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Abstract: Several nanocomposites were prepared by extrusion from a commercial metallocene-type
isotactic polypropylene (iPP) and different amounts of two types of graphene (G) nanofibers: ones
with a high specific surface, named GHS, and the others with a low specific surface, labeled as GLS.
The number of graphene layers was found to be around eight for GLS and about five in the GHS.
Scanning electron microscopy (SEM) images of the resultant iPP nanocomposites showed a better
homogeneity in the dispersion of the GLS nanofibers within the polymeric matrix compared with
the distribution observed for the GHS ones. Crystallinity in the nanocomposites turned out to be
dependent upon graphene content and upon thermal treatment applied during film preparation,
the effect of the nature of the nanofiber being negligible. Graphene exerted a noticeable nucleating
effect in the iPP crystallization. Furthermore, thermal stability was enlarged, shifting to higher
temperatures, with increasing nanofiber amount. The mechanical response changed significantly
with nanofiber type, along with its content, together with the thermal treatment applied to the
nanocomposites. Features of nanofiber surface played a key role in the ultimate properties related to
superficial and bulk stiffness.

Keywords: metallocene iPP; graphene nanofibers; nanocomposites; crystalline lattice; nucleating
effect; phase transitions; thermal stability; mechanical properties

1. Introduction

Industrial interest in polypropylene, PP, especially under its isotactic configuration, iPP,
is clearly evident by the fact that iPP is one of the polyolefins with higher commercial use in
multiple applications. This extensive applicability is due to its ease of processing, good heat
resistance, excellent mechanical properties, and low cost. Its poor impact resistance at low
temperatures can be considered one of its major shortcomings. Accordingly, research on
iPP is ongoing, looking for optimization and design of new applications [1]. Changes in its
structure can be triggered by several approaches: (a) the synthetic protocol, varying types of
the catalyst used (conventional or latest generation Ziegler Natta (ZN) catalysts [1,2] as well
as the so-called metallocenes ones [1,3,4] that allow copolymerization with other α-olefins
for manufacturing random or block copolymers, among other possibilities); (b) blending
with other polyolefins, such as polyethylene, PE, or ethylene copolymers with α-olefins as
counits [5–7]. Incorporation of additives for modifying crystallization rate in order to opti-
mize transparency, and for controlling the type of crystalline polymorph developed [8,9].
Furthermore, fillers are sometimes added to decrease the final price or to promote certain
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functionalities, such as permeability to gases [10,11], antimicrobial characteristics [12],
electromagnetic interference features [13], or mechanical reinforcement [14,15].

The development of metallocene iPPs has not stopped since their discovery in the 1990s.
They can be synthesized either under homogenous or heterogeneous conditions [16,17].
Enhanced impact strength is exhibited in these metallocene iPPs compared with this
property shown by iPP synthesized with ZN catalysts, being probably associated with the
smaller size of the crystallites developed in the former [7,8].

In parallel, applications of graphene (G) continue growing at present, seeking new
unexplored fields. Much work has been focused on the preparation of nanocomposites
based on graphene or its derivatives with numerous polymeric matrices. These graphene
derivatives incorporated to iPP (mainly the ones obtained with ZN catalysts) were basically
referred to as modified graphene, graphene oxide (GO), or graphene (nano)fibers [18,19].

Graphene nanoplatelets (GNP) were also selected as alternative reinforcing fillers to
enhance the properties of iPP. Different compatibilizer agents were used, mainly polypropy-
lene grafted maleic anhydride (PP-g-MA) and ethylene-octene elastomer grafted maleic
anhydride (POE-g-MA) [20] in order to trigger interactions at interfaces of these two
components, iPP and GNP.

Crystallization temperature (Tc) of iPP was found to be shifted up to 10 ◦C in nanocom-
posites achieved by in situ polymerization of propylene in presence of graphene nanosheet
(GNS) compared with that observed in the neat iPP [21,22]. Changes in properties (thermal
stability, mechanical properties, and electrical characteristics) were even more noticeable if
nanocomposites were prepared by in situ polymerization from copolymers of propylene
with α-olefins and GNS [23,24].

The aim of this research is focused on the obtainment of iPP nanocomposites with
graphene nanofibers using the extrusion as a preparation strategy, since this methodology
is from an industrial standpoint, more versatile and attractive than in situ polymerization.
Therefore, several contents of two types of graphene nanofibers with different specific
surfaces have been incorporated into a commercial metallocene-type iPP matrix. An
exhaustive characterization has been carried out in order to elucidate the importance of
that type of nanofiber, its content, and the thermal history applied during processing
exerted on films obtained from the resultant nanocomposites. A metallocene iPP has been
selected as matrix because there are scarce investigations in literature concerning these
nanocomposites, especially when processed by melt extrusion.

2. Materials and Methods
2.1. Materials

An isotactic metallocene iPP, with trademark HM562P (MFI = 15 g/10 min according
to standard ISO 1133 at 210 ◦C, 2.16 kg) and kindly supplied by Basell (Rotterdam, The
Netherlands), was used. It is named from now as HMP.

Two types of graphene nanofibers, kindly supplied by Graphenano (Yecla, Mur-
cia), with different specific surfaces, were employed. On one hand, graphene nanofibers
with high specific surface, the so-called GHS, shows the following characteristics: high
specific surface, which ranged from 300 to 400 m2/g; fiber diameter of 5–160 nm; fiber
length > 20 nm; density at 20 ◦C = 0.4–0.6 g/cm3. On the other hand, graphene nanofibers
with low specific surface, identified as GLS, exhibit a specific surface from 70 to 250 m2/g;
fiber diameter of 5–160 nm; fiber length > 20 nm; density at 20 ◦C = 0.2–0.3 g/cm3.

2.2. Extrusion of the Nanocomposites

HMP pellets were crio-milled in liquid nitrogen, before extrusion, using a SCHOTI
grinder (Schott Maschinenbau, Kupferberg, Germany), working at a frequency of
20,000 min−1 in order to reduce the pellet size and promote a better dispersion of the
graphene nanofibers into this HMP matrix. Graphene fibers were first dispersed in toluene
using ultrasounds before blending with the iPP.
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Nanocomposites containing a weight percentage (wt.%) of 0.1, 0.2, 0.5, 1.0, 5.0,
and 10.0 in each kind of graphene nanofibers were then prepared by melt extrusion
in a Rondol Microlab Twin Screw mini-extruder (Rondol Industrie, Nancy, France), employ-
ing 10 mm diameter extrusion screws, working at 60 rpm and using
115 ◦C/170 ◦C/180 ◦C/185 ◦C/190 ◦C as temperature profile. The different nanocom-
posites were labeled as HMPxGHS or HMPxGLS, where x refers to the wt.% content
in nanofibers and GHS or GLS corresponds to the type of graphene nanofiber incorporated.

2.3. Preparation of the Films

Films of these HMP nanocomposites with different contents in GHS or GLS nanofibers
were obtained by compression molding in a Collin press (Collin GmbH, Maitenbeth,
Germany) between hot plates (210 ◦C) at a pressure of 20 bar for 3 min. In the subsequent
cooling from the melt, two different thermal histories were applied by variation of cooling
rate: 80 ◦C/min (specimens named Q) and 2 ◦C/min (designated as S samples). Thickness
of the films was around 300 µm.

2.4. Characterization Techniques

A Philips XL30 ESEM equipment (Philips, Eindhoven, The Netherlands) was used for
the morphological details of the different materials, working at an acceleration voltage of
15 kV. Samples were metallized with an 80:20 gold/palladium (Au/Pd) alloy in order to
obtain a better image resolution.

Raman spectra were recorded in a Renishaw InVia Reflex Raman system (Renishaw
plc, Wotton-under-Edge, UK), using an Ar-Kr laser with a wavelength of 514 nm, and a
resolution of 1.7 µm, with a charge-coupled device (CCD) detector. The measurements were
taken by incidence of laser on the samples with a power of 10%, accumulating 10 scans and
with an exposure time of 10 s.

X-ray diffraction, XRD, measurements were performed at room temperature using
a Bruker D8 Advance diffractometer (Bruker, Madison, WI, USA), with CuKα radiation
(λ = 0.1542 nm), in the angular 2θ interval between 5◦ and 35◦. Graphene nanofibers were
fine powders and, then, the X-ray diffractograms of the neat nanofibers were obtained
by wrapping them in aluminum (Al) foil, in order to avoid equipment contamination.
The number of graphene layers was assessed by the Scherrer equation [25], considering
the 002 direction (diffraction peak centered at 2θ = 26.6◦:

lc(002) =
k · λ

β0 · cos θ
(1)

where k = 0.88, λ = 0.1542 nm and β0 is the width of the peak at half height.
Crystallinity (fc) estimation by XRD was performed in the nanocomposites by subtrac-

tion of the corresponding amorphous iPP halo, using for that the totally amorphous profile
of an elastomeric PP sample [26,27].

Calorimetric analyses by differential scanning calorimetry (DSC) were carried out in a
TA Instruments TA-Q100 calorimeter (TA Instruments, New Castle, DE, USA) connected
to a cooling system and calibrated with different standards. The sample weights ranged
from 7 to 10 mg. The heating and cooling rates used were 20 ◦C/min. For crystallinity
(fc) determination, a value of 165 J/g has been considered as the enthalpy of fusion for a
perfectly crystalline iPP material [9,28,29]. The enthalpy deduced from the melting curves
in the nanocomposites has been previously normalized to the actual polymer content in
the sample before crystallinity estimation.

A TA Instruments TA-Q500 equipment (TA Instruments, New Castle, DE, USA) was
used for thermogravimetric analyses under a nitrogen (N2) atmosphere in a temperature
range between 30 to 800 ◦C. Heating rate used was 10 ◦C/min.

A Vickers indentor attached to a Leitz microhardness (MH) tester (Leitz GmbH,
Oberkochen, Germany) was used to carry out microindentation measurements. Experi-



J. Compos. Sci. 2022, 6, 161 4 of 19

ments were undertaken at 25 ◦C. A contact load of 0.98 N and a contact time of 25 s were
employed. MH values (in MPa) were calculated according to the relationship [30,31]:

MH = 2sin68◦
(

P
d2

)
(2)

where P (in N) is the contact load and d (in mm) is the diagonal length of the projected
indentation area.

Stress-strain curves were achieved at room temperature employing a DX2000 QTest
Elite MTS dynamometer (MTS Systems, Eden Prairie, MN, USA), working at a stretching
rate of 10 mm/min. Dumbbell-shaped specimens with gauge dimension of 15 mm in
length and 2 mm in width were punched out from the compression molded sheets with a
standardized die. Thickness of the specimens was around 0.3 mm. Different mechanical
parameters were calculated from these stress-strain curves. At least five specimens were
tested for each material, and the standard deviation of mean values was found to be less
than 8%.

3. Results
3.1. Characterization of Graphene Nanofibers

Figure 1 shows the main characteristics exhibited by the two types of graphene
nanofibers used, determined through different techniques: SEM, X-ray diffraction, and
Raman spectroscopy. SEM images (Figure 1a,b for GHS and Figure 1c,d for GLS) show a
better homogeneity in the case of GLS nanofibers with respect to the GHS ones, which is
attributed to the higher specific surface of the latest. This greater surface could promote
a large agglomeration, tending toward reverting the graphitic configuration by means of
π-π bonds and remaining Van der Waals interaction forces in the nanofibers.

Figure 1e,f display the X-ray diffractograms for these GHS and GLS nanofibers. These
experiments were performed by wrapping these nanofibers within Al foil, so that the
narrow diffraction peak appearing at around 24.3◦ corresponds to Al, which is located next
to the wide 002 diffraction of the expanded graphene that is placed at about 26.2◦. The
number of graphene layers can be estimated by the Scherrer equation from that diffraction
peak. A peak width at half height of 2.45◦ for β0 in Equation (1) was obtained for the
GHS nanofibers. According to the Scherrer equation, the number of layers is deduced by
dividing the determined lamella size, 34.8 Å, by the theoretical separation among graphene
layers, similarly to the reported procedure [32]. Thus, the resulting number of layers in GHS
is 5.1. The diffraction found for GLS nanofibers is noticeably narrower and a peak width at
half height of 1.62◦ for β0 was deduced, leading to a lamella size of 55.6 Å. Accordingly, the
number of graphene layers for GLS is equal to 8.1.

Raman spectroscopy provides a lot of information about graphite and its derivatives.
The spectrum of pure graphite without impurities only presents a narrow and intense band
located at approximately 1580 cm−1 [33,34]. This band is known as the G band and is
related to the structural order of graphite, and is due to the relative movement of the carbon
atoms linked by sp2 bonding along the bond direction. When the graphite moves away
from its state of purity, due to the existence of specific defects, its structural order is lost, and
a new band appears in the first-order region of the spectrum (band D at 1340 cm−1) [35].
The second-order region is located in the 2300–3300 cm−1 range, and overtones of the
first-order bands appear also in that range. The most characteristic band in this zone is
found at about 2700 cm−1, and is known as 2D because this is the D-band overtone. As
the graphite moves away from its ideal structure, the second-order bands are widened and
their intensity is reduced, until they overlap each other, making it impossible to identify
them individually. Raman spectra corresponding to pure graphene show, therefore, some
differences from those appearing in graphite. The most prominent band is the 2D one,
which is very narrow and intense [36,37], being very sensitive to the number of graphene
layers [33].
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Figure 1. SEM micrographs of graphene nanofibers at two magnifications: GHS (a,b) and GLS (c,d).
X-ray diffractograms of GHS (e) and GLS (f) nanofibers. These nanofibers were wrapped in alu-
minum foil (see Al diffraction peak at a value of 2θ of 24.3◦). Raman spectra of GHS (g) and
GLS (h) graphene nanofibers.

Figure 1g,h show the Raman spectra for the neat GHS and GLS nanofibers. The former
exhibits two very intense bands at the positions of 1340 and 1593 cm−1, which correspond
to the D and G bands [33,34], respectively. In the second-order interval, two low-intensity
peaks are observed, one appearing at 2675 cm−1 and the other band at 2920 cm−1, which are
ascribed to the 2D and 2G bands, that in turn are associated with the overtones of the bands
D and G, respectively. Regarding the spectrum of GLS nanofibers represented in Figure 1h,
the D and G bands also appear at a location of 1346 and 1570 cm−1, respectively. In the
second-order region, a very intense peak is observed at 2686 cm−1, which corresponds
to the 2D band, as well as a peak at 2923 cm−1 that is associated with the overtone of
the G band of the first-order spectrum. In this case, the presence of an additional peak
at 2430 cm−1 is also noted, which is ascribed to the 2L0 band. The appearance of the
second-order zone boundary phonon (2D) peak at 2440 cm−1 together with the shoulder
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peak at 2930 cm−1, which is also observed in sonicated samples [35], are usually indicative
of specimens constituted by few layers of graphene.

Therefore, an evident change is deduced from these two spectra seen in Figure 1g,h
for the second-order interval of both types of graphene nanofibers. The 2D band for GLS
is a very intense and narrow peak associated with expanded graphene. In contrast, that
band is wide and appears with low intensity in GHS, showing a profile more similar to the
graphite spectrum [32]. These characteristics point out that a number of layers in GHS and
GLS are noticeably different, as already deduced from the XRD results.

Band D is attributed to the presence of defects and curvatures in the graphene and
in carbonaceous structures, while band G is associated with ordered arrangements. The
fact that band D appears in both types of graphene nanofibers indicates that these two
structures have defects or impurities. In fact, an increase in the ratio between the areas of
the D and G bands, ID/IG, is generally indicative of a growing number of defects, so that
a value as low as 0.2 was found [38] for graphite while a much higher ratio of 1.54 was
attained for graphene. The values of ID/IG deduced from Figure 1g,h are 1.6 and 1.0 for
GHS and GLS, respectively, thus pointing out again the substantial differences between
GHS and GLS nanofibers.

3.2. Morphological Characterization of Nanocomposites

The top pictures in Figure 2 show images for the HMP homopolymer and the nanocom-
posites with 5 wt.% of GHS and GLS nanofibers at a 1000× magnification after cryogenic
fracture in liquid nitrogen and coated with a thin Au layer. Significant morphological
differences are noticed, displaying a smooth surface for HMP, which is characteristic of
ductile behavior, while a more fragile fracture is seen in the nanocomposites.

Figure 2. SEM images at a magnification of 1000× for: (a) HMP; (b) HMP5GHS; and, (c) HMP5GLS.
SEM images at a magnification of 8000× for: (d) HMP5GLS and (e) HMP10GLS.
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The HMP5GLS material, containing GLS nanofibers, shows a failure with a laminar-
like surface in contrast to the one observed in the HMP5GHS nanocomposite. The GHS
hybrids seem to display a weaker failure, fact that is associated with the intrinsic higher
specific surface of the nanofibers that hinders a more intimate contact with the PP matrix.

Fiber size and dispersion within the polymer are better evaluated from SEM images at
higher magnifications (see bottom pictures in Figure 2), where graphene is displayed as
the bright points observed in the different images. Fibers in the transverse direction are
also noticeable, mainly at the highest GLS composition, some of them being agglomerated.
Their average width is about 250 nm, which is in agreement with the manufacturer’s speci-
fication. A comparison of these results with those attained by Acahby et al. [39] indicates a
reasonably uniform graphene dispersion, aggregates being also evident in PP nanocom-
posites with a 2 wt.% graphene nanosheets. Bian et al. [40] observed a smooth surface by
SEM for the hybrids based on PP with graphene/SiO2. SEM images for nanocomposites
of polypropylene with an amine modified GO revealed [41] that neat GO was aggregated
partially when it was embedded in the PP matrix while a better dispersion was achieved
by its modification with the amine. Analogous results were also shown in PP nanocom-
posites with reduced graphene, whose surface was coated with a polymer film [38]. An
agglomeration increase was reported [42] in GO/short carbon fiber (SCF)/polypropylene
(PP) composites, from 0.5 wt.% to 1 wt.% in GO fraction. Accordingly, pictures for the PP
nanocomposites here analyzed point out a rather good homogeneity, especially taking into
account that neither compatibilizer nor modification of graphene nanofibers was used.

3.3. Structural Evaluation of Nanocomposites

Figure 3 shows the pure crystalline profiles in different nanocomposites, after sub-
tracting the amorphous halo (see Section 2.4.), for the two thermal treatments applied,
Q and S. The corresponding values of crystallinity are listed in Table 1. For Q samples,
the crystalline reflections that appear in the diffractograms at 14.1◦, 16.9◦, 18.5◦, 21.1◦,
21.8◦, and 25.8◦ [43,44], as seen in the upper plot of Figure 3, are those characteristic of
the monoclinic α form. The S samples additionally display a clear diffraction located at
20.3◦, which is characteristic of the orthorhombic γ modification. This polymorph has
been triggered by the slow cooling applied during the compression molding. This γ lattice
is not the only crystalline structure existing in these slowly crystallized specimens but a
significant proportion of monoclinic α form is also present (see below). The diffraction
corresponding to the graphene is barely observed as a shoulder, being centered at 26.2◦,
in the nanocomposites with the highest contents since it is partially overlapped with the
diffraction at 25.5◦ corresponding to the iPP.

Table 1 shows the degree of crystallinity obtained by X-ray diffraction (fcXRD) for all of
the GHS and GLS nanocomposites under the two thermal treatments, Q and S. According
to these results, higher fcXRD values are achieved in the S samples in comparison whit those
found in the Q ones, as expected. Moreover, there is a small but appreciable increase in
crystallinity in all cases as the graphene content increases.

As commented above, S samples exhibit the coexistence of two crystalline forms, α,
and γ. The polymorphic behavior of iPP has been widely described, exhibiting three main
crystalline forms, named as α, β, and γ [45,46]. The more stable modification is the α
monoclinic lattice, but a slow rate of cooling promotes the formation of the γ orthorhombic
form in metallocene iPPs (and in other copolymers). The β polymorph usually appears by
the addition of specific additives. Another phase of intermediate order is the mesomorphic
form, generally obtained by fast quenching [47,48]. Furthermore, a new polymorph, the
trigonal δmodification, has been described in propylene copolymers with relatively large
contents in 1-pentene or 1-hexene [49–51] and also in terpolymers with both counits [52]
or with 1-pentene and 1-heptene used as comonomers [53]. Relative contents of the α
and γmodifications, shown also in Table 1, for the nanocomposites subjected to a thermal
treatment S, i.e., those films achieved by a slow cooling from the melt, have been determined
as described earlier [54].
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Figure 3. X-ray diffractograms, after subtraction of the amorphous component, for the different
nanocomposites with GHS nanofibers under Q and S thermal treatments.

Table 1. Degree of crystallinity (fcXRD) (%) determined by X-ray diffraction for all the different
nanocomposites under the Q and S thermal treatments. Proportion in α and γ forms in the S
specimens where these two polymorphs coexist.

Sample
fc

XRD (%) Polymorphs Content in the S Specimens

Q S α (%) γ (%)

HMP 58 62 15 47

HMP01GHS 59 63 13 50
HMP02GHS 60 64 13 51
HMP05GHS 61 65 14 51
HMP1GHS 61 65 13 52
HMP5GHS 62 66 11 55

HMP10GHS 62 67 11 56

HMP01GLS 59 64 14 50
HMP02GLS 59 66 12 54
HMP05GLS 60 66 11 55
HMP1GLS 61 67 11 56
HMP5GLS 61 68 14 54

HMP10GLS 62 69 13 56

As can be deduced from the crystalline profiles in Figure 3 and the results listed in the
two latest columns of Table 1, the major crystalline polymorph is the γ phase in the slowly
crystallized nanocomposites. Moreover, the presence of graphene favors the obtainment
of this γ form, increasing its fraction as the graphene content rises in the nanocomposite,
independently of the type of nanofiber used. This favorable formation of the γmodification
was analogously observed when graphene nanosheets were employed [24] instead of the
graphene nanofibers used in the present materials.
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Developments of small amounts of the β modification were also described in iPP
nanocomposites with graphene. In this context, contradictory behaviors were reported:
a research showed that the β form was only seen in the neat iPP, disappearing in the
nanocomposites [32], while opposite features were described in other studies [34,55], such
as the β form being not observed in the pristine polymer and was noticeable at very small
amounts in the nanocomposites. To understand these facts, it is important to consider that,
firstly, rather low contents of β form were involved; and, secondly, those investigations
were dealing with iPP synthesized with conventional Ziegler-Natta catalysts, while iPP in
the present study was synthesized with a metallocene system. A close inspection of Figure 3
allows concluding that the βmodification is not attained in these present materials. Another
research with graphene platelets [56] found only the sharp diffractions corresponding to
the α form for both neat iPP and graphene nanocomposite films, and the patterns of the
nanocomposites were almost identical to that exhibited by the neat polymer, indicating
that graphene platelets do not affect the crystalline characteristics in the nanocomposites.

Concerning structural information from Raman spectroscopy, Figure 4 displays the
spectra for the pristine HMP and the different HMPxGHS nanocomposites. The more
important bands associated with PP are those appearing at 810 and 843 cm−1, related to
its isotacticity and to the degree of crystallinity. Bands at 976, 1154, and 1448 cm−1 are not
specific of an ordered conformation and are mainly due to the vibrational location within
the chain segments.

Figure 4. Raman spectra for the HMPxGHS nanocomposites under the Q and S thermal treatments.

Furthermore, Figure 4 shows a remarkable change between spectra from the neat
iPP and the nanocomposites with low nanofibers contents and those hybrids at graphene
incorporation higher than 1 wt.%, spectrum being practically dominated by nanofibers in
nanocomposites with a content above 5 wt.%. Since most of their bands are superimposed
on the ones from iPP, obtainment of valuable information is not possible. The characteristic
G band of graphene at around 1600 cm−1 is the only one that does not overlap with iPP and
its intensity increases rather proportionally with graphene content. Rather similar spectra
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are achieved for all of the nanocomposites, independently of incorporation of the GLS or
GHS nanofibers.

3.4. Thermal Stability and Phase Transitions

Figure 5 shows the thermogravimetric, TGA, curves for the different nanocomposites
performed under an inert environment. A single degradation stage (either in the weight
loss or the derivatives curves) is noticed in all of them, independently of the nanofiber
content and on the type of nanofiber incorporated. The existence of a unique process is
commonly found in iPP under these conditions. Nevertheless, its location is moved to
higher temperatures by the presence of graphene and thus thermal stability is increased
as the nanofiber content in the nanocomposites rises, although not in a linear way. In fact,
the incorporation of a very low amount of graphene, independently of being GHS or GLS,
moves the maximum degradation temperature up to 20 ◦C. Thus, this temperature appears
at 450 ◦C in the pristine HMP homopolymer and at around 470 ◦C for HMP01GHS and
for HMP01GLS specimens while the HMP10GHS and HMP10GLS samples exhibit the
maximum peak at 480 ◦C. There is not an appreciable difference in the thermal stability
of the nanocomposites that incorporate these two types of nanofibers. A superior thermal
stability was also described in nanocomposites based on PP and GO functionalized with
SiO2 [40] compared to the one exhibited by the neat PP, similar to what is found in these
two families of HMP materials.

Figure 5. Weight loss curves (left) and their derivatives (right) as a function of temperature for the
different nanocomposites with the Q thermal treatment.

Once the HMP matrix finishes its degradation at about 500 ◦C, the remaining mass at
higher temperatures is related, as observed in Figure 5, to the graphene nanofiber content
for each nanocomposite.

Figure 6 shows the DSC first melting curves for the different GHS films obtained
under the two thermal treatments, Q and S. Melting curves for the GLS nanocomposites,
not shown, are rather similar. Table 2 collects the results for the location of the distinct
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transitions (glass transition, melting, and crystallization) for all of the specimens. At a given
set of materials, those prepared using the GHS or GLS nanofibers, evident differences are
exhibited depending on the thermal treatment applied. The S samples show a noticeable
bimodal melting behavior ascribed, on one hand, to the fusion of the coexistent γ and
α crystalline forms and, on the other hand, to the fact that the γ polymorph is found in
the majority, as previously confirmed from X-ray diffraction patterns, showing its melting
temperature at about 142 ◦C. The α polymorph melts at slightly higher temperatures.
Furthermore, the crystallinity estimated by DSC (fcDSC) (see values in Table 2) in these S
samples is considerably higher than those attained for the Q specimens. This observation is
in agreement with the results obtained from X-ray diffraction (see Table 1). At a specific
thermal treatment, fcDSC is raised as increasing graphene content in the nanocomposites
independently of the nanofiber used. This rise is for the S samples greater than in the Q in
these two families.

Figure 6. DSC first melting curves for the neat HMP and the GHS nanocomposites at the two thermal
treatments applied: Q (top plot) and S (bottom plot).

The glass transition (not shown in the temperature interval represented in Figure 6)
is shifted to higher temperatures as the nanofiber content increases in these two families
of graphene nanocomposites (see Table 2). Moreover, the S samples mostly show slightly
higher values of glass transition temperature (Tg) than the ones observed in the Q samples.
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This fact can be associated with the greater mobility restrictions existing in the former
due to the presence of more crystals, i.e., higher crystallinity, whose size is also larger
as deduced from the values of the melting temperature (Tm). This assumption in the S
samples is deduced from the Tm appearing at the highest temperature, which is the one
corresponding to the α crystallites (that is the only polymorph present in the Q specimens).

Table 2. Glass transition temperature (Tg), melting temperature (Tm), and total DSC crystallinity
degree (fcDSC) calculated from the first melting run for the different nanocomposites processed under
the two Q and S thermal treatments. Values of crystallization temperature (Tc) in the subsequent
cooling are also listed.

Sample
Tg (◦C) Tm (◦C) fc

DSC (%)
Tc (◦C)

Q S αQ γS αS Q S

HMP −8 −6 146.0 142.0 150.5 58 64 112.0

HMP01GHS −8 −5 146.5 141.5 150.5 59 65 112.5
HMP02GHS −6 −5 146.5 142.0 150.5 59 65 113.0
HMP05GHS −5 −5 147.0 142.0 150.0 59 65 113.5
HMP1GHS −3 −4 147.0 142.5 150.5 59 65 113.5
HMP5GHS −3 −3 145.5 142.5 151.0 60 67 113.5
HMP10GHS −1 −2 145.0 142.5 150.0 60 68 115.0

HMP01GLS −4 −3 147.0 142.0 150.0 59 65 113.0
HMP02GLS −3 −2 146.0 142.0 150.5 60 66 114.0
HMP05GLS −3 −1 147.0 141.0 150.0 60 66 114.0
HMP1GLS −1 −1 147.0 141.0 150.0 60 67 114.0
HMP5GLS 0 1 145.5 141.5 150.0 61 68 114.5
HMP10GLS - - 145.5 141.0 150.5 62 69 114.5

Once the materials are molten, all the samples show on cooling a crystallization
process, whose crystallization temperature (Tc) is located in the interval ranging from
112 to 115 ◦C, as listed in Table 2. The presence of nanofibers exerts a nucleating effect
on the iPP crystallization and, then, values of Tc are moved to higher temperatures as
graphene content increases. This shift up of Tc is beneficial from an industrial point of
view since it implies shorter cycle times during processing. This nucleation effect has
been also observed in other iPPs composites incorporating different types of graphene
or derivatives [24,38–41,56,57]. The subsequent second melting curves are rather similar
in both shape and Tm location for all the different samples, independently of the type of
nanofiber incorporated, GHS or GLS.

3.5. Final Mechanical Properties

Morphological and structural features are key variables for the final mechanical prop-
erties exhibited by polymeric materials. In order to evaluate their influence, microhardness
(MH) and stress-strain behavior under tension have been evaluated.

Microhardness (MH) measures the permanent deformation in a material under the
action of a constant load at a given time [58,59]. This magnitude is related to the stiffness
of the material, so that its value strongly depends on the amorphous and crystalline
characteristics of the polymers, including crystallite size or degree of crystallinity, as well
as type and content in (nano)fillers [17,31,59] for (nano)composites.

MH values are shown in Figure 7 for these hybrids containing graphene nanofibers.
A clear increase is observed as graphene content is enlarged, independently of the kind
of nanofiber used. This MH rise grows up to 30% for the GHS nanocomposites while the
increase reaches 46% for the GLS materials in Q specimens. An analogous trend is also
noticed in the S samples, as deduced also from Figure 7. Now, MH values are higher
than the ones observed in the Q specimens, indicating the larger stiffness found in the S
samples compared with their Q counterparts. This greater rigidity in the S specimens is
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associated with their higher degree of crystallinity together with their thicker and more
perfect crystallites.

Figure 7. Values of MH, deduced from microhardness tests for the metallocene iPP matrix and
nanocomposites with different contents and types of graphene nanofibers.

Furthermore, MH provides an idea of the homogeneity in the filler distribution, i.e.,
its magnitude is sensitive to heterogeneities [6]. Therefore, if large and different areas of
films are tested at a given material, the quality of nanofiller dispersion could be estimated.
Standard deviations derived from these tests are not significant and, consequently, a rather
satisfactory distribution of nanofibers is deduced.

It is also remarkable from Figure 7 that MH values are at a given nanofiber content
noticeably larger in the HMPxGLS nanocomposites than in the HMPxGHS ones. Details
from crystalline regions do not seem to trigger these differences since the degree of crys-
tallinity and content in the different polymorphs are analogous, as well as the size of
crystallites as deduced from the similarity of Tm values. Thus, the greater MH found in the
HMPxGLS family compared with that exhibited in the HMPxGHS set should be ascribed
to inherent variations between the two graphene nanofibers and the changes that they
imposed within the amorphous PP chains where they are embedded. In fact, the location
of glass transition (see results in Table 2), which is a characteristic of the amorphous phase,
is found in the HMPxGLS nanocomposites at higher temperatures than in the HMPxGHS
ones at a similar nanofiber content. The two main differences between these nanofibers are,
as aforementioned: their specific surface and the number of graphene layers. As discussed
in the morphological features, the former seems to maximize the formation of aggregates
in the GHS nanofibers in spite of the number of graphene layers in an individual nanofiber
being smaller than in the GLS ones. Thus, the actual GLS domains might be of smaller size
and, since dispersion within the iPP matrix is rather uniform in the two sets, lead to higher
hindrance in the mobility of the iPP amorphous regions implying higher values of Tg at a
given nanofiber content. These larger motion restrictions involve an increase in stiffness
and, then, a rise in MH.

Results for various mechanical parameters, deduced from the stress-strain curves
depicted in Figure 8, are listed in Table 3 for all of the GHS and GLS nanocomposites. The
stress-strain curve in the neat HMP is characteristic of a cold drawing behavior. This is
a common feature in metallocene iPP [11,23,24]. The S samples become more rigid and
brittle than the Q specimens and, accordingly Young’s modulus (E) and yield stress (σY)
values increase while deformation at break, εB, is reduced in nanocomposites where a slow



J. Compos. Sci. 2022, 6, 161 14 of 19

crystallization has been imposed due to its higher fc and size of α crystallites (Q samples
do not develop γ crystals). The incorporation of nanofibers adds the presence of another
stiff component, independently of the thermal treatment applied in the films, leading to
a further increase in parameters related to the rigidity (E and σY) and to a reduction in
εB. In fact, specimens HMP10GHS and HMP10GLS do not show the yielding point at any
thermal treatment.

Figure 8. Stress-strain curves for the metallocene iPP matrix and nanocomposites with different
contents and types of graphene nanofibers: (a) HMPxGHS family with Q treatment; (b) HMPxGLS
family with Q treatment; (c) HMPxGHS family with S treatment; and (d) HMPxGLS family with
S treatment.

E values (similarly to MH) continuously rise with increasing nanofiber content in
these nanocomposites, this behavior being slightly different from that described for other
graphene composites reported in the literature [24,39–41,56]. Achaby [39] found that E and
tensile strength increased until a 3 wt.% loading in PP/GNs nanocomposites, but elongation
at break decreased at these low loadings. Similar results were observed by An [56], so
that breaking strength and E in PP/EG nanocomposite increased significantly with the
addition of graphene platelets while breaking strain values decreased. Moreover, E showed
a linear increase with graphene content in the interval analyzed. Bian [40] described much
more effective strengthening and toughening effects in a PP matrix with GO functionalized
with SiO2 than in PP with neat GO. Therefore, an increase of E was observed in the former
nanocomposites compared with that parameter found in the latest. González [24] also
reported a reinforcing effect of GNS on a PP matrix. Ryu [41] showed an improvement in
the mechanical properties in PP materials with either pristine GO or modified GO with
amines, showing these latest formulations a better mechanical performance. Song [38]
also observed that the incorporation of graphene nanosheets in a PP matrix led to a
significant enhancement of the mechanical strength and E at low graphene loading while
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they diminished gradually at loadings above 2.0 wt.%. Furthermore, elongation at break
was significantly reduced with increasing graphene loading level.

Table 3. Mechanical parameters for all of the GHS and GLS nanocomposites at the two thermal
treatments: Young’s modulus (E); yield stress (σY), yield strain (εY); tensile strength (σB), strain at
break (εB).

Sample E
(MPa)

σY
(MPa)

εY
(%)

σB
(MPa)

εB
(%)

Thermal treatment Q

HMP-Q 775 ± 30 30.0 ± 1.5 10.0 ± 0.5 31.0 ± 4.5 670 ± 50

HMP01GHS-Q 890 ±20 30.5 ± 1.5 6.5 ± 0.5 28.0 ± 2.5 560 ± 50
HMP02GHS-Q 900 ± 25 31.0 ± 2.0 7.5 ± 0.5 28.5 ± 3.0 565 ± 50
HMP05GHS-Q 910 ± 40 31.5 ± 1.5 7.0 ± 2.0 25.0 ± 7.0 530 ± 50
HMP1GHS-Q 920 ± 29 32.0 ± 1.5 7.0 ± 0.5 29.0 ± 2.0 8 ± 1
HMP5GHS-Q 940 ± 23 33.0 ± 0.5 6.5 ± 0.1 31.0 ± 0.5 9 ± 1
HMP10GHS-Q 950 ± 10 a a 16.0 ± 1.5 5 ± 1

HMP01GLS-Q 950 ± 15 31.0 ± 1.0 8.0 ± 0.5 30.0 ± 1.0 640 ± 30
HMP02GLS-Q 960 ± 15 31.5 ± 1.0 7.5 ± 0.5 34.0 ± 2.0 715 ± 30
HMP05GLS-Q 965 ± 10 32.0 ± 1.0 7.0 ± 1.0 34.0 ± 2.0 715 ± 40
HMP1GLS-Q 980 ± 10 32.5 ± 2.0 7.0 ± 1.0 25.5 ± 3.0 610 ± 30
HMP5GLS-Q 995 ± 10 33.0 ± 2.5 6.5 ± 0.5 23.0 ± 1.5 495 ± 25

HMP10GLS-Q 1040 ± 20 a a 29.0 ± 1.5 9 ± 3

Thermal treatment S

HMP-S 1000 ± 70 32.3 ± 2.7 8.6 ± 1.0 26.5 ± 1.8 130 ± 40

HMP01GHS-S 1090 ± 30 35.4 ± 0.8 8.2 ± 0.1 26.6 ± 0.6 30 ± 2
HMP02GHS-S 1130 ± 20 35.2 ± 0.3 7.6 ± 0.2 28.7 ± 1.1 25 ± 3
HMP05GHS-S 1140 ± 40 34.3 ± 0.7 7.5 ± 1.1 28.9 ± 0.3 25 ± 5
HMP1GHS-S 1160 ± 20 35.2 ± 0.1 6.2 ± 0.2 32.8 ± 0.1 20 ± 1
HMP5GHS-S 1190 ± 30 33.8 ± 0.4 6.3 ± 0.1 31.3 ±1.3 18 ± 2
HMP10GHS-S 1250 ± 20 a a 32.7 ± 0.7 10 ± 1

HMP01GLS-S 1105 ± 17 32.6 ± 3.6 9.2 ± 0.3 27.6 ± 1.3 355 ± 60
HMP02GLS-S 1165 ± 33 35.3 ± 0.2 8.5 ± 0.7 31.2 ± 2.6 325 ± 100
HMP05GLS-S 1195 ± 10 35.4 ± 0.3 7.2 ± 0.4 27.5 ± 1.5 250 ± 20
HMP1GLS-S 1200 ± 20 34.7 ± 0.2 7.3 ± 0.4 26.3 ± 0.7 50 ± 10
HMP5GLS-S 1235 ± 20 34.3 ± 0.6 6.7 ± 0.4 28.5 ± 0.6 25 ± 6

HMP10GLS-S 1315 ± 10 a a 30.9 ± 1.3 10 ± 1
a Yield stress is not reached in most of the specimens stretched since rupture is initiated.

4. Conclusions

Several nanocomposites based on a metallocenic iPP and two types of graphene
nanofibers with different specific surfaces (and different number of graphene layers) were
prepared by extrusion. Moreover, two thermal treatments were applied during film pro-
cessing. Their morphological evaluation pointed out a somewhat better homogeneity in
the GLS family compared with that observed in the set obtained by incorporation of the
GHS nanofibers, because of the highest specific surface in the latest.

There are no significant differences in the crystalline features exhibited by these
two sets of nanocomposites in terms of the dependence of the degree of crystallinity,
polymorphs developed, or size of crystallites with the type of nanofiber incorporated.
Thus, only the monoclinic α form was observed for all the nanocomposites prepared
by rapid crystallization (Q samples), while different proportions of γ orthorhombic and
monoclinic α modifications were achieved for the slowly cooled S samples. Moreover, a
higher crystallinity was displayed in the S samples compared with that developed in the Q
ones, and also an appreciable increase of crystallinity was noted in the nanocomposites as
the graphene content was increased. The presence of nanofibers favors iPP crystallization
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by their effect as a nucleating agent, and increasing amounts of the γ form in the S samples
were obtained as the nanofiber content increases, in the two types of nanocomposites.

Furthermore, thermal stability in the nanocomposites increased with graphene content,
reaching differences in maximum degradation temperature of around 20 ◦C with respect to
that found in the neat polymer.

The most remarkable effect of the type of graphene nanofibers embedded in an iPP ma-
trix was shown in the amorphous regions and in the mechanical response of the nanocom-
posites. Thus, higher values for microhardness and elastic modulus were attained in the
HMPxGLS family compared with those exhibited in the HMPxGHS set. Accordingly,
glass transition is located in the HMPxGLS materials at higher temperatures than in the
HMPxGHS ones at similar nanofiber content. This fact was attributed to the larger specific
surface in the GHS nanofibers that seemed to maximize the formation of aggregates leading
to lower motion constraints in the PP amorphous phase of the nanocomposites where they
were incorporated. Thus, the smaller GLS domains were able to trigger a large hindrance
in the PP mobility, provoking an increase of stiffness and, consequently, higher values in
microhardness and Young’s modulus.

As a final remark related to environmental concerns, it should be noted that the iPP
is fully recyclable. On the other hand, the incorporation of low contents in graphene
nanofibers, up to 1% by weight, provides an excellent balance between improvement of
rigidity and maintenance of deformation capacity of the iPP matrix. Therefore, it is not
expected to negatively influence the recyclability of iPP. This fact makes it possible to main-
tain the commitment to the environment through its mechanical recycling. Furthermore, at
these low contents, the experimental conditions for chemical recycling are not expected to
be greatly affected, although studies in this field are not that advanced.
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