SAXS intensity I1(20) of investigated RP into separate diffraction peaks,
the angular position of which corresponds to the angular positions of the peaks in the lg 1(26)
decomposition.
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Figure 9. The long period (Lsaxs) size distribution calculated from the data in Figure 8.

The values of long periods Lsaxs, calculated using the Bragg equation, and their weight
contribution to the overall small-angle scattering curve in % are given in Table 1.

Table 1. Parameters of the separated diffraction peaks.

Peak numbers 1 2 3 4 5 6 7
20, degrees 0.133 0.198 0.327 0.418 0.540 0.679 0.824
Lsaxs, nm 66.3 44.6 27.0 21.0 16.3 13.0 10.7
Contribution to
SAXS, % 7.2 11.0 447 32.9 2.9 0.6 0.6

Comparison of the contributions of different long periods Lsaxs calculated from the dependence
I(Lsaxs) with SEM data allows us to presumably attribute them to certain morphoses. So that, for
example, large long Lsaxs periods (peaks 1 and 2) are closest in size to macro-shish-kebabs, clearly
visible on SEM of HDPE microphotographs in Figure 2B (49.8 + 14.6 nm). However, there are not so
many of them (7.2 and 11.0%), although the SEM images give the impression that macro-shish kebabs
are the main structural elements in reactor powders. In addition, the intensity of these peaks is low
compared to the intensity of the peaks related to Lsaxs with a value of 21.0 — 27.0 nm (Figure 9), while
from such structures with a huge difference in the density of the kebab and interkebab space (“voids”
in SEM images), one could, on the contrary, expect the maximum scattering intensity.

Apparently, there are two reasons for the moderate contribution of these large Lsaxs to the total
scattering curve. Firstly, the preferred choice by the operator of the shooting area with the
predominant localization of macro-shish-kebabs, while in another place on the surface there may be
much less of them. Secondly, a large scatter in the thickness of kebabs and a scatter in the periodicity
of their location along the central shish (which is clearly seen in SEM images) can significantly reduce
the X-ray scattering intensity which will lead to a decrease in the peak area and, accordingly, a
decrease in the estimate of the contribution of these peaks to the overall scattering curve.

Comparing the sizes and percentages of other elementary peaks given in the Table 1 with
electron microscope images, we can assume that the structures with a frequency of 21.0 — 27.0 nm
and the highest percentage (32.9 and 44.7%) are localized not along the central shish, but inside it and
represent micro-kebabs (Figure 3), which were mentioned above. On SEM images of the RP (Figure
2A), micro-kebabs are not visualized due to the deposited metal layer, but they, apparently, still exist.

It is rather difficult to speak about the localization of structures with a periodicity of 10.7 — 16.3
nm, the contribution of which is very small (0.6% and 2.9%). These can be micro-kebabs with a large
scatter of periodicity, and/or extended lamellae, occasionally found on SEM images of the RP (Figure
1C).
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Knowing the degree of crystallinity (y) calculated from the area of the melting peak on the
temperature dependence of the heat capacity obtained by DSC, it is possible to calculate the sizes of
ordered regions (but not the regions of three-dimensional coherent scattering, the magnitude of
which is determined from high-angle X-ray patterns (lr), but regions that contribute to the enthalpy
of melting (in our case, lamellae Liam; Liam=Lsaxs x ) and proper disordered regions (la= Lsaxs- Liam).

The true dimensions of the crystalline core of the lamellae lr in the direction of the chain were
calculated from WAXS data for linear halfwidth of Do reflex and were 6.2 nm. Half the difference
between the lamella thickness and the size of the crystalline core ((Lam - l=)/2) gives the value of the
transition zones on both sides of the lamella, the thickness of the surface layer of the lamellae
(linterphase).

The average degree of crystallinity y of the studied HDPE, calculated from the dependence of
heat capacity on temperature for a RP sample (m =2.0 + 0.1 mg) at a scanning rate of 2 K/min, was
=54%. However, taking into account the heterogeneity of the supermolecular structure of the studied
RP, it can be assumed that the degree of crystallinity is unequal, especially for areas with a
pronounced macro-shish-kebab structure. The schema on Figure 3 shows areas that are visible and
invisible on microscopic images. We only see macro-kebabs alternating along the thick shish. There
is no polymer material between them. Obviously, the crystalline part here is much less than 54%. You
can estimate the "degree of crystallinity" of macro-kebabs: (1) = 12.1/49.8 = 24.3% (see Figure 3). At
the same time, macro-kebabs account for 18.2% in the total set of various structures and, accordingly,
somewhat underestimate the total crystallinity of the remaining structures. Then it is possible to
estimate the crystallinity of macro-shish-kebab structures and the degree of crystallinity of all other
periodic structures according to the relation below:

0.818 x %(2) +0.182 x 24.3 (%) = 54.0 (%),

%(2) is the crystallinity of other structures. It is appeared to be to 60.6%.

Then for macro-shish-kebab structure Liam = 0.243 x Lsaxs, and for other periodic structures Liam
=0.606 x Lsaxs.

Knowing the values of the degree of crystallinity and the melting temperature, it is possible to
calculate the values of the surface energy for each lamella found from the analysis SAXS data. The
true melting temperature of the investigated HDPE was determined from the heat capacity peak
taking into account the above-mentioned methodological error AT = 1.2 K, and amounted to: Tm =
400.1 K. The surface energy oe can be calculated from the generalized Gibbs-Thomson equation [17],
based on the balance of surface and volume energies

Tm(L) = To [1 - 2(c/a + 0/b + 0e/L)/AHo], 1)

where a and b are the dimensions of the crystallite (the region of coherent scattering) in the plane of
the section perpendicular to the longitudinal axis coinciding with the direction of the macromolecule;
L is the longitudinal size of the crystallite; o is the surface energy of the side surfaces of the crystallite;
o. is the surface energy of the fold surface; AHo is the heat of fusion.

In the supermolecular lamellar structure of the polymer, the parameters a and b >> L, therefore,
in expression (1), the terms o/a and o/b can be neglected and it can be re-written in a simpler form:

Tm(L) = To[l — 2 0 /(AHoL)]

AHL T
or o, = —2am x ( ——“‘) 2)
2 To

The following data were used in further calculations: To = 415.5 K; AHo = 279 J/g [14]. Since the
long period Lsaxs is determined by the SAXS, the longitudinal size of the crystalline part, more
precisely the thickness of the lamella Lim in expression (2) is Lim = x Lsaxs. Table 2 shows the
parameters of the structures identified in the analysis of SAXS data and the surface energies
calculated for them using equation (2).
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Table 2. Values of the identified long periods, lamella thicknesses, and values of the surface energy
for each component of the expansion of the SAXS curve.

Contribution to

Lsaxs, nm Liam, nm Linterphase®, nm  the total SAXS Oe, 103 J/m?
curve, %
10.7 6.5 0.15 0.6 33.6
13.0 7.9 0.85 0.6 40.8
16.3 9.9 1.85 2.9 51.2
21.1 12.9 3.35 32.9 66.7
27.0 16.5 5.15 44.7 85.3
44.6 10.3 2.05 11.0 53.3
66.3 15.2 4.50 7.2 78.6

>(-linterpha\se = (Llam - lcr)/z, ler = 6.2 nm.

As follows from the data given in the Table 2, the surface energy value (85.3 x 10 J/m?), which
is closest to the energy of a regular fold (90 x 10 J/m?) [14], is observed in the thickest lamellae with
a thickness of 16.5 nm, which, as we assume, are localized in micro-kebabs and make the largest
contribution to the small-angle scattering curve (44.7 %). At the same time, the surface energy of
lamellae of almost the same thickness (Liam = 15.2 nm), which form kebabs in macro-shish-kebab
structures, also has a fairly high surface energy (78.6 x 10 J/m?), which allows us to assume a similar
structure of the surface of the morphoses under consideration.

However, it is surprising that in these most perfect micro- and macro-bump formations with
predominantly regular folds, according to the calculation within the Thompson Gibbs theory, the
largest transition phase is observed (4.50 nm and 5.15 nm). The only explanation for this phenomenon
can be the occurrence of strong distortions in the crystalline cores of the lamellae in the region of
regular folds, which distort the crystallographic lattice in the near-surface layers of the lamellae.

In crystalline cores of lamellae with lower values of surface energy (30-60 x 102 J/m?) and,
accordingly, with a large number of irregular folds, such distortions are practically absent and the
size of the transition zone near the lamella surface is smaller (1.85-3.35 nm).

Note that the investigated HDPE reactor powder was obtained by suspension synthesis in
toluene at 70°C with stirring of the reaction liquid during synthesis. Polymerization and
crystallization are exothermic processes. Therefore, in local regions of the reactor, even with intensive
stirring, there may be temperature regions that differ from the average temperature. In addition, the
emergence of a crystallization nucleus from segments of extended molecules (in shishas) leads to an
instantaneous stress drop in the nearest environment [18,19], which allows folded crystals (kebabs)
to crystallize in a quasi-stationary field. Thus, the crystallization of the resulting polymer occurs in
shear fields with an inhomogeneous distribution of both shear stresses and temperature over the
reactor volume. This, apparently, is the reason for such heterogeneity in the size of the lamellae and
the difference in the structure of their surfaces.

4. Conclusions

Using a complex of SEM, SAXS, WAXS and DSC methods, a detailed study of the complex
hierarchical structure of the reactor HDPE powder with Mw = 160,000 g/mol, which is often used in a
mixture with UHMWPE to modify its properties, was carried out. Based on the analysis of the all the
data obtained, it was concluded that the main morphological units in the powder are macro- and
micro-shish-kebab formations. Although micro-shish-kebabs are not visualized under a scanning
electron microscope, their existence is indicated by small-angle X-ray scattering data. Micro-shish-
kebab formations are part of the central shish, and macro-kebabs are really, like a culinary shish-
kebab, strung on this complex central shish and separated by an empty space. Kebabs (lamellae) have
different thicknesses and different energy characteristics of the surface, calculated in the framework
of the Gibbs-Thompson theory. Based on the analysis of the surface energy values, it can be assumed
that in the micro-shish-kebab structure, which makes up about 45% of the total reactor powder, the
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surface of the lamellae is formed by regular folds, which introduce significant distortions into the
structure of the crystalline core of the lamellae. About 7% of macro-shish-kebabs have the same
structure. The surface of the remaining lamellae in different morphoses is less ordered and is mostly
formed by irregular folds and segments of molecular chains in various conformations. The
formations of morphoses so different in their structural and energy characteristics during synthesis
is apparently due to the heterogeneity of thermal and shear fields in the reactor in which the polymer
is synthesized. The polymer factually undergoes a flow-induced non-isothermal crystallization
process.
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