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ABSTRACT

In blends where polyethylene (PE) is the minor component dispersed in an isotactic-polypropylene (PP) matrix, an enhancement of the crystallization rate of PE was
found when the crystallization temperature of the matrix phase is increased by means of a self-nucleation protocol. Such an effect is interpreted as the result of the
epitaxial nucleation of PE droplet domains at the interface with the PP matrix (Macromolecules, 2021, 54, 19, 9100-9112). This study extends the findings on
immiscible blends of a PP matrix and various industrially produced PE grades as the dispersed phase. Eight different PEs with varying molecular architecture, and
thus density and melting temperatures, were mixed with PP in a 20/80 PE/PP weight ratio. The possible existence of surface nucleation was probed by applying a
self-nucleation thermal protocol to the PP matrix and recording the concomitant variation of PE crystallization temperature (T,). Different behaviours are observed
for various PEs. In particular, those with relatively high density display a clear increase in crystallization temperature, over 3.0 °C, when the T, of the matrix is
increased (i.e., as PP lamellar thickness increased), indicating an efficient surface nucleation mechanism. Metallocene-made LLDPE also shows a small increase, about
1.7 °C, while PEs with lower densities, below 927 kg/m®, metallocene PEs or LDPE display no meaningful change in T, with matrix self-nucleation. It was
demonstrated that a threshold value of chain regularity is required to trigger the surface nucleation of PE on PP. Only polymers with a density above approximately
920 kg/m® and melting temperatures exceeding about 115 °C can efficiently nucleate onto the PP substrate. It is postulated that the presence of a high amount of
branches or comonomers along the PE chains hinders the epitaxial matching between PE and PP.

1. Introduction

Nucleation is a fundamental step of crystallization, consisting of the
aggregation of molecules to form supercritical size clusters, whose
further growth into a macroscopic crystal is spontaneous [1,2]. In
semicrystalline polymers, controlling nucleation is of great importance,
for instance, to tune mechanical and optical properties [3]. Typically,
polymer nucleation occurs on the surface of a heterogeneous substance
due to the lower energy barrier in comparison with homogenous
nucleation. Of particular interest is the nucleation of one polymer to
another, which becomes extremely efficient if the two polymers exhibit
some degree of lattice matching between their crystalline structures.
This latter case is known as epitaxy. Systematic investigations about
epitaxy in the polymer field have been reported by Lotz and Yan [4-6].

A well-studied example is the nucleation of high-density poly-
ethylene (HDPE) on isotactic polypropylene surfaces (PP) [7-10]. It was
shown for model systems in oriented thin films and blends that poly-
ethylene (PE) chains crystallize with an angle of 50° with respect to the
PP chain axis. This can be explained due to the alignment of the zig-zag
PE chain along the rows of PP methyl groups having 0.5 nm intermo-
lecular distances between the chain-row matches [7].

Yan and Petermann studied the effect of polyethylenes of various
chain regularity and, therefore different PE densities on epitaxial
nucleation onto an oriented PP substrate [11]. They analysed the
behaviour of high-density polyethylene (HDPE), linear low-density
polyethylene (LLDPE) low-density polyethylene (LDPE). They found
that all three PEs show epitaxial crystallization on PP according to the
known crystallographic relationship for HDPE. However, the thickness
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Table 1

List of the used materials in the investigation with material designation code, density and results from DSC and GPC measurements.
Material designation Density” [kg/m?] Comonomer content [wt %] Comonomer type Tm [°C] T. [°C] xc [%] M,, [kg/mol] b
PP 905 - - 161.1 112.4 52% 342.0 8.4
ZNPE962 962 C4 0.7 132.7 119.4 83% 67.8 3.8
ZNPE954 954 Cc4 1.1 128.7 116.2 74% 90.2 10.4
ZNPE945 945 Cc4 2.1 128.1 115.5 68% 158.5 16.0
ZNPE935 935 C4 4.8 127.3 114.8 57% 206.0 19.8
mPE927 927 C6 4.6 119.5 106.5 46% 77.7 3.8
LDPE922 922 - - 112.7 97.8 45% 101.5 6.7
mPE918 918 C4/C6 0.6/7.5 121.9 107.0 41% 91.6 3.7
mPE902 902 Cc8 17.0 94.5 77.5 27% 52.8 3.5

C4 = 1-butene.

C6 = 1-hexene.

C8 = 1-octene.

2 Datasheet.

of the epitaxially crystallized layer decreased from 250 nm to 30 nm as
the polymer density lowered. This reduced thickness resulted from a
competition between oriented and spherulitic growth in the film,
although the authors did not suggest it, this effect could be explained by
a slower epitaxial nucleation for more irregular polymers.

To study polymer-on-polymer nucleation kinetics, our group has
devised a strategy applicable to binary polymer blends with two semi-
crystalline components and a droplet-in-matrix morphology [12,13].
The overall crystallization kinetics is dominated by nucleation in blends
with a minor component dispersed as droplets in an immiscible matrix
[14-17]. The method is based on differential scanning calorimetry
(DSC) and consists in determining the relationship between the crys-
tallization temperatures of the matrix and the dispersed phase when the
matrix’s T, is varied through a self-nucleation thermal protocol [18].
The increase of matrix T, due to self-nucleation enhances the dispersed
phase T.. This effect is attributed to the thicker crystalline lamellae of
the matrix polymer, which provide a more favourable nucleation sub-
strate to the droplet phase. The technique has been applied to various
double semicrystalline polymer blends [12,13,19], including HDPE/PP
[12], for which the epitaxial nucleation mechanism is active.

So far, the study is limited to the case of high-density polyethylene,
and little is known about the applicability of such a method to PEs with
different chain architecture (comonomer type and content and
branching).

Much information is available on the effect of blending different
types of PE with polypropylene, especially from the point of view of the
adhesion between the phases in blends and laminates [20-22]. It is
known that better welding is obtained with metallocene PEs rather than
with Ziegler-Natta type polymers due to the segregation of low molar
mass and defective chains to the interface in the latter case [20].
Improved adhesion was obtained when interfacial entanglements were
formed (for lower density metallocene PEs) [21] or when crystallization
across the interface occurred [22].

Despite the body of literature on interfacial morphology in blends of
different PE types with PP, a specific study on nucleation kinetics at the
interface has yet to be performed. The aim of the present study is thus to
extend our versatile DSC method to the investigation of surface nucle-
ation of PE on PP in immiscible blends with droplets-in-matrix
morphology, exploring polyethylenes with different chain regularity
and composition [13].

2. Materials and methods

An isotactic polypropylene produced with Ziegler-Natta catalyst
technology with a molecular weight of 342.0 kg/mol was used as a
matrix polymer for all investigated blends. The blends were prepared in
a ratio of 80:20 polypropylene phase to polyethylene phase. The minor
phase of each blend was composed of a different grade of polyethylene,
including four Ziegler-Natta polyethylene (ZNPE) grades with varying

density and molecular weight, three metallocene catalyst (mPE) grades
with different comonomer types, and one low-density polyethylene
(LDPE) from radical polymerization. The properties of all the used
grades, measured as described below, are gathered in Table 1, together
with the code names of the used PEs. In the sample name, the type of PE
was followed by a number that represents the density of the material.

2.1. GPC

The molecular weight (Mw) was determined by Gel Permeation
Chromatography (GPC) measurements using a GPC-IR chromatograph
from PolymerChar (Valencia, Spain), equipped with an IR5 detector.
The analysis was carried out at 160 °C and using three PLgel Olexis
columns, each 300 x 7.5 mm (Agilent, Church Stretton, UK) as sta-
tionary phase. 1,2,4-Trichlorobenzene (TCB) was used as eluent with a
flow rate of 1 mL/min. The column set was calibrated with narrow
distributed polystyrene standards ranging from 500 to 11.5-10° g/mol.
The PS equivalent molecular weight was converted into PE and PP
equivalent by using Mark Houwink constants [23].

2.2. a-TREF

The chemical composition distribution (CCD) was analysed using a
Crystaf-TREF 200+ PolymerChar instrument with an infrared concen-
tration detector. 80 mg of sample was dissolved in 35 mL of tri-
chlorobenzene (TCB), stabilized with 250 mg/L 2,6-bis(1,1-
dimethylethyl)-4-methylphenol, at 160 °C. 0.3 mL of the solution was
injected into the Temperature Rising Elution Fractionation (TREF) col-
umn. The column oven was cooled to 110 °C and held at 110 °C for 30
min for stabilization purposes. After stabilization, the column oven was
cooled to 35 °C under a constant cooling rate (0.1 °C/min). The polymer
was subsequently eluted from the column with 1,2,4-trichlorobenzene at
a flow rate of 0.5 mL/min at 35 °C for a period of 10 min followed by a
temperature increase from 35 °C to 140 °C at a constant heating rate of
0.5 °C/min with a flow rate of 0.5 mL/min. The concentration of the
eluted fraction was determined by the detector and plotted as a function
of temperature. TREF plots can be found in Fig. S1 of the supporting
information and the extracted contents for the various fractions are
collected in Table S1.

2.3. Self-nucleation thermal protocol (DSC)

To investigate the crystallization of the PE phase in relation to the
change in the crystalline state of PP, the blends underwent a specific
thermal protocol with a heating/cooling rate of 10 °C/min [12,13]. The
polypropylene crystalline structure was altered through this thermal
treatment, conducted on a Differential Scanning Calorimeter at various
self-nucleation temperatures (T), as its crystallization temperature can
be elevated through self-nucleation. The thermal protocol used to study
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Fig. 1. Thermal protocol for performing PP matrix self-nucleation and crys-
tallization of the dispersed phase.

Table 2

Thermal properties of blended materials obtained by DSC for each phase. The
weight ratio in every blend is the same (80:20 PP:PE). The code of the blend
therefore just indicates the difference in the type of PE.

Blend code T, PE [°C] T. P [°C] T, 7¥ [°C] T. P [°C)
PP/ZNPE962 126.9 117.5 160.9 117.5
PP/ZNPE954 128.3 116.5 160.4 116.5
PP/ZNPE945 127.2 116.8 160.1 116.8
PP/ZNPE935 126.4 115.8 160.1 115.8
PP/mPE927 121.1 116.7 163.7 116.7
PP/LDPE922 110.2 98.8 160.2 113.9
PP/mPE918 121.5 114.4 160.5 114.4
PP/mPE902 94.7 80.3 160.9 114.7

the self-nucleation of the polypropylene matrix (Fig. 1) was adapted
from Fillon et al. [18,24,25] and implemented as follows:

1. to erase thermal history, the sample was heated to 225 °C and held
there for 5 min;

2. the sample was cooled to 20 °C at 10 °C/min to produce a standard
crystalline state;

3. aheating scan at 10 °C/min was performed to a temperature denoted
as T; or self-nucleation temperature. Depending on the applied T, the
different self-nucleation Domains of the material are revealed;

4. the sample was held at T for 5 min;

. a cooling scan at 10 °C/min from T to 20 °C was performed;

6. a final heating scan at 10 °C/min from 20 °C to 225 °C was carried
out to investigate the melting behaviour of both phases.

)]

An analogous protocol, with additional lower T temperatures, was
applied to all the neat PE grades.

2.4. Standard thermal protocol (DSC)

Melting (Ty,) and crystallization (T,) temperatures were measured
using a Differential Scanning Calorimeter (DSC) Discovery series TA
Instruments, according to ISO 11357/3. The measurements were carried
out at a heating and cooling rate of 10 °C/min from 20 °C to 225 °C. The
transitions were deduced from the second heating and cooling curves;
the values of T, and T, are included in Table 1 and Table 2. The DSC
curves are presented in Fig. 2 a) and b) for the neat PE grades and Fig. 2
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¢) and d) for the blends and neat PP.

2.5. Melt-mixing

Pellets from each selected PE grade were dry blended with poly-
propylene pellets in a weight ratio of PP/PE 80:20, and the resulting
pellets mixtures were poured into the mixing chamber of a Brabender
W50. Melt mixing was performed at a set temperature of 200 °C for 7
min at 100 rpm. The blends’ composition code and basic thermal
properties, measured by the DSC, are listed in Table 2 and presented in
Fig. 2 ¢) and d).

2.6. SEM

Scanning electron microscopy (SEM) was used to visualize the gen-
eral morphology of the blends and the interface between PP and PE. At
first, the samples were conditioned in the DSC, applying annealing at the
selected T and cooling to room temperature (i.e., steps 1 to 5 in Fig. 1).
The selected samples were cut via cryo-microtoming at —100 °C on a
Leica EM UC7 and then etched for 10 min in a 1% KMnO4 in 85% H2SO4
solution. After, the samples were washed with distilled water, stirred for
10 min in a 30% Hy0; solution, washed again, and finally rinsed with
acetone. Before scanning electron microscope (SEM) analysis, the
specimens were covered with a Pt layer using a Quorum Q150T S plus.
SEM observations were performed on a Quanta 200F scanning electron
microscope apparatus operating at an accelerating voltage of 5 kV.

3. Results and discussion

The present study examines the crystallization effect in blends of
polypropylene and different types of polyethylene. To better understand
the properties of the PE grades before melt-mixing with PP, we first
conduct a basic analysis of each neat material. The self-nucleation
properties of the PP matrix are then discussed, followed by an exami-
nation of the behaviour of the PE grades as the minor phase in the blend.
Finally, the study aims to establish a correlation between the PE crys-
tallization temperature after the thermal treatment and its molecular
characteristics, namely the T}, and the methylene sequence length.

In this study, we utilized different grades of PE within a wide range of
densities (from 902 to 962 kg/m3), also featuring diverse molecular
architecture of the polymer chains. This is reflected by a distinct crys-
tallization behaviour of the polymers that can be seen in Fig. 2a-b,
where the DSC cooling and subsequent heating curves of the various PE
are reported. The crystallization and melting temperatures continuously
drop 40 °C when decreasing the PE density from 962 to 902 kg/m®. An
exception to the observed trend is the behaviour of mPE918, which
shows crystallization and melting temperatures higher than those of the
LDPE with higher nominal density. The reason behind this observation
will be discussed below.

Regarding the molecular features, ZNPE962 is characterized by a low
weight-average molecular weight and extremely low comonomer con-
tent (T, = 132.7 °C, M,, = 67.8 kg/mol, D = 3.8) and therefore has
higher crystallinity. The ZNPE962, ZNPE954, ZNPE945, and ZNPE935
are produced using the same catalyst technology, but the level of
comonomer incorporation and the M,, differs. The radical polymerized
grade LDPE922 has a high molecular weight and broad dispersity. The
rest of the investigated grades are produced by single-site catalyst with a
similar dispersity of ~3.7. Typical polymer chains produced under
steady-state conditions by single-site catalysts (mPE927, mPE902) also
possess an even comonomer concentration over the molecular weight
distribution and random comonomer incorporation. A different situa-
tion holds for grade mPE918, whose TREF trace is reported in Fig. S1.
Two chain populations characterized by a different comonomer con-
centration and hence elution temperature are visible.

The estimation of crystallinity was based on Equation (1), where
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Fig. 2. DSC cooling (a) and heating (b) scans of neat PE grades and blends (c and d) at scan rates of 10 °C/min. The neat PE materials are arranged in order of
increasing density from bottom to top and neat PP is added to the blends plot for comparison purposes.

AH'Y is a melting enthalpy of 100% crystalline polymer and AH,, is the
experimental melting enthalpy. AH’"‘jf for polypropylene is taken as 207
J/g [26,27] and for polyethylene 293 J/g [28,29], both generally
accepted values.

AH,,

e 100 6]

X(‘:

Prepared blends with a ratio PP:PE equal to 80:20 were tested with
the DSC, and the results are shown in Fig. 2c—d. The standard cooling
and heating runs revealed a single transition during cooling for most of
the blends, indicating coincident crystallization of the PP and PE phases,
while just two blends present two separated crystallization peaks for the
two phases (PP/LDPE922 and PP/mPE902). Polypropylene and poly-
ethylene are known to display mutual nucleation effects [30-33].
Nevertheless, Fig. 2c shows that crystallization of the PP phase in the
blends must occur at a higher temperature than for neat PP. The higher
crystallization temperature of the PP phase in the blends can be
explained by either a mild nucleating effect of the molten PE droplet for
the PE grades whose density is below 935 kg/m® [33] or by nucleation
onto the already formed PE crystals, especially for PEs with a density
from 962 to 935 kg/m>. Another possible explanation is the transfer of
nucleating impurities from the PE to the PP phase during melt mixing,
although the opposite transfer is more commonly observed [34-36]. It

should be noted that for the blends for which the PE crystallization
temperature could be measured during standard cooling, higher T,
values in comparison with neat polymers were detected. For example,
mPE902 crystallization goes from 77.5 °C in the neat polymer to 80.3 °C
in the blend and LDPE from 97.8 °C to 98.8 °C. This increase could
indicate either nucleation of the PE phase at the interface with PP, the
occurrence of which will be discussed in detail further on, or the transfer
of nucleating impurities from the matrix to the dispersed phase [36].

As expected, the melting scans revealed the presence of two com-
ponents (Fig. 2d). When comparing the melting temperature values of
the PP and PE phases in the blend respect to the neat polymers, it is
observed that the values tend to be slightly lower in the blend, which can
be attributed to the effect of processing or different crystallization
conditions [37,38].

In addition to these DSC results, we conducted an analysis using
Wide Angle X-ray Scattering (WAXS) to delve deeper into the crystalline
structure of the blends and neat materials. These WAXS measurements
are detailed in the supporting information (Fig. S5). In brief, these re-
sults align with and corroborates the DSC data, displaying, for the
different neat PE grades a crystallinity which continuously decreases
with decreasing the nominal polymer density.

SEM images (Fig. 3) reveal that all blends display a sea-island
morphology, with droplets of PE dispersed in the PP matrix. The PE
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Fig. 3. Scanning electron microscopy images of a) PP/ZNPE962 b) PP/ZNPE954 c) PP/ZNPE945 d) PP/ZNPE935 e) PP/mPE27 f) PP/LDPE922 g) PP/mPE918 h)

PP/mPE902.

droplet’s size and size distribution (see Supporting Information, Fig. S2
and Table S2) vary only slightly. Still, it is important to note that the
observed sizes are based on 2D images and may not accurately reflect
the true size distribution of the 3D droplets. Even a monodisperse dis-
tribution of 3D particles would show a quite large distribution of sizes in
a 2D image, with the largest diameter being the “true” diameter of the
spheres. The differences in PE to PP viscosity ratio for the particular PE

grades may contribute to the observed variation in droplet size. For
instance, ZNPE935 generates a higher number of smaller droplets, while
ZNPE945 yields a significant fraction of larger droplets. It is also worth
noting that Fig. 3h) shows a region of the sample where the mPE902
material has been removed during the etching process. In this area, there
are no visible PE droplets, and the diameter of the etched hole has been
considered equal to the size of the PE droplets.
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Fig. 4. DSC scans of a) cooling and b) heating after thermal treatment at the indicated T for the blend PP/LDPE922-80/20. Domain I is represented in red color,
Domain II in blue and Domain III in green. Vertical dashed lines are added as a guide to the eye, to highlight the lack of changes in the crystallization temperature of

the PE phase. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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in blue and Domain III in green. Vertical dashed lines are added as a guide to the eye, to highlight the changes in the crystallization temperature of the PE phase. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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The measurement of PE droplet sizes displayed in Table S2 was
performed according to Arnal et al. [39] and Chandrasekhar et al. [40].
It can be considered that the average diameter of the droplets in the
blends is between approximately 1 and 2 pm. This suggests that the
dimension of the various droplets with different PE types, being almost
constant, will not affect the interpretation of the subsequent crystalli-
zation results.

Next, we investigated the interfacial nucleation of PE droplets on the
self-nucleated PP matrix. As mentioned in the method section, the

different self-nucleation Domains, depending on the applied Ts, are
identified as follows: Domain I, at high enough T, is characterized by no
effect on the material’s recrystallization due to the complete erasure of
any memory of the previous crystalline order; Domain II, at intermediate
T;, occurs when an enhanced crystallization temperature is recorded due
to the presence of residual self-nuclei; Domain III, at lower T, is found
when unmolten crystals are left in the original sample and the lamellae
thicken as an effect of the heat treatment. It was shown for PP/PE blends
that applying Ty in Domain II and III causes an increase in the
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recrystallized PP lamellar thickness, which promotes epitaxial nucle-
ation of PE droplets [12]. In particular, PP lamellae become thicker with
the decrease of the self-nucleation temperature from 170 °C to 161 °C.
At the T; 161 °C, the lamellar thickness of PP reached a maximum value,
and consequently, the PE phase had the best nucleation substrate.
However, depending on the PE type, a different nucleating effect of the
PP matrix could be observed.

The cooling and heating scans corresponding to steps 5 and 6 in the
applied self-nucleation thermal protocol (see Fig. 1) are shown in
Fig. 4a-b, respectively, for a blend of PP with low-density polyethylene
(LDPE922). The T range is selected to illustrate the temperature vari-
ations in the PP’s crystallization and melting temperatures and to un-
derstand how the PE phase crystallization is influenced by the matrix
self-nucleation. The self-nucleation domains of PP are identified by
different curves’ colours, i.e., Domain I red, Domain II blue, and Domain
III green. Fig. 4a shows that while the crystallization temperature of PP
has an obvious shift towards higher temperatures with decreasing Ts in
Domain II and III, the peak from the PE minor phase remains approxi-
mately constant, at around 100 °C. Thus, enhanced surface nucleation
does not seem particularly active for LDPE922, even when thicker PP
lamellae (as judged by the higher melting point, Fig. 4b) are available at
the interface with the molten PE phase.

Analogously, Fig. 5a-b report cooling and heating curves from
various T for the PP/ZNPE935 blend. In this case, contrary to the pre-
vious example, the increase in PP crystallization temperature with
decreasing T; is accompanied by a significant increase in the crystalli-
zation temperature of the PE phase as well. As previously reported by
our group, this behaviour indicates surface nucleation of PE on the PP
matrix, which becomes more and more favourable with the thickening
of the PP lamellae [12]. This surface nucleation mechanism is explained
by the known epitaxial matching of PE crystals on PP substrates [8,41].

The recorded changes of PE phase crystallization temperature as a
function of T; for the two systems selected as examples (PP/LDPE922
and PP/ZNPE935) are reported in Fig. 6a-b, respectively. They are
compared with the behaviour of the neat PE material and with the
variation of the PP matrix crystallization temperature. In Fig. 6a, it can
be seen that the increase of PE crystallization temperature (T,) from T in
PP Domain I (i.e., 225 °C) to Domain III (i.e., 161 °C) is practically
negligible, although the shift in PP T, is remarkable. On the other hand,
the data for the blended PE present a characteristic trend displaying a
minimum of T, with T in the self-nucleation range of PP. The same trend

is observed for all the materials that do not show meaningful surface
nucleation effects, namely PP/mPE927, PP/mPE902 (see Supporting
Information Figs. S4d and S4f, respectively). We note that the magnitude
of the decrease in crystallization temperature is minimal (within 1 °C),
nevertheless, the data are consistent and reproducible. The reason
behind this result is currently unknown. However, it could be tentatively
attributed to the generation of a particular state of the PP surface
induced by self-nucleation, which is unfavourable for the nucleation of
low-chain regularity PE (resulting in an anti-nucleation effect). The role
of the interface here is deduced since the same dip in T, values is not
recorded for the neat PE material in the given T; temperature range.

A different situation is depicted for high-chain regularity PEs (e.g.,
Fig. 6b). In this case, the T, of the dispersed ZNPE935 phase increases by
about 3 °C for T; temperatures within PP Domain II and III, in corre-
spondence with the increase in T, of PP. On the other hand, the neat
material does not show such variation in the same T temperature range,
and the crystallization temperature starts to increase only at much lower
temperatures, when the self-nucleation Domain II or III of the neat PE is
encountered. This clearly indicates an interfacial interaction between PP
and ZNPE935 by means of the known epitaxial nucleation mechanism,
as already demonstrated for a similar PP/ZNPE blend in a previous work
[12].

Fig. 7 reports the correlation between the dispersed phase’s crys-
tallization temperatures and the matrix with varying T; in the PP self-
nucleation domains for all the investigated blends. It can be observed
that a linear relationship exists between the two Tgs for all the systems
considered. However, the slope of the fitting lines is dependent on the PE
chain regularity. In particular, the steepest slopes are obtained for the
ZNPE with the higher densities, while the mPE and LDPEs are charac-
terized by very low slopes. The data might be interpreted as a measure of
the sensitivity of PE phase nucleation kinetics (as crystallization in the
minor droplet phase is dominated by nucleation [14-17]) to a change in
the matrix T,. More precisely, being the T, related to the undercooling
and thus inversely related to the lamellar thickness, the link provided in
Fig. 7 tells us how sensitive the crystallization of PE is to a change in PP
lamellar thickness. In this respect, the largest effect on PE crystallization
temperature is reported for ZNPE, while mPE and LDPE show almost no
variation of their T, with the change of PP’s T,.. Therefore, mPE and
LDPE are less sensitive to the PP surface. It is noteworthy that mPE918,
despite the relatively low density, shows a mild surface nucleation ef-
fect. Therefore, density itself is apparently not the only controlling
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Fig. 8. Maximum increase in crystallization temperature recorded as a conse-
quence of PP matrix self-nucleation for the different blends as a function of a)
peak melting temperature and b) methylene sequence length of the various PE
grades. The measurement error was estimated by repeating the measurement 6
times and employing the Student’s t-distribution at a confidence level of 0.99 to
calculate the error associated with a small number of repetitions.

Polymer 282 (2023) 126180

aspect for surface nucleation.

We underline that the found scale of surface nucleation activity, i.e.,
high-density PE > linear low-density PE > low-density PE, is the same
reported by Yan and Petermann in thin-films experiments. In their case,
the epitaxially grown crystalline layer thickness decreases with a
decrease in the PE density [11]. To explain this behaviour, two hy-
potheses can be put forward. On the one hand, the results point to the
existence of a certain minimum chain regularity to allow surface
nucleation of PE on PP, notwithstanding the lamellar thickness of the
substrate. When there are too many chain defects (comonomer and/or
branches), their presence hinders the templating of PE chains onto the
PP substrate, thus disfavouring the nuclei formation. This latter case is
analogous to the findings of Petermann and Yan on thin films of HDPE,
LLDPE, and LDPE onto oriented PP [11]. A decrease in the epitaxial
layer thickness was observed with decreasing PE density and interpreted
as a competition between epitaxial nucleation and bulk (spherulitic)
crystallization. Similarly, in our immiscible blends, nucleation at the
surface might still be possible for the low-density materials. Still, the
nucleation rate might be much slower with respect to that of HDPE, so
eventually, it becomes comparable to or slower than the nucleation rate
in the bulk of the PE droplets. On the other hand, Chaffin et al. reported
that low chain regularity PEs could form entanglements easier with PP at
the interface, [20] and that such topological constraints hinder epitaxial
nucleation of the PE phase. Both hypotheses might play a role in our
observations.

The overall surface nucleation effect of the different PE types can be
obtained by considering the maximum increase in non-isothermal
crystallization temperature between the melt cooled from the first T
at which the crystallization temperature of the two phases does not
overlap, i.e., 170 °C (edge of PP Domain II) and from PP Domain I1I, i.e.,
161 °C.

The increase in crystallization temperature difference, calculated as
outlined above, is plotted as a function of the peak melting temperature
in Fig. 8a. Ty, values and the surface nucleation effect of PE onto PP have
a clear correlation. In particular, no enhanced nucleation effect is
observed for Ty, values lower than about 115 °C. When the Tj, is larger
than 120 °C, the increase in the T, of the PE phase starts to be larger than
1 °C, and afterwards it increases approximately linearly with the melting
temperature. Generally speaking, the higher the Ty, value, the longer the
uninterrupted crystallizable PE chain sequence is. Fig. 8a suggests that a
certain level of PE chain regularity is required to enable efficient surface-
induced nucleation of PE onto PP in immiscible blends. The behaviour of
mPE918 is noteworthy, as it displays a low density but melting tem-
perature higher than grades with similar densities. This data is thus
corroborating the fact that melting temperature is governing surface-
nucleation of PE onto PP, rather than the sole density.

The PE chain regularity can be represented by the value of the
methylene sequence length (MSL), calculated from the melting point of
the polyethylene grade. As melting temperatures of ethylene copolymers
decrease with the increase in branch content but are independent of the

Fig. 9. SEM images of the PP/ZNPE935 blend after cooling from selected Ts: a) Ts 225 °C, b) 161 °C.
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Fig. 10. SEM images of the PP/LDPE922 blend after cooling from selected T; first images (a) Ts 225 °C b) 167 °C, c) 161 °C.

branch length [42,43], it is convenient to consider this parameter. MSL
could be calculated in relation to the change in melting temperature of
the polyethylene grade according to empirical relations such as the one
reported in Equation (2) [44-46].

2

1422
—0.3451>
e (r,,, K] —~1

The relation between the maximum increase of crystallization tem-
perature of the PE phase and MSL could be appreciated again in Fig. 8b.
No enhanced nucleation effect is observed for MSL values lower than
about 100. After a threshold value of 200, the increase in T, reaches a
plateau. It should be noted that the reported MSL values, being related to
the peak melting temperature, only represent the most probable MSL
among the polymer chains and not the average or the maximum. It is
also clear that, since it is based on an empirical relation derived for long
alkanes (equation (2)), the calculated MSL could deviate from the real
values, as determined for instance via NMR. Nevertheless, the conclu-
sions on chain regularity effect on surface nucleation of PE onto PP that
can be grasped from Fig. 8b can be considered as semi-quantitative.

In order to demonstrate that nucleation of PE droplets occurred at
the interface with the PP matrix and to different extents for the PE
grades of varying regularity, SEM analysis on thermally treated and
etched samples was conducted. The results are shown in Figs. 9 and 10.
Fig. 9 shows the detail of a single ZNPE935 droplet embedded in the PP
matrix, crystallized starting from a T; temperature in PP Domain I
(Fig. 9a) or Domain III (Fig. 9b). In both cases, there is a relevant fraction
of PE lamellar stacks which originate from the droplet interface. How-
ever, in the case of the lower seeding temperature (Fig. 9b), the nucle-
ation density at the droplet surface is higher, leading to the generation of
a transcrystalline morphology. This indicates the promoted surface
nucleation in the case of high-density ZNPE. The results are analogous to
previous observations on a similar system, constituted by a blend of the
same PP matrix and a Ziegler-Natta PE with a slightly higher density
(945 kg/m®) [12].

To investigate the peculiar minimum in T, versus T for PP/LDPE922
blends, samples were pre-treated in the DSC to obtain PP in Domain I,

MSL = (3]

10

Domain IT and Domain III at 225 °C, 167 °C and 161 °C, respectively. The
droplets of LDPE appear to be darker than the PP matrix. In Fig. 10a, a
relatively smooth interface between the two phases can be appreciated,
while the main nucleation sites of the LDPE are difficult to be detected
since the lamellar stacks seem to originate from both the bulk and the
interface of the droplet. In Fig. 10b, the phase boundary becomes
rougher due to the higher amount of spherulites that were created
during self-nucleation of the PP matrix. On the other hand, at T
161 °C (Fig. 10c), a smoother interface is again obtained because the PP
matrix is just partially molten and annealed during the thermal treat-
ment. Therefore, the observed minimum in T, with T can be tentatively
attributed to a change in the roughness state of the PP/PE surface.
Similar changes can be highlighted in another system displaying the
same minimum, i.e., PP/mPE902, see Figs. S3f and S4, where the very
low-density PE phase has been etched away before the SEM measure-
ment. We note that if the surface roughness plays a role in the observed
decrease of the overall crystallization kinetics at intermediate Tis, it
must mean that nucleation occurs at the interface, at least to some
extent, and also for the materials with lower chain regularity. However,
the fact that the T, is not increased when changing the lamellar thickness
of the PP substrate points towards the fact that the surface nucleation
mechanism is not dominant in these PEs, and it must be competing with
nucleation in the bulk of the droplet.

In fact, by comparing Figs. 9b and 10c, it can be seen that a trans-
crystalline layer at the interface is clearly apparent for the ZNPE sample
annealed at 161 °C, while it is practically absent for the LDPE sample.
This is in agreement with the measurement by Petermann and Yan,
which observed a large decrease of the PE epitaxial layer thickness onto
PP substrates when passing from HDPE to LDPE [11].

4. Conclusions

We previously reported that surface nucleation of polyethylene
droplets at the interface with polypropylene matrix is promoted by the
self-nucleation of the PP matrix in PP/PE blends. In this work, we
investigated the effect of the PE phase chain regularity on the mecha-
nism of epitaxial crystallization onto the self-nucleated PP matrix.
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We found that the surface nucleation of PE droplets on self-nucleated
PP matrices, strongly depends on chain regularity. Thus the increase in
crystallization temperature observed for PE droplets (that correlates
with an increase in nucleation effect) was maximum for HDPE samples,
much less for metallocene-catalyzed LLDPE, and negligible for highly
branched and comonomer-rich polymers.

The results were interpreted by considering polymer chain regular-
ity, i.e., the average methylene sequence length (MSL), as a key
parameter. It was noted that when the PE crystallizable sequence length
is below ~100, corresponding to a melting temperature lower than
approximately 115 °C, the epitaxial matching between the aligned PE
chains and the rows of PP methyl groups can not be efficiently attained,
and the surface nucleation rate dramatically slows down. The increase in
interfacial entanglement between PE and PP with decreasing PE regu-
larity could also possibly hinder epitaxial crystallization among the two
polymers.

Electron microscopy observations corroborate the DSC results, as a
distinct interfacial morphology could be detected in HDPE and LDPE
samples, with the latter lacking a clear transcrystalline layer, which is
instead observed for the former polymer pair.
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