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Abstract: A series of reactor powders of ultrahigh molecular weight polyethylene
obtained using supported and unsupported Ziegler catalysts were studied with the
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one to calculate the length distribution of straight-chain segments (SCS) in a polymer
sample without differing between the SCS localized in either crystalline or amorph-
ous regions of the sample. A comparison of the scanning electron microscopy images
of powders with their SCS distributions showed that the samples with pronounced
fibrous morphology exhibit bimodal distribution functions, while the granular mor-
phological pattern yields unimodal SCS length distributions.

Keywords: Low-frequency Raman spectroscopy; Polyethylene; Reactor powder

INTRODUCTION

A diversity of morphological structures of polyethylene reactor powders
with different synthesis histories has stimulated researchers to establish a
correlation between the morphology of a given powder and particular
properties of the technologically remote products obtained from it.[1–3]

A case in point is the performance of highly drawn fibers or films, includ-
ing their draw ratio (DR), tensile strength, and Young’s modulus. The
problem is particularly complicated when powders of similar morphology
are subjected to different technological procedures, such as submelt
compactization,[1,2] melt crystallization,[3] or gel technology.[4]

The forecast of the performance of the final product issuing from the
morphology of the original material could be more grounded if one estab-
lishes the molecular characteristics of the main features of the morphological
pattern inherent to powders: globules, linking fibrils, individual fibrils, etc.
In the sequence of treatments that a reactor powder undergoes when trans-
forming to a highly drawn fiber, the initial morphology disappears com-
pletely, while the remnant features of the primary molecular structure
manifest themselves at various stages of fiber manufacturing.[3–5] In this
work, a collection of reactor powders of ultrahigh molecular weight poly-
ethylene (UHMWPE) with different particle shapes (globular, fibrous, or
complex) was studied. The powders were specified by their straight-chain
segment (SCS) length distributions, that is, by the characteristics of the
ensemble of all-trans sequences typical for each sample. The measurements
were carried out with the help of low-frequency Raman spectroscopy, which
had earlier been successfully used for characterization of reactor powders
with different molecular weight (MW) and MW distributions.[4,5]

EXPERIMENTAL SECTION

Two sets of reactor powders (four samples in each set) originating from
Russian (samples A–D) and Japanese (samples E–H) manufacturers were
used in the experiments. The scanning electron microscope (SEM) images
of the powders synthesized using two catalytic systems are shown in
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Figures 1 and 2. Samples A–D were prepared using supported
TiCl4=MgCl2 catalyst; the difference in their morphology (Figure 1)
was achieved by varying both the temperature of polymerization (Tpoly)
and the technology of production of the supporting substance. Samples
E–H were obtained with the help of unsupported, highly active Ziegler
catalyst; in this case, a significant difference in the morphological pattern
of synthesized powders was induced by applying different Tpoly (Figure 2).

The basic characteristics of the investigated UHMWPE reactor pow-
ders were obtained from viscosity and differential scanning calorimetry
(DSC) measurements (Table I). The DSC experiments were performed
on a Seiko Instrument DSC-10. The scans were made from 80� to
180�C at a heating rate of 3�C=min under a N2 gas flow. These DSC char-
acteristics were calibrated by indium and tin standards.

The Raman studies were performed on a triple monochromator,
Spex Model 1401, in the frequency range 5 to 40 cm�1, where the longi-
tudinal acoustic modes (LAM) localized on straight-chain segments of
polymer macromolecules yield a specific peak.

Figure 1. SEM images of powders synthesized using supported TiCl4=MgCl2
catalyst. In all figures, the lettering denotes samples characterized in Table I.
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Figure 2. SEM images of powders synthesized using unsupported Ziegler
catalyst.

Table I. Characteristics of UHMWPE reactor powders

Sample Catalyst Morphology
Tpoly,
�C

10�6

MWa
Tm

b,
�C

Crystallinityc,
%

A Supported Cob-web fibrous 55 3.4 141.7 68
B Semi-open fibrous 60 2.0 140.6 64
C Compacted small

fibrous
60 2.5 140.1 62

D Open granular 70 2.4 140.9 63
E Unsupported Cob-web organization

with different relative
contribution of
globules and fibrils

90 1.7 140.5 67

F 80 1.9 140.6 68
G 60 2.2 140.8 67
H 20 2.0 140.0 65

aViscosity-average molecular weight.
bFrom DSC first run.
cFrom DSC heats of fusion.
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The LAM band in the low-frequency Raman spectrum allows one to
find the SCS length distribution in a PE sample. It is important that the
localization of the SCS in crystalline or amorphous regions is not
counted, since the acoustic vibrations of this kind are excited in individ-
ual macromolecules and have a very low sensitivity to the nature of the
chain environment.

Length of the ordered (all-trans) sequence, L, and LAM frequency,
xL, are related by:

L ¼ ð2cxLÞ�1 � E

q

� �1=2

ð1Þ

where c is the speed of light, q is density, and E is the chain Young’s
modulus.

As far as each all-trans stem of a given length has its specific LAM
frequency, the LAM band in whole reflects the contribution of SCS of
different lengths to the Raman intensity. However, owing to the depen-
dence of distribution function F(L) not only upon the number of vibrat-
ing SCS but also upon the scattering efficiency of light and the
population of vibrational energy levels, the original Raman spectrum is
poorly representative for quantitative estimations, and F(L) must be cal-
culated using a routine procedure based on the relationship:[6]

FðLÞ 1 1� exp
�hcx

kT

� �� �
x2I ð2Þ

Here, h is the Planck constant, k is the Boltzmann constant, T is the
absolute temperature, and I is Raman intensity. The expression in brack-
ets characterizes the Boltzmann population of vibrational energy levels.
The value of distribution function at given L is proportional to the
fraction amount of the SCS with length equal to L.

In view of a very high level of parasitic light scattering from the
powders in the low-frequency spectral range, all samples were
scanned six times with subsequent averaging of the data and sub-
tracting the background. In addition, relationship (2) does not take
into account the fact that the Raman signal in the vicinity of the
central line is a sum of the Rayleigh component and the LAM band
intensity. To exclude the former contribution, a portion of central
line under the LAM spectrum could be approximated with an appro-
priate function. The Lorentz function was used in this study. Data
points were selected at the periphery of the measured frequency
range where the LAM band intensity could be regarded as negligible.
The difference between the experimental spectrum averaged over six
scans and the approximating Lorentzian was taken as the effective
intensity I in Equation (2).
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Figure 3. Raman spectra of the reactor powders synthesized using supported
TiCl4=MgCl2 catalyst (inset) and the SCS length distributions calculated from
relevant spectra.

226 V. Galitsyn et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
5
6
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



RESULTS

According to the SEM images, both series contain samples with
typical cob-web organization (A, Figure 1, and E, Figure 2) and those

Figure 4. Raman spectra of the reactor powders synthesized using unsupported
Ziegler catalyst and the SCS length distributions calculated from relevant spectra.
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with granular organization (D, Figure 1, and H, Figure 2). Other pow-
ders exhibit more complicated intermediate or complex patterns.

The low-frequency Raman spectra and the calculated SCS length dis-
tributions are shown in Figures 3 and 4 for series A–D and E–H, respect-
ively. The distribution functions for all samples in both series exhibit
main peaks at �16 nm (with the exception of sample E, where the main
peak position is about 22 nm), which in samples A–C and E–G are
accompanied with smaller peaks or shoulders. A comparison of the
SEM images with the SCS length distributions reveals well-resolved
bimodal functions F(L) for the samples with pronounced cob-web struc-
ture (A and E) and unimodal distributions for granular powders
(D and H). The overlapping peaks in the SCS length distributions in
other samples reflect the relative contribution of varying length all-trans
sequences situated in grains and fibrils of the structural framework.

The length of the most extended SCS reaches 30 nm in the samples
obtained with a supported catalyst and �50 nm in the samples polymer-
ized with an unsupported catalyst.

DISCUSSION

A relatively low melting point (Tm ¼ 140–141�C) in combination with
symmetrically shaped main peaks of the F(L) function implies the pres-
ence of folded chain crystals (FCC) in all samples. (In the case of
extended chain crystals, which are specified by the transversal order
and longitudinal length diversity, one should expect a higher Tm and a
broader SCS length distribution.) A previous transmission electron
microscope study of different reactor powders[7] evidenced the presence
of a population of stacked folded crystals in globular elements. We sup-
pose that the revealed unimodal SCS length distributions in our granular
samples confirm this finding. The structure of fibrous powders is more
complicated and contains both lamellar and ‘‘bundle-like’’ crystals. Inter-
estingly, in both series of our samples manufactured under quite different
conditions, the dimension of suggested folds was approximately the same
(16 nm). The shifted position of the main maximum in sample H
(at 22 nm) can be explained by the very high temperature of its polymer-
ization (90�C). A significant heat extension during synthesis forced
partial unfolding of lamellar chains in a manner similar to the necking
effect when drawing the films. The integral SCS distribution reflects
the complicated structure of the disturbed grains and highly extended
fibrils.

Smaller peaks of the longest SCS are highly sensitive to details of
the powder preparation procedure and, therefore, cannot be referred to
the FCC. These additional long-length peaks in the SCS distributions

228 V. Galitsyn et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
5
6
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



manifest themselves only in powders with developed fibrillar structure,
and their positions are shifted to longer L in the samples with more
extended fibrils. Thus, we conclude that in granular powders, the FCC
structure prevails, while the fibrous elements consist of individual or
bundled long all-trans sequences.

The shown interconnection between the morphology of reactor pow-
ders and their molecular structure is of importance in the light of the pre-
viously established correlation between the imaged aspect of powder
particles and the performance of fibers manufactured from these pow-
ders.[1–3] The data obtained in this work provide insight into the nano-
scopic organization of the elements composing the morphological
pattern of powders, thus establishing a structural correlation between
the microscopic and molecular scale levels. The presence of long (up to
50 nm) SCS in fibrous particles indicates the existence of rigid stems that
hinder the submelt treatment of the material, including the compacting
procedure.

To summarize, the UHMWPE reactor powders manufactured under
different synthesis conditions represent a variety of morphological struc-
tures whose main elements are globules and fibrils. Low-frequency
Raman study demonstrates that a hallmark of the predominant cob-
web structure (globules linked by fibrils) is the bimodal SCS length distri-
bution: the SCS ensemble includes both the FCC 15 to 20 nm in length
situated in globules and bundles of non-folded SCS whose length reaches
50 nm. The predominant globular morphology is characterized by the
unimodal SCS length distribution typical for FCC-composed structures.
Diverse intermediate situations occurring in the morphology of powders
are reflected adequately in the SCS length distributions.
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