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ABSTRACT: The reactor blends (RBs) with bimodal molecular weight distribution on the base of ultrahigh molecular weight polyethyl-
ene (UHMWPE) and low molecular weight random ethylene/1-hexene copolymers (CEH) were synthesized by two-step processes
including ethylene polymerization followed by ethylene/1-hexene copolymerization over rac-(CHj;),Si(Ind),ZrCl,/methylaluminoxane
catalyst. The four series of blends differed in a composition of copolymer fraction that was varied in a wide range (from 3.0 to
37.0 mol % of 1-hexene). The differential scanning calorimetric study shows the double melting behavior of the net semicrystalline
CEHs, which can be attributed to intramolecular heterogeneity in chain branch distribution. The introduction of CEHs leads to the
modification of nascent RB crystalline and amorphous phases. Physical and tensile properties as well as melting indexes of the materi-
als depend not only on the percentage of copolymer fraction that varied from 6.9 to 35.8 wt % but also on its composition. The
increase of copolymer fraction with high content of 1-hexene (>11.0 mol %) in the blends leads to the change of the character of
stress—strain curves; the materials behave as elastomers. Controlled regulation of copolymer fraction characteristics in the synthesis
yields RBs combining the enough high strength, good plastic properties with enhanced melting indexes as compared with the net
UHMWPE. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40151.
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INTRODUCTION

Polyethylene (PE) is one of the most claimed, large-scale polyo-
lefin. The numerous types of PE produced in the world are clas-
sified by a structure, density, mechanical properties, melting
indexes, and other characteristics to determine a product appli-
cation and processing operations. An effective method of PE
morphology, physical, and mechanical properties regulation is an
introduction of short-chain branches into polymer chain. The
copolymerization of ethylene and higher o-olefins such as
1-butene, 1-hexene, or 1-octene with metallorganic catalysts is a
common way of linear low density PE (LLDPE) of controlling
crystallinity and density preparation. Another way of the direc-
tional change of PE-based materials morphology and improve-
ment of their mechanical and processing properties is a
formation of polymer compositions, including the components
that differ in the molecular weight as well as the content, length,
and distribution of branches. The compositions of high density
PE (HDPE) with LLDPE or HDPE with branched low density
PE, characterized by the bimodal structural and molecular
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weight distributions, are obtained traditionally by the blending
of components in the melt. The effect of component characteris-
tics on the mechanical blend morphology, physical, and mechan-
ical properties is discussed in the numerous papers.'™

The methods for preparation of polyolefin compositions
directly in the synthesis are developed now. The important fea-
ture of these methods is the possibility to obtain the reactor
blends (RBs) including ultrahigh molecular weight polyolefins.
An industrial method based on multireactor technological
schemes consists in the processes of sequential olefin homo-
and co-polymerization in the presence of metallorganic cata-
lysts.”® A two-step process of ethylene polymerization followed
by copolymerization of ethylene with higher o-olefin with
homogeneous'”'" or immobilized'” metallocene catalysts, car-
ried out in a single reactor, is an analogue of this industrial
method. A combination of two types of catalysts with different
ability to introduce the higher o-olefin into polymer chain also
applies for the preparation of RBs in one-step polymerization

13-15
process.
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Contrary to the conventional Ziegler—Natta catalysts, metallo-
cene systems allow one to control the polymer product micro-
structure and properties through the metallocene compound
design and to obtain polyolefins with different molecular weight
and copolymers with high a-olefin content, narrow molecular
weight distribution and high compositional uniformity.'®*°
This makes it possible to vary the structure and properties of
RB components in a wide range.

Earlier, we examined two-step processes of ethylene polymeriza-
tion followed by copolymerization of ethylene with 1-hexene or
l-octene over homogeneous zirconocene catalysts Cp,ZrCl,/
methylaluminoxane (MAO) and rac-Et,(Ind),ZrClL,/MAO.'*!!
It was shown that the copolymers with adjusted microstructure
and molecular weight can be introduced into HDPE by this
method. A number of RBs of HDPE with weight-average molec-
ular weight (Mw) 320,000 g/mol and ethylene/1-hexene copoly-
mer (CEH) of the same composition characterized by improved
mechanical properties as compared with net HDPE have been
obtained. The effect of molecular weight characteristics of the
individual components and the content of copolymer fraction
in RBs on the material properties were investigated by Shan
et al.'> when using two series of blends synthesized with immo-
bilized zirconocene catalysts. These RBs were based on HDPE
with low or high Mw and ethylene/1-octene copolymers of the
same composition and of high and low Mw, respectively.

It would be interesting to obtain and investigate the RBs of
ultrahigh molecular weight PE (UHMWPE) with CEH of differ-
ent compositions and low Mw to find out the influence of the
copolymer characteristics on the RB physical and mechanical
properties and to develop the understanding of relationships
between structure and properties of the material. It would be
also very important to clarify the possibility to improve the
processability of the UHMWPE.

In this study, the four series of RBs based on UHMWPE and
CEHs of low molecular weight, different comonomer content
and, respectively, the number of butyl brunches per 1000 carbon
atoms were synthesized in two-step processes, including ethyl-
ene polymerization followed by ethylene/1-hexene copolymer-
ization in the presence of rac-(CHj3),Si(Ind),ZrCl,/MAO
catalyst. A melting behavior, crystallinity, density, tensile proper-
ties, and melting indexes of RBs were investigated as a function
of copolymer composition and its content in the material.

EXPERIMENTAL

Materials

The zirconium compound rac-dimethyl-silylenebis(1-1-indenyl)
zirconium dichloride [rac-Me,Si(Ind),ZrCl,] and MAO as a 10%
solution in toluene were used as received from Aldrich Co. Toluene
(spectroscopic grade, Aldrich Co) was held over molecular sieves 5
A and distilled from sodium wire in an argon atmosphere. Ethylene
was polymerization grade. 1-Hexene was held over molecular sieves
and was distilled from sodium wire in an argon atmosphere. The
CeH,, fraction, boiling at 64°C, was collected.

Polymerization
The one-step polymerization processes of ethylene polymeriza-
tion as well as ethylene/1-hexene copolymerization were carried
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out at 30°C in toluene in 400 mL glass reactor while vigorously
stirring and temperature-controlled. The reactor was pumped
and was charged with 150 mL toluene, MAO solution, esti-
mated amount of 1-hexene (in the case of ethylene/1-hexene
copolymerization) and the zirconium compound. Then, it was
heated to the 30°C, and ethylene was admitted into the system.
Ethylene pressure and polymerization temperature during the
run were maintained constant. In order to terminate the poly-
merization, a 5% HCI solution in ethanol was introduced into
reactor. The resulting polymer product was filtered, washed
with ethanol, and vacuum-dried at 60°C.

Two-step polymerization processes were carried out in the reac-
tor described above. The reactor was pumped and charged with
150 mL toluene, MAO solution, and zirconium compound.
Then, it was heated to 30°C, and ethylene was admitted into
the system. After a certain time of ethylene polymerization, the
estimated amount of 1-hexene was introduced into reactor, con-
taining synthesized PE, to start the step of ethylene/1-hexene
copolymerization. Both steps of the sequential process were car-
ried out at the constant ethylene concentration. No more than
0.4 g of copolymer was synthesized in the copolymerization
step to avoid a high 1-hexene conversion. As a result, the RB
consisting of HDPE and copolymer with necessary content of
polymer components was formed directly in the synthesis. The
amounts of HDPE and copolymer fractions in the blend were
calculated from the consumption of ethylene in polymerization
step and copolymerization one. The content of comonomer in
the polymer product was considered in the case of copolymer-
ization step. In order to terminate the polymerization, a 5%
HCI solution in ethanol was introduced into reactor. The result-
ing RB was filtered, washed with ethanol, and vacuum-dried at
60°C.

Polymer Analysis

The molecular-weight characteristics of the polymers (Mw, Mn,
and Mw/Mn) were measured by the gel permeation chromatog-
raphy (GPC) on a Waters 150C chromatograph in 1,2,4-tri-
chlorobenzene at 140°C.

The contents of 1-hexene in the pure copolymers ([H], mol %)
were determined by C NMR spectroscopy.”’ The *C NMR
spectra of 10-15% copolymer solutions in ortho-dichloroben-
zene were recorded at 393 K on an AM 400 WB spectrometer
operating at 100.6 MHz. A special high temperature, high-
resolution sensor, which has a separate channel of the magnetic
field stabilization with the tuned to the frequency of the 2H
nucleus external RF coil with a tiny vial containing hexadeuter-
odimethylsulfoxide was used. The number of butyl branches per
1000 carbon atoms in the copolymers was calculated by a
formula:

CH3/1000C = 1000 X [H]/(2 (100—[H]) + 6 X [H]). (1)

Infrared analysis was also applied to calculate the composition
of CEHs synthesized in the one-step copolymerization and in
the copolymerization steps of sequential processes. IR spectra
were recorded with Bruker FTIR Tensor 27 spectrophotometer.
The branch contents (¢ = CHj3/1000C) in the polymer samples
were determined using the spectral band at 1378 cm™'.** The
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Table I. The Conditions of One-Step Ethylene/1-Hexene Copolymerization and Copolymerization Step of Two-Step Processes, the Properties of Obtained

Net CEHs and Copolymer Fractions of RBs”

Polymerization conditions

Copolymer characteristics

[H] (mol %)
Run [CgH12] X 107 (mol/L) f 13C NMR IRP CHs/1000C Mw (g/mol) MWD
One-step ethylene/1-hexene copolymerization
1 2.4 0.45 3.0 32 14 249,500 2.5
2 5.3 1.0 6.3 = 28 = =
3 8.0 1.5 8.0 - 34 155,564 2.3
4 11.6 2.2 10.9 11.1 45 131,100 2.3
5 20.0 3.8 19.0 179 67 110,000 2.5
6 54.0 10.2 37.0 85.7 106 63,000 2.5
Ethylene/1-hexene copolymerization after ethylene pre-polymerization
7 2.4 0.45 = 2.8 14 = =
8 116 2.2 - 11.0 45 - -
9 20.0 3.8 = 18.5 67 = =
10 54.0 10.2 - 36.5 106 - -

230°C, [CoH4l = 5.3 x 102, mol/L, [rac-Me5Si(Ind)2ZrClo] = 5 x 10~° mol/L, molar ratio [Al] : [Zr] = 2500.
> The values [H] = [HR®] for copolymer fractions are based on an average of all samples of each series of RBs.

contents of 1-hexene in the pure copolymers and in the copoly-
mer fractions of RBs ([H]®®, mol %) were calculated by the for-
mulas (2) and (3), respectively:

[H]=a X 100/2(500—20) 2)
[H*® = 2QgXx 100/2(500—20) Q" (3)

where Qp= Qg + QEH—ethylene consumption in the homopo-
lymerization step (QF, mol) and in the copolymerization step
(Q4", mol) of sequential process.

The product melting endotherms were obtained using Differen-
tial Scanning Calorimeter DSC 204 F1 Phoenix, NETZSCH-
Gerdtebau GmbH. The samples were heated to 160°C at the
heating rate 10°C/min, cooled at 10°C/min to room temperature
to erase the previous thermal history, and heated at 10°C/min
for recording the melting events. The crystallinity of the samples
(y) was estimated by comparing DSC melting enthalpy at the
second heating to that of a perfect PE crystal (AH =289 J/g).
DSC melting endotherms at the first heating were used for the
analysis of heating behavior of the nascent materials.

The density of polymer products was determined by the method
of hydrostatic weighting, using n-heptane as working fluid.

Tensile properties were determined at the mode of sustained
tension of samples using universal testing machine “JJ
Instruments” at 25°C and the rate of sample deformation
1 min~'. The samples in the form of double-sided blades were
cut from the plates with the thickness of 0.5 mm. The plates
were made by the method of hot pressing at 190°C and pres-
sure 10 MPa. All the reported mechanical parameters are based
on an average of a minimum of five samples. The sample melt-
ing indexes were estimated using IIRT-5 (Russia) at 190°C
under the loads 2.16, 5.0, 10.6, and 21.6 kg (GOST 11645-73).
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RESULTS AND DISCUSSION

Synthesis and Composition of Reactor Blends

The one-step processes of ethylene/1-hexene copolymerization as
well as ethylene homopolymerization in the presence of rac-
(CH3),Si(Ind),ZrCl,/MAQO  were
choose the conditions of each polymerization step of the sequen-
tial processes including ethylene homopolymerization followed
by ethylene/1-hexene copolymerization for the synthesis of RBs
on the base of UHMWPE and CEHs of different composition.
The one-step processes of ethylene homopolymerization were
studied at 30°C and ethylene concentrations from 5.4 X 107> to
9.0 X 107% mol/L. It was shown that UHMWPE with Mw ~
1,000,000 g/mol and molecular  weight  distribution
(MWD) =3.3 is formed at [C,H,] =9.0 X 10~% mol/L. These
conditions were used in the first step of the two-step processes
for the synthesis of UHMWPE fraction of RBs. The conditions
of investigated one-step ethylene/1-hexene copolymerization as

investigated previously to

well as the copolymerization step of two-step sequential proc-
esses, the properties of obtained net CEHs and CEH fractions of
RBs are presented in Table I. The content of 1-hexene ([H], mol
%) in the net copolymers were calculated using '>C NMR and
IR spectral dada; there was a good convergence of the results.

The content of 1-hexene in the copolymer fractions of RBs was
calculated from IR spectral data as described in “Experimental”
([HR®]). It is seen that in the presence of rac-(CHj),Si(Ind),ZrCl,/
MAO, Cp,ZrClL/MAO and  rac-Ety(Ind),ZrCl,/
MAO'!" catalysts, ethylene pre-polymerization does not affect the

as well as

copolymer composition. The content of 1-hexene in RB copolymer
fraction depends on the conditions of copolymerization step and
coincides with this one in the net copolymers, obtained under the
same conditions.
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Figure 1. The dependence of F on f in the Fineman-Ross coordinates for
the net CEHs and copolymer fractions of RBs. 1—F, calculated from 3¢
NMR data, for the net CEHs; 2—F calculated from IR data, for the net
CEHs; 3—F calculated from IR data, for CEH fractions of RBs.

Figure 1 demonstrates the Fineman-Ross plot of F= [H]/[E]
(where [E] is ethylene units content, mol %) or F= [HR®)/[E]
versus rations of comonomer concentrations in the reaction
zone f= [C4H;,]/[C,H,] for CEHs synthesized both in the one-
step copolymerization and in the copolymerization step of the
sequential processes, respectively. The relative reactivity con-
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determined by using Figure 1 data. The value of rg X 5y =0.98
is close to 1, indicating the formation of random CEHs in the
presence of used catalyst.

Four series of RBs on the base of UHMWPE and CEHs with ~
3.0, 11.0, 19.0, and 37.0 mol % of 1-hexene were synthesized.
These copolymer fractions are, respectively, labeled in Table II
as CEH-1, CEH-2, CEH-3, and CEH-4. Copolymer fraction per-
centage in the series of RBs was from 6.9 to 35.8 wt %. The
compositions of RBs are presented as the ratio of the PE and
copolymer fractions contents (UHMWPE/CEH) in wt %.

Figure 2(a) demonstrates the MWD curves for the net
UHMWPE, net CEH-2 and RB on their base with 35.8 wt % of
copolymer fraction. Peak in the low molecular part of MWD
curve of RB represents its copolymer fraction. It is seen that posi-
tions of RB copolymer fraction and net CEH-2 peaks coincide.
This means that ethylene pre-polymerization does not affect the
molecular weight characteristics of copolymer part of RBs. Molec-
ular weight characteristics of the copolymer fractions of RBs, pre-
sented in Table II, are based on the GPC data for the net CEHs.

The introduction of copolymers with low molecular weight into
UHMWPE leads to the decrease of average Mw of polymer
product (Table II). Such RBs including components with nar-
row MWD (3.3 for UHMWPE and 2.3-2.5 for copolymer frac-
tions) are characterized by the broad MWD (5.0-7.9). The RBs

stants of ethylene (rg=16.2) and 1-hexene (ry=0.06) were = UHMWPE/CEH-2 [Figure 2(a)], UHMWPE/CEH-3 and
Table II. Composition of RBs and Their Characteristics
Ml at 190°C and the load
DSC data, second heating (kg)
UHMWPE/CEH  Mw ty to i Density
RB series (Wt %/wt %) (g/mol) MWD  (°C) (°C) (%)  (g/em®) 21.6 106 50 216
UHMWPE 100/0 1,000,000 3.3 1400 O 543 0971 O 0 0 0
UHMWPE/CEH-1  90/10 - - 1366 0O 383 - 0 0 0 0
79.7/20.3 - - 1354 102 354 - 0 0 0 0
69.5/30.5 - - 132.8 108 243 - 0 0 0 0
CEH-1 0/100 249,500 2.5 0 119.7/104.8 301 - - - - -
UHMWPE/CEH-2  100/0 1,000,000 3.3 1400 O 543 0971 O 0 0 0
93.1/6.9 416,000 52 1350 O 410 0942 003 O 0 0
83.3/16.7 414,000 5 1347 0O 355 0937 03 001 O 0
64.2/35.8 397,300 58 1314 O 29.7 0935 - 16 047 01
CEH-2 0/100 131,100 2.3 120.0/711 7.3 - - - - -
UHMWPE/CEH-3  100/0 1,000,000 3.3 1400 O 543 0971 O 0 0 0
91/9 461,300 58 138.0 O 414 0930 53 O 0 0
82.5/17.5 - - 1370 O 318 0922 86 06 O 0
69.5/30.5 370,000 6.0 134 0 250 0919 - 25 067 011
CELES 0/100 110,000 2.5 0 0 0 = = = = =
UHMWPE/CEH-4  100/0 1,000,000 3.3 1400 O 543 0971 O 0 0 0
92.2/7.8 400,000 6.7 126.0 0 33.0 0926 - 31 014 -
68.5/31.5 350,000 7.9 1083 O 22,5 0902 - - 92 30
CEH-4 0/100 63,000 2.5 0 0 0 = = = = =

-, No determined.
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CEH-2 (a)

UHMWPE/CEH-2

64.2/35.8
UHMWPE

Lz MM

UHMWPE/CEH-3.
69.5/30.5

(b)

UHMWPE/CEH-4
68.5/31.5

Lg MM

Figure 2. MWD-curves of the reactor blends.

UHMWPE/CEH-4 [Figure 2(b)] with copolymer fraction con-
tent ~30 wt % have clearly marked bimodal MWD.

Thus, the comparison of the compositions of CEHs obtained in
the one-step copolymerizations and in the second copolymeriza-
tion steps of sequential processes as well as GPC analysis of RBs
show that the sequential two-step process including ethylene
homopolymerization and ethylene/1-hexene copolymerization
with rac-(CHj3),Si(Ind),ZrCl,/MAQO catalyst is the effective
method for the introduction of random CEH fraction of desired
composition and Mw into UHMWPE.

Morphology of UHMWPE, Ethylene/1-Hexene Copolymers,
and Reactor Blends on Their Base

DSC melting endotherms for the net random CEHs of differ-
ent composition and content of branches synthesized in one-
step ethylene/1-hexene copolymerization (Table I, runs 1-4)
are presented in Figure 3. All of them display two melting
peaks. The first peak in the region of low temperatures shifts
from 104.8 to 61.2°C as the amount of branches in CEH
increases from 14/1000C to 45/1000C or from 3.0 to 11.0 mol
% of 1-hexen, respectively. The second melting peak is in the
region of ~120°C and its intensity decreases with increasing
copolymer branch density. This peak is almost indistinguish-
able on the DSC curves for CEHs with 34/1000C and
45/1000C (8.0 and 11.0 mol % of 1-hexen, respectively). At
last, no peaks are on the DSC traces of CEHs with 67/1000C
and 106/1000C (19.0 or 37.0 mol % of 1-hexen; Table I, runs
5, 6), indicating that these copolymers are completely
amorphous.
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The profiles of CEH melting endotherms are very similar to
those of random metallocene CEH with branch density 17.9/
1000C* and copolymers of different compositions, described by
Waymouth and coworkers.** In contrast to random CEHs stud-
ied, last CEHs were characterized by double melting behaviors
and the presence of a small amount of crystallinity in copoly-
mers, containing up to ~ 40 mol % of comonomer. According
to Ref. 24, these copolymers, obtained in copolymerization over
MAO-activated unbridged mixed-ligand zirconocene catalyst
with g X rg =2, contained much more long methylene
sequences compared with random CEHs of the same
compositions.

The double melting behaviors of metallocene CEHs may be
explained by the presence of two lamellar populations of differ-
ent thermal stability and different lamellar thickness.”>** How-
ever, ethylene/o-olefin copolymers prepared with metallocene
catalysts, including rac-(CHs),Si(Ind),ZrCl,/MAO, have narrow
interchain distribution of comonomers.'®'>*>** Puig et al.*’
have compared multiple melting behavior of the semicrystalline
ethylene/1-octene copolymers of the similar composition pre-
pared with metallocene and titanium-based Ziegler-Natta cata-
lysts. These copolymers had, respectively, narrow and wide
interchain distribution of 1-octen units. The authors have con-
cluded that contrary to Ziegler-Natta copolymer, multiple melt-
ing behavior of metallocene one can be attributed to
intramolecular heterogeneity in the chain branch distribution.
Methylene sequences between branch points of different length
present in the studied metallocene random CEHs. The long
sequences give high temperature peak at ~120°C. Obviously,
the disappearance of this peak with increasing branches in CEH
can be explained by the decreasing number of such long
sequences.

The DSC data for nascent RBs of UHMWPE with semicrystal-
line CEH-1 and CEH-2 are given in Figure 4(a,b), respectively.
The data concerning the second heating of RBs are presented
in Table II. For UHMWPE/CEH-1 of 79.7/20.3 and 69.5/30.5,
the two distinct melting peaks are observed, whereas there is
only one peak when CEH-1 content is 10.0 wt %, as shown in
Figure 4(a) and Table II. The presence of two peaks indicates
that separate crystallization of PE (high temperature peak t,)

1209C  45/1000C (CEH-2)

34/1000C
61.2°C 118°C
28/1000C

£

b

S

'§ 743°C [ 1158 icf14/1000C (CEH-1)
=

l 88.3°C

119.79C
104.8°C
30 60 90 120 150 180

Temperature, °C

Figure 3. DSC melting endotherms for CEHs synthesized in one-step eth-
ylene/1-hexene copolymerization (the second heating).
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(a)

UHMWPE/CEH-1

69.5/30.5
117.2°C

Endotherm

79.7/20.3
109.8"C

90/10
100/0
140.3°C
141.4°C
141.9°C
60 100 - eratare, 10 180
(b)
64.2/35.8

83.3/16.7
137.4°C

93.1/6.9

Endotherm

100/0 45 P

38°C

UHMWPE/CEH-2 41.99C

60 100 140 180
Temperature, °C
Figure 4. DSC heating curves of nascent UHMWPE/CEH-1 (a) and
UHMWPE/CEH-2 (b).

and copolymer (low temperature peak f,) fractions of RBs
occurs in the blends with 20.3 and 30.5 wt % of CEH-1. How-
ever, the position of t#; shifts to lower temperature with an
increase of the CEH-1 content. It means that the peaks corre-
spond to the PE crystalline phase containing a portion of
CEH-1. That is, in these cases, separate crystallization takes
place in the blends, but components are not completely sepa-
rated and partial cocrystallization occurs between UHMWPE
and CEH-1. There are the single endotherm peaks #; on DSC
curves of all UHMWPE/CEH-2 blends [Figure 4(b), Table II].
This indicates that there is only one crystalline phase in these
blends and two components form cocrystallites through all the
range of CEH-2 percentage. The melting point of cocrystallites
decreases with increasing the CEH-2 content. This means that
the co-lamellae become thinner.

All blends with completely amorphous CEH-3 and CEH-4 show
the single #; peaks on DSC curves both at the first and the sec-
ond heating. The decrease of #; also takes place with the intro-
duction of these copolymers into UHMWPE (Table II). For
nascent UHMWPE/CEH-3 and UHMWPE/CEH-4 samples,
changes from 141.9 to 131.7°C and from 141.9 to 135.4°C,
respectively.

A phenomenon of cocrystallization between two components is
well known for mechanical blends based on HDPE and
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semicrystalline LLDPE-s."»**2® The DSC data obtained in our
work for all series of RBs at the first heating testify that the
presence of copolymer affects the crystallization processes occur-
ring in the nascent reactor polymer blends. The cocrystallization
of polymer components takes place directly in the preparation
of RBs based on UHMWPE and semicrystalline CEH-1 and
CEH-2. In the case of RBs, including completely amorphous
copolymers CEH-3 and CEH-4, at least some of copolymer seg-
ments can be incorporated into growing PE crystal lattice, as
Krishnaswamy et al.” suggested for mechanical blends of HDPE
with amorphous copolymers. As a result, the less regular crys-
talline phase is formed. The decrease of melting temperature of
PE part of material with the increase of copolymer fraction con-
tent observed for all investigated RBs is due to the formation of
thinner lamellas as compared with the net UHMWPE.

The modification of UHMWPE by copolymers is accompanied
by the decrease of material crystallinity (y) and density (D)
(Table II). Besides, the modification of RB amorphous phase
takes place. Raman spectroscopic investigations of the prepared
in this work nascent polymer products revealed that the increase
of copolymer fraction content in the RBs leads to the decrease
of trans-conformers in the material amorphous phase. In dis-
tinction from the net UHMWPE, the amorphous phase of RBs
for the most part consists of gauche-conformers.>*>°

Tensile Properties and Melting Indexes of RBs

The study of tensile properties of the net UHMWPE and RBs
showed that the character of stress—strain curves depends both
on the copolymer content in the material and copolymer com-
position. All samples UHMWPE/CEH-1 behave like the net
semicrystalline UHMWPE. But as can be seen from Figure 5(a),
which illustrates the initial deformation behavior of these sam-
ples, the broadening of the yielding zone with increasing copol-
ymer fraction takes place. Such phenomenon was observed by
Soares et al. for RBs based on HDPE and ethylene/I-octene
copolymers.'"?

UHMWPE/CEH-2 and UHMWPE/CEH-3 blends behave some-
what differently. Figure 5(b) demonstrates the stress—strain
curves for UHMWPE/CEH-2 samples. The introduction of
copolymer in the amount of 6.9 wt % leads to the broadening
of the yielding zone compared with the net UHMWPE. The
yield maximum becomes indistinguishable on the curve for
UHMWPE/CEH-2 with 16.7 wt % of copolymer. The curve of
RB with 35.8 wt % of copolymer fraction takes the form typical
for elastomers. The sample of UHMPE/CEH-3 (69.5/30.5) and
all samples of UHMWPE/CEH-4 (92.2/7.8, 68.5/31.5) also
behave as elastomers.

The increase of copolymer fractions in RBs based on CEH-1
and CEH-2 is accompanied by the reduction of the material
tensile modulus (E) and tensile stress at yield (g,). The values
of E for UHMWPE/CEH-1 and UHMWPE/CEH-2 blends
(Figure 6, curves 1, 2) as well as ¢, for UHMWPE/CEH-1
(curve 3) decrease almost linearly with the reduction of the
material crystallinity. In the case of UHMWPE/CEH-2 blends,
such dependence o, versus y is not observed (Figure 6, curve
4). The values of g, for blends with y =41 and 35.5% (content
of CEH-2 in the blends 6.9 and 16.7 wt %, respectively) are
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Figure 5. Initial parts of the stress—strain curves for UHMWPE/CEH-1
(a) and stress—strain curves for UHMWPE/CEH-2 (b).

close. Then, as was mentioned above, the tensile of UHMWPE/
CEH-2 sample containing 35.8 wt % of copolymer (y = 29.7%)
occurs similar the elastomer materials. The yield stress is absent
on the stress—strain curve of this material [Figure 5(b)].

Figures 7 and 8 represent the data concerning the change of
tensile stress at break (g;) and elongation at break (g,) with
increasing amount of the copolymer fraction in the blends with
semicrytalline CEH-1 and CEH-2. For UHMWPE/CEH-1,
except the sample 90/10, the ¢;, magnitudes are close to that for

1200 14

800 - {1
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400} 18
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20 10 60

crystallinity, %
Figure 6. The dependence of E (1,2) and ay (3,4) on crystallinity of RBs
UHMWPE/CEH-1 (1,3) and UHMWPE/CEH-2 (2,4).
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nevertheless, these blends have the sufficiently high strength
(Figure 7, curve 2). The value of elongation at break for
UHMWPE/CEH-2 with 35.8 wt % of CEH-2 equals 640% and
is slightly higher than that for the net UHMWPE (550%). Ear-
lier, we found that the elongation at break of RB based on
HDPE with Mw = 320,000 g/mol and CEH containing 4.0 mol
% of comonomer with 30.0 wt % of copolymer fraction was
890% and 1.4-fold higher than that of the net HDPE.>"°

The RBs UHMWPE/CEH-3 and UHMWPE/CEH-4 with com-
pletely amorphous copolymers are characterized by low values
of g, and ¢,

The introduction of CEHs into UHMWPE by the reactor
method may increase material melting index (MI). This charac-
teristic depends on the copolymer composition and its content

8(“)_
600 Y]
| e *
s 400f
> vy
wﬂ
200+
0 i 1 1 J
0 10 20 30 40

The content of copolymer in RB, wt.%

Figure 8. The curves ¢, versus content of copolymer in the reactor blends
UHMWPE/CEH-1 (1) and UHMWPE/CEH-2 (2).
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in RB. As it is seen from Table II, UHMWPE and its blends
with CEH-1 do not flow at 190°C under the load 21.6 kg.
At the same time, some RBs with CEH-2, CEH-3, and
CEH-4 begin to flow under the load 10.6 kg. These RBs with
~30.0 wt % of copolymer fraction flow already under the loads
5.0 and 2.16 kg.

CONCLUSIONS

The two-step processes including the ethylene polymerization
followed by ethylene/1-hexene copolymerization are the effective
method for the preparation of the reactor PE blends with copol-
ymer fraction of desired composition and properties. These two-
step processes are the analogs of industrial processes based on
the multireactor technological schemes and have no alternatives
for the synthesis of UHMWPE blends. The introduction of
CEHs leads to the modification of nascent RB crystalline and
amorphous phases. The possibility to vary widely the composi-
tion and morphology of copolymer fraction from semicrystalline
to completely amorphous in the polymerization with zircono-
cene catalyst allows one to affect the material crystallinity and
density. Tensile properties and melting indexes of RBs depend
not only on the properties of PE fraction and content of CEH
fraction but are highly dependent on copolymer composition.
Because of the presence of high number of interlamellar tie-
molecules in PE fraction, UHMWPE blends with semicrystalline
CEHs exhibit enough high strength. The introduction of CEHs
with high content of comonomer provides blends with enhanced
MI as compared with the net UHMWPE. Controlled regulation
of copolymer fraction characteristics in the synthesis is a way for
the preparation of materials based on UHMWPE that exhibit
good tensile properties and improved processability.
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