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Abstract: Blends of poly(ε-caprolactone) (PCL) and high-density polyethylene (HDPE) have been
prepared at different compositions in order to assess the effect of HDPE on gas transport and
mechanical behaviors of PCL. Previous to this evaluation, a complete morphological, structural,
and thermal characterization were performed using techniques, including SEM, contact angle, FTIR,
differential scanning calorimetry, and X-ray diffraction with synchrotron radiation at small and wide
angles. Low HDPE incorporations allow interactions to be established at interfaces in the amorphous
regions and the enhancement of the mechanical performance. Consequently, the addition of a small
amount of HDPE (ranging from 5 to 10 wt%) appears to be appropriate in certain bio-applications
where a higher mechanical behavior is required.

Keywords: blend; polycaprolactone; polyethylene; crystallization; compatibility

1. Introduction

Poly(ε-caprolactone) (PCL) was first synthesized in the early 1930s by the Carothers group [1],
and consists of a linear aliphatic polyester macrochains, exhibiting crystalline characteristics. It was
soon commercialized given that one of the synthetic polymers has the ability to be degraded by
microorganisms [2]. During 1970s and 1980s, attention was significantly focused on PCL and its
copolymers for their use in drug-delivery devices. Nevertheless, it was overwhelmed by other
resorbable polymers, like polylactides and polyglycolides. The birth of the field of tissue engineering
involved the renaissance of interest in the PCL and its back into the biomaterials arena [3], since PCL
exhibits superior properties (namely viscoelastic and rheological ones) when compared with other
resorbable-polymer competitors [4–8]. PCL has additionally become a highly desirable candidate
for applications like the controlled release of contraceptives in matrix implants [9–11], since a
second surgery for the retrieval of the device could be avoided. This role is mainly associated with
its biocompatibility and the FDA approval together with its slow biodegradation. Nevertheless,
its structural bio-applications can be limited by its relatively low glass transition temperature,
Tg (around −60 ◦C), and its low melting point, Tm (about 60 ◦C). These are the features that control its
mechanical performance (which are particularly deficient under load bearing conditions, requiring
considerable mechanical reinforcement) and its barrier characteristics (to oxygen, water vapor and
other gases). The use of advanced fabrication technologies, like three-dimensional (3D) printing or
electrospinning [12,13], and its blending with other polymers [14–19] or fillers [20–23], can promote
the enhancement of those properties.
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Non-degradable polymers, as well named as biointegrable or biostable, have long been used for
treating a wide range of health problems. Polyethylene, poly(methyl methacrylate), polyurethanes,
poly(tetrafluoroethylene), and silicone are some of the polymers commonly employed for applications,
such as drug delivery systems, orthopedics, vascular grafts, tissue engineering, dentistry, and ocular
applications. Polyethylene (PE) is one of those biostable polymers occupying a prominent position in
medical applications. Different polyethylenes can be obtained: Low density polyethylene (LDPE), linear
low-density polyethylene (LLDPE), high density polyethylene (HDPE), ultra high molecular weight
polyethylene (UHMWPE), and cross-linked polyethylene (XLPE). Among them, HDPE and UHMWPE
have widespread medical applications. The former has already been used in tubing for drains,
catheters, and stents for distal malignant biliary obstruction [24,25], due to its outstanding toughness
and resistance to fats. Rather significant amounts of some particulate fillers can be incorporated into
HDPE by melt processing using standard methods. Moreover, it is a linear polymer with important
advantages when using certain complex processing technologies. For instance, its extrusion under
hydrostatic conditions leads to the alignment of the polymeric chains in the direction of extrusion
and the effect is a high strength and highly modulus polymer material. If HDPE is synthesized with
exceptionally high molecular weights, exceeding a million g/mol, UHMWPE is achieved. Its niche has
been in hip prostheses [26–30] for over thirty years now.

Blends of biodegradable PCL and non-biodegradable HDPE might lead to improvements in
deficient gas transport properties and mechanical responses exhibited by neat PCL. Why could
HDPE be a good choice? There are not many investigations dealing with blends based on these
two polymers but the incorporation of HDPE could be interesting because it is a biomaterial that
develops a relatively high crystallinity, and its chemical structure is fairly analogous to that present
in PCL. It crystallizes at temperatures higher than PCL as it is able to exert a positive effect on the
crystalline PCL characteristics. Some articles in the literature also support this selection: considerable
“mechanical” compatibility was observed [31] at the extremes of composition in LDPE/PCL blends;
maintenance of PCL biodegradability [32] in blends containing up to a 30 wt% of HDPE was described,
although the rate was reduced. Furthermore, the formation of ordered, unusually thick, lamellae
PCL in contact with a PE substrate [33] was reported. Thus, the aim of the present work consists of
preparing blends based on PCL and HDPE in the whole composition interval, as well as the evaluation
of their crystalline characteristics and their ultimate performance. Attention has been mainly focused
on the low contents of HDPE to understand whether gas transport behavior and mechanical response
of the PCL, which is the polymer of interest in this research, can be conveniently tuned. This blending
methodology would constitute a good approach at low production costs. PCL biodegradability is
expected to be somehow altered, but the influence might be acceptable at those low HDPE contents,
mainly in medical applications that involve slow degradation rates, for instance, the manufacture
of long-term drug delivery devices, as well as contraceptives in matrix implants for women (this
latest point is out of the scope of this article). All the characteristics found when blend composition is
changed will be discussed in terms of modifications at the interfaces and in the crystalline regions
of both components, as well as the influence of these variations in the final properties in the blends.
Numerous techniques have been required, including: scanning electronic microscopy (SEM); contact
angles measurements; infrared spectroscopy with Fourier Transform (FTIR); differential scanning
calorimetry (DSC); X-ray diffraction with synchrotron radiation at either small (SAXS) or wide angle
(WAXS); experiments for gas transport behavior; uniaxial tensile stress-strain measurements, and;
dynamic-mechanical thermal analysis (DMTA).

2. Materials and Methods

2.1. Materials

A commercially available polycaprolactone (purchased from Sigma-Aldrich, San Luis (MO), US)
with an average molecular weight (Mn) of 80,000 g/mol and a density of 1.1450 g/cm3, together with a
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metallocenic catalyzed high density polyethylene [34] (supplied by Repsol, Madrid, Spain) with an
average Mn of 93,700 g/mol and a density of 0.9499 g/cm3, have been used for obtaining blends with
different compositions.

2.2. Blends and Films Preparation

The contents in PCL were: 95%, 90%, 75%, 50%, and 25% in weight, and labeled as PCL95, PCL90,
PCL75, PCL50, PCL25, respectively, and the corresponding homopolymers, PCL and HDPE were
named as PCL100 and PCL0. They were prepared at 170 ◦C and at 100 rpm for 15 min in a Haake
Minilab twin-screw extruder (Thermo Electron Corporation, Waltham (MA) US) with a volumetric
capacity of 7 cm3 using co-rotating conical screws.

After blending of the two components and homogenization of the mixture, films of the different
materials were obtained by compression molding. A Collin press (Ebersberg, Germany) was used
for that purpose, between hot plates (160 ◦C) during 5 min and applying a pressure of 2.5 MPa.
Subsequently, fast cooling was applied from 160 ◦C down to ambient temperature between steel plates
refrigerated with water (average cooling rate around 80 ◦C/min). The thickness of these films ranged
from 0.15 to 0.20 mm.

2.3. Characterization of the Samples

2.3.1. Scanning Electron Microscopy

These micrographs were acquired at room temperature in an Environmental Scanning Electron
Microscope PHILIPS XL30 ESEM (Leuven, Belgium)working at 25 kV, using a secondary electron (SE)
detector and a magnification of ×2000 for the morphology studies. The samples were cryofractured
prior observation.

2.3.2. Contact Angle

An optical tensiometer (Attension Theta, Stockholm, Sweden) was employed for measuring the
apparent contact angles, by means of the sessile drop method and applying a conventional analysis
of the drop shape. For that method, Milli-Q grade water was used. The values of θw were taken
as the initial water contact angle in static conditions by using a drop of 5 µL volume. At least five
measurements were performed in different regions of the sample, and the corresponding averages are
the values reported for θw.

2.3.3. Fourier-Transform Infrared Spectroscopy

FTIR-ATR spectra of the two homopolymers and the several blends were acquired with a Perkin
Elmer spectrometer coupled to a device of attenuated total reflectance (ATR, Waltham (MA), US). Four
consecutive scans with a resolution of 1 cm−1 were recorded for each sample, performed in a spectral
range of 600−4000 cm−1. The absorbance of the spectra was normalized to the intensity of the peak at
2722 cm−1.

2.3.4. X-Ray Diffraction

Real-time X-ray diffraction experiments were acquired in a synchrotron source (former beamline
A2 of DESY-HASYLAB, Hamburg, Germany). The wavelength of the source was 0.150 nm, with
heating experiments at a rate of 8 ◦C/min, in the temperature interval from 20 to 144 ◦C. The selected
frame time was 15 s, meaning that the temperature difference between frames is 2 ◦C. Both WAXS
and SAXS data were obtained by using a MARCCD detector, located at either 135, or 3000 mm from
sample, respectively. The calibration of the spacings was carried out by means of the different orders of
the long spacing (L = 65 nm) of a rat-tail cornea for the SAXS detector, and the several diffraction peaks
of a semicrystalline poly(ethylene terephthalate) film for the WAXS detector. The A2tool program,
implemented for data processing in the beamline, was used for converting the initial 2D images into
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1D diffractograms, which were normalized in relation to the intensity of the primary beam. In addition,
the background that came from the temperature controller, without a sample, was subtracted from
those profiles.

2.3.5. Differential scanning calorimetry

DSC experiments were performed in a TA2000 calorimeter (from TA Instruments, New Castle (DE),
US) at a rate 20 ◦C/min (under dry nitrogen, and provided with a cooling device) in the temperature
range from −80 to 200 ◦C. Sample weights of around 5 mg were used. The calorimeter was calibrated
for temperature and enthalpy with different standards. For crystallinity determinations, a value of
135 J/g was considered for the melting enthalpy of the 100% crystalline PCL [35,36] while 290 J/g is that
taken for HDPE [37].

2.3.6. Gas Transport Behavior

Non-commercial equipment, which was built in our laboratory, has been used for measuring
the permeability of the samples. The main part of the equipment is a permeation cell made of a
stainless-steel filter holder of 47 mm (Millipore XX4404700), with 13.8 cm2 of effective area, and with
two chambers separated by the membrane. In addition, a system for measuring pressure and a
thermostatic bath for temperature control are provided. Moreover, sensors of both temperature and
absolute pressure (MKS Baratron), were used for automated data collection. Diffusion experiments
through the initially purged membrane were carried out for determining the gas permeability of
the samples. In this respect, the low-pressure and high-pressure chambers separated by the film
were both subjected to a high vacuum (around 10−4 mbar). A step variation of the pressure (after
purging the system) was imposed on the high-pressure side of the membrane (pH = p0 for time t > 0),
while monitoring the pressure on the low-pressure side, pL. The leak curve was determined before each
experiment by measuring the pressure variation with time in the low-pressure chamber in vacuum.
Between runs, all membranes were degassed overnight under vacuum. Experimental determinations
were performed at 30 ◦C and 1 bar of pressure with different gasses: Nitrogen, oxygen, and carbon
dioxide. A relatively high reproducibility of the measurements was obtained, since the standard
deviation for the different transport magnitudes is smaller than 5% of the mean values.

2.3.7. Stress–Strain Response

The mechanical behavior of the samples has been determined from stress-strain measurements
for PCL, HDPE, and the distinct blends. A dumbbell die was used for obtaining suitable shaped
specimens from the initial sheets. The gauge dimensions of these specimens were 1.9 mm in width and
15 mm in length, while a range between around 0.15 and 0.20 mm was obtained for their thicknesses.
An Instron Universal testing machine (calibrated with standard protocols) was employed for the tensile
experiments, performed at room temperature and with 10 mm/min of nominal crosshead speed using
a cell load of 100 N. The various mechanical magnitudes (Young´s modulus, yield stress and the area
under stress-strain curve related to toughness) were calculated [38] from the distinct experiments.
For each material, at least four specimens were analyzed and the reported results are the corresponding
mean values. The error in the mean values is less than 10%.

2.3.8. Dynamic Mechanical Thermal Analysis

A dynamic mechanical thermal analyzer (Polymer Laboratories MK II) was used for determining
the viscoelastic properties. The tensile mode was selected, and for each sample the real (E′) and
imaginary (E”) components of the complex modulus and the loss tangent (tan δ) were calculated at 1, 3,
10, and 30 Hz, in the temperature interval from −150 ◦C to 150 ◦C, using 1.5 ◦C/min as the heating rate.
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2.4. Statistical Analysis

The experimental data for contact angle or mechanical parameters were statistically analyzed.
One-way analysis of variance (ANOVA) was carried out and significant differences among blends
were recorded at a 95% confidence level. Tukey HSD tests have been used for the multi-comparisons
of the mean values for the different magnitudes in the diverse blends and homopolymers studied.
The samples have been grouped and labeled according to the results of the post-hoc tests in their
corresponding Figures (see below).

3. Results and Discussion

3.1. Characterization of Morphology and Interactions

Figure 1 shows the micrographs taken from the fractured surface at different contents by using
scanning electron microscopy (SEM). When PCL is the major component (samples PCL95, PCL90,
and PCL75, micrographs b), c) and d), respectively), uniformly distributed spherical domains of HDPE
can be observed all over the PCL matrix. The size of these dispersed domains increases as the content
of the minor HDPE component is raised. The presence of these droplets reveals the existence of phase
separation that can be explained in terms of the existing difference between the Hildebrand solubility
parameters of both polymers (16.7 and 19.9 (MPa)1/2 for PE and PCL, respectively) [39].

Figure 1. SEM micrographs of longitudinal fracture surface for: a) poly(ε-caprolactone) (PCL);
the different blends (b) PCL95, c) PCL90, d) PCL75, e) PCL50, f) PCL25); and g) high-density
polyethylene (HDPE). The scale bar is referred to 10 µm and magnifications are for all of them x 2000.



Polymers 2019, 11, 1874 6 of 22

Both components are hydrophobic, but a higher hydrophobicity is exhibited by HDPE, as deduced
from the contact angle values represented in Figure 2. This immiscibility gives rise to the formation of
HDPE drops because it is at a smaller ratio in those specimens (samples PCL95, PCL90, and PCL75).
In spite of the fact that segregation of these two polymers does undoubtedly exist, the lack of these
blends, with the lowest HDPE content of extensive debonding at the interphase and non-existence of
voids, seems to imply some compatibility between the two polymers. As will be commented later,
this is corroborated by some other results, like those attained by FTIR, their crystallization behavior,
and mechanical parameters.

Figure 2. Dependence of contact angles values on PCL content in the blends. *Different letters (a, b, c
and d) in the bars indicate statistically significant ANOVA differences between compositions (p < 0.05)
applying multi-comparisons by Tukey post-hoc tests.

A columnar-matrix morphology appears to be developed for the PCL50 blend (Figure 1e).
This picture suggests very poor adhesion at the interface between the two components and,
therefore, detrimental macroscopic mechanical properties are expected for this composition, as will be
discussed later.

The shape of the domains completely changes in sample PCL25, when the PCL is the minor
component. The droplets become ellipsoid-like, as observed in Figure 1f. This feature might be related
to differences in hydrophobicity between PCL and HDPE, or to variations in their corresponding melt
viscosities. Figure 2 shows that the former are not too large within the whole set of samples. In fact,
the one-way ANOVA (Fcrit = 2.30, p = 0.05) results of the values for contact angles indicate that there are
statistically different between group means (F = 18.6). The variations applying multi-comparisons of
these mean values by Tukey post-hoc tests displays, through labeling with letters within the bars, show
that not all of data are statistically different. This feature could be expected because, as aforementioned,
both PCL and HDPE are hydrophobic.

Other very important variables affecting the morphological characteristics, include changes in
the melt viscosities, since the processing temperature is rather high compared with PCL melting
temperature. Further, at this composition, the PCL dispersed phase is fixed by the HDPE matrix during
cooling because of the higher solidification temperature in the major component [40].
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As aforementioned, the absence of voids at the interphase seems to indicate the existence of
certain compatibility. It could be feasible, taken into account the relatively similar chemical structure
between these two polymers, with the exception of ester groups in the architecture of PCL chains.
FTIR experiments have been performed, in order to understand the interactions between these
two components,

The FTIR spectrum at room temperature of semicrystalline PCL exhibits the absorption bands,
that are characteristic of a polyester composed of aliphatic linear chains (see Figure 3a). Thus, a doublet
arising from the C−H stretching of the methylene groups is observed between around 2800 and
3000 cm−1, plus a band appearing at 1720–1725 cm−1, which is attributed to the carbonyl group.
Additional bands appear ranging 700–1600 cm−1, which are associated with different modes of the
polymer skeleton: Rocking, wagging, bending, and stretching of methylenes and also with trans and
gauche isomerizations of ester groups, similarly to the case of PET [41]. On the other hand, characteristic
peaks for HDPE, shown in Figure 3a are [42]: the one assigned to C−H stretching in the methylene
groups at about 2850 and 2912 cm−1; the band associated with the C−H bending mode of methylene
groups at 1470 cm−1; and the two peaks at around 730 and 720 cm−1 related to the CH2 rocking modes
of the sequence of the CH2 groups in its paraffin structure.

Figure 3. a) Overall Fourier Transform (FTIR) spectra; b) spectra at two wavenumber regions;
and, c) dependence on PCL composition of the bands at about 1720 and 732 cm−1 for the different
blends and the two homopolymers.
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Figure 3b represents two amplified spectral regions: The characteristic one for the carbonyl group,
which is exclusively related to the PCL component, at about 1720 cm−1, and the zone associated with
the rocking deformation modes that involve the CH2 groups from either, PCL or HDPE. The former
exhibits a great intensity for PCL and for the different blends, independently of their composition,
and as expected, it is not present in HDPE. The 1720 cm−1 band shows an asymmetric shape because
it is actually composed of two constituents attributed to the crystalline and amorphous components
of PCL [43]. In fact, the amorphous carbonyl band is located at 1735 cm−1 in the molten PCL state
above 70 ◦C. On cooling, crystallization takes place and a narrower band with a maximum of around
1720 cm−1 is developed. These changes have been described as reversible on heating [43] and if
the overlapped carbonyl bands can be resolved, their absorbances will provide an estimate of the
PCL crystallinity.

Incorporation of HDPE moves the location of this asymmetric band to a slightly larger wavenumber,
as clearly depicted in Figure 3c. This fact indicates that polyethylene chains can affect the amorphous
or the crystalline PCL phases because some interactions can be established at interfaces. The existence
of those local contacts between these two components is also deduced from the common region related
to the rocking modes from the CH2 groups existing in both macromolecular chains. These results show
that the phase segregation, observed from SEM pictures, does not occur in a complete extent and some
interactions within the amorphous PCL and HDPE regions take place.

3.2. Crystalline Characteristics and Phase Transitions

Synchrotron measurements have been performed at either, small or wide angle to understand
whether the existing interactions influence the crystalline regions in different blends. Figure 4 shows
the SAXS results. The upper plot (Figure 4a) depicts that either, PCL or HDPE exhibits long spacing,
i.e., both develop lamellar crystallites. At room temperature, the maximun of Lorentz-corrected
SAXS profile for PCL appears at 0.063 nm−1, while for HDPE is observed at 0.036 nm−1, as deduced
from Figure 4a. Lorentz-corrected patterns in the blends are clearly bimodal, being composed of
the corresponding contribution from the two pristine homopolymers (at 0.063, and 0.036 nm−1,
respectively). Their intensity is dependent on blend composition, as deduced from the plots for PCL90,
PCL75, and PCL50, as examples. These SAXS profiles and their variation with blend composition
(and temperature) indicate that both polymers develop their own crystals. The values of the most
probable long spacing for the HDPE crystallites, represented in Figure 4b, are considerably much
larger than the ones from PCL crystals. They are obtained as the inverse values from the maxima
in the Lorentz-corrected patterns [44]. An important difference is observed at room temperature.
Long spacing remains rather constant in PCL independently of its content in the blend, while it is
significantly lowered for HDPE crystals at high PCL contents, as observed in Figure 4b. It follows
that PCL composition is an important variable in the location of maxima and, consequently, value of
long spacings.
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Figure 4. a) Real-time variable-temperature Lorentz-corrected SAXS profiles obtained with synchrotron
radiation in a melting experiment from 20 to 144 ◦C at 8 ◦C/min for the indicated specimens. Only one
every three frames is plotted for clarity; b) variation upon PCL composition of the long spacing values
at room temperature for the PCL and HDPE crystallites.

It is also noticeable in Figure 4a that the Lorentz-corrected peak from PCL disappears at quite
low temperature because melting takes place. Consequently, an isotropic state is reached for PCL,
while only the Lorentz-corrected maximum for HDPE remains in the blends. These features can be
clearly deduced from the variation with temperature of two of the most important SAXS parameters:
The relative invariant [44,45] and the long spacings. The former is shown in Figure 5a, where the
melting of the two different crystal counterparts is well evident: The ones for PCL melting at around
60 ◦C and those for HDPE at around 120–125 ◦C. Obviously, the intensity of these two components
shows a direct dependence with the blend composition.
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Figure 5. Temperature dependence, on melting, of: a) the SAXS relative invariant, and b) the most
probable long spacings of the PCL and HDPE counterparts, corresponding to the neat homopolymers
and their blends.

The variation of these two long spacings on temperature is depicted in Figure 5b, where an
important recrystallization process on heating is seen in all the samples and for the two types of crystals
prior to their corresponding melting processes. This is accompanied by an important intensity increase,
as observed from the invariant values represented in Figure 5a. Accordingly, their peak position is
moved to lower values of 1/d and the intensity rises as temperature is raised. Besides, the long spacings
of HDPE crystallites are considerably higher than those for PCL. Although, as mentioned above (see
Figure 4b), for the values at room temperature, the long spacings of HDPE decrease as PCL content in
the blend increases.

Some more information is achieved from the WAXS patterns, since both PCL and HDPE are
semicrystalline, as aforementioned. Both crystallize in their respective orthorhombic lattice but their
profiles are very similar, in such a way that the WAXS profiles are much less informative than the
previously commented SAXS ones. The (100) reflection in the PCL is the most distinguishing detail,
as observed in Figure 6, but its intensity is too small to be sensible to changes in composition. The rest
of the diffractions from either, PCL or HDPE appear at analogous positions. It is clearly evident that
PCL melts at around 60 ◦C. HDPE melts at considerably higher temperature, independently of PCL
content. These facts are in agreement with those attained from SAXS.
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Figure 6. Real-time variable-temperature WAXS profiles obtained with synchrotron radiation for
the indicated samples in a melting experiment at 8 ◦C/min. Only one every three frames is plotted
for clarity.

The overall degree of crystallinity, f c
WAXS, at room temperature can be usually estimated from the

WAXS diffractogram. In polyethylene-based materials, the amorphous component and the crystalline
diffractions can be regularly deduced using a fitting program [46–49]. This allows the decomposition
of the X-ray patterns and, consequently, the estimation of the resulting crystallinity. A more precise
assessment requires knowledge of the actual amorphous component. An approach successfully
used in polypropylene based derivatives [50–52] is attaining the amorphous molten profile from
variable-temperature X-ray diffraction experiments, and determining the amorphous halo at a given
temperature (room temperature, for instance) by considering the observed temperature coefficient.
Once it is known, its subtraction from the actual crystalline profile allows the degree of crystallinity to be
estimated. Unfortunately, the similarity found between the diffractograms either, at room temperature
or in their molten state for these two polymers precludes the determination of their respective degrees
of crystallinity when the two crystalline populations are present, as it happens at room temperature.

Figure 7 shows the DSC results obtained both for the first melting process and for the subsequent
crystallization by cooling from the melt. The melting curves (Figure 7a) confirmed the fact that PCL
melts at temperature much lower than HDPE. This difference seems to make HDPE a good candidate
to enhance some PCL physical properties, as will be commented below.
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Figure 7. Differential scanning calorimetry (DSC) curves corresponding to; a) the first heating process,
and b) the subsequent crystallization corresponding to the neat homopolymer and their blends; c) an
enlargement in the HDPE crystallization region; and, d) variation upon PCL composition of the
crystallization temperature (Tc) for the crystallites of PCL and the two components of HDPE.

Figure 7a is quite analogous to that derived from the dependence of SAXS invariant on temperature
represented in Figure 5a. Thus, the PCL orthorhombic crystals melt at around 60 ◦C, as listed in Table 1,
and those also orthorhombic belonging to the ordering within the HDPE chains reach the amorphous
state at about 132 ◦C, rather independently of PCL composition in the blend. The important implication
is that, in a certain temperature interval, the remaining HDPE ordered entities could provide rigidity
to the already molten PCL chains.

Table 1. Degree of crystallinity (normalized to the composition in the blend) and melting temperatures
for the poly(ε-caprolactone) (PCL) and high-density polyethylene (HDPE) crystalline regions,
determined from the first melting process for the different samples analyzed.

Specimen fc
PCL Tm

PCL (◦C) fc
HDPE Tm

HDPE (◦C)

PCL100 0.54 57.0 − −

PCL95 0.54 57.5 0.36 129.5
PCL90 0.55 57.5 0.39 129.5
PCL75 0.56 58.0 0.51 130.0
PCL50 0.57 57.5 0.55 130.5
PCL25 0.57 57.5 0.60 131.5
PCL0 − − 0.59 131.5

Figure 7 shows a very complex melting process for the PCL constituent in the pristine polymer
and all the blends. Thus, distinct endothermic events are noticeable, which are ascribed to the existence
of several melting-recrystallization stages. Furthermore, its main melting peak is rather similar for all
these samples, PCL and its blends, with the obvious exception of their intensity. This implies that, in the
PCL-based materials, a development of the crystalline PCL structure occurs at ambient conditions,
owing to the low melting and glass transition temperature [36] of PCL. It makes it mandatory to be
very careful for obtaining consistent and reproducible results. Nevertheless, in the current samples,
the melting temperature at the maximum for the PCL crystallites does not change much with PCL
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composition, as deduced from Table 1. This corroborates the constancy noticed in long spacing in these
crystals at room temperature (see Figure 4b).

The results of the subsequent cooling process (Figure 7b) were very interesting as two opposite
behaviors are deduced. On one hand, HDPE crystallization was significantly hindered by the presence
of molten amorphous PCL macro-chains (see Figure 7b,c) as the minor component, pointing out again
the existence of interactions between these two polymers. Accordingly, the main crystallization process
was decomposed into several stages, with a small amount yet crystallizing at 118 ◦C, in PCL75 and
PCL90, and the rest being delayed and appearing in distinct steps at lower temperatures, as observed
in Figure 7c. In fact, the variation of the two main components for the crystallization of the HDPE
counterpart is plotted in Figure 7d. It is observed that these two components merge already in blend
PCL50. On the other hand, the existing HDPE crystallites exert a noticeable nucleating effect in the PCL
crystallization, and it was shifted to a significantly higher temperature in the blends (see Figure 7b,d).

Similarities that appear between Figures 4b and 7d demonstrate the significant influence of
composition on the way crystallization takes place and on the resulting long spacing values obtained.
Nevertheless, and in spite of PCL crystallites are developed in the blends at Tc higher than in the
pristine polymer, because of the nucleating effect of HDPE crystals, their average long spacing reached
are analogous.

The overall degree of crystallinity for both crystalline components can be determined from the
DSC curves during the first melting process. The results obtained for crystallinity after normalizing the
enthalpies by the actual PCL or HDPE amounts, at each blend, are reported in Table 1. The incorporation
of HDPE leads to a slight increase in the PCL crystallinity. In contrast, HDPE crystallinity is much
more affected by the presence of PCL so that a clear decrease is observed as the PCL content increases.
As commented above, the HDPE crystallization is significantly hindered by the presence of PCL
macro-chains when it is the minor component.

All these features that are deduced from the morphological and structural analyses point out the
importance of the partial compatibility of both isotropic melts. Favorable interactions are promoted,
leading to changes in the crystallization of both components and in the ultimate characteristics of their
crystalline regions. These structural details might exert noticeable effect in the ultimate performance of
the different materials, which can determine their final usage. Here, attention has been focused on the
evaluation of gas transport behavior and of the mechanical response. Both features can turn out of
high interest for further bio-applications.

3.3. Transport Properties

In relation to the former, the permeation process in polymers is usually expressed in terms of
the solution-diffusion model and Fick’s laws [53]. If the permeant concentration is sufficiently low,
then the parameters appearing in the different expressions are presumed to be independent of the
concentration. Accordingly, the variation with time (s) of the pressure (Pa) in the downstream part for
a pressure step experiment becomes [54],

pL =
APp0

Ve

t−
e2

6D
+

2e2

π2D

∞∑
n=1

(−1)n+1

n2 exp
(
−

Dn2π2t
e2

) (1)

where e (m) represents the membrane thickness, A (m2) is the effective area of the film, V (m3) is the
volume of the low-pressure chamber, P (mol ·m/m2

· s· Pa) reads for the permeability, and D (m2/s)
is the diffusion coefficient. The p0 and pL represent pressures in the high-, and low-pressure sides,
respectively (pH = p0 when time t > 0), as specified in the Experimental Part.

The two parameters specific of the material are correlated by the expression,

P = S · D (2)
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where S (mol/m3
· Pa) is the solubility coefficient.

The asymptotic behavior of pL, deduced from steady-state measurements performed at ambient
temperature, becomes linear for the various gases. Such asymptotic limit can be expressed as follows:

lim
t→∞

pL =
APp0tlag

Ve

(
t

tlag
− 1

)
. (3)

The extrapolation to the abscissa axis (time) of this linear behavior defines the time lag as:
tlag = e2 / 6D, from where the diffusion coefficient, D, can be obtained for the different samples.
The variation of D on PCL composition is depicted in the upper part of Figure 8. The value of D
depends on the rate of the permeation development to attain steady-state conditions, and it is also
related to the permeant size, the mobility, and structure of the matrix where the diffusion takes
place [55]. In the particular case of semicrystalline polyolefins, this diffusion coefficient is reported by
Michaels and Parker [56] to be given by,

D = D∗/τβ (4)

being D∗ the diffusion coefficient of a totally amorphous polymer. In the presence of crystallites,
the pathway of the diffusion is dependent on the tortuosity of the system, reflected by parameter τ,
while β is primarily dependent on the mobility restrictions in those amorphous regions, which are
located near the crystals [57]. Tortuosity in these specimens under analysis is mainly ascribed to the
hindrance caused by presence of the PCL and HDPE crystallites.

Figure 8. Dependence on PCL content of the diffusion, solubility, and permeability coefficients for
N2, O2, and CO2 gases in tests performed at 30 ◦C, corresponding to the neat homopolymers and
their blends.

Figure 8 depicts that the PCL homopolymer shows diffusivity coefficients for the three gases
tested lower than those exhibited by HDPE. Moreover, the values in the blends at the different PCL
compositions range from those observed in the pristine homopolymers. The results for the S and P
coefficients, found in the distinct blends at the three gases obtained from Equations (2) and (3), are also
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presented in Figure 8. In general there is a trend that at a given gas decrease as PCL content is lowered
since the neat HDPE exhibits a solubility coefficient inferior to that presented by PCL. This difference
is much larger for the CO2 gas by a factor of around 5. This feature is ascribed to the mutual affinity
between CO2 and PCL film as the PCL component is raised in the blend. However, permeability
does not show a unique tendency and it strongly depends on the gas tested. Under N2, behavior
goes through a minimum-maximum, a reduction that is noticed for O2, while a significant increase
is attained for CO2, as the PCL content rises. All these features seem to indicate that variations in
crystallinity, and in values of long spacing with composition, do not significantly affect the transport
properties in these blends. This is also due to the fact that gases are primarily transported through
amorphous regions. Moreover, the transport magnitudes, shown by the pristine PCL and HDPE
polymers, are relatively analogous and the effect of structural changes is minimized. As commented in
the Introduction, long-term drug delivery devices are one of the feasible bio-applications for these
materials. It is important, then, to maintain or reduce permeability to keep the drugs intact over time.
The characteristics found indicate that the effect of a small amount in HDPE does not significantly alter
the gas transport properties of the PCL.

3.4. Mechanical and Viscoelastic Responses

Regarding the mechanical behavior, Figure 9a shows the stress-strain curves and some mechanical
parameters estimated: Young´s modulus (E), stress at yield (σY) and the area under curve, related
to toughness, are represented in Figure 9b–d. The behavior deduced from these curves is typical of
ductile polymer samples, except the one for PCL50 blend that shows poor adhesion at the interface
between the two components, as aforementioned. Thus, the engineering deformation curves, shown in
Figure 9a, exhibit three evident regions: An initial one, where the stress increases linearly with the
strain, allowing the estimation of E; following this first stage, a yield region appears, characterized
by a maximum in σY„ which can be observed in more detail in the inset of Figure 9a; and, finally,
a third region where there is again an increase of the stress (between strain values from around 300 to
400%) so that a considerable strain-hardening is observed, related with stress-induced orientation of
the polymer chains. Thus, the stress-strain curves of these blends are characterized by formation of a
neck, as also deduced visually during the stretching progression. Another important aspect is that
the yield region in PCL is narrower than in HDPE, what can be ascribed to the presence of two yield
points in HDPE, as it has been described for other polyethylenes [58,59].

Moreover, the stress-strain measurements in these blends appeared to be reproducible, both in
the shape of the stress-strain curves and also in the mechanical parameters deduced from the curves,
which have been obtained for the various specimens stretched for a given sample (see Figure 9b–d).
On the other hand, one-way ANOVA (Fcrit = 2.57, p = 0.05) proves that there are statistically significant
differences between group means of these reported mechanical properties (the F values for E, σY

and area below the stress-strain curve data are 27.4, 82.9, and 176.5, respectively). These statistical
differences are also noticed when multi-comparisons are applied to all of these mean values by Tukey
post-hoc tests. They are shown through labeling with letters within the bars in Figure 9b–d. Yield
stress parameter is that exhibiting the less statistically significant differences.

Incorporating small HDPE amounts lead to stiffer materials and, consequently, the modulus value
increases. The E variation is quite linear upon PCL composition with the exception of PLC95 and PCL90
blends, where a positive deviation of the mixing law seems to occur at these lowest HDPE contents,
as depicted in Figure 9b. In fact, their E values are 265 and 256 MPa for PCL95, and PCL90, respectively,
compared with 209 MPa in the pristine PCL, in spite of the significant reduction in these two blends of
the HDPE crystallinity, their long spacing, and the size of their crystals, as reported in Table 1 and seen
in Figure 5b. In addition, this enlargement in E value is observed in these two blends although phase
separation exists between the two components, as shown in Figure 1b,c. This indicates that, not only is
this mechanical parameter maintained, but even improved above 20%. An increase in rigidity is usually
associated with a rise either, in the crystallinity or in the content of a hard component [48,49,60,61].
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This positive deviation is also observed in the yield stress, σY, values at those lowest HDPE contents, as
depicted in Figure 9c. The favorable variation of E was not shown in other blends based on PCL [14].

Figure 9. a) Stress-strain curves (at room temperature and at a rate of 10 mm/min) for the pristine PCL
and HDPE homopolymers and the several blends. The inset enlarges the deformation X axis to better
notice the differences; b), c) and d) dependence on PCL content of different mechanical parameters:
Young´s modulus, stress at yield and area under the stress-strain curve. *Different letters in the bars for
b), c) and d) plots indicate statistically significant ANOVA differences between compositions (p < 0.05)
at each mechanical parameter applying multi-comparisons by Tukey post-hoc tests.

At the opposite interval of compositions, the comparison of Young´s modulus for PLC0 (HDPE)
and PCL25 also shows a slightly positive deviation of mixing law in the PCL25 blend, as deduced
from Figure 9b. Thus, the values achieved are 410, and 373 MPa, respectively. A slight improvement
for this magnitude occurs in spite of the crystallites corresponding to the PCL component in PCL25
are much smaller than those from the HDPE, as can be deduced from Figure 5b, and taking into
account the similarity in the degree of crystallinity within both ordered regions [44]. Accordingly, their
reinforcement role is smaller. This feature seems to point out favorable interactions in the amorphous
zones when HDPE is the major constituent. The value of yield stress for PCL25 is predicted by the
mixing law (see Figure 9c).

Tensile strength and toughness are also rather similar in PCL95 and PCL100. The former is
52.5 MPa for PCL95 and 53.5 MPa for the neat PCL100. Concerning the toughness of the blends,
as measured by the area below the stress-strain curves and represented in Figure 9d, displays first that



Polymers 2019, 11, 1874 17 of 22

the toughness of PCL95 is very close to that exhibited by PCL100 and, secondly, that HDPE impairs
the toughness of these blends at the rest of compositions. A minimum is shown in the PCL50 sample,
which can be explained in terms of its morphology (see Figure 1d) and the subsequent lack of adhesion
between both polymeric constituents. At this point, it should be commented that tensile strength and
toughness are mechanical parameters, estimated from the non-linear regime, and their importance
from a practical standpoint is not as significant as the modulus or the yield stress, except in polymers
with very brittle mechanical behavior. This is not the case for PCL and HDPE, as they are ductile
polymeric materials, and because of their blends, with the exception of PCL50. Thus, maintenance or
the observed reduction is considered a good enough trend.

All these results indicate that the establishment of favorable interactions within the amorphous
regions should be endorsed in blends of semicrystalline components as a feasible strategy to improve
their global mechanical behavior. The effects are expected to be more relevant at compositions where
the component crystallizing at higher temperature is a minority, as observed in the blends with low
HDPE incorporations.

In order to confirm the positive deviation in rigidity, observed for those compositions, dynamic
mechanical analysis has been also performed as a function of temperature. In addition, the relaxation
processes have been examined. Figure 10a shows storage modulus, E′, dependence on temperature,
while Figure 10b shows its variation at distinct temperatures upon PCL composition. It is noticeable that
E′ values for the PCL95, PCL90, PCL75, PCL50, and PCL25 blends are in between of those corresponding
to PCL and HDPE in the whole interval of temperature, excepted at very low temperatures below the γ
relaxation of HDPE. The improvement in rigidity by incorporation of HDPE is clearly noticeable, even
at the lowest HDPE content in the PCL95 blend. The positive deviation from the mixing law is again
clearly observed, this being more important as temperature is lowered. At the highest temperature
analyzed in Figure 10b, 50 ◦C, the relationship on PCL content becomes almost linear because a
considerable part of PCL is in a molten state.

Figure 10. a) Dependence of storage modulus on temperature (at 3 Hz); and b) its variation upon PCL
composition at distinct temperatures.

Figure 11 shows the loss plots, either the tan δ or E” representations, for the several specimens.
Different relaxation mechanisms are observed: βPCL, γHDPE, αPCL and αHDPE in order of increasing
temperatures. As clearly noticeable, their location and intensity are dependent on PCL composition,
similar to what has been described previously in other copolymers, blends, and composites [62–65].
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Figure 11. Temperature dependence of the imaginary magnitudes for the different samples: a) tan δ
and, b) E” representations, at 3 Hz.

The γHDPE relaxation in polyethylene was initially attributed to crankshaft motions in the
polymethylenic chains [66]. However, the specific details for the motional process have not been
completely ascertained. There is consensus about the fact that three or more CH2 units are involved
in this relaxation [62]. The βPCL relaxation is also related to local mobility with similar molecular
origin [67]. Although, it takes place at lower temperature than in HDPE, probably because the
lower values of its long spacing and, consequently, the presence of thinner crystals that imposed less
restrictions in mobility to these amorphous regions.

The αPCL process is attributed to generalized movements, involving long segments of polymeric
chains, located in the amorphous regions of PCL, and this relaxation takes place during the
corresponding glass transition of PCL [68,69]. The large decrease observed in the E′ values (Figure 10a)
in the region of temperatures for those motions is explained by the cooperative character of this
relaxation. Additionally, the maximum value of the tan δ intensity shows also a great decrease when
the PCL content of the blends diminishes, considering the relative reduction of the amorphous content
where this movement takes place, since the PCL amount is lowered. Moreover, a clear shift to slightly
higher temperatures is observed in the location of the αPCL relaxation in the PCL95 blend, fact that
indicates a mobility restriction at this composition due probably to the existence of positive interactions
at interfaces. The rest of the samples positions remain rather constant.

Finally, the relaxation labeled as αHDPE, appearing at the highest temperatures in the E” plots,
is ascribed to polyethylene, and it is attributed to re-orientational and vibrational movements within
the HDPE crystals [38,70]. The high-temperature side of this relaxation overlaps with the melting of
those crystals. Moreover, the intensity of this relaxation decreases and a shift to lower temperature is
observed as HDPE content decreases because of the smallest amount in HDPE crystals, and its thinner
size, respectively.

4. Conclusions

Blends of poly(ε-caprolactone) and high-density polyethylene HDPE have been prepared at
different compositions. The separation of both components is observed in the whole composition
range, but the lack of an extensive debonding at interfaces, and the non-existence of voids, constitute
the first evidence of some compatibility between these two polymers. This is further confirmed mainly
by FTIR analysis and the properties evaluation.

In addition, both polymers are able to develop their own characteristic orthorhombic crystalline
lattices. On heating, these two crystallites undergo melting-recrystallization processes in the different
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blends. The melting takes place in PCL, at temperature much lower than in HDPE, in all the blends, as
confirmed by SAXS and DSC experiments.

When HDPE is the minor component, its crystallization is significantly hampered by the presence
of molten amorphous PCL macrochains that point out again the existence of interactions between these
two polymers. Those HDPE crystallites, generated at high temperature, exert a noticeable nucleating
effect in the PCL crystallization and a shift to a higher temperature is observed in the blends at all
the compositions.

The addition of a small HDPE amount does not significantly alter the values of diffusivity and
permeability coefficients of PCL gas transport. The solubility to CO2 changes considerably in the
presence of HDPE, and an important decrease is observed as its content is increased in the blends.

The mechanical behavior displays an excellent balance in the PCL95 blend, compared with that
exhibited by the neat PCL. The parameters related to rigidity increase, which shows a positive deviation
of the mixing law, and the tensile strength and toughness are maintained. Moreover, the location of
the αPCL relaxation, which is related to the cooperative movements that occur along glass transition,
shifts to a slightly higher temperature. All these features found at low HDPE contents confirm the
existence of favorable interactions in the amorphous regions of both components. Consequently, if the
biodegradability of PCL is not impaired by adding a small amount of HDPE (around 5 to 10% by
weight), HDPE incorporation seems to be an appropriate strategy, and of low cost, for bio-applications
of PCL requiring a higher mechanical performance.
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