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Abstract

The interfacial tension in the melt state represents a key parameter to quantify the compatibility of
polymer blends processed by extrusion techniques. Its evaluation is still challenging for polyolefin-
based blends and, here, two complementary techniques (i.e. rheological and optical methods) were
tested to evaluate the PP/PE compatibility in the melt state. In particular, interfacial/surface tensions
at 200°C between several types of isotactic polypropylene (iPP) and polyethylene (PE) (i.e. Ziegler
Natta- and metallocene-catalyzed grades) are specifically addressed to detect slight modifications of
melt compatibility and to potentially highlight the role of polymer structure induced by the used
catalyst. Classical dynamic rheology experiments coupled with morphological analyses were first
attempted and several trends are clearly observed in term of iPP/PE interfacial tensions.
iPP/metallocene PE associations display the lowest interfacial tension (0.9 — 1.2 mN/m, relative
standard deviation =~ 20%) and as-selected metallocene PE clearly gave rise to an enhanced melt
compatibility with iPP matrices. Interfacial tensions could not be directly and precisely evaluated by
optical methods using the polymer-in-polymer pendant drop method due a poor precision arising
from an ultra-low iPP/PE melt density difference. However, surface tensions in the melt state
obtained by the pendant drop method under nitrogen atmosphere represent the most reliable tool
with an excellent sensitivity to as-selected polyolefin catalysts. An indirect but precise insight on
polyolefin compatibility was found possible using surface tensions with a full discrimination
between as-selected polyolefins in agreement with enhanced melt compatibilities in metallocene
iPP/metallocene PE blends.
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1. Introduction

Polyethylene (PE) and polypropylene (PP) represent the most common thermoplastic polymers with
colossal production rates up to 29 billion tons for 2016 in Europe (48.5% of the total polymer
production)[1]. PE and PP are widely used in packaging, automotive, building and electronic
industries to produce a large range of useful items (bags, bottles, containers, pipes, films,
automotive parts, etc...). These unique figures for PE and PP mainly arise from their exceptional
mechanical properties, low production cost and availability in a wide range of grades for most of
processing technologies of the plastic industry[2].

Associations of polyolefins using melt extrusion techniques have been intensively considered to
modify final properties at reasonable production costs. PP/PE associations in the melt state yield
PP/PE blends and/or layered films with improved mechanical/impact properties (especially at low
temperatures) for automotive and packaging applications with a possible use of recycled materials.
Final properties of PP/PE blends depend on their compatibility and, in the realm, isotactic PP (iPP)
and high-density polyethylene (HDPE) are immiscible and poorly-compatible in the melt state[3—8].
iPP/HDPE blend morphologies, final properties and impact of processing conditions were widely
investigated by numerous authors. Characteristic matrix-droplet or co-continuous morphologies are
observed and iPP/HDPE often displayed fragile mechanical behaviors with poor impact properties.
Several compatibilizers such as poly(ethylene-co-propylene) elastomer[3], poly(ethylene-co-
propylene-co-diene)[9,10]and poly(ethylene-co-vinyl acetate)[9] were tested for iPP/HDPE with
moderate success.

The development of metallocene-catalyzed iPP (miPP) and PE (mPE) grades drastically changed
the situation with significant and unexpected improvements of high industrial and scientific
interests. The most famous investigation was proposed by Bates F. and coworkers on iPP/PE
laminated films followed by characterizations of the delamination strength using T-peel tests[11].

The benefit of metallocene-catalyzed polyolefins was clearly highlighted with outstanding



interfacial strengths between miPP and mPE largely exceeding conventional combinations of
Ziegler-Natta-catalyzed polyolefins. Hiltner A. and al. corroborated these results on co-extruded
iPP/mPE films[12—-14] and large improvements of impact properties were also observed for
miPP/mPE blends[15-18]. The enhanced compatibility between metallocene-catalyzed polyolefins
is ascribed to the quality of the miPP/mPE interface formed during melt processing. Large
interdiffusion lengths across the interface are observed by transmission electron microscopy (TEM)
and atomic force microscopy (AFM)[11-13,18,19] enabling efficient miPP/mPE entanglements and
peculiar crystallization effects at the interface.

The melt compatibility between two polymers could be quantified by various physical parameters
and especially surface/interfacial tensions in the melt state with (in)direct connections to
interdiffusion lengths, solubility parameters[20-25] and various intrinsic thermodynamic
properties[26-28]. Experimental data about surface/interfacial tensions are documented for several
common iPP/PE grades[21,26,29-33] but remains unknown for metallocene-catalyzed polyolefins.
Actually, the catalytic/initiating systems and conditions used for ethylene/propylene polymerization
could control macromolecular parameters of as-produced polyolefins[2,34] and a precise prediction
of surface/interfacial tensions of polyolefins is theoretically possible based on macromolecular
parameters[24,25,31,32,34,35] (i.e.molecular weights &distributions, branch lengths&densities,
nature of end-chain groups). Interfacial tensions and subsequent melt compatibility are expected to
vary with respect to polyolefin grades in iPP/PE blends and such data could be of high academic
and industrial interests for future predictions for the iPP/PE blend behavior. However, discriminant,
precise and reliable experimental tools are required for iPP/PE systems.

The following study consequently deals with the evaluation of the iPP/PE melt compatibility (in
particular for metallocene miPP and mPE grades) by means of interfacial/surface tensions in the
melt state. Rheological and optical methods are selected for this purpose and iPP/PE interfacial

tensions will be first captured by a classical rheological method coupled with morphology analysis



of iPP/PE blends (i.e. PE droplet size dispersed into iPP matrices). Optical methods by the pendant
drop technique are then proposed in order to provide a better discrimination between iPP and PE
grades regarding their blend compatibility. The reliability and sensitivity of each method is also
discussed in order to extract information regarding iPP/PE melt compatibility.
2. Experimental section
2.1 Materials

Three polyethylenes (PE) and two isotactic polypropylenes (iPP) were kindly supplied by
Total (Feluy, Belgium) and their physico-chemical properties are listed in Table 1 and Table 2.
Radical PE (rPE), Ziegler-Natta PE (zPE) and metallocene PE (mPE) grades were used with a
constant melt flow index (MFI, determined at 190°C and 2.16kg for as-selected PE). A Ziegler-
Natta isotactic PP (ziPP) and a metallocene isotactic PP (miPP) were also chosen with a constant
MFI (determined at 230°C and 2.16kg for as-selected PP).

Table 1: Physico-chemical and macromolecular properties of selected PE grades.

MFI Density | My (Da) | My (Da) | My(Da) Mw/Mn | M/Mn Tm (°C)
(g/10min)
rPE 7.5 0.918 16300 147000 688000 9.0 4.7 108
zPE | 8.0 0.960 13100 65500 358000 5.0 5.5 134
mPE | 8.5 0.960 19100 53200 101000 2.8 1.9 135
Table 2: Physico-chemical and macromolecular properties of selected PP grades.
MFI M (Da) M(Da) M;(Da) Mw/Mn Mz /M, Tm (°C)
(g/10min)
ziPP | 25 32400 185000 562000 5.7 3.0 160
miPP | 25 52800 157000 294000 3.0 1.9 150




2.2. Processing

iPP/PE blends were processed by twin-screw extrusion (Haake Rheomex PTW 160S,
Thermo Scientific, Germany, screw diameter 16mm, L/D 40) at 200°C with a screw speed of 100
rpm. iPP was chosen as the matrix with 20 wt-% PE as minor phase to generate PE droplets. Neat
polymers and blends were then reprocessed into disks for rheology (diameter 35mm, thickness
2mm) by either compression molding (200°C, melting time Smin, low pressure cycle 4min, high
pressure cycle 1min) or injection-molding (200°C, injection pressure 350 bar, mold temperature
30°C, holding time 10s).
2.3. Characterizations
2.3.1 Dynamic rheology

Dynamic rheology experiments were performed on iPP/PE blends and neat polymers using
an Anton-Paar MCR301 dynamic rheometer equipped with plate-plate geometry (diameter SOmm,
gap 1mm). Strain sweep at 200°C were first performed to verify the linear viscoelasticity range.
Frequency sweeps at 200°C were then performed from 100 to 0.1 rad/s with a fixed strain to 10%.
2.3.2 Scanning electron microscopy

Morphologies of iPP/PE blends were determined by scanning electron microscopy (SEM)
with a Leica SEM instrument operating at 15 kV. Compression-molded samples were cryo-
fractured and coated with thin gold layer before SEM observations. Three zones of the cryo-
fractured samples were scanned and processed into the image analysis software ImageJ. At least 50
droplets were measured on each image followed by droplet classification into 7-8 different size
classes. The volume and number average size of the PE droplets in iPP matrices were determined

using equation 1-2, based on the analysis of, for each blend, 3 images at various area of the sample
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with D, the droplet number-average diameter, Dy the droplet volume-average diameter, R; the
average droplet radius of the i-class and n; the number of droplets into the i-class.
2.3.3 Specific melt densities

Specific densities in the melt state are mandatory for surface/interfacial tension evaluation
by optical methods. The specific volumes (and densities) in the melt state were accessed using a
Goetfert capillary rheometer (Germany) equipped with a specific PVT device. The specific volume
of the molten sample was acquired at 200°C and various pressures ranging from 20 to 120 bar. The
specific melt densities at atmospheric pressure and 200°C was further obtained by extrapolation to 1
bar (0.1MPa). To insure the highest precision on specific volumes measurements at 200°C (in
particular the absence of material leakage and bubbles), elastomeric sealants were changed for each
material. The measurement routine was also repeated several times until reaching constant specific
volumes. Average values with standard deviations were obtained from two experiments.
2.3.4 Melt-state pendant drop method

Surface and interfacial tensions were evaluated by the pendant drop method using a DSA100
goniometer (Kriiss, Germany) equipped with a specific test chamber for high-temperature
measurements. Neat polymers were extruded through a 2mm-diameter metal syringe and pendant
drops of molten polymers with volumes ranging from 10 to 15 uL were formed at the die exit in a
N> atmosphere. Molten drop profiles were recorded every 30s for 20min. Data were then processed
with the DSA software to fit pendant drop profiles with a Young-Laplace model (Figure 1 and
equation 3) and access drop shape B-parameters and hence surface/interfacial tensions (equation
4). Drop shape parameters between 0.6 and 0.7 and accurate fits to the experimental drop profile are
targeted for a good reliability of the surface/interfacial tensions. Two measurements were

performed for each polymer and surface/interfacial tensions were taken as an average.
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with Ap the density difference between the two phases, g the Earth’s gravity (9.81 m.s?), a the

curvature radius at the apex and Yi the surface tension of the pendant drop.
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Figure 1: Ideal pendant drop profile for Young-Laplace fitting
2.3.3 Melt-state sessile drop method

Several surface tensions at 200 — 230°C were also approached by a sessile drop method.
Polymer granulates (mass 10mg) were melted on various substrate at 230°C (PTFE, PDMS, PEI
and PEEK) and contact angles were extracted from sessile drop profiles every 30s. Contact angles
on each substrate were finally treated using an inverse Owens-Wendt plot with equation 5 to get

the overall surface tension with the dispersive and polar components.

1+ cos@ _ 2A N 2B v Ysp
\/@ (A2 +B%) (A% + BZ)\/E

with A the square root of the dispersive component of the surface tension (Ypa) for the molten

)

polymer, B the square root of the polar component of the surface tension (Ypp) for the molten
polymer, © the contact angle between the sessile and the substrate, Vs, the polar component of the

surface tension for the substrate, Ysa the dispersive component of the surface tension for the

substrate.

3. Results and discussions

3.1 iPP/PE interfacial tension by the rheological method



The interfacial tensions at 200°C between various iPP/PE associations (and especially
metallocene-catalyzed polyolefins) were first evaluated by a classical rheological method based on
pioneer works by Palierne on the emulsion model of viscoelastic fluids[36]. Basically, the
rheological behavior of polymer blends with matrix/droplet morphologies is marked by an extra-
elasticity in the terminal regime (compared to the neat matrix), a behavior linked to mechanical
droplet deformation and subsequent form relaxation. This relaxation process and its corresponding
relaxation time (hereafter called droplet relaxation time) depend on various parameters such as
droplet radius, viscosity ratio and the interfacial tension. Complex rheological models were further
developed[37,38] but in a first approach the droplet relaxation time Afrm is given by equation 6
developed by Gramespacher and Meissner[31,39]. In this respect, the rheological method could
provide a direct access to Yi2 and two important parameters need a careful evaluation, i.e. the
droplet size (R) by SEM and droplet relaxation time (Aform) by dynamic rheology (@, Nm are constant
and K is readily obtained, Figure SI1).

o B (19K + 16)[2K +3 = 2¢(K — 1)]
form = 4y, 10(K + 1) — 2¢(5K + 2)

(6)

with Nm the matrix newtonian viscosity, K the newtonian viscosity ratio, @ the volume fraction of
dispersed phase and Y12 the interfacial tension.

Droplet sizes are critical to access the interfacial tension and this parameter was first
approached using specific sample preparation/characterization techniques before rheology. Three
iPP/PE blends (weight composition 80/20) were produced by twin-screw extrusion (miPP/mPE,
ziPP/mPE and miPP/zPE) followed by compression-molding to insure a homogeneous, spherical
and stable droplet morphology (droplet size stability was insured by a supplementary annealing
treatment at 200°C, Figure SI2). Note that iPP and PE were used as a matrix and dispersed phase
respectively due to viscosity considerations and avoid complex additional phenomenon such as in-

situ fibrillation during processing[40]. For sake of comparison, an injection-molded blend was also



considered. Blend morphologies are displayed in Figure 2 and matrix/droplet morphologies are
clearly observed. Droplet sizes were determined after image analysis and results are listed in Table
2. Number-average diameters (Dn) between 2.3 — 2.7 um and close to 1.2 um were obtained for
compression-molding and injection-molded samples, respectively. The polydispersity index (IP)
clearly decreases after compression-molding, probably due to droplet coalescence at high residence
time in the absence of shearing. Similar mPE droplet sizes are observed in ziPP and miPP matrices
(Dn = 2.3 um) but significant differences are detected with zPE droplets in miPP matrix (D, = 2.7
um). The interfacial adhesion is also improved by the use of mPE with a broad interface to the iPP
matrix whereas partial debonding of zPE particles during cryofracture is observed attesting for a

poor interfacial adhesion. These morphological features are in agreement with an enhanced melt

compatibility in iPP/mPE systems.

Figure 2: Morphologies of miPP/mPE (a), ziPP/mPE (b) and miPP/zPE (c) blends as observed by
SEM on cryofractured and compression-molded samples (weight composition 80:20).
Table 2: Number-average (D.), volume-average (Dy) and polydispersity (IP) of PE droplet

diameters in considered iPP/PE blends (standard deviations into brackets according to Figure SI3).

Blend Dy (um) Dy (um) IP

miPP/mPE? 2.3(0.2) 3.0(0.3) 1.28 (0.05)
ziPP/mPE* 2.3(0.2) 2.9(0.2) 1.25 (0.04)
ziPP/mPE® 1.2 (0.1) 1.8 (0.1) 1.61 (0.06)
miPP/zPE* 2.7(0.3) 3.8(0.2) 1.39 (0.10)

? Blends made by extrusion followed by thermocompression-molding.
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® Blends made by extrusion followed by injection-molding.

Rheological analyses were then performed at 200°C and storage moduli as a function of the
frequency are depicted in Figure 3a-c. Two relaxation peaks are systematically observed with a
high-frequency peak for the matrix terminal relaxation and a low-frequency peak for the droplet
relaxation. The droplet relaxation time Aform-max Needs to be extracted from the peak position
corresponding to droplet relaxation for the final computation of the interfacial tension yi2. Several
methods are available, i.e. the weighted relaxation time spectrum obtained by a regularization
method developed by Honerkamp J. and Weese J. (Figure 4a)[30,41] and the imaginary part of the
complex viscosity (Figure 4b) documented by Xu et al. for PLA/PBS blends[42]. The advantage of
the latter method lies in the absence of any curve fitting and Aform-max (=1/Worm-max) could be readily
obtained from experimental results but lower droplet relaxation times are obtained (Table 3)
(probably due the absence of weighing effects, Figure SI4-5). The number-average droplet radius
(Rn) was specifically considered for this latter method and similar interfacial tensions are reported
for the two methods (Table 3). From a general point of view, iPP/PE interfacial tensions between
0.9 to 1.9 mN/m are detected for the blends, in accordance with previous investigations on
iPP/HDPE (yi2 close to 2.2 mN/m at 200°C)[25,30,31]. An interesting trend is clearly captured with
a significantly lower interfacial tension for blends based on mPE (0.9 — 1.2 mN/m) compared to
blends based on zPE (1.6 — 1.9 mN/m), in agreement with recent investigations on the enhanced
compatibility between metallocene polyolefin blends[11-13,18,19]. A good reliability of our
calculated interfacial tensions is consequently concluded with a potential discrimination between

mPE and zPE in terms of melt compatibility to iPP.
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Figure 4: Weighted relaxation spectra (a) and imaginary part of the complex viscosity as function
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Table 3: Form relaxation time, newtonian viscosity ratio, matrix newtonian viscosity and interfacial

tension for as-studied PP/PE blends.
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Blend Aform-max (8)¢ | Aform-max (8) K Nm (Pa.s) | yi2(mN/m)° yi2(mN/m)¢
miPP/mPE* | 3.6 2.4 2 585 0.9 1.0
ziPP/mPE? 4.9 33 1 1150 0.9 1.0
ziPP/mPE 2.1 1.6 1 1150 1.2 1.1
miPP/zPE? 2.5 1.5 2.1 585 1.6 1.9

? Blends made by extrusion followed by thermocompression-molding.

® Blends made by extrusion followed by injection-molding.

¢ Obtained from the weighted relaxation spectra using weight-average droplet diameter.

4 Obtained from the imaginary part of the complex viscosity using number-average diameter.

To strengthen above conclusions on iPP/PE interfacial tensions, the precision of these values was
approached. The relative standard deviation (SD) on interfacial tensions arises from (i) the relative
SD on droplet size and (ii) the relative SD on the droplet relaxation time (for other parameters such
as newtonian viscosity, SD is rather low and could be neglected). For droplet size, according to
Table 2, the relative SD on D, and Dy could be set to approx. 10% based on 3 successive SEM
analyses on various areas of cryo-fractured samples. For droplet relaxation time, the relative SD is
linked to the evaluation of the low-frequency peak position and could be set to half the interval
between experimental points. In this respect, the method based on the weighted relaxation spectrum
provides the best precision and, for droplet relaxation time close to 3.6 s (droplet relaxation time
measured for the miPP/mPE blend), the SD could be estimated to approx. 0.4 s for a relative SD on
droplet relaxation time close to 10%. The global precision on the interfacial tension in iPP/PE
blends by the rheological could be estimated close to 20% as the sum of the two relative SD, in
agreement with previous estimations by Souza A.M.C et al. for iPP/PE blends [25,30,31]. Note this
precision is also consistent the interfacial tension measured on a ziPP/mPE blend processed by
injection-molding (yi2 = 1.1 — 1.2 mN/m) instead of compression-molding (yi2 = 0.9 — 1.0 mN/m).

As a conclusion, the rheological method could easily discriminate mPE and zPE in terms of melt
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compatibility to iPP with a significantly lower interfacial tension for iPP/mPE blends compared to
iPP/zPE. However, only trends are captured by the rheological method in these iPP/PE systems and
quantification of the interfacial tension is only possible with a precision close to 20%. In-depth
discrimination between miPP and ziPP is actually not possible by this method. The main drawbacks
of the rheological method lie in (i) the droplet size detection by image analysis of cryo-fractured
samples and (ii) peculiar low-frequency behaviors with the related high extra-elasticity (elasticity
even higher than neat polymers). More precise interfacial tension values and subsequent trends were
attempted using optical methods by pendant drop techniques.
3.2 iPP/PE interfacial tensions by optical method

To validate above trends found by rheology, optical methods are good interests for a direct
quantification of the interfacial tension in the melt state[43], in particular the polymer-in-polymer
pendant drop method. However, polymer pairs required for this method should be carefully chosen
in terms of specific melt densities and viscosities to insure (i) the establishment of a stabilized
pendant drop profile in a moderate experimental time, (ii) a good optical contrast and (iii) a
significant specific melt density difference Ap (also called specific melt density contrast). In this
respect, an evaluation of the specific melt density is mandatory and all materials were submitted to
PVT experiments at 200°C for PE and 200 — 230°C for iPP. Specific melt densities at 200°C for our
neat iPP/PE melts are comprised in the range 0.741 — 0.744 g/cm?, with a classical decrease at
higher temperatures for miPP and ziPP (Table 4). Only mPE seems to display a slightly higher
specific melt density and the accuracy of the PVT method was checked with standard deviations
evaluated to approx. 0.002 g/cm® on two successive measurements. Specific melt densities for
LDPE, HDPE and iPP were also extracted from several studies found in literature (Table 4).
Slightly lower specific densities are observed for the materials of the present study (Table 4)
attributed to intrinsic errors related to PVT measurements using a capillary rheometer

(material/barrel temperature difference, zero displacement calibration and/or material degradation at
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long residence times). In this context, it could be stated out that the specific melt density contrast
Ap between our iPP and mPE is extremely low, even below detection levels for most of iPP/PE

associations.
Table 4: Experimental specific melt densities at atmospheric pressure (0.1MPa) for as-selected

iPP/PE in this study and values extracted from literature (average values, standard deviations into

brackets).
Specific density (g/cm®) | Specific density (g/cm?) Ref
Material
@ 200°C @ 230°C
rPE 0.743 n.d.
zPE 0.741 n.d.
mPE 0.744 (0.002) n.d.
ziPP 0.741 0.725
miPP 0.742 (0.002) 0.727(0.002)
LDPE 0.753 (0.002) n.d. [36,37]
HDPE 0.757 (0.002) n.d. [36,37,38]
iPP 0.754 (0.002) 0.739 (0.003) [37,39,40]

Taking into account the low specific density contrasts Ap, only two iPP/PE associations
could be of interest for polymer-in-polymer pendent drop experiments, i.e. miPP/mPE and
ziPP/mPE. Pendant drops were consequently attempted and drop profiles are displayed in Figure 5
for a mPE (p = 0.744 g/cm?) drop in a miPP medium (p = 0.742 g/cm?). Long stabilization times
were required to reach an equilibrium state and complex pendant drop profiles without any classical
“pear” shape were observed. These phenomena are probably related to the intrinsic viscoelastic
properties of neat component and the low interfacial tension in this iPP/PE system. The optical

contrast between the two phases is also another problem for automatic drop edge detection and all
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these points obviously represent severe obstacles to a direct evaluation of the miPP/mPE interfacial
tension by optical techniques. Drop profiles were manually extracted using the approach developed
by Stauffer C.E.[49], a reliable method for nearly-round pendant drops. The interfacial tension is
directly calculated from the density difference (Ap), the equatorial diameter of the drop (D.) and a
correction factor H (equation 6). Tabulated values of 1/H are available from the shape parameter S

(equation 7) and the precision of this method is theoretically good (lower than 10%) as long as S is

higher than 0.5.
Ap X g X D?
= -2 ° (6)
V12 H
s=Ds/p, (7)

with Ds the drop diameter at a distance D. of the apex.

S values close to approx. 0.49 — 0.51 are obtained insuring an accurate value of Ds and hence
of 1/H value. Interfacial tension value ranging from 0.4 — 0.6 mN/m are obtained with a noticeable
increase of yi2 with experimental time, an effect attributed the higher drop volume. This low Yi2
range is in accordance with above-mentioned results by the rheological method. Actually, it could
be noticed that the extremely low specific melt density contrast Ap close to 0.004 — 0.003 g/cm? (+
0.002 g/cm?) naturally give rise to a low accuracy on Yi2 (precision close to 60%) for the considered
iPP/PE system. In this context, the direct evaluation of the iPP/PE interfacial tension by polymer-in-
polymer pendant drop method to discriminate iPP/PE melt compatibility is clearly subjected to a

poor precision in iPP/PE systems due to poor specific melt density contrasts.
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20 min, 7;3;=0.4 mN/m 1h,7:;=0.5 mN/m 1h 30 min,7,;=0.6 mMN/m

Figure 5: Experimental pendant drops of mPE in miPP at 200°C as a function of time.
3.3 iPP/PE surface tensions by optical method using pendant drops

The direct evaluation of the iPP/PE interfacial tension is clearly restricted and surface
tensions of neat iPP/PE melts could be of goof interest to indirectly discriminate polyolefins in
terms of melt compatibility. In this respect, pendant drops under N> atmosphere of neat zPE, rPE,
mPE, ziPP and miPP at 200°C were attempted and displayed in Figure 6. A very good fit of the
pendant drop profile is obtained using Young-Laplace equations (equation 3 and 4). Drop shape
parameters B are listed in Table 5 with values ranging from 0.65 to 0.69 insuring a very good
quality of the surface tension measurements. It could be here noticed that mechanical equilibrium
took place in approx. 10 - 15 min with as-chosen low-viscosity PE and iPP grades (MFI close to 25
for iPP and a MI2 close to 8 for PE). Surface tensions are tabulated in Table 5 and a comparison
between iPP/PE melts at 200°C is also attached in Figure7 (PE was found very sensitive to thermal
degradation/oxidation at 230°C and was only tested at 200°C). Surface tensions in the range 18 — 19
mN/m are obtained for iPP at 200°C with a classical decrease to 17 — 18 mN/m at 230°C. Trends
between iPP/PE materials and impact of temperature are in accordance with many previous studies
on polyolefin surface tension but lower values are systematically observed by approx. 2 — 3
mN/m[25,32]. This fact could be partly attributed to a reduced amount of additives in the PP/PE

grades of the present study, in particular polar additives such as dibuthylphtalate[32].
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A slightly lower value is obtained for ziPP with a difference by approx. 0.5 — 1.0 mN/m compared
to miPP, an effect in accordance with the classical dependence of the surface tension on the
number-average molar weight (32400 g/mol for ziPP compared to 52800 g/mol for miPP) [32]. For
the surface tension of as-selected PE at 200°C, the situation is drastically different with large
differences between PE grades. Surface tensions close at 23.1 and 21.8 mN/m for zPE and rPE were
respectively measured, this trend is in accordance with surface properties of linear PE (or HDPE)
and branched PE (or LDPE)[25]. Interestingly, the mPE grade is marked by a significantly low
surface tension close to 21.4 mN/m and, to the best of our knowledge, this low value had never
been documented. It could noticed that the classical dependence of the surface tension on the
number-average molar weight is here no longer valid for PE and the origin of this discrepancy could
found a potential origin on PE macromolecular structures (such as branching density and/or end-

chain effects).

00000

Figure 6: Pendant drop profiles at 200°C for zPE, rPE, mPE, ziPP and miPP (from left to right)
(green line, Young-Laplace fitting of the detected shape profile).
Table 5: Surface tension and drop shape parameter (B) for as-studied PE and PP at 200 and 230°C

(standard deviations into brackets).

Surface Tension
Temperature (°C) | Material B
(mN/m)
200 zPE 23.1(0.3) 0.66
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200 rPE 21.8(0.3) 0.66
200 mPE 21.4(0.4) 0.67
200 ziPP 18.3(0.3) 0.68
200 miPP 19.1 (0.3) 0.68
230 ziPP 16.9 (0.5) 0.69
230 miPP 17.5(0.4) 0.69
2% 1 Ref Linear PE?
24
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Figure 7: Comparisons of the surface tension for as-studied PE and PP at 200°C.

Concerning the precision/reliability of surface tension measurements, the standard deviation was
evaluated to 0.3 — 0.5 mN/m based on several measurements. The precision on surface tension is
consequently very high (relative SD close to 3% max.). In this respect, the closer miPP/mPE surface
tension is confirmed with a surface tension difference as low as 2.3 mN/m (compared to 4.0 for
miPP/zPE). From a surface tension point of view, the miPP/mPE association gives rise to the best

melt compatibility, an effect only captured by the pendant drop technique under N> in the melt state.
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As a conclusion, this technique represents the most sensitive and reliable tool to discriminate as-
selected polyolefin grades and detect modifications of iPP/PE surface/interfacial properties.
3.3 iPP/PE surface tensions by optical method using sessile drops

Previous surface tensions by the pendant drop method under N> flow were corroborated by
an Owen-Wendt approach using sessile drops. Contact angles between polyolefin melts and 4
different substrates are recorded at equilibrium and surface tensions with its dispersive and polar
components could be approached using equation 5. Figure 8 display the time-dependent contact
angle at 230°C between a small ziPP granulate and poly(tetrafluoroethylene) (PTFE), poly(imide)
(PI) and poly(dimethylsiloxane) (Silicone, PDMS). It could be observed that the contact angle fastly
decreases with contact time to reach a stabilized value after 8 min for all substrates. Contact angles
decreases in the order O.ppprrE>OipPPDMS>OLipp/P1>OzipppEEK. The same trends in terms of
stabilization time and contact angle classification are also observed for miPP at 230°C. All contact
angles are tabulated in Table 6. A characteristic inverse Owens-Wendt plot could be obtained for
ziPP and miPP (Figure 8) and straight lines are roughly obtained with R? values close to 0.9.
Surfaces tensions of ziPP and miPP were extracted and listed in Table 6 with their dispersive and
polar components at 230°C. By comparison with Table S, good correlations between the pendant
drop method and the sessile drop method are concluded with small discrepancies by 0.5 mN/m.
Trends between ziPP and miPP is here also captured together with a very low polar component (<
2%) in accordance with the chemical nature of polyolefins, a parameter that could be only captured
by sessile drop techniques. Interestingly, this method does not require the specific melt density to
access surface tension but most of uncertainties mainly arise from surface tensions of substrates at
the considered temperatures that give rise to poor correlation factors R? of the Owens-Wendt plot.
However, surface tensions of ziPP and miPP accessed by the sessile drop method clearly validate
previous surface tensions obtained by the pendant drop method and hence the improved

compatibility between mPE and miPP.
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Figure 8: Evolution of the contact angle on various substrates for ziPP at 230°C (left) and inverse

Owens-Wendt plot for ziPP and miPP at 230°C (right).

Table 6: Contact angle on various substrates, surface tension and polarity of as-studied PP at 230°C

(sessile drop mass 10mg, standard deviation for contact angles +/- 1°).

Temperature | Material OpTrE OrpMs | Opr Opeek | Surface Tension | Polarity
°C) (°)? (°) (°) (°) (mN/m) (%)°
230 ziPP 66 55 40 36 16.7 1

230 miPP 69 60 43 39 18.0 2

 For PTFE, Y = 8.5 mN/m and y* = 0.1 mN/m

® For PDMS, V* = 10.0 mN/m and V! = 0.2 mN/m.

¢ For PLY’ = 12.0 mN/m and y* = 9.0 mN/m.

4 For PEEK, y? = 12.0 mN/m and ¥ = 11.0 mN/m.

¢ Polarity = yppolymer/ yspolymer

3.4 Discussion

Table 7 gathers main results about surface/interfacial tensions between as-selected PP and PE with

global comments regarding the precision of each method to capture/discriminate iPP/PE

surface/interfacial tension (and hence in term of melt compatibility). For the rheological method, a

direct access to the interfacial tension between polyolefins is possible with a precision close to 20%
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by a careful analysis of the droplet relaxation times and droplet sizes. The rheological method
clearly discriminates miPP/mPE and miPP/zPE blends with an enhanced compatibility of mPE in
iPP matrices. However, ziPP and miPP matrices cannot be discriminated by the rheological method.
The polymer-in-polymer pendant drop method should be clearly avoided to determine the
interfacial tension in polyolefin blends since the melt density contrast between iPP and PE is
extremely small with large difficulties associated to drop edge/shape detection. The pendant drop
technique in N> does not give a direct access to interfacial tension but surface tensions in the melt
state could be precisely evaluated with an accuracy close to 3%. This technique clearly represents
the most sensitive and powerful technique to detect slight variations of surface properties with
precise discriminations between miPP/ziPP grades and mPE/rPE/zPE grades. In this context, the
surface tension difference between PE and PP (ys.pe — Ys-pp) Obtained by the pendant drop method
could be viewed as the most precise quantitative indicator to investigate polyolefin compatibility in
the melt state. Finally, it could be mentioned that the improved melt compatibility in the as-selected
miPP/mPE blend is only captured by surface tension measurements, a trend particularly consistent
with literature data related to laminated miPP/mPE bilayered films and to miPP/mPE blends [11-
17]. Surface tension measurements by the pendant drop technique consequently represent a critical
tool for (i) future investigations about the role of polymerization catalysts, conditions and induced
structures on polyolefin melt compatibility and (ii) future selection/screening of suitable polyolefin
grades for melt blending processing without the use of any compatibilizers.

Table 7. Comparison between experimental techniques to evaluate iPP/PE melt compatibility.

Technique Comments
Rheological method * Direct access to the interfacial tension with precision close to
20%

* Discrimination possible between mPE and zPE

* V2 (miPP/mPE) = 0.9 — 1.2 mN/m
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y12 (miPP/zPE) = 1.6 — 1.9 mN/m

Pendant drop method | ¢ Direct access to interfacial tension but poor precision due to

(polymer-in-polymer) ultra-low melt density contrast

* Vi2 (miPP/mPE) = 0.4 — 0.6 mN/m

Pendant drop method (under | « Only access to surface tension but high precision (approx.

N> atmosphere) 3%) and high sensitivity to polyolefin types

* Discrimination possible between ziPP (ys = 18.3 mN/m) and
miPP (ys = 19.1 mN/m)

* Discrimination possible between mPE (ys = 21.4 mN/m) and

zPE (ys = 23.1 mN/m)

Conclusions

The proposed work highlights the efficiency of various tools (rheological and optical methods) to
quantify the melt compatibility between polyolefins by means of surface/interfacial tensions in the
melt state. The PP/PE interfacial tension at 200°C was directly and successfully evaluated by a
rheological method (frequency sweeps coupled to microscopic analyses) and a discrimination
between miPP/mPE and miPP/zPE associations was possible (yi2 = 0.9 — 1.0 mN/m against 1.6 —
1.9 mN/m respectively, precision close to 20%). As-selected metallocene polyethylene clearly gave
rise to an enhanced melt compatibility to iPP in accordance with recent studies on such associations.
Optical methods were then tested to increase the precision over the interfacial tension but the
polymer-in-polymer pendant drop method should be avoided in polyolefin systems. However, the
surface tension obtained by the pendant drop method in N> was found extremely precise (precision
close to 3% and sensitive to PP/PE grades. All as-selected materials were easily discriminated in
terms of surface tensions at 200°C with peculiar surface tensions were detected for mPE and miPP,

an mPE/miPP association also marked by the lowest surface tension difference. The surface tension
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difference could consequently represent a precise quantitative parameter for future

evaluation/optimization/prediction of the melt compatibility between polyolefins using melt-based

process in the absence of any compatibilizers.
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