eXPRESS Polymer Letters Vol. 11, No.5 (2017) 344-361
Available online at www.expresspolymlett.com
https://doi.org/10.3144/expresspolymlett.2017.34

Poiymer Letters

UHMWPE/HDPE in-reactor blends, prepared by in situ
polymerization: Synthetic aspects and characterization

A. E. Ferreira'?, M. L. Cerrada®, E. Pérez’, V. Lorenzo®, E. Vallés®, J. Ressia>®, H. Cramail?,
J. P. Lourengo"’, M. R. Ribeiro"

!Centro de Quimica Estrutural, Instituto Superior Técnico — IST, Universidade de Lisboa, Portugal

2Laboratoire de Chimie des Polymeres Organiques, UMR5629, Univ. Bordeaux, CNRS, INP-Bordeaux-ENSCBP, 16,
Avenue Pey Berland, F-33607 Pessac Cedex, France

3Instituto de Ciencia y Tecnologia de Polimeros (ICTP-CSIC). Juan de la Cierva 3, 28006 Madrid, Spain

4Grupo de Investigacion ‘POLimeros: Caracterizacion y Aplicaciones’ (U. A. del ICTP-CSIC), E.T.S 1. Industriales,
Universidad Politécnica de Madrid, José Gutiérrez Abascal 2, 28006 Madrid, Spain

SPlanta Piloto de Ingenieria Quimica — PLAPIQUI (UNS-CONICET), Camino La Carrindanga Km 7, 8000 Bahia Blanca,
Argentina

%Comisién de Investigaciones Cientificas de la Provincia de Buenos Aires (CIC), La Plata, Argentina

"Faculdade de Ciéncias e Tecnologia - Universidade do Algarve. Campus de Gambelas, 8005-139 Faro, Portugal

Received 11 October 2016, accepted in revised form 19 December 2016

Abstract. This work covers the synthesis and characterization of in-reactor Ultra-High Molecular Weight Polyethylene/
High Density Polyethylene, UHMWPE/HDPE, blends by in situ polymerization in a single reactor, through dual catalyst
immobilization. These blends are synthesized combining two different catalysts (one for each targeted molar mass) co-im-
mobilized in mesoporous Santa Barbara Amorphous, SBA-15, particles. First, the ethylene polymerization behavior is in-
vestigated, under different polymerization conditions. Then, studies on the thermal, mechanical and rheological characteristics
of the produced in-reactor blends are presented and their performance is compared and discussed in a comprehensive way.
Moreover, the effect of different filler contents on the properties exhibited by the resulting materials is investigated.
Results have shown that these in-reactor UHMWPE/HDPE blends exhibit a complex thermal, mechanical and rheological
behavior, which depends mainly on the proportion between the two polymer components and on the amount of SBA-15.
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1. Introduction goals. Between polymers, high density polyethylene,
The widespread uses of ultra-high molecular weight HDPE, is a low price commodity, with good flow
polyethylene, UHMWPE, lead to the urgent devel-  properties and feasible transformation by traditional
opment of approaches aiming to improve its perform-  processes, like extrusion, injection, blow molding,
ance. This is essential to fulfill its continuous market ~ and rotational molding. Consequently, blends of
demands with tailored mechanical and/or thermal UHMWPE and HDPE seem to be very interesting
properties. Among these methods, the melt blending  since the outstanding properties of UHMWPE and
of UHMWPE with other polymers, different mineral  the good processability of HDPE under conventional
particles, or addition of reinforcements [1-4] have techniques could be combined. Nevertheless, homo-
proved to be an interesting strategy to attain these  geneous HDPE/UHMWPE blends are rather difficult
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to be obtained by melt transformation processes be-
cause of mismatch of both, HDPE and UHMWPE,
viscosities [5, 6].

Another methodology to combine UHMWPE and
HDPE polymers into a unique material is by in-re-
actor blending using a multisite polymerization cat-
alysts approach. This offers considerable cost and en-
ergy savings with respect to melt compounding since
an intimate blending takes place during polymeriza-
tion, which occurs at much lower temperatures and
enables the mixing of immiscible components at a
nanometer scale without requiring high shear forces.
Several studies from literature followed this route and
have reported the use of homogeneous and supported
multiple single-site catalysts, for the production of
polyethylene with tailored molar mass distributions,
MWDs, or branched polyethylene reactor blends in
one reactor [7-10]. This approach has been also ap-
plied to the preparation of melt-processable HDPE/
UHMWPE/blends with a high UHMWPE content.
Namely, Mulhaupt reported on supported Fe/Cr dual-
and triple-site catalysts that allow the easy control of
the MWD of the polyethyelene, as a function of the
Fe/Cr ratio and yield to UHMWPE/HDPE reactor
blends [11-13]. In a recent review it is described the
progress of multisite olefin polymerization catalysis
and its impact on the preparation of advanced poly-
olefin materials and tailored reactor blends [14]. On
the other hand, Rastogi and coworkers [15-18] ex-
plored a different and interesting alternative route to
attain processable UHMWPE by lowering chain en-
tanglement, through controlled synthesis conditions
(low temperature, catalyst site isolation or favored
crystallization over polymerization rate).

In this work these two approaches are combined in
a new strategy, where the use of mixed single-site
catalysts is coupled to the presence of a suitable sup-
port, SBA-15 mesoporous silica. The textural features
of this ordered mesoporous support comprising nano-
metric pores allow the two catalysts to be anchored
not only on the surface but also inside the ordered
porous structure, leading to polyethylene chain grow-
ing inside the channels. Under this confined environ-
ment a more disentangled UHMWPE component
may be formed. In addition, the role that mesoporous
SBA-15 particles may play as fillers and how they
will affect the mechanical performance of the issuing
in-reactor blends constitutes another important aspect
to be analyzed. It is expected that the combined strat-
egy proposed here, may lead to high performance

UHMWPE/HDPE polyethylene blends, reinforced
by mesoporous silica, which may be easily processed
as well.

The UHMWPE/HDPE polyethylene reactor blends
will be prepared by in situ ethylene polymerization
in a single reactor, using two different single-site cat-
alysts (one for the synthesis of the UHMWPE com-
ponent and the other one to obtain the corresponding
HDPE). The proximity of different sites in a single
catalytic support enables intimate blending of both
polyethylene components on a nanometer-scale with-
out requiring extensive shearing. In addition, the ef-
fect of the mesoporous SBA-15 particles as fillers
constitutes other important aspect to be analyzed in
these blends. The UHMWPE component is synthe-
sized by a titanium bis-phenoxyimine complex (FI
catalyst) while the polymerization of HDPE in the
blend is carried out by the metallocene bis-(cy-
clopentadienyl) zirconium dichloride, Cp,ZrCl,, cat-
alyst. The quasi-living behavior of FI catalyst allows
a further degree of control for the tailoring of these
blends since it affords an additional parameter, the
polymerization time, for the tuning of its molar
mass, Myw. The pre-activation (PA) method, which
consists in the contact of both catalysts with methy-
laluminoxane, MAO, before their further interaction
with the SBA-15 particles, has been selected as im-
mobilization approach. Our previous results have
shown that the diffusion of the catalyst within the
support may be facilitated in the PA approach and
that very high molar masses can be attained [19].

In this study UHMWPE/HDPE blends with different
compositions, molar masses and filler contents
(around 5 and 10 wt% of SBA-15) were prepared by
varying the Ti:Zr molar proportion between the two
single-site catalysts, the Al/Mr ratio (Al = aluminum;
M- = transition metal) and the polymerization time.
The effect of these parameters on the polymerization
activity is first analyzed. Then the influence of the
blends molar mass and of the filler content on the
properties exhibited by the resulting materials is dis-
cussed.

2. Experimental part

2.1. Materials and chemicals

All the chemicals for the synthesis of the SBA-15
particles: poly(ethyleneglycol)-b-poly(propyleneg-
lycol)-b-poly(ethyleneglycol), P-123; hydrochloric
acid (37% aq. sol.), tetraethylorthosilicate, TEOS;
sodium chloride, NaCl; and ethanol, were purchased
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from Sigma-Aldrich (St. Louis, USA) and used as
received. All experiments for the SBA-15 modifica-
tion and ethylene polymerization were carried out
under dry nitrogen using standard Schlenk tech-
niques. Ethylene and nitrogen (Air Liquide, Paris,
France) were purified through absorption columns
containing molecular sieves 4A and 13X. The bis [ V-
(3-tert-butylsalicylidene)-2,3,4,5,6-pentafluoroanili-
nate] titanium (IV) dichloride (FI catalyst, MCAT,
Donaueschingen, Germany), bis-(cyclopentadienyl)
zirconium dichloride (Zr catalyst, Sigma-Aldrich, St.
Louis, USA) and methylaluminoxane (MAO, 7 wt%
Al, AkzoNobel, Amsterdam, Netherland) were used
as received. Toluene (VWR Chemicals, Radnor, USA)
was dried by refluxing over metallic sodium under
a dry nitrogen atmosphere, using benzophenone as
indicator.

2.2. Preparation and characterization of pure
SBA-15
The synthesis and characterization of pure SBA-15
was carried out as described elsewhere [19].
Briefly, 13.2 g of P-123 were first dissolved in
500 mL of water at room temperature, followed by
the addition of 45 mL of 37% aq. sol. hydrochloric
acid and 30.8 gof TEOS at 40°C. Afterca.2 h, 12.3 g
of NaCl were added and the final mixture was kept
under stirring at 40 °C for more 22 h. After an aging
time of 3 days at 100°C the product was recovered
by centrifugation, washed with distilled water until
pH 6-7 and dried overnight at 80 °C. The template was
partially removed by extraction with 96% ethanol,
at reflux temperature for 16 h. The solid was further
calcined under a flux of dry air at 550 °C for 12 h.
Prior to use, mesoporous SBA-15 particles were dried
under a flux of dry air at 300 °C, for 1 h. Then, the
support was kept at this temperature during another
1 h under a nitrogen flow and finally cooled down to
room temperature and stored under dry nitrogen in
a Schlenk flask.
SBA-15 was characterized by powder X-ray diffrac-
tion on a Panalytical X Pert pro diffractometer using
Cu K, radiation filtered by Ni and a X’Celerator
detector. The powder pattern (not shown) indicates
the typical ordered hexagonal structure identified by
the three diffraction peaks that can be indexed as
(100), (110) and (200) associated with the p6mm
hexagonal symmetry [19]. The textural properties
were assessed by nitrogen adsorption at —196 °C using
an ASAP 2010 Micromeritics equipment. Prior to the

measurement, the sample was degassed at 350°C for
3 h. The data show that this sample has a specific sur-
face area of 758 m?/g, a porous volume of 1.05 cm’/g
and an average porous diameter of 6.8 nm.

2.3. Ethylene polymerizations

Polymerizations were carried out in a 250 mL dried
and nitrogen-flushed bottle for pressure reactions
(Wilmad LabGlass LG-3921, Vineland, USA) mag-
netically stirred. The reactor was filled with 50 mL of
toluene, and the adequate amounts of co-catalyst
MAUO, catalyst and ethylene. Polymerization took
place at 20°C and 1.1 bar of ethylene. Temperature,
pressure and ethylene consumption were monitored
in real time and the data stored, enabling acquisition
of kinetic profiles. The polymerization was stopped
by the addition of methanol acidified with 5% hy-
drochloric acid, HCI, when the intended amount of
ethylene was consumed (allowing synthesizing nano-
composites with specific SBA-15 contents). Then the
polymer was precipitated and washed twice with
methanol before drying.

The synthesized polymer samples were named as
follows: Zr and FI stands for the catalyst used, bis-
(cyclopentadienyl) zirconium dichloride and bis [N-
(3-tert-butylsalicylidene)-2,3,4,5,6-pentafluoroanili-
nate] titanium (IV) dichloride respectively, HOM for
polymerizations carried out with an homogeneous
catalyst, SBA for polymerizations performed with a
supported catalyst and FIM is used for the blends
prepared with the dual catalysts co-immobilized on
SBA-15.

2.4. Preparation of the supported catalysts

The FI catalyst in toluene was pre-activated with
MAO (Al/Ti = 150) by stirring it for 15 min at room
temperature. Then, the equivalent of 0.85 pmol of
MAO pre-activated catalyst was mixed with 100 mg
of the support in toluene and stirred for 90 min. The
total immobilization of FI catalyst on the support was
confirmed by performing the clarified liquid test [20]
and by elemental analysis of the supported catalyst.

2.5. Characterization of the polymers

High temperature size exclusion chromatography
(HT-SEC) analyses were performed using a Viscotek
system (Malvern Instruments, Malvern, UK) equipped
with three columns (Polefin 300 mmx8 mm I. D.
from Polymer Standards Service, porosity of 1000,
100000 and 1000000 A). Sample solutions with
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concentration of 5 mg-mL~!" were eluted in 1,2,4-
trichlorobenzene using a flow rate of 1 mL-min™! at
150°C. The mobile phase was stabilized with 2,6-
di(tert-butyl)-4-methylphenol. Online detection was
performed with a differential refractive index detec-
tor and a dual light scattering detector for absolute
molar mass measurement. The OmniSEC 5.02 soft-
ware was used for calculations.

Polyethylene powders were processed as films by
compression molding in a Collin P-200-P press
(Ebersberg, Germany) between hot plates at 230°C
for 2 min without pressure, 3 min at a pressure of
5 bar, then 2 min at 10 bar and finally cooling with
cold water for 3 min at 10 bar.

Thermogravimetric analysis (TGA) was performed
in a Q500 equipment of TA Instruments (New Cas-
tle, USA) under air or nitrogen atmosphere at a heat-
ing rate of 10 °C/min.

Calorimetric analyses were carried out in a TA In-
struments (New Castle, USA) Q100 calorimeter con-
nected to a cooling system and calibrated with dif-
ferent standards. The sample weights ranged from 3
to 5 mg. A temperature interval from —40 to 190°C
was studied at a heating rate of 10 °C/min. For the
determination of the crystallinity, a value of 290 J/g
was used as the enthalpy of fusion of a perfectly crys-
talline material [21].

TEM micrographs were obtained on a Hitachi H§100
equipment (Tokyo, Japan). Parallel cuts were pre-
pared for the TEM analysis from different samples at
—100°C using a LEICA EM FC6 cryo-camera (Wetz-
lar, Germany) in order to attain thin sections (80 nm)
of the film surface by means of the LEICA EM UC6
ultramicrotome (Wetzlar, Germany). Those cuts were
picked up on cooper grids.

Depth Sensing Indentation, DSI, experiments were
performed at room temperature with a Shimadzu
tester (model DUH2118S, Kyoto, Japan) equipped with
a Berkovich type diamond indenter. At least 10 inden-
tations were carried out at different regions of sur-
face. The experimental protocol consisted in: a) the
application of a load of 10 mN at a loading speed of
1.46 mN/s; b) the maintenance of this constant load
for 5 s, and c) the release of the load at an unloading
speed equal than the one used along the loading
stage. Then, indentation depth was registered, addi-
tionally, for 5 s after reaching the minimum load
(0.1 mN). Martens hardness, HMs, and indentation
hardness, Hj, were calculated according to Oliver-
Pharr method [22]. HMs is ascribed to elastic,

viscoelastic and permanent strains, while Hj; only de-
pends on viscoelastic and plastic strains. Indentation
modulus, Ej, was determined form the initial slope
of the unloading curve.

The rheological characterization was carried out in
a dynamic rotational rheometer, TA Instruments AR-
G2 (New Castle, USA). To minimize polymer degra-
dation the powder samples were previously treated
with a solution of Irganox 1010 in acetone in an
amount of Irganox equivalent to 1.5 wt% of the poly-
mer and the experiments were carried under nitrogen
atmosphere. Two equivalent linear rheological ex-
periments, stress relaxation and oscillatory frequen-
cy sweep, were performed on some of the samples.
The time-dependent relaxation modulus is obtained
from the stress relaxation experiments, while the os-
cillatory frequency sweep allows the determination
of the two frequency-dependent functions known as
elastic, G', and viscous, G", moduli. The time-depen-
dent relaxation modulus is correlated via a Fourier
transformation with the angular frequency tests to
extend the dynamic data in the low frequency range.
Both experiments were carried out using 25 mm di-
ameter parallel plates at a temperature of 160 °C. The
small-amplitude oscillatory shear mode measure-
ments were carried out in a frequency range from 1
to 400 rad-s~!. All tests were performed at small
strains in order to assure the linearity of the dynamic
responses [23]. To verify this, the series of frequency
sweeps were repeated twice with the same sample at
different strains, with excellent agreement.

3. Results and discussion

3.1. Ethylene polymerization behavior

The synthesis of the HDPE/UHMWPE blends was
performed by varying the Ti:Zr molar proportion be-
tween the two single-site catalysts and the Al/Mr
ratio. Furthermore, in order to investigate the effect
of different filler contents on the properties exhibited
by the resulting materials, a second set of polymer-
ization runs was carried out under identical condi-
tions but using a higher polymerization time. Thus,
two sets of polyethylene blends, containing ~10 and
5 wt% of SBA-15 were synthesized. Due to the liv-
ing nature of the FI catalyst [24—27], when changing
the polymerization time, the effect of the different
molar masses in the properties of the materials can
also be evaluated.

The results obtained for the UHMWPE/HDPE blends
together with the ones for the neat polymers and the
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nanocomposites, prepared with each one of the two
individual catalysts, are summarized in Table 1.
From these data it is clear that similarity was found
in the activities at a given experimental condition,
when synthesizing the blends with different SBA-15
(around 5 and 10%) contents. Figure 1 shows the ki-
netic profiles of two sets of polymerizations: FIMO11
versus FIMO12 and FIM004 versus FIM0O8 con-
firming the good reproducibility of data.
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Figure 1. Kinetic profile for ethylene polymerizations. First
set: FIMO11 and FIM012; Second set: FIM004 and
FIMO08.

The activities values obtained during the preparation
of the blends are in the range of the ones achieved
for the individual supported catalysts used in the prepa-
ration of their respective ZrSBA009 or ZrSBAO11
and FISBA0O16 or FISBA017 nanocomposites.
Table 1 also shows that, at a fixed Al/Mr ratio of
2500 and changing the Ti:Zr ratio from 20:80 to
80:20, the highest value of activity is obtained for the
blend prepared with Ti:Zr of 50:50. This maximum
on polymerization activity may be rationalized tak-
ing into account that, on one hand, the supported FI
catalyst presents a higher activity than that reported
for the supported zirconocene but, on the other hand,
it also deactivates in a sharper and faster way, as
clearly deduced from the different instantaneous ac-
tivity profiles represented in Figure 2. Accordingly,
an optimal polymerization activity is observed for
conditions where those two opposing effects are bal-
anced. Results on Table 1 also indicate that there is a
trend of increasing activity for the blends prepared at
a constant Ti:Zr molar proportion and increasing
Al/Mr ratio.

As expected from literature, the molar masses of the
polyethylenes obtained by the FI catalyst are much

Table 1. Polymerization conditions, activities, molar masses and dispersities, D, for the materials obtained with the bis [N-
(3-tert-butylsalicylidene)-2,3,4,5,6-pentafluoroanilinate] titanium (IV), FI catalyst, and the metallocene, Cp,ZrCl,,

both in homogeneous and supported conditions

Ti Zr Reaction tim Average activit BA-1 M,
Sample (mol%] | [molv] | AVMT ¢ [moin] ¢ [lfg/nie)llvirh]y S[wt%]5 [g/mwol] b
Reference samples
ZrHOMO10 0 100 2500 5 14030 0 234000 3.0
ZrHOMO008 0 100 1000 4 10260 0 - -
ZrSBA009 0 100 2500 26 2540 9.6 200100 2.7
ZrSBAO11 0 100 1300 20 1700 8.4 - -
FIHOMO002 100 0 2500 13 19310 0 1359000 1.5
FIHOMO004 100 0 1500 13 19150 0 1479000 not data
FISBAO16 100 0 1250 9 8122 6.9 1965000 1.9
FISBAO17 100 0 2500 15 5460 8.5 838000 2.5
Blends

FIM004 20 80 2500 10 3640 6.4 -
FIMO001 50 50 2500 7 4880 8.5 1066 000 1.7
FIMO005 80 20 2500 9 4040 12.5 990000 3.8
FIMO11 50 50 500 11 3170 11.1 - -
FIMO006 50 50 1000 10 3450 10.8 1555000 3.5
FIMO008 20 80 2500 19 3660 4.6 1270000 4.1
FIMO13 50 50 2500 13 5430 43 1393000 1.8
FIMO009 80 20 2500 17 4120 3.0 2162000 1.8
FIMO12 50 50 500 21 3260 3.7 - -
FIMO010 50 50 1000 20 3500 3.6 1803000 34
FIMO15 (H)" 50 50 2500 4 8443 0 410000 2.7

“FIMO15 (H) is a blend synthesized under homogenous conditions, i.e., mesoporous SBA-15 particles have not been used as catalysts carrier.
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Figure 2. Kinetic profiles for ethylene polymerizations for
the synthesis of two nanocomposites, FISBA016
and ZrSBAO11 and three blends FIM008, FIM013
and FIM009

higher (about one order of magnitude) than the ones
attained through the zirconocene catalyst (see Table 1).
Accordingly, the molar masses of the blends, obtained
at a fixed Al/Mr ratio for each set of polymerization
runs, tend to increase with the molar proportion of
the FI catalyst in the supported catalytic system. On
the other hand, when fixing the Ti:Zr proportion at
50:50, the results seem to point out a decrease of the
molar mass of the blends at increasing Al/Mr ratios
(compare FIM010, and FIM013 or FIM0O1 and
FIMO006). This trend may be related to the role of tri-
methylaluminum, TMA (one of the different species
present in MAQ) on deactivation pathways that con-
tribute to a loss of the polymerization control and
that will reduce the polymer chain growth [19, 25].

3.2. Thermal properties

3.2.1. Thermogravimetric analysis

Figure 3 shows the thermogravimetric curves under
inert and oxidative environments for the blends pre-
pared at the longest times. The curves corresponding
to the neat FI and a hybrid with SBA-15 have been
also included for comparison. Looking at the upper
plot, a single primary stage of decomposition is ob-
served in the temperature range from 200 to 650 °C
for all the specimens. On the contrary, four different
degradation processes are noticeable at identical
temperature interval when air is the atmosphere
used, as depicted in the bottom plot of Figure 3.

A displacement to higher temperatures is observed
for the degradation process under inert conditions as
the FI relative content in the support is increased in
the FIM008, FIM013 and FIMO009 specimens syn-
thesized at a constant Al/Mr ratio of 2500 (metal
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Figure 3. TGA curves of different UHMWPE/HDPE blends:
at constant Al/Mrt = 2500 and different (20:80,
50:50 and 80:20) Ti:Zr ratios (specimens FIMO0OS,
FIMO13 and FIMO009, respectively) as well as at
50:50 Ti:Zr proportion and distinct (500, 1000 and
2500) Al/Mr ratio (specimens under FIM012,
FIMO010 and FIMO13, respectively), a) inert at-
mosphere and b) oxidative atmosphere

including Titanium and Zirconium that comes from
both catalysts used). This feature might be ascribed
to the differences found in the molar masses between
the distinct samples, in such a way, that the blend be-
comes more stable and, consequently, its decompo-
sition starts at higher temperature, as molar mass
rises.

Thermal degradation of polyethylene has been re-
ported to occur under inert environment through a
random scission mechanism that turns out in the rup-
ture of original polymeric chain [19, 28]. This degra-
dation route is much simpler than the one under ox-
idative conditions and, consequently, four different
processes are noticeable at an identical temperature
interval when the TGA runs are performed in air.
The thermogravimetric curves obtained under oxida-
tive atmosphere are depicted in the lower represen-
tation of Figure 3. They show that the effect of the
distinct variables is more important up to a temper-
ature around 400 °C. Above that temperature, the dif-
ferences between specimens are rather less signifi-



Ferreira et al. — eXPRESS Polymer Letters Vol. 11, No.5 (2017) 344-361

Table 2. Average SBA-15 [wt% content], characteristic decomposition temperatures under nitrogen and air atmospheres for

the UHMWPE/HDPE blends
Average SBA-15 Inert atmosphere Oxidative atmosphere
Sample [Wt% content] T1o% Tss9, SBA-15 T10% Tr5v, SBA-15
[°CI [°CI [wt%] [°CI [°CI [wt%]

FIHOMO002 0 437 455 0 311 364 0

FISBAO16 6.9 448 461 6.8 302 363 7.0
FIMO008 4.6 391 412 4.1 285 358 52
FIMO013 43 403 422 4.0 299 366 4.5
FIMO009 3.0 442 455 3.1 304 338 29
FIMO012 3.7 443 458 3.1 309 393 43
FIMO010 3.6 441 452 4.1 322 392 32

cant and the thermal response of the various blends
is quite analogous. At a constant Al/Mr ratio of 2500
and varying the proportion of the catalyst supported
in the mesoporous SBA-15, i.e., FIM008, FIM013
and FIMO009 specimens, 77+, dependence is similar
to that found under inert conditions (see Table 2).
Thus, a shift of the beginning of degradation process
to higher temperatures is observed as FI content in
SBA-15 is raised, this feature being ascribed to dif-
ferences in molar masses of the blends. This trend
changes at higher temperatures and the lowest 7550,
value is now exhibited by FIM009, i.e., the blend
synthesized with the highest amount of FI.
Moreover, determination of the SBA-15 amount in
the UHMWPE/HDPE blends is estimated from ther-
mogravimetric analysis, TGA. Table 2 shows that the
content for a given specimen is rather independent of
the environment used. Average values obtained from
inert and oxidative conditions are provided in Table 2.
Figure 4 displays the effect on the thermal stability
of increasing the amount of SBA-15 in different
blends. Under inert conditions and at constant Al/Mrt
and Ti:Zr ratios it is clear that the presence of greater
amount of SBA-15 leads to a significant displace-
ment of the initiation of decomposition and its fur-
ther progress. Therefore, SBA-15 particles seem to
promote degradation. An analogous outcome is ob-
served in oxidative atmosphere although the shift to
lower temperatures is minimized. It appears that there
is a merge of the two initial decomposition stages
under these aggressive conditions, in the blends con-
taining higher SBA-15 content.

This catalytic influence of the mesoporous materials
in the degradation process of polyethylene has been
already described in literature by Sinfronio et al. [29]
and by Campos ef al. [30]. Aguado et al. [31] have
also shown the efficiency of mesoporous silica MCM-
41 as promoter towards degradation of polyolefins

into liquid fuels. Nowadays, this may be attractive
in relation to the degradation of these polyolefins
into basic petrochemicals as feedstock or fuel for
downstream processes after their life service, making
these self-reinforced polyolefinic materials environ-
mentally welcome and with an added value [32].

3.2.2. Differential scanning calorimetry (DSC)
Figure 5 shows that the melting and crystallization
processes appear as single peaks, indicating that both
components undergo their phase transitions within
identical temperature interval. This behavior could be
expected taking into account that both present the
same chemical structure and that blends have been
prepared by in situ polymerization. Therefore, none
conclusion on miscibility can be reached from DSC.
Looking first at the upper left melting processes (Fig-
ure 5a) related to the blends synthesized at a constant
Al/Mr ratio of 2500 and varying the proportion of
the catalysts supported in the mesoporous SBA-15,
i.e., FIM008, FIMO013 and FIMO009 specimens as well
as FIMO15 (which does not contain SBA-15) used
for comparative reasons, a displacement of the main
endothermic process to slightly higher temperatures
is observed as Ti:Zr varies from 20:80 to 80:20 ratio.
Then, the order of T}, increase is: FIM008 < FIM013
< FIMO009, these values being highest that the one
exhibited by the FIMO15 blend synthesized with a
50Ti:50Zr ratio without SBA-15.

In addition to the shift of 7, by the presence of
mesoporous particles, the appearance of a small
shoulder in the temperature interval ranging from
100 to 125°C is noticeable in the blends with SBA-
15. This secondary process is less intense in sample
FIMOO9 since its SBA-15 content is the lowest one.
This small endothermic peak is attributed to those
polyethylene crystallites, either those coming from the
UHMWPE or from the HDPE component, that are
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Figure 4. TGA curves of different UHMWPE/HDPE blends at constant Ti:Zr proportion and distinct (500, 1000 and 2500)

Al/Mr ratios varying the content in SBA-15

developed inside the SBA-15 channels [19], similarly
to evidence found in nanocomposites with MCM-41
[33, 34]. Channel confinement prevents a further
growth of the crystallites and, accordingly, these crys-
talline entities generated within SBA-15 particles are
of much smaller size than those that can grow at its
surface and in the UHMWPE and HDPE bulks.
Concerning their further crystallization, there is not
significant variation in the location of 7, for these
samples, as deduced from data reported in Table 3
and from Figure 5b.

Figures 5c and 5d represent the features found in the
blends containing a higher amount in SBA-15 parti-
cles at the identical 50:50 Ti:Zr ratio and different
Al/Mrt proportions. The Ty,’s are similar for these
three samples (FIMO11, FIM006 and FIM001) and
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higher than the observed one in the blend without
SBA-15 (FIMO15 sample) similar to what is ob-
served in the blends with less mesoporous particles.
Nevertheless, crystallinity is now increased for the
samples with the highest SBA-15 content, as listed in
Table 3. No evident nucleating effects are observed
during crystallization at those high SBA-15 contents.
On the other hand, the blends at a constant Al/Mrt of
2500 do not show a clear trend for the values of crys-
tallinity obtained from the first melting process. In
what concerns the crystallization, there is a consider-
able difference in the degree of crystallinity (FIM004
>FIMO001 > FIM005) developed during this process
and the variation might be related to the increasing
content in SBA-15. It has been reported [24] for
HDPE nanocomposites reinforced with MCM-41
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Table 3. DSC calorimetric data of the materials prepared

Ti Zr SBA-15 M,

Sample [mol%] [mol%] [Wt%] [g/mol] f& Tm fe Te
ZrHOMO10 0 100 0.0 234000 0.58 129.5 0.60 118.0
FIHOMO02 100 0 0.0 1359000 0.53 131.0 0.54 118.0
FISBAO16 100 - 6.9 1965000 0.49 132.5 0.47 118.0
FIMO004 20 80 6.4 - 0.52 130.5 0.52 118.5
FIMOO1 50 50 8.5 1066000 0.52 132.0 0.49 118.0
FIM005 80 20 12.5 990000 0.55 132.0 0.43 117.5
FIMO11 50 50 1.7 - 0.55 132.0 0.47 117.5
FIMO006 50 50 10.8 1550000 0.54 132.5 0.47 118.5
FIMO00S 20 80 46 1270000 0.48 130.5 0.48 118.5
FIMO13 50 50 43 1393000 0.48 131.0 0.49 118.0
FIM009 80 20 3.0 216200 0.48 132.5 047 118.0
FIMO12 50 50 37 - 0.52 132.0 0.49 118.0
FIMO10 50 50 3.6 1803000 0.49 132.0 0.49 118.0
FIMO15 (H) 50 50 - 410000 0.49 130.0 051 118.0

fe™ crystallinity for first melting and /. crystallinity for crystallization

that crystallization process is delayed at contents of and HDPE matrices makes that crystallization within
MCM-41 around 10 wt%. This was associated with  the channels requires much more time than the one
the slower development of those crystallites belong-  involved in the DSC experiment. If the blends are
ing to chains within channels, i.e., generated under  allowed remaining enough time at room temperature
great constraints. Then, confinement of the UHMWPE  (hours), crystallization of all the constrained polymer
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chains is accomplished independently of their molar
masses, and the number of crystal entities increases
up to attain similar crystallinity than that achieved
during first melting process.

3.3. Mechanical behavior

Indentation measurements have been chosen to eval-
uate preliminary the mechanical response of the
UHMWPE/HDPE blends. Data from these experi-
ments, concerning the elastic modulus and hardness,
Ei and Hy, respectively, are detailed in Table 4 for the
specimens with high SBA-15 contents. The pristine
polyethylenes prepared from homogeneous zir-
conocene and FI catalysts, ZrHOMO10 and
FIHOMO002, respectively, as well as their hybrids
with SBA-15, ZrSBAOI11 and FISBAO16, respec-
tively, are examined before analyzing the UHMWPE
/ HDPE based blends.

Table 4 indicates that the samples synthesized using
zirconocene catalyst either under homogeneous
(ZrHOMO10) or supported (ZrSBAO11) conditions
exhibit higher £} and Hj; values than those materials
prepared by the FI catalyst (FIHOMO00O2 and
FISBAO16, respectively). This fact is correlated to the
deformation mode applied during the experiment
since crystallinity is a key parameter in rigidity. HDPE
usually shows a degree of crystallinity higher than
the one developed in UHMWPE because of the large
length of its macrochains [35]. Differences are re-
duced if the respective nanocomposites are compared
(ZrSBAO11 and FISBAO16 samples), i.e., when
rigid SBA-15 particles, playing the dual role of sup-
port and filler, are incorporated. This behavior may
be related to the fact that the reinforcement effect of

Letters Vol.11, No.5 (2017) 344-361

SBA-15 is stronger and, accordingly, more notice-
able when these particles are introduced on a less
crystalline and softer UHMWPE matrix than when
incorporated into an already more crystalline and
harder HDPE polymer.

Additional variations are also clearly observed from
regular representations of indentation experiments.
Figure 6a shows that the largest depth reached after
applying identical force load corresponds to the neat
polyethylene synthesized using the FI catalyst. This
feature indicates that sample FIHOMO002 is the soft-
est material and, then, indenter can penetrate deeper
inside its surface. Moreover, its depth dependence
on time, directly related to its deformability, is the
greatest one, as depicted in Figure 6b, when the re-
sponse is compared with that exhibited by the
ZrHOMO10 pristine polyethylene and the FIMO015
blend, i.e. a UHMWPE / HDPE reactor blend pre-
pared with a 50:50 Ti:Zr molar proportion without
adding SBA-15 particles.

The effect of SBA-15 incorporation in HDPE and
UHMWPE matrices
ZrSBAO11 sample containing around 10 wt% in
SBA-15 exhibited E; and H;; values of 950 and
65 MPa, respectively. Ej; does not practically change
when compared to the corresponding neat HDPE but
a significant increase in hardness is observed for the
hybrid material. This fact seems to indicate that at
those contents the presence of SBA-15 mainly af-
fects the mechanical properties at the surface. Nev-
ertheless, SBA-15 changes either bulk rigidity or su-
perficial hardness in the softer materials, i.e., those
materials synthesized with the FI catalyst. Then, dif-
ferences found in both parameters are considerable,

is discussed below. The

Table 4. Indentation parameters attained at 25 °C: indentation modulus (Ej) and hardness (Hj;) for some pristine polyethylenes
and nanocomposites as well as for the reactor blends prepared under different experimental conditions

Ti Zr BA-1 M H E;
Sample [mol%] [mol%] S[wt%]5 [g/m‘:)l] S [MPta] [MPta]
ZrHOMO10 0 100 0.0 234000 0.66 53 985
ZrSBAO11 0 100 10.9 - 0.63 65 950
FIHOMO002 100 0 0.0 1359000 0.53 44 684
FISBAO16 100 - 6.9 1965000 0.49 60 865
Blends

FIMO004 20 80 6.4 - 0.52 68 1093
FIMO01 50 50 8.5 1066000 0.52 65 973
FIM005 80 20 125 990000 0.55 63 831
FIMO11 50 50 1.7 - 0.55 65 961
FIM006 50 50 10.8 1555000 0.54 70 1009
FIMO15 (H) 50 50 - 410000 0.49 55 893
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Figure 6. a) Indentation curves of load-maintenance-unload vs. depth for FIHOMO002 and ZrHOMO010 neat polymers and
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and the £ increases from 684 MPa in FIHOMO002
specimen to 865 MPa in the FISBAO16 sample and
Hj; from 44 to 60 MPa, respectively.

Figure 7 shows the reinforcement role that SBA-15
particles exert in a UHMWPE/HDPE blend contain-
ing 8.5 wt% of SBA-15 (FIMO0O1), prepared at iden-
tical synthetic conditions to those used for the neat
FIMO15 blend. Then, on one hand, indenter depth
after applying identical force is inferior in the FIM0O01
sample and, on the other hand, the FIM001 blend con-
taining the mesoporous SBA-15 shows a higher rigid-
ity and hardness (see Table 4). It has been reported

12

T T T

I I !

FIM001

a) Depth [um]

that these mechanical parameters only undergo sig-
nificant enhancements in HDPE synthesized with
zirconocene [33, 36] immobilized onto MCM-41 at
filler loads ~30% and HDPE prepared with Hafnium
catalyst supported on SBA-15 at filler contents
>8 wt%.

The UHMWPE/HDPE blends exhibit a behavior de-
pendent on the Ti:Zr ratio used during polymeriza-
tion. E;; and Hj; values increase as Zr amount is raised
in the Ti:Zr molar proportion (see Table 4). Figure 8
displays also the soft character and easy deformabil-
ity of the FIHOMO02 neat polymer in comparison
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(50:50 Ti:Zr, A/Mt = 2500) blends. b) Indenter depth dependence on experimental time
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with the FIM004 blend that contain a major amount
of HDPE synthesized from the zirconocene catalyst.
FIMOO01 and FIMO0OS5 blends are in between because
of their different contents in UHMWPE and HDPE.
Table 4 shows that the primary variable in these
blends is their HDPE content, this parameter being
even more important than the SBA-15 amount ex-
isting in the composite. Then, a reduction in rigidity
and hardness values is observed as UHMWPE
amount is expected to increase in the blend, i.e. as
Ti:Zr molar proportion is raised.

A reinforcing effect might be also noticed by the ad-
dition of a minor UHMWPE amount to a HDPE ma-
trix (samples FIM004 and ZrSBAO11 in Table 4).
Despite the smaller SBA-15 content and the lower
crystallinity of the blend (obtained from a Ti:Zr
molar proportion of 20:80) when compared to the
HDPE composite sample (synthesized from a 0:100
Ti:Zr molar proportion) an increase of the Ej up to
~1100 MPa is observed for the blend. On the other
hand when comparing the sample FISBAO16 (pre-
pared with a Ti:Zr molar proportion of 100:0) with the
blend FIMOOS (prepared from a Ti:Zr molar propor-
tion of 80:20), no increase of modulus is observed,
despite the higher crystallinity and SBA-15 content in
the latter sample. Therefore, no reinforcement effect
is observed upon addition of a small amount of a
HDPE component to a UHMWPE matrix.

Table 4 also shows that there is not a clear trend as
the Al/Mr ratio is changed at constant 50:50 Ti:Zr
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proportion. Then, Ej; and Hj; values are rather anal-
ogous.

It is well known that size and dispersion state of the
filler affects mechanical properties of the compos-
ites. Figure 9 shows TEM micrographs for FIM004
and FIMOOS samples, containing 6.4 and 12.5 wt%
of SBA-15, respectively.

Changes found in SBA-15 dispersion are not very
significant. The FIM005 sample seems, however, to
present worse dispersed particles and aggregates of
larger sizes, which may contribute to its lower me-
chanical performance. Interestingly, the SBA-15 chan-
nel like structure is clearly seen on the highest mag-
nification pictures, confirming that the mesoporous
structure has been neither altered nor lost after poly-
merization.

Creep characteristics can be deduced from the stage
at constant force (/= 10 mN) in these indentation ex-
periments. Three main parameters are important to
explain the behavior of UHMWPE/HDPE blends
under study: overall crystallinity, average molar mass
since entanglements might play a considerable role
to avoid creep and SBA-15 content because of its
rigidity.

Figure 10 shows the variation in depth for the blends
without and with SBA-15 at different Ti:Zr molar
proportion and at constant Al/Mr ratio.

FIMO15 blend prepared under homogeneous con-
ditions is a rather soft material (Ej and Hj; are quite
small). This characteristic together with its low
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Figure 10. Variation of indentation creep depth for the neat
FIMO15 blend and blends synthesized by cata-
lysts immobilization on SBA-15 at distinct Ti:Zr
ratio and at Al/Mt = 2500

crystallinity and the absence of SBA-15 particles are
all responsible for its inferior creep resistance. Nev-
ertheless, the FIMO005 blend, which follows FIM015
in rigidity features, is the material with the best creep
performance at room temperature. This can be due

to its highest crystallinity and SBA-15 contents as
well as its greater molar mass; all these parameters
providing an increased resistance of the macrochains
to slippage. The FIM001 and FIM004 samples pres-
ent similar crystallinity values and intermediate SBA-
15 contents. Consequently, creep resistance is low-
ered when compared with the one in FIMO015 in ~5
and 10%, in FIM004 and FMO0O01 blends, respective-
ly, the increasing SBA-15 content being now the key
parameter.

3.4. Rheological measurements

To evaluate the rheological behavior of these poly-
mers, several rheological tests were performed on
some of the samples. As described in the experimen-
tal section, G(¢) obtained from step strain experi-
ments was transformed to the frequency space al-
lowing the enlargement of the frequency range up to
values as low as 1-107* rad/sec.

Figure 11a shows the result from the relaxation exper-
iment for sample FIM0O01 while Figure 11b exhibits
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Figure 12. Elastic (a) and loss (b) moduli as a function of frequency for samples FIMO013 (squares), FIM001 (diamonds)
synthesized under similar conditions but with different SBA-15 content

those from the superposition obtained with the dy-
namic data after the conversion of the step strain re-
sults. An excellent overlap is achieved between both
experiments.

The results of the combined experiments for samples
FIMOO1 and FIMO13, synthesized under identical
polymerization conditions and differing only in the
reaction time are shown in Figure 12. Sample FIM013
exhibits lower G'(®) values over the whole frequen-
cy range covered by both experiments regardless of
its higher molar mass, as determined from the SEC
measurements. This fact is attributed to the lower
SBA-15 content (4.3%) of this sample, versus the
8.5% of SBA-15 in sample FIMOO1.

The comparison between the samples prepared with
different Ti:Zr molar proportions is depicted in Fig-
ure 13 by looking at the dependence of G'(®) on fre-
quency for samples FIM00S, FIM009 and FIMO13.
The increment in the proportion of the FI catalyst
turns out in a polymer with higher molar mass. This
feature is reflected in the rheological measurements
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Figure 13. Elastic modulus as a function of frequency for
samples FIM008 (squares), FIM013 (diamonds) and
FIMOO09 (triangles) containing 20, 50 and 80% of
phenoxi-imine catalyst, respectively

that are in agreement with the results from the SEC.
The G'(w) for the FIM009 sample exhibits a higher
modulus over the whole dynamic range covered by
the experiments followed by FIMO013, which pos-
sesses an intermediate molar mass. The lowest G'(®)
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values are those observed for sample FIM008 with
the lowest molar mass.

A common feature of the entirely rheological meas-
urements is the level of the G'(®) plateau that is
reached for the different samples. In all cases, the
modulus of the measured plateau is well below that
corresponding to the well-known plateau modulus
for polyethylene that is about 1.9 MPa [37]. This is
a characteristic result of the rheological data that are
obtained from the nascent UHMWPE powder taken
just after polymerization [17, 38—42]. This low value
is due to the practically absence of entanglements
existing in the powder produced during the UHMW-
PE polymerization at low temperatures. Moreover,
the low density of entanglements is, probably, also
due to the fact that some polymeric chains are ob-
tained within the confined structure of SBA-15. These
conditions favor the obtainment of highly disentan-
gled UHMWPE. Attempts to follow the re-entangle-
ment process by maintaining the polymer samples at
160 °C in the rheometer chamber for long periods of
time have been unsuccessful because the polymeric
samples degrade acquiring a dark brownish color.
The presence of the SBA-15 probably contributes to
this process. Rheological studies to follow the re-en-
tanglement kinetics on polybutadienes in solution
and in the molten state have demonstrated that the
time required for re-entanglement of partially dis-
entangled melts exceeds the terminal relaxation
times determined from linear viscoelastic measure-
ments [43, 44] by an order of magnitude. In the par-
ticular case of UHMWPE, several works reported
by Rastogi and coworkers have demonstrated that
periods of time up to several days at temperatures
of 160 °C may be required to achieve the complete
entangled thermodynamic equilibrium state [38, 41].

4. Conclusions

Several in-reactor UHMWPE/HDPE blends with
different compositions have been produced by in situ
polymerization in a single reactor. The activities and
the kinetic profiles obtained during the preparation
of these blends can be rationalized taking into ac-
count the contribution of each one of the immobi-
lized catalysts. The highest activity is obtained for the
blend prepared at a fixed Al/Metal ratio of 2500 and
with a Ti:Zr ratio of 50:50. For the blends prepared
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at a constant Ti:Zr molar proportion the activity in-
creases with the Al/Ti ratio.

The characterization of these blends by TGA under
inert atmosphere revealed that decomposition tends
to start at higher temperature as the Ti:Zr ratio in the
support is increased, i.e. as molar mass rises. Under
oxidative conditions a more complex behavior is
seen. Moreover increasing amounts of SBA-15 in
the blends seem to promote degradation.

The DSC traces of the in-reactor blends revealed a
single melting and crystallization peak, indicating
that the individual chains synthesized by each one
of the two catalysts undergo their thermal transitions
at identical temperature interval. Moreover the Ty, is
shifted to slightly higher values as the Ti:Zr ratio in-
creases and a small shoulder appears in the temper-
ature interval ranging from 100 to 125 °C. This may
be attributed to polyethylene crystallites, either com-
ing from the UHMWPE or the HDPE component de-
veloped inside the SBA-15 channels.

The preliminary evaluation of mechanical response
of the distinct polyethylene films has shown that the
effect of SBA-15 incorporation in the PE matrix de-
pends on its molar mass. For HDPE samples, issued
from zirconocene catalyst, £j; does not change sig-
nificantly with incorporation of SBA-15, however a
meaningful increase of Hj; is observed. On the other
hand, a much stronger reinforcement effect of SBA-
15 particles, either in bulk rigidity or superficial
hardness, is seen in the softer and less crystalline
UHMWPE samples. Accordingly, the mechanical
behavior of these in-reactor UHMWPE/HDPE blends
is complex and depends both on the proportion be-
tween these two PE components and the SBA-15
amount. It is also worthwhile noticing that a signif-
icant reinforcing effect is seen by adding of a small
amount of the UHMWPE component to a HDPE
matrix.

Rheological behavior of these blends is dependent
on both SBA-15 content and molar masses. In addi-
tion, the rheological data obtained from the nascent
powders points out that the combination of a multi-
site catalysts approach with the confined polymer-
ization environment provided by the SBA-15 meso-
porous silica support, leads to the formation of a
disentangled state in nascent UHMWPE.
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