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Abstract

Rheological investigation of polyethylene (PE) blends with a significant amount (up to 50 wt. %) of ultrahigh molecular weight PE
(UHMWPE, with weight average molecular weight M,, > 10° g/mol) was not accessible so far. The development of special Enders catalysts
allows the synthesis of such homogeneous PE reactor blends (RBs). In this paper, by melt blending of RBs with high-density PE polymer
matrix, multimodal PE blends were prepared and their rheological properties were investigated. The analysis grants access to better understand
how notably high amount of UHMWPE and ultra-broad molecular weight distribution displaying extremely high polydispersity, B ~ 1000,
influence the linear viscoelasticity. Moreover, taking advantage of the opportunities offered by molecular models, applying the tube-based
time-marching algorithm, the “rheological” molecular weight distribution (MWD) of multimodal PE blends was determined, overcoming
drawbacks of high-temperature size exclusion chromatography. Analyzing the zero-shear viscosity, 7y, versus M,, scaling relation for blends
of any MWD, a correction scheme was developed which allows to take into account the D effects on n, properly. The analysis revealed that
in a double logarithmic plot versus M,,, corrected 7, shows a unique linear dependency with a slope of 3.6 if M,, is smaller than the reptation
molecular weight (M,). If M,,>M,, the slope of this linear dependency turns into 3. The analysis of transition zone between the two linear
dependencies allowed the experimental determination of PEs M,. © 2019 The Society of Rheology. https://doi.org/10.1122/1.5109481

. INTRODUCTION fatigue resistance [7-9]. Thus, through tailored MW and
MWD notable material improvements can be achieved. In the
past, several attempts were made in order to obtain PE blends,
combining the benefits of UHMWPE and high-density PE
(HDPE) [10,11]. Due to the high entanglement density and
high number of entanglements per chain, the UHMWPE pos-
sesses extraordinary high zero-shear viscosity (179). Boscoletto
et al. showed that applying melt blending, only about 3 wt. %
of UHMWPE can be dissolved within the HDPE polymer
matrix and higher concentrations drive to inhomogeneous
blends [10]. Nonetheless, with the help of novel multiple
single-site catalysts, Kurek et al. synthesized tailor-made tri-
modal (low molecular weight waxessfHDPE/UHMWPE) poly-
ethylene reactor blends (RBs) with ultra-broad MWD,
extraordinarily high polydispersity (D = M,,/M,,), and incorpo-
rating up to 16 wt. % of UHMWPE without ceding the melt
processability and homogeneity [12]. The access to these cata-
lysts and adjusting the catalyst support grant the possibility
to melt compound bimodal RBs and commercial HDPE. The
resulting homogeneous trimodal PE blends with significantly

Polyolefins, among them polyethylene (PE), represent the
largest amount of worldwide produced polymeric materials,
possessing vast applicability [1]. Due to their broad applicabil-
ity, there is an urge to improve PE manufacturing, processing,
and mechanical properties further. The breakthroughs of the
polymer synthesis in the last few decades allowed the tailoring
of polyolefins by controlling the molecular weight (MW),
molecular weight distribution (MWD), topology, etc. [2]. For
example, PE with broad MWD shows good slow crack
growth- and impact resistance and improved processability [3].
Furthermore, the presence of low MW components shifts the
appearance of different processing defects to higher shear
rates, increasing the productivity [4-6]. In addition, ultrahigh
molecular weight PE (UHMWPE), consisting of chains with
weight average molecular weight (M,,) higher than 10° g/mol,
lends increased tensile strength, toughness, and abrasion and
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In order to optimize the processing conditions, rheological
measurements are crucial. It is well known that MW, MWD,
and topology strongly affect the linear viscoelasticity (LVE)
of entangled polymer [1,17-19]. For example, 7, increases
with M,, strongly. The dependence of 7, on M,, of linear,
entangled polymers is reflected by the following equation:

=K - M, (1)

where K is a temperature and a material dependent parameter,
a is equal to 1 for unentangled linear polymers (M,, <M,
where M, is the critical molecular weight that is approxi-
mately two times the entanglement molecular weight M,
[17,20]), and a lays between 3.4 and 3.6 if M, >M, but
smaller than M, (reptation molecular weight, M,~220M,)
[21-23]. Last but not least, a is equal to 3 if M, >M,
[23,24]. Furthermore, the LVE is crucially influenced by the
broadness of the polymer MWD. Particularly, an increased D
causes an earlier onset of the shear thinning behavior, raises
the degree of shear thinning, and increases the flow activation
energy (E,) [17,18]. Moreover, the effect of MWD is
reflected in the zero-shear viscosity. Albeit, in this context
are some contradictory reports. Stadler er al. [25], based on
the analysis of several linear HDPE, stated that the influence
of MWD, if any, is so small that they were not able to deter-
mine it even with modern techniques. Nevertheless,
Hatzikiriakos revealed that the 7, of PE with broad MWD
exhibit higher values compared to polymers with the same
M,, but narrower MWD [18]. Additionally, Ansari et al.
showed that not only the polydispersity but also the higher
moment of the molar mass, like the z-average molecular
weight (M,), strongly affect the zero-shear viscosity [19].
Thus, the presence of high molecular weight species signifi-
cantly influences the LVE of polymer melts [26-28].
Recently, Wingstrand et al. analyzed the rheological behavior
of HDPE blends containing 1wt. % of UHMWPE. They
observed that the presence of extremely long chains in the
blends, due to their extraordinarily long terminal relaxation
time (z4), leads to the appearance of a plateau in the flow
region. Furthermore, this plateau could be monitored with the
help of complementary measurements (creep or stress relaxa-
tion analysis) [28].

Due to the fact that ordinary HDPE blends with more than
3wt. % UHMWPE are heterogeneous, there are, to the best
of our knowledge, no rheological investigations related to PE
blends containing significantly higher amount of UHMWPE
and characterized by ultra-broad MWD.

The presence of extremely long chains poses challenges
in the determination of M,, and MWD by high-temperature
size exclusion chromatography (HT-SEC) [1,29,30]. In addi-
tion, the incidental degradation during sample preparation
and the shear degradation of the large structures at the course
of measurement lead to erroneous results [31]. This drives
the search of key alternatives for MWD determination.

The extensive development of the polymer dynamics
theory in the last few decades (e.g., Doi and Edwards [32] or
Milner-McLeish [33] theories) enabled to quantitatively
describe the LVE of linear polymers [32,34]. It was found
that models based on these theories allow the accurate

determination of MWD. These models were validated for the
polymers with relatively narrow distribution or with low
polydispersity. However, quantitative prediction of LVE of
blends containing linear polymers characterized by extremely
high D and multimodal distribution are challenging.

In this study, we report on rheological characterization of
multimodal PE blends with extremely high polydispersity
(O~ 1000) and up to 50wt. % of UHMWPE content.
Moreover, we compare the molecular weights of the multi-
modal PE blends gathered from HT-SEC with the values
from molecular modeling of the rheological data using time-
marching algorithm (TMA). Furthermore, we investigate the
influence of M,, and MWD on the zero-shear viscosity. This
work unveils how multimodal distribution and extremely
high molecular weight species resulting in an extremely high
D affect the LVE of linear PE blends. Additionally, by
pushing the boarders, we are challenging the TMA molecular
modeling. Moreover, the access to the zero-shear viscosity of
polyolefins with very high M,, lets us to experimentally
determine the PEs reptation molecular weight (M,).

Il. EXPERIMENTAL
A. Materials and sample preparation

A commercial HDPE, namely, Hostalen GC7260
(LyondellBasell) served as a polymer matrix. The bimodal
reactor blends (RBx, where x represents the wt. % of
UHMWPE) were synthesized according to a synthesis route
detailed elsewhere [15,16]. HDPE, RBx, and 0.5 wt. % of
stabilizer (Irganox1010Irgafos 168 =1:1) were melt blended
for 2min at 200 °C, using a co-rotating twin-screw micro
compounder (Xplore™, DSM). The RBx content was varied
from O up to 50wt. %. The thus produced trimodal PE
blends were named, for example, as 10RB40 which desig-
nates that 10 wt. % RB40 was melt blended with 89.5 wt. %
HDPE and 0.5 wt. % stabilizer. A comprehensive summary
regarding sample composition and sample naming is pre-
sented in the supplementary material (Table S1) [72]. After
melt blending, the resulting strands were quenched in icy
water and granulated. The granules were dried under vacuum
overnight at 60 °C. Subsequently, platelike samples were pre-
pared at 200 °C and 15 bar using a vacuum hot melt press
(P200, Collin).

B. Rheological analysis

The rheological characterization of trimodal PE blends
was performed on a stress-controlled MCR301 (Anton Paar)
rheometer, using the parallel-plate geometry. The diameter of
the sample was 25 mm, and its height was approximately
1 mm. For the samples with more than 30 wt. % RBx content,
the 8 mm disks were used. Reducing the diameter of the
samples was necessary to avoid tool compliance. Frequency
sweeps and creep measurements were conducted at various
temperatures ranging from 240 to 130 °C, within the linear
viscoelastic regime. Protective nitrogen atmosphere was
employed to prevent sample degradation. The obtained iso-
therms were shifted horizontally to master curves using the
shifting program RS RHEO-HUB [35]. Furthermore, during the
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shifting procedure, in order to obtain master curves the usage
of vertical shifting was not necessary. The creep measurements
were performed at 190 and 200 °C. The applied shear stress
ranges between 50 and 200 Pa (all stresses within the linear
viscoelastic region). The creep data were converted into oscil-
latory data with the help of NLREG program [36] and later,
using the Arrhenius dependency, was shifted to the reference
temperature.

C. High-temperature size exclusion
chromatography

The MW and MWD characterization was performed
by a high-temperature size exclusion chromatograph
(HT-SEC 220, Agilent) equipped with three PLGel Olexis
columns and with a differential refractive index (RI) detec-
tor. The calibration was carried out using polystyrene (PS)
standards. The measurement was conducted at 160 °C with
1,2,4-trichlorobenzene eluent, stabilized with 0.2 wt. % of
2,6-di-tert-butyl-(4-methylphenol), at a constant flow rate
of 1.0 ml/min.

D. Molecular modeling

van Ruymbeke et al., based on the Milner—McLeish
theory, developed the TMA for the calculation of relaxation
function G(¢) for linear chains. The implemented different
relaxation mechanisms, such as reptation, contour length
fluctuation, and constraint release, allow one to successfully
describe the polydisperse samples LVE [34,37,38].

In order to properly take into account the fast and slow
relaxation processes, the model describes the relaxation
modulus, G(7), as

G(1) = Gr(1) + Ga(1), 2

where Gg(¢) is responsible for short relaxation processes, i.e.,
high frequency Rouse processes and longitudinal Rouse
modes [34]. The Rouse contribution is related to its MWD
through the following linear mixing rule [39,40]:

[oe]

Gr(t) = G JFRWQ, MwMDdlogh |, ()

—00

where G?V is the plateau modulus, Fgus.(t,M) is the Rouse
relaxation function of a polymer chain with molecular weight
M, and w(M) is the MWD, dw/dlogM in our case [37]. For
the investigated multimodal samples, w(M) = Z?:] xiw;(M),
where x; is the weight fraction of the ith mode of MWD, w;.
Each mode is a log-normal distribution characterized by its
width, o;, and its position on molar mass axis, M.,.

On the other hand, G4(r) corresponds to relaxation pro-
cesses taking place at time longer than the entanglement
relaxation time (z,). Including the influence of the constraint
release process, it can be defined as

Ga(t) = Gy p(OODpupe (1), 4)

where ¢(f) represents the polymer fraction not yet relaxed by

reptation or fluctuations at time:

[oe]

@) = J AWM, wM), )w(M)d log M, )

log M,

with M, being the molecular weight between two entangle-
ments and ¢(M,w(M),f) being the survival probability of the
polymer chains at time ¢ if the chains have a molecular
weight M and are relaxing in a molecular environment
(M,w(M)). The dilation factor @,,,.(f) takes into account the
fact that the molecular segments relaxed at time ¢ act as a
solvent for the remaining unrelaxed chain segments. It is
usually equal to ¢(7). The dilution exponent & has been fixed
to 1, in agreement with previous works [34,41-45].

To calculate G* data out of G(¢), the Schwarzl approxi-
mation was implemented [46]. Furthermore, in order to
determine the MWD, in this work we used the “direct
problem” approach. To this end, the four-mode log-normal
MWD is applied and the discrepancy between the predicted
and measured G*-data is minimized. As a result, we deter-
mined x;, o;, and M,, of all four modes.

lll. RESULTS AND DISCUSSION
A. Molecular data

In this study, we prepared by melt blending several PE
blends. The polymer matrix was always the same commer-
cially available HDPE but besides varying the reactor blend
content we also varied the type of the reactor blend,
namely, a RB with 40 wt. % (RB40) and 50 wt. % (RB50)
of UHMWPE, respectively. Thus, the obtained trimodal PE
blends contain up to 25 wt. % of UHMWPE. The results of
molecular weight characterization by HT-SEC of these
blends are listed in Tables I and II. Scrutinizing the

TABLE I. Molecular weights and zero-shear viscosity data of the analyzed
polymers with RB40 content.

From HT-SEC From melt rheology

M, M, "
Sample (kg/mol) H MM, (kg/mol) B MM, (kPas)
HDPE 75 54 44 80 40 40 24
5RB40 129 205 198 105 93 111 10.6
7.5RB40 139 142 165 127 114 186 49.6
10RB40 203 282 167 240 225 329 949.7
12.5RB40 214 330 143 310 308 406 24314
15RB40 248 40.1 113 497 913 307 8340.9
20RB40 290 61.0 102 943 154 265 49002
30RB40 480 137 7.6 1530 385 149 137227
50RB40 1198 516 29  3760° 1600° 7.7° 1.55x10%
100RB40 1092 970 29 9000>¢ 4570° 34° 8.16x10%

#Zero-shear viscosity determined experimentally.

"Estimated molecular weight values determined by modeling from incomplete
LVE data.

“Estimated zero-shear viscosity, from fitting the incomplete terminal region
using the modified Carreau—Yasuda equation.

In the supplementary material [72], an alternative approach is discussed,
which deals with the determination of the MWD and M,, of 100RB40 based
on the analysis of blends containing it up to 30 wt. %.
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TABLE II. Molecular weights and zero-shear viscosity data of the
analyzed polymers with RB50 content. n.d., not determined.

From HT-SEC From melt rheology

Mw Mw 770“l
Sample (kg/mol) H MM, (kg/mol) b M/M, (kPas)
5RB50 117 137 87 112 106 126 16.3
7.5RB50 112 136 7.8 175 154 346 293.8
10RB50 202 332 9.1 254 224 387 12986
12.5RB50 154 203 124 406 353 327 52146
15RB50 156 278 10.1 475 505 290 75211
17.5RB50 27 3711 714 581 57 265 10426.1
20RB50 292 925 127 918 117 165 375398
30RB50 646 111 6.5 1895 228 135 216537
50RB50 1070 419 43 nd. nd.  nd 10%°
100RB50 1460 1110 2.6 n.d. nd. nd  14x10%®

#Zero-shear viscosity determined experimentally.
Estimated zero-shear viscosity, from fitting the incomplete terminal region
using the modified Carreau—Yasuda equation.

delivered information, it can be stated that according to
HT-SEC analyses, PE blends possess extremely high D (up
to 1000). Several researchers dealt with unveiling the influ-
ence of D and M_/M,, on the rheological behavior of linear
PE having a D only up to 42 and with an M_/M,, ratio up to
28, which are significantly lower compared to the here
investigated polydispersity levels [19,25,27,47].

The MWD of the studied polymers is shown in Fig. 1.
This truly reflects not only the presence of significantly high
amount of UHMWPE in the reactor blend but also the multi-
modality (i.e., multimodal distribution) of the prepared PE
blend. Other HT-SEC traces of the RB40 and RB50 series
are shown in the supplementary material [72].

The presence of significantly increased weight per cent
of UHMWPE in the PE blends may affect blend homogene-
ity. Investigations showed that RB grants uniformly

10 T T T T T
— — HDPE | ]
0.9 —— 100RB40

0.8 1 . - - - 20RB40 |

UHMWPE

T T T
102 10° 10* 10° 108 107 108
M (g/mol)

FIG. 1. The HT-SEC trace of HDPE (solid gray line) compared to the pure
100RB40 (solid black line) and 20RB40 (dashed line) of linear PE. The
dotted line corresponds to the M, (1100 g/mol) [48] and the shorter mole-
cules are considered as wax, while the vertical dashed line represents the M,,
equal to 10° g/mol.

distributed UHMWPE within HDPE or HDPE/HDPE wax
[2,12,13,49-53]. Furthermore, Hofmann et al. [14] and
Zhong et al. [15] recently investigated the thermal properties
of a benchmark PE, melt blended from HDPE, HDPE wax,
and UHMWPE, via differential scanning calorimetry (DSC).
They found that the first heating curve shows, beside the
expected melting peak, a second peak at lower temperatures,
suggesting phase separation [14,15,49]. The heating curves of
PE blends composed of HDPE and bimodal RBs did not
exhibit this low temperature peak. Hence, their results further
strengthen the earlier published observations of homogeneous
trimodal PE blends [12,13,51,52].

B. Thermorheological properties of multimodal
PE blends

The rheological behavior of polymer matrix, reactor blend,
and multimodal PE blends was investigated by oscillatory and
creep measurements. The isotherms gathered from dynamical
analysis together with an isotherm recovered from creep mea-
surements are shown in Fig. 2 for some RB40 samples.
Plotting phase angle (6) against the absolute value of the
complex modulus (|G*|), the so-called Booij-Palmen plot
(BPP), among others, allows us to assess the “modality” [how
many well separated relaxation processes can be detected and
how they are related to the well separated molecular weights
(molecular weight modes, MWMs), see later] and the “shift-
ability” of isotherms of the samples under investigation.

Discussing “shiftability” we see in Fig. 2 that all HDPE
isotherms (square symbols) superimpose, showing a perfect
overlap. For multimodal PE blends, the same behavior can
be observed. The found degree of overlap proves the thermo-
rheological simplicity of the samples analyzed here. This
means that during the measurements no change regarding
molecular structure takes place. In addition, by employing
the time-temperature superposition (tTS) principle, in order
to build master curves, horizontal shifting (ay) must be

90 = .
80 -
70 - :
60 E
—~ 50+ :
\tg 40 ] Creep FS N
1| o HDPE =
304| © B5RB40 o
1/ v 10RB40 v
20 20RB40 »>
1| © 30RB40 e
104| « 50RB40 *
1/ © 100RB40 e 1
01 GO V]
10" 10°  10° 102 10%  10*  10° 108

IG’| (Pa)

FIG. 2. Phase angle § versus complex modulus |G| for neat HDPE and
some PE blends of RB40 series. Full symbols represent the isotherms from
dynamical analyses, and the open symbols are calculated with NLREG from
creep measurements.
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applied only. The usage of vertical shift (b7) is not necessary
[18,54,55].

The analysis of the shift factors ar in dependence on
temperature 7 allows the determination of flow activation
energy (E,) with the increasing RB40 and RB50 contents,
respectively. The resulting E, values are shown in depen-
dence on UHMWPE content in Fig. 3. The E, values of the
matrix polymer and all trimodal PE blends range between
24 and 33 kJ/mol and are in very good agreement with the
literature values. A generally accepted E, value for the linear
PE is 25 kJ/mol [56]. Nevertheless, the literature reports for
linear PE values in the range between 20 and 38 kJ/mol
[57-61]. The neat RBs (100RB40 and 100RB50) go beyond
this limit. Their flow activation energy is slightly higher com-
pared to the reported values. A possible explanation of the
increase of flow activation energy might be attributed either
to the presence of short- and/or long-chain branching
(SCB, LCB) or to the ultrahigh P values. Hatzikiriakos
investigated the influence of LCB on the rheological proper-
ties of PE. They found that LCB content significantly
increases the flow activation energy up to 88 kJ/mol com-
pared to 25kJ/mol (linear PE) [18]. In contrast, the PE
samples, analyzed by Wasserman and Graessley, with poten-
tial LCB content do not corroborate the elevation of flow
activation energy [62]. Moreover, applying tTS principle in
order to obtain master curves of the samples with LCB
content, besides horizontal shift a vertical shift was also nec-
essary in their case [18,54,55]. Stadler er al. analyzed the
effects of SCB of PE on the E,. They came to the conclusion
that the presence of significant concentration of SCB (more
than 20 wt. %) leads to the increase of E, [60]. However,
such a high SCB content is impossible for our samples due
to synthesis conditions.

The effect of polydispersity on activation energy must be
analyzed as well. Hatzikiriakos observed that the influence of
high D has similar effects as the presence of LCB, i.e., both
of them lead to the increased E, [18]. Some of linear HDPE
investigated by Ansari et al. showed increased E, as well,
and they attributed the increase of E, to the high polydisper-
sity [19].

45 T T T T T

m  RB40 series

o RB50 series
40| L RBS0seres } .
35 4

E, (kJ/mol)
1
-

N
o
1
1

N
o
|

1 5 T T T T
0 10 20 30 40 50

UHMWPE (wt. %)

FIG. 3. The change of flow activation energy of polymer matrix (HDPE)
with increasing UHMWPE content.

The here studied trimodal PE blends and RBs are charac-
terized by thermorheological simplicity, and master curves
are obtained by horizontal shifting only. Therefore, it seems
that in the present case the high E, values of RBs are attrib-
uted to the extremely high P rather than to the presence of
potential LCB. However, due to the lack of a triple detector
HT-SEC (refractive index, viscometer, and light scattering),
we cannot completely exclude the possibility of very few
branched chains, because of the used catalysts for which
chain walking mechanism can result in LCB [63].

Now, we are analyzing how the appearance of the samples
minima in BPP is influenced by their modality of MWD
(Fig. 2). Starting with monomodal HDPE at low |G|, the
curve shows a plateau at 6=90° representing the terminal
relaxation region of this polymer. With increasing |G*|, the
course of J is continuously decreasing, without reaching the
minimum at ~2.1 MPa, which is the GR, of linear PE [64-60].
In the modulus range |G'| < GY, no local minima can be
detected that is in agreement with the monomodal character of
MWD (no wax, no UHMWPE). Switching to 100RB40, in the
expected G% range, a minimum can be seen at ~0.85 MPa, a
value which is shifted to lower values compared to the known
2.1 MPa. HT-SEC measurements revealed that 100RB40 con-
tains of about 37 wt. % wax, which acts as a solvent for longer
chains. The plateau modulus of a diluted entanglement
network, Gg,(go), can be calculated according to [67]

GY(p) =Gy - ¢, (6)

where ¢ is the weight fraction of polymer chains with
M,,>M,. The calculated value of about 0.83 MPa is in
good agreement with the experiment. In modulus range
|G"(0)|<G%(¢), no additional minimum can be found. This
is in agreement with HT-SEC because the mode around M,
must be considered as solvent not leading to an additional
local minimum in BPP.

Multimodal PE blends show different behavior compared
to the neat HDPE or RB40. For example, 20RB40 is character-
ized by two well separated minima at |G”| =10* and 10* Pa,
respectively. Furthermore, it can be observed that the
minimum at high |G"| values, which corresponds to the
“diluted” plateau modulus G,Q,mmo(go), is missing due to
the PE-specific limitations in an accessible frequency range.
However, due to the fact that 20RB40 contains less wax
compared to 100RB40 but more than the HDPE, the
G?VZURMO(QD) is expected between the neat PEs G?V and
100B40s G?V(cp). It is noteworthy to mention that all multi-
modal PE blends, similar to 20RB40, are characterized by
two minima in the modulus range |G| < GY, which are
more or less pronounced.

Trinkle and Friedrich analyzed how distinct relaxation pro-
cesses of a polymer influence the shape of the BPP [64,68].
In particular, they found that bimodality of a polymer blend
(a mixture of linear chains of two lengths) causes two minima
separated by a local maximum. The first minimum at high
|G"| corresponds to G%, and the second minimum at smaller
|G"| is related to the relaxation of species with the higher
molecular weight. It should be emphasized that if one MWM
of the multimodal MWD is characterized by M,, <M,, its
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effect will be seen as GY-shift according to Eq. (6) only and it
will not lead to the appearance of additional minimum in the
modulus range |G |<GY,. Accordingly, the trimodal PE blends
should result in a bimodal BPP with a shift of the plateau
modulus to lower values due to dilution by waxy PE. Thus,
based on HT-SEC measurements, we should expect the
appearance of two minima in BPP, a first one at G%(¢) and
another one in the modulus range |G'| < G%(¢). This is in
conflict with experimental data highlighted in BPP, which, in
case of all multimodal PE blends, show in total three minima,
two of that are in the modulus range |G*| < G%(¢). This sug-
gests that the third minimum (with higher 8 value) corresponds
to an additional UHMWPE contribution, certainly beyond the
exclusion limit of the SEC setup. Consequently, we expect
that a rheologically determined MWD of multimodal PE
blends will contain not two but three well separated molar
weight modes besides the low molecular weight (wax) mode.
Therefore, in the determination of the MWD from rheology,
we should account for the possibility that multimodal PE
blends are characterized by tetramodal rather than a trimodal
MWD. Furthermore, it must be noted that the appearance of
the local minima in the BPP plot is another hint on the homo-
geneity of all samples. The full set of BPP, loss-, and storage
modulus data of this series together with all samples of the
RB50 series is given in the supplementary material [72].

C. 5o scaling relation

Based on these master curves, we can now analyze the ter-
minal relaxation behavior in terms of zero-shear viscosity.
The change of the 7, (details regarding 71, determination can
be found in the supplementary material [72]) versus M,,
determined by HT-SEC is presented in Fig. 4. In addition,
besides our multimodal PE blends, several mono- and poly-
disperse PE data taken from the literature [25,27,47] are
included and compared with our data (Fig. 4). It can be seen
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FIG. 4. Zero-shear viscosity 7, versus weight average molecular weight M,,
in the double logarithmic plot for PE blends (experimental data and model-
ing) and literature data. The pale square and pale circle full symbols repre-
sent the zero-shear viscosity of all PE blends with RB40 and RB50 as a
function of M,, obtained from HT-SEC measurements. The filled square and
circle symbols with black edges represent the viscosities versus corrected M,,
obtained from modeling. The red dashed line has a slope of 3 and is the
linear fit of the here analyzed multimodal samples with M,,, > 700 kg/mol.

that the viscosities of polymer matrix (HDPE) and trimodal
PE blends up to M,, of about 120kg/mol (2.5wt. % of
UHMWPE) follow the known scaling relation of monodis-
perse or slightly polydisperse PE samples (with D up to 4).
With increasing M,, and D, the zero-shear viscosity, compared
to the monodisperse samples, shifts to higher values (see the
pale symbols), approaching and going beyond the line pro-
posed by Vega et al., who investigated the influence of MWD
and high molecular weight species on the zero-shear viscosity
of PE [27]. They found that polydisperse PE samples with
increased M /M,, ratio (between 18 and 29) show higher 7,
compared to monodisperse ones, but still follow the scaling
relation, showing a slope of 3.4. Thus, these shifts to higher 7,
values of trimodal PE blends can be attributed to the increased
D (~30, according to HT-SEC) and M/M,,, ratio (~17, accord-
ing to HT-SEC). A further increase of the UHMWPE content
above 5wt. % corresponding to M, =200kg/mol leads to
an extraordinary increase of 7,. A significant discrepancy
between viscosity predicted by scaling relations of either
monodisperse or polydisperse (Vega line) samples and those
of multimodal PE blends can be observed. We attribute this
deviation to incorrectly determined molecular weights, which
seem to be underestimated. Earlier, analyzing the E,, we came
to the conclusion that the effect of very few LCB on LVE,
if there are any, is negligible. Furthermore, the analysis of
the BPP suggested the existence of an additional UHMWPE
mode, which would raise the characteristic molecular weights
significantly.

Therefore, we analyze the LVE data of all blends in rela-
tion to a “rheological” (in contrast to HT-SEC) MWD, which
is in agreement with these data.

D. MWD determination by modeling

With the help of TMA, we first predicted the LVE of mul-
timodal PE blends from its MWD (determined by HT-SEC)
and compared with the given G* data (see Fig. 5). At high
frequencies, above 1 rad/s a good agreement between experi-
mentally given and calculated moduli can be observed.
However, at lower frequencies, which correspond to longer
relaxation times and higher molar masses, systematic deviation
is observed. While the discrepancy is important, it corresponds

to a low fraction of chains, of around \/102 / G%=0.7wt. %

of the sample. Hence, we attribute the differences between the
predicted and measured curves to the lack of long chains with
molecular weights in the UHMW region. This is the region,
which is mostly influenced by experimental problems with
HT-SEC [29,31].

In order to bring the MWD of multimodal PE blends in
agreement with LVE measurements, we had to significantly
modify the high molecular weight tail of that polymer by
adding a fourth mode, expected from the analysis of BPP
(see Fig. 6). Now, using tetramodal distribution the predicted
and experimental master curves are in very good agreement
(Fig. 5). In the modeled MWD, this additional mode only
represents 0.7 wt. % of the total sample.

The aforementioned method was applied to all multimodal
PE blends containing RB40 and RB50. The characteristic
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cessfully describes multimodal PE blends.

molecular weights determined by modeling are shown in
Tables I and II. The experimental moduli and those obtained
from modeling superimpose very well and the corresponding
figures are presented in the supplementary material [72].
However, we have to admit that this superior agreement was
only possible by fitting the MWD of the two UHMW modes
for every blend individually. The resulting modeling parameters
such as weight fractions of each mode and the corresponding
characteristic molecular weights are given in the supplementary
material [72]. Analyzing the MWD obtained by modeling
(see the supplementary material [72]), it can be stated that
the increase of RB40 or RB50 content leads to a systematic
increase of the fourth mode. The information received from
rheological analysis and modeling showed that HT-SEC
fails to properly determine the MWD of multimodal PE
blends with ultra-broad distribution and with extraordinarily
long chain (M,,> 10" g/mol) content. Furthermore, we suc-
cessfully validated TMA which properly predicts the
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FIG. 6. MWD obtained from HT-SEC measurement and modeling.
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uncovered and the real molecular weight may deviate from the presented
one. The characteristic molecular weight data (below 0.7 wt. %) correspond
to the neat HDPE, determined by HT-SEC and Modeling.

molecular dynamics of ultra-broad molecular weight distrib-
uted (P =~ 1000) linear entangled PE.

Comparing the characteristic molecular weights determined
via HT-SEC and modeling (see Fig. 7), it can be stated that no
significant differences between the M, values can be observed
for all samples. However, if other characteristic molecular
weights M,, and M, are analyzed, where the proper estimation
of long chains is crucial, notable discrepancy between the
values determined either by HT-SEC or modeling can be seen
starting from 2 wt. % of UHMWPE content. These differences
may be attributed to those HT-SEC drawbacks, which were
discussed by Suzuki et al. and Mes et al. [29,31].

E. Correction scheme for polydispersity

The 7, of multimodal PE blends versus their M,, deter-
mined with the TMA model are presented in Fig. 4 as
well (see filled symbols). It can be observed that now all
viscosities lie in the region of the two straight lines for
mono- and polydisperse PE. Only the viscosities of the
samples with the highest molecular weight and highest
polydispersity seem to fall under the line for monodis-
perse samples. For those PE, the transition to the pure
reptation regime can be expected because their M,, is larger
than the given M,.

Obviously, unveiling the real M,, of the ultra-broad MWD
PE blends gives access to analyze the transitional zone where
no o M>* and M3. The zero-shear viscosity starts to scale
with M3 when the M,, is higher than the reptation molecular
weight M,. To determine M,, first of all a correction on the
Newtonian viscosity should be applied which takes into
account the polydispersity effect of the PE blends. Therefore,
we analyze the influence of characteristic molecular weights
on 17y, by plotting ngversus the characteristic molecular
weights, M,, M,,, and M,, respectively (see top of Fig. 8).
For monodisperse PE samples, independently of the choice
of characteristic molecular weight, a similar trend is
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observed, leading to a power law with a slope between 3.3
and 3.6. However, analyzing nyversus M,, and M, for broad
and ultra-broad distributed PE, significant differences com-
pared to the monodisperse samples can be seen. The viscos-
ity scaling is almost identical to those of narrow distributed
samples if M, is used as characteristic molecular weight,
although with an offset to higher n, values [see Fig. 8(b)].
Moreover, all data presented in Fig. 8(b) reveal that the
power law exponent is 3.6 rather than 3.4. Exponents
reported in the literature lay between 3.4 [21,27] and 3.6
[25,62]. Our analysis confirms the higher value, 3.6.

Now, we are looking for an appropriate scheme, which
allows to properly take into account the polydispersity.
While for monodisperse samples the scaling relation between
zero-shear viscosity (1) versus molecular weight is well
known, it is yet to be determined for polydisperse samples,
especially those with ultra-broad MWD.

We use the following scaling relation as a starting point
for the analysis:

nozK.MZ.MZ.MZC.MjH. ;+2""’ (7)

where K is a material parameter, M, is the z-average molecular
weight, M_,; is the (z+ 1)-average molecular weight, and so
on. Furthermore, a, b, c, d, e, ... are the power law exponents
of the characteristic molecular weights. We restrict our analysis
to the values of a, b, ¢, only and assume d = e =--- =0,
because the determination of higher moments is becoming
prone to increasing errors. In order to fit our data, we

transformed Eq. (7) into the following form:
log(ng) =k+a-x,+b-x,+c-x, ©)

where k [equal to log(K)] is a constant and x; = log(M,),
i =n, m, z. Moreover, we restrict our data analysis to the
M-range below 700kg/mol. We chose this upper limit
because according to the literature the reptation molecular
weight is M,, ~ 800kg/mol [21,23]. Therefore, for higher
M, a change in the slope is expected. Furthermore, the fitting
itself was performed with a linear hyper-plane fitting algo-
rithm implemented in oriGiNeRO 2019. During the fitting
procedure, all parameters were set free and a, b, and c are
not subjected to any side conditions. The fitting resulted
in k=-14.332+0.255, a=0.12+0.11, »=2.8+0.18, and
¢=0.68 +0.087.

Analyzing the power law exponents (a, b, and c), it can
be seen that the sum of them is equal to 3.6. This fact
strengthens the assumption that 7, versus characteristic
molecular weight scales with 3.6 rather than with 3.4.

Applying the parameters together with Eq. (8) and assum-
ing that M,, is the most relevant characteristic molecular
weight for scaling relation, the result can be transformed and
yields the following equation:

B
mo = K- MO12 . 028 MO — K M@ (MW> '<Mz>y
Mﬂ MVV
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where K is a prefactor, a=3.6, f=-0.12, and y =0.68.
Thus, the influence of polydispersity on zero-shear viscosity
can be accounted for by calculating a corrected 17, ,

corr

0.12 —0.68
M, M, 6
= =no-{— S oM ", 10
M0uurr = M0pons = Mo ( Mn) (Mw> e (10

According to this equation, the corrected viscosity of a
sample of any MWD corresponds to the viscosity of a
monodisperse sample having the same M,, as the polydis-
perse sample. We can then apply this scheme to all the
data including those samples which are expected to have
M,, > M, and analyze the viscosities of all the samples. As
shown in Fig. 8(d), plotted in such a way, the viscosities
are well independent of the form of their individual MWDs.
Data shown in Fig. 8(d) are taken as the basis for the analy-
sis in Sec. IIT F.

It must be noted that Wasserman and Graessley [62]
proposed a similar correction and found that the M_/M,, ratio
is the most important. Their scaling relation coincides with
Eq. (9) with ¢=3.6, B=0, and y=1. The differences
between their and the here found correlation are illustrated in
the supplementary material [72]. They found that this correla-
tion can be applied not only for PE but also for polypropyl-
ene (PP). The polydispersity effect, taking into account the
influence of M,, M,,, M, on the LVE of entangled poly-
mers, was keenly investigated by Nobile and Cocchini [69]
as well. Their analyses, including PE with M, /M, <6 and
MJ/M,, <3, proposed that the ratios of characteristic molecu-
lar weights, (M,,/M,)"" - M./M,)**, had to be used in
order to determine the zero-shear viscosity. Later, they sim-
plified this expression by neglecting the influence of M,,/M,
and found that 7, oc 0.51 - M3 - (M, /M,,)™® is the best repre-
sentation of their data (see the supplementary material [72]).
Vega et al. confirmed Nobile’s proposal for linear PE with a
D up to 14 and an M,/M,, ratio up to 28 [27]. However, our
analysis shows that the influence of extremely high polydisper-
sity can be properly accounted for if Eq. (10) is applied.

Since from Eq. (10), one can determine the molar mass of
the monodisperse sample having a viscosity equivalent to the
observed polydisperse sample, we can also determine the ter-
minal relaxation time, 7;, from the zero-shear viscosity, assum-
ing that the sample is monodisperse (thus 779 = GR, - 7;), and
compare this value with the prediction obtained with tube-
models proposed in the literature. The 7, was determined by
reptation model which takes into account the contour length
fluctuation [33,70]:

M3 M ~0.572
¢,=3re(ﬁw> [1—K<MW) ] (11)

where k¥ = 1.69 [71], 7, = 4.4 ns [48], and M, = 1100 g/mol
[48]. The comparison (see Fig. 8) shows very good agreement
between experimental and predicted data, especially in the
pure reptation region, and thus strengthens the pertinence of
our analysis.

F. Reptation molecular weight

Due to the fact that some of our multimodal PE blends
have molecular weights significantly larger than the so far
given reptation molecular weight M,, we are able to deter-
mine this value experimentally.

To this end, we analyze the scaling behavior of those
samples, which have M,, values larger than 700 kg/mol.
These data are given in Fig. 8 and follow a linear dependency
with a slope of 3 (see line in Fig. 8). The characteristic
molecular weight M, is the crossover molecular weight
defined by the crossover of the two straight lines with a slope
of 3.6 and 3, respectively. Details of this analysis can be
found in the supplementary material [72]. However, we have
to admit that the applied procedure is not fully “objective,”
because the used molecular dynamics model contains implic-
itly the transition in the viscosity scaling from an exponent of
~3.5 to an exponent of 3.0. This is a property of the model in
agreement with experimental facts and a prerequisite for the
correct determination of MWD. Insofar, the predicted molar
mass distributions, and therefore, the characteristic molecular
weights such as M,, and M,, are influenced by the model. Our
analysis led to M, = 560f}?g kg/mol. Reported data range
between 620 and 800 kg/mol [21,23]. Our determined value is
slightly below the reported data. However, it must be noted
that Vega et al. determined M, by analyzing the transition
zone between the regions with slopes 3.4 and 3. Due to the
fact that their power law exponent is smaller compared to
3.6, the crossover point for PE shifts to the higher values
(~220 M,), thus leading to the increased M, value (in com-
parison to the here presented value).

IV. CONCLUSIONS

In this work, we have investigated the linear viscoelastic
properties of multimodal PE blends of linear chains, contain-
ing a significant amount of UHMWPE (up to 50 wt. %) and
therefore having ultrahigh polydispersity. The analysis of the
LVE data using BPPs confirmed Trinkle’s finding [64] that
multimodal blends besides the plateau modulus’ minimum
show other minima which are attributed to well separated
relaxation regions, and which we could associate with well
separated MWMs.

The determined flow activation energy unveils that all
multimodal PE blends are characterized by E, values similar
to that of the polymer matrix (~27kJ/mol). However, E,
values of neat RBs are increased (~41 kJ/mol). This is attrib-
uted to the ultra-broad MWD rather than to the presence of
very few LCB.

Moreover, samples with ultrahigh P and notably increased
M/M,, ratio cause a significant contribution to the zero-shear
viscosity, leading to significantly higher 7, values compared to
monodisperse and polydisperse samples known so far. This dis-
crepancy was attributed to the incorrectly determined (underes-
timated) M,, from HT-SEC measurements. To overcome these
problems, the linear viscoelastic data were analyzed with an
appropriate molecular dynamics model, namely, with TMA,
yielding the “rheological” MWD and, consequently, the corre-
sponding characteristic molecular weights (M,,, M,,, and M,).
Until now, the TMA model was validated for mono- and
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moderately polydisperse samples only. The very good
agreement between experimentally obtained and calculated
viscosities lets us to conclude that the model is successfully
applicable for ultra-broad molecular weight distributed linear
PE blends as well.

Investigating the polydispersity effects on 7, it was found
that these can be taken into account if 7, is corrected with
the factor (M,, /M,,)O'H(MZ /Mw)fo'ég. The analysis of the
viscosities corrected in this way and plotted as a function of
M,, below the reptation molecular weight revealed a power
law dependence with a slope of 3.6 rather than 3.4. Finally,
the analysis of all viscosities including those from the
samples with the highest M,, led to the determination of the
reptation molecular weight of linear PE, which amounts to
5607139 kg/mol.
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