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ARTICLE INFO ABSTRACT

Keywords: High pressure facilitates crystallization of isotactic polypropylene (iPP) in the orthorhombic y-form, differing in
Crystallization under high pressure structure and properties from the a-form, in which iPP crystallizes under common processing conditions. In the
v-form ) study, the effect of high pressure on crystallization of iPP nanocomposites was examined. The iPP nano-
Nanocomposites

composites with 1-5 wt.% of well dispersed either o-MMT (PP/MT) or MWCNT (PP/CN) were prepared by
mixing molten iPP with the nanofillers. The nanocomposites and neat iPP were crystallized during cooling under
pressures up to 300 MPa. Regardless of crystallization pressure, the crystallization temperatures were similar
whereas the sizes of the polycrystalline aggregates were only slightly smaller in PP/MT compared to those of neat
iPP. On the contrary, the presence of MWCNT elevated the crystallization temperature of PP/CN by 8-13 K
compared to that of neat iPP, and strongly decreased the grain size. This evidenced the nucleating activity of
MWOCNT during high-pressure crystallization of iPP in the y-form. The higher crystallization temperature allowed
a larger portion of the polymer to crystallize in the y-domain before the a-domain was reached. As a result, PP/

Thermal properties
Polymer composites

CN, especially crystallized under 50-100 MPa, contained more y-form than neat iPP and PP/MT.

1. Introduction

One of the most important commodity thermoplastics is isotactic
polypropylene (iPP). iPP is a stereo-regular polymer that can crystallize
in various crystallographic forms such as monoclinic «, trigonal f,
orthorhombic vy, and in the so-called “smectic mesophase”, distinguished
by the arrangement of the chains. The monoclinic a-form is the most
common and prevails in the iPP processed under atmospheric pressure.
By contrast, the trigonal p-phase can be observed at specific conditions
of crystallization, including zone solidification [1] or the use of special
nucleating agents [2,3]. The formation of smectic mesophase was
observed at very high undercoolings [4]. The y-phase was found in low
molar mass iPP [5-7], in propylene copolymers with a small content of
1-olefine co-units [8-11], and also in iPP with stereo- or regio-defects
[12-14]. De Rosa et al. [13] found that the content of y-form in iPP
depended on the concentration and distribution of defects. Moreover,
the formation of the y-phase in highly stereoregular iPP homopolymer
was facilitated under high pressure [15,16]. It is worth mentioning that
the trigonal modification, termed 8, was found in the copolymers of
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propylene with more than 10% of hexene or pentene comonomers, due
to their longer side chains [17,18]. Moreover, in stereo-defective iPP the
orthorhombic e-form was also discovered, which was nucleated on the
o-form lamellae [19].

Among these crystallographic forms, the y-form has received
considerable attention because of its unique structure without the par-
allel arrangement of chain axes, unlike in other known polymer crystals.
The y-lamellae are built of successive bi-layers of parallel chains, in
which the chain axes are inclined by ca.80° to those in the neighboring
bi-layers [20-22]. The y-iPP crystallized under high pressure can exhibit
mechanical properties different than those of a-iPP due to the unique
structure of y-crystals, and in consequence, the mechanism of plastic
deformation in y-iPP differs from that in a-iPP [23-25]. The Young
modulus and yield stress of y-iPP deformed in compression exceeded by
75-80% those of a-iPP tested in the same way [23]. The high yield stress
of y-iPP was also reported in [24]. It is worth mentioning that not only a
high pressure is necessary to crystallize iPP in the y-form, but also a high
temperature, especially because the phase transition temperatures of
polymers increase with increasing pressure.
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Mezghani and Phillips [26] formulated a temperature-pressure phase
diagram for the a-form and y-form of iPP and also determined the
dependence of equilibrium melting temperature (T%) of both forms on
crystallization pressure. As the pressure dependence of transition tem-
perature between the a- and y-domains is not so strong as that of TS, the
y-domain broadens with increasing pressure.

Moreover, the high-pressure crystallization of iPP in the y-form can
be enhanced by the use of appropriate nucleating agents. We have
previously demonstrated that the commercial nucleants, nucleating the
a-form under atmospheric pressure, were efficient in nucleating the
crystallization of iPP in the y-form under high pressure [27-30]. The
activity of those nucleants shifted up the crystallization temperature
range during cooling and strongly decreased the size of polycrystalline
aggregates of iPP. The same was observed in iPP nanocomposites with
fibrillated poly(tetrafluoroethylene) [31], which is known to effectively
nucleate the a-form of iPP under atmospheric pressure [31-33] and the
y-form under elevated pressure [27-29,31].

We have demonstrated previously that the y-lamellae were formed
predominantly through epitaxy on the a-lamellae, which nucleated first
on the nucleant particles and served as seeds for the y-phase [29]. It is
also worth mentioning that during cooling under elevated pressure,
especially below 200 MPa, the crystallization of iPP may not be
accomplished in the y-domain and therefore continues in the a-domain,
which leads to the formation of a considerable amount of the a-phase.
Under such conditions, the activity of nucleants enlarged the y-content
because of the elevation of crystallization temperature and the short-
ening of crystallization [27-31].

Filling is a well-known method of modification of polymer proper-
ties. It has been recognized that the addition of nano-sized particles, for
instance, silica, titanium dioxide (TiO), graphene oxide (GO), carbon
nanotubes (CNT) and organo-modified montmorillonite (o-MMT) to
semicrystalline polymers can profoundly change their performance
[34-41]. CNT and o-MMT are long known as efficient reinforcements in
iPP based nanocomposites [42-44], although the effect is not only
related to the nanofiller intrinsic properties but also to their surface
modification, dispersion, and orientation. Well dispersed CNT and
o-MMT particles can affect mechanical, thermal and barrier properties
of nanocomposites, among others. Moreover, the low content of CNT is
sufficient to impart electrical conductivity to polymeric materials [42,
45,46] making them suitable for applications such as electromagnetic
shielding, anti-electrostatic materials, electrodes, etc. Nanofillers
frequently influence crystallization of polymer matrix through nucle-
ating activity, affecting the growth of crystals or inducing crystallization
in a different crystallographic form [47]. Both, CNT and o-MMT were
found to affect crystallization of polymers, including iPP. The ability of
both single-wall and multi-wall CNT to nucleate iPP crystallization in
the a-form was observed during both isothermal and nonisothermal
crystallization, leading to a decrease of spherulite size, an acceleration
of the crystallization, and an increase of crystallization temperature
during cooling [42,48-51]. The effects depended on CNT concentration
and saturated with its increase [48,51,52] due to agglomeration [52].
However, it was also reported that CNT can hinder the growth of iPP
crystals [48]. Lu et al. [53] observed the formation of highly oriented
transcrystalline layers around nucleating CNT, with the crystallographic
c-axes oriented perpendicular to the nanotube long axes. Grady et al.
[54] found that CNT promoted the growth of the p-form of iPP at the
expense of the a-form. In turn, Zhang et al. [55] found the y-form
crystals in transcrystalline zones nucleated on CNT. Lin et al. [56]
studied the effect of CNT on shear-induced isothermal crystallization of
iPP under moderate pressure, up to 150 MPa. The addition of the
nanotubes promoted the formation of oriented crystals. However, under
50 and 100 MPa, the presence of CNT decreased the content of the
y-form in the sheared nanocomposite compared to neat iPP. It is worth
mentioning, that Wang et al. [57] observed shear-induced acceleration
of isothermal crystallization of iPP with CNT, although the effect
decreased and finally vanished with a decrease of crystallization
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temperature.

The properties of polymer nanocomposites with o-MMT depend to a
great extent on the level of exfoliation of the clay platelets. To achieve o-
MMT exfoliation in iPP, maleic anhydride grafted polypropylene (PP-g-
MA) was frequently used as a compatibilizer or even as a matrix. The
effect of o-MMT on both isothermal and nonisothermal crystallization of
iPP was extensively studied [47]. A decrease of spherulite size, an ac-
celeration of crystallization and an increase of the nonisothermal crys-
tallization peak temperature of the matrix due to the presence of o-MMT
was reported [55,58-64]. Noteworthy, in the investigated systems a
significant amount of intercalated clay tactoids was present [58,59,63,
64]. However, when fine clay dispersion was achieved the nucleating
effect of the clay was limited [63,64]. It was also reported that the
dispersed clay platelets can hinder the growth of iPP crystals [64].
Moreover, the y-phase was detected in PP-g-MA nanocomposites with
o-MMT, and its content increased with increasing clay content [62].
Studies of isothermal crystallization of iPP nanocomposites with o-MMT
under elevated pressure [65,66] demonstrated that the clay promoted
the formation of the y-phase even under low pressure. It is worth
mentioning that the enhancement of the effect of shear flow on crys-
tallization of iPP due to the presence of o-MMT was also observed [67,
68].

During injection molding, polymer materials are subjected to high
pressure and usually crystallize nonisothermally during processing. Our
current study focuses on the nonisothermal crystallization of iPP based
nanocomposites with o-MMT and multiwall CNT (MWCNT) under high
pressure, up to 300 MPa. Nanocomposites with 1-5 wt.% of the nano-
fillers were prepared by melt compounding and their structure was
examined by transmission electron microscopy (TEM) and X-ray
diffraction (XRD), whereas their thermal properties were characterized
by thermogravimetry (TGA) and differential scanning calorimetry
(DSC). The influence of the nanofillers on the nonisothermal crystalli-
zation temperature of iPP under various pressures was determined. After
the crystallization, the nanocomposites were examined by wide angle X-
ray diffraction (WAXD), polarized light microscopy (PLM), and DSC. It
was found that the effect of o-MMT on the high-pressure crystallization
of iPP was minor. On the contrary, the activity of MWCNT in the
nucleation of the high-pressure crystallization of iPP in the y-form
elevated the crystallization temperature and dramatically reduced the
sizes of polycrystalline aggregates. It also increased the y-content,
especially under the pressure of 50 and100 MPa. Under 200 and 300
MPa the materials crystallized in nearly pure or pure y-form.

2. Experimental
2.1. Materials

Isotactic polypropylene (PP) Adstif HA740N (melt flow rate of 12 g/
10 min at 230°C/2.16 kg, density of 0.9 g/cm®) was supplied by Basell
Orlen Polyolefins (Poland). Anox 20 and Ultranox 626 were purchased
from Addivant (USA). Cloisite C15A, dimethyl di(hydrogenated tallow)
quaternary ammonium modified o-MMT, was purchased from Southern
Clay Products (USA). According to the producer dgg; spacing of o-MMT
was 3.15 nm and its particle size was below 13 um [69]. Maleic anhy-
dride grafted polypropylene (PP-g-MA), Polybond 3150 from Chemtura
Corporation (USA), with 0.5 wt. % of MA groups, density of 0.91 g/cm®
and MFR of 50 g/10 min (230°C/2.16 kg), was used to compatibilize
o-MMT with PP. Plasticyl PP2001, masterbatch of iPP loaded with 20
wt.% of MWCNT NC7000, with density of 0.872 g/cm®, was purchased
from Nanocyl (USA). According to the supplier, an average diameter of
MWCNT was 9.5 nm, average length 1.5 ym, carbon purity 90%, and
surface area 250-300 mz/g [70].

2.2. Nanocomposite preparation

To prepare PP nanocomposites with o-MMT, first, a masterbatch of o-
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MMT with PP-g-MA compatibilizer, with a weight ratio of 1:2, was ob-
tained by mixing the components in BTSK 20/40D twin screw co-
rotating intermeshing extruder at 20 rpm, in a temperature range of
185-195°C. PP nanocomposites with o-MMT (PP/MT) and MWCNT (PP/
CN) were prepared by blending the components in a Brabender batch
mixer at 195°C. At first, PP was mixed with 0.2 wt.% of Anox 20, 0.2 wt.
% of Ultranox 626 and 0.2 wt.% of calcium stearate at 195°C for 6 min at
60 rpm. Next, appropriate amounts of the masterbatch of PP-g-MA with
o-MMT or Plasticyl PP2001 masterbatch were added, to obtain nano-
filler content of 1, 3 and 5 wt.%. Then, the rotation speed was increased,
within 4 min, every minute by 10 rpm, and the mixing was continued for
the next 10 min at 100 rpm. As a reference, the neat PP was also pro-
cessed in the same way. The component content in the nanocomposites
is listed in Table 1 together with sample codes.

2.3. Crystallization under high pressure

The specimens in the form of disks with diameters of 9.5 mm
(approx. 200 mg) were placed in a custom-built cell made of ultra high-
strength steel, with a channel and piston, as described in detail else-
where [27-31,71]. To pressurize, the specimens in the molten state were
compressed in the cell using Instron tensile testing machine (Instron
Corp., High Wycombe, UK) at a crosshead speed of 2 mm/min via a
fixture that stabilized the load exactly along the cell axis. The temper-
ature and hydrostatic pressure in the cell were controlled with an ac-
curacy of 1 K and 0.5 MPa, respectively. The pressure and temperature
protocol is schematically presented in Fig. 1.

At first the pressure was increased to 1.3 MPa to provide good
thermal contacts in the cell. Then, the cell was heated 230°C and the
temperature was held at this level for 3 min to destroy the thermal
history of specimens. Next, the pressure was increased, during approx. 2
min, to the selected value, ranging from 50 to 300 MPa. Then, the cell
was cooled down, still under the elevated pressure, to about 40°C, and
the pressure was released. The crystallization of all materials under 1.3
MPa pressure was also conducted. Structure and thermal properties of
the crystallized specimens were examined ex-situ by WAXD, PLM and
DSC. The rate of cooling of the cell was reproducible, although not
controlled, and it was nearly constant, approx. 8°C/min, in the tem-
perature range of crystallization of PP based materials.

The measurement of the time dependence of crosshead displacement
during cooling of the cell under elevated pressure allowed to determine
the displacement rate, which exhibited a peak. The peak corresponded
to the volume change rate of specimen related to the specimen crystal-
lization rate. Simultaneous measurement of the temperature allowed to
determine the temperature of peak rate, which was taken as the crys-
tallization temperature (T.), as it was described previously [27].
Exemplary plots of the crosshead displacement rate are shown in Fig. S1
in Supplementary Information (SI).

2.4. Characterization

To study the dispersion of the nanofillers in the nanocomposites,
TEM was carried out using modernized TESLA BS 500 (The Czech Re-
public) with tungsten filament at an accelerating voltage of 90 kV. Ultra-

Table 1
Sample codes and component content in nanocomposites.

Sample code Component content (wt.%)

PP PP-g-MA o-MMT CNT
PP 100 — — —
PP/MT1 97 2 1 —
PP/MT3 91 6 3 —
PP/MT5 85 10 5 —
PP/CN1 99 — — 1
PP/CN3 97 — — 3
PP/CN5 95 — 5
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50-300 MPa

Pressure
Pressure
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Time

Fig. 1. Scheme of pressure and temperature protocol.

thin sections (ca. 60 nm thick) for TEM analysis were microtomed using
an ultramicrotome PC PowerTome from Boeckerel (USA) equipped with
a diamond knife.

To examine the exfoliation of o-MMT in PP/MT nanocomposites,
XRD in the transmission mode, in a 20 range of 1-9°, was performed, as
previously described [68]. To eliminate the effect of possible orientation
of o-MMT in the studied specimens, PP/MT nanocomposites were
cryo-ground and the powdered materials were used to fill a cell placed in
an X-ray diffractometer [67,68]. The o-MMT powder was also examined
for comparison.

The structure of the crystallized materials was studied by WAXD in
the reflection mode using Panalytical Xpert’” PRO diffraction system
from Malvern Panalytical Ltd. (UK), operating at 40 kV and 30 mA, with
CuKa radiation (0.154056 nm). The diffractograms were collected in a
26 range of 10-70° and then deconvoluted using WAXSFIT program
[72], as previously described [27-31]. The equation proposed by
Turner-Jones et al. [73] was used to determine the content of the a- and
y-phases in the crystalline phase (K, and K,) based on the integral in-
tensities, I, of appropriate peaks:

K, = 1(117)y/[(1(117)y+1(130)a (1a)

K,=1-K, (1b)

Based on the diffractograms, also a crystallinity degree (X.) was
calculated, taking into account the amorphous halos also being deter-
mined by the deconvolution.

The semicrystalline morphology of nanocomposites was examined
with PLM. Approx. 10 pm thick sections of the materials were micro-
tomed and examined by means of a PZO microscope (Poland) and a
video camera.

To study their thermal stability, 10-12 mg specimens were heated at
20 K/min up to 750°C in air and in nitrogen atmosphere in TGA5500
from TA Instruments (USA). In turn, the phase transitions under atmo-
spheric pressure (Pym) of 6-8 mg specimens were studied using DSC
2920 from TA Instruments (USA). Their crystallization was studied on
cooling at 10 K/min and at 8 K/min, after holding at 230°C for 3 min to
destroy thermal history. Melting of the specimens crystallized under
various pressures was studied on heating to 230°C at two different
heating rates, 10 and 30 K/min.

3. Results and discussion

TGA analysis evidenced the good thermal stability of the nano-
composites. Temperatures of 5 wt.% weight loss (Tso,) and temperatures
of peaks of weight loss derivative with respect to temperature (Tp) of the
tested materials are collected in Table S1 in SI. Tso, values of the ma-
terials in air ranged from 290 to 308°C. The nanocomposites with 3 and
5 wt.% of nanofillers exhibited the highest values of Tso,, 299-308°C.
Moreover, Tp of the nanocomposites in air, from 385°C to 441°C,
markedly exceeded that of neat PP, 355°C. The improvement of thermal
stability due to the presence of MWCNT and exfoliated o-MMT was
already observed and discussed by others [42,74].
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X-ray diffractograms of o-MMT and PP/MT are shown in Fig. S2. A
broad peak with a maximum at 20 of 2.9° on the diffractogram of o-MMT
reflected the periodic structure of clay tactoids. Only traces of o-MMT
peaks were discernible on the curves of PP/MT, due to the exfoliation of
the clay particles. Moreover, they shifted to lower 20 angles due to the
intercalation of remaining o-MMT tactoids with polymer chains. TEM
micrographs in Fig. S3 corroborated the dispersion and exfoliation of the
clay particles, as well as good dispersion of MWCNT. However, the
dispersion of MWCNT worsened with their increasing content resulting
in small submicron clusters observed in PP/CN5 by TEM, as shown in
Fig. S3.

The influence of the nanofillers on the nonisothermal crystallization
of PP under P,,, was studied by means of DSC. Fig. 2 shows exemplary
cooling thermograms of the materials and PLM micrographs of thin
sections of the crystallized specimens. The peak rate of neat PP crys-
tallization was at temperature (T.) of 122°C. PP/MT crystallized in the
same temperature range as neat PP, with T, of 123°C. On the contrary,
PP/CN crystallized in the higher temperature range, and their T.s
increased, from 126°C for PP/CN1 to 131°C for PP/CN3 and PP/CN5,
due to the nucleation activity of MWCNT. Exemplary heating thermo-
grams of the materials presented in Fig. S4, exhibited melting endo-
therms with single peaks at temperatures (Tp) of 166-168°C, and
melting enthalpy (AHp,) around 100 J/g. The nucleation activity of
MWCNT was confirmed by PLM examination, as shown in Fig. 2.
Spherulite sizes were similar in PP and PP/MT. On the contrary, fine
grain structure was observed in PP/CN due to the intense primary
nucleation in these materials.

T, values of PP/MT and PP/CN during crystallization under various
pressures are plotted in Fig. 3. The precise determination of T, under 1.3
MPa was impossible, thus T, values measured during cooling of the
materials in DSC at 8 K/min are plotted instead. With increasing pres-
sure, T, of all PP based materials increased, as it was reported by us
previously [27,30,31]. It is known that the phase transition

o
2
~
1 PP
2
)
J\ PP/MT1
PP/MT5

Heat flow (W/g)

PP/CN1

PP/CN5

100 120 140 160

Temperature (°C)
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temperatures of polymers increase with increasing pressure. Others
found that under 200 MPa T, of the y-form increased to 241°C [26] or to
232°C [32]. By linear extrapolation of the results shown in [26] and [75]
the increase of T% by 27 or 19 K, respectively, can be predicted with
increasing pressure from 200 to 300 MPa. T, of neat PP increased from
123°C under Pagy, to 179°C under 300 MPa. Regardless of the pressure
and o-MMT content, T.s of PP/MT were similar to that of neat PP. As it is
seen in Fig. 3 the pressure dependencies of T, of PP and PP/MT overlap.
T. of PP/MT increased from 123-124°C under P, to 178-180°C under
300 MPa.

Nearly the same T, values of PP and PP/MT were suggestive of the
absence of significant nucleation activity of o-MMT in the nano-
composites. On the contrary, T.s of PP/CN exceeded that of neat PP in
the entire pressure range studied and depended on the MWCNT content.
T, of PP/CN1 was higher than that of neat PP by 3-5 K and increased
from 127°C under Py, to 184°C under 300 MPa. PP/CN3 and PP/CN5
crystallized at even higher temperature. Their T.s were similar but
higher than T, of neat PP by 7-13 K, increasing from 130-132°C to 190-
192°C under 300 MPa. These results indicated that MWCNT nucleated
crystallization of PP not only under P, but also under elevated pres-
sure. This was confirmed by the decrease of polycrystalline aggregate
sizes, as seen in PLM micrographs collected in Fig. 4.

The sizes of polycrystalline aggregates in PP/MT were only slightly
smaller than in neat PP regardless of the pressure and o-MMT content.
On the contrary, fine grain structure was found in PP/CN, especially PP/
CN3 and PP/CNS5, crystallized in the entire pressure range studied, up to
300 MPa, evidencing the intense nucleation.

WAXD diffractograms of neat PP, PP/MT5, and PP/CNS5 crystallized
under various pressures are shown in Fig. 5. The diffractograms recor-
ded for the nanocomposites with 1 wt.% and 3 wt.% filler content are
not shown because they were very similar to those of PP/MT5 and PP/
CN5. As could be expected, the materials crystallized under 1.3 MPa
contained predominantly the a-form.

Fig. 2. DSC thermograms of neat PP and nanocomposites PP/MT1, PP/MT5, PP/CN1, PP/CN5 during cooling at 10 K/min (left), and PLM micrographs of thin
sections of PP and nanocomposites PP/MT5, PP/CN1, PP/CN5 crystallized during cooling (right).
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Fig. 3. Crystallization temperatures, T,, of neat PP, PP/MT and PP/CN nano-
composites  nonisothermally  crystallized  during  cooling  under
various pressures.

However, weak (117), peaks evidenced that in each case the a-form
was accompanied by small amount of the y-form. With increasing
pressure, (117), peak enlarged, which was accompanied by the decrease
of (130), peak, indicating the increasing y-content in the crystalline
phase. In the diffractograms of PP/CN (117), peak was larger while
(130), peak was smaller than in the diffractograms of PP and PP/MT,
evidencing the higher content of the y-phase. The absence of (130), peak
in the diffractograms of the materials crystallized under 300 MPa indi-
cated that the PP matrix crystallized solely in the y-modification. The
phase content, Ky and K, and also the crystallinity, X, of all materials
studied are plotted in Figs. 6, S4 and listed in Table S2. The increase of
pressure resulted in increase of the y-content in the crystalline phase of
all the materials. Under 100 MPa the y-phase became predominant.
Under 200 and 300 MPa the polymer matrix crystallized in nearly pure
or pure y-form.

The y-content in all PP/MT was similar to that in neat PP. In PP/CN
the y-content was higher than in PP and PP/MT by 2-20%, especially at
50 and 100 MPa, with a tendency to increase with increasing MWCNT
content. At 200 MPa K, of PP/CN reached 1.0 whereas it was slightly
smaller in the other materials. During cooling under elevated pressure
the crystallization began in the y-domain. If it was not completed in the
y-domain, it continued in the lower temperature range, in the a-form. An
increase of pressure results in broadening of the temperature range of
y-domain, hence in the increase of the y-content [26]. However, it
should be noted that X. depended strongly neither on the pressure nor on
the filler type or content. The larger y-content in PP/CN resulted from
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the nucleating activity of MWCNT, reflected in the increase of T, and the
formation of fine-grain structure. The crystallization in the higher
temperature range from more numerous nucleation sites resulted in a
larger portion of the polymer solidified in the y-domain, which left less
polymer melt to crystallize in the a-form in the lower temperature range.
At 50 and 100 MPa the presence of CNT resulted in an increase of K,
from 0.43 to 0.63 and from 0.83 to 0.92, respectively. Similar results
were obtained for the same iPP based nanocomposites with 5 wt.% of
fibrillated PTFE, which nucleated the crystallization in the y-form under
elevated pressure. The nanocomposites exhibited K, of about 0.59 and
0.96 at 50 and 100 MPa, respectively [31]. K, of iPP with nucleating
agents crystallized during cooling under 100 MPa did not exceed 0.92
[27,30]. In turn, after nonisothermal crystallization under 50 MPa the
high K, value of 0.85 was reached only in iPP nucleated with 0.4 wt.% of
a clarifier 1,3:2,4-bis(3,4-dimethylbenzylidene)sorbitol [30]. This
shows that the efficient nucleation of the y-form increased its content
more significantly in the case of cooling under relatively low pressure, at
which the y-domain is relatively narrow. The influence of the nucleants
on the y-content diminished as the y-domain broadened with increasing
crystallization pressure.

Figs. 7a, b and S5 a, b show evolution of DSC heating thermograms of
the materials studied crystallized under various pressures. The melting
endotherms of neat PP and PP/MT were very similar regardless of the o-
MMT content, thus only the thermograms of PP/MTS5 are shown. In turn,
the thermograms of PP/CN3 and PP/CN5 were also alike, hence only
that of PP/CN5 was presented in Figs. 7 and S5. The thermograms show
the evolution from melting of the predominant a-form to melting of the
pure y-form. With increasing pressure Ty, of PP and PP/MT decreased
from 166-168°C to 161°C. The melting endotherms of these materials
crystallized under 1.3 MPa were in the form of single peaks. However,
with increasing crystallization pressure the low temperature shoulders
of these peaks developed and became the most pronounced at 200 and
300 MPa. The thermograms of PP/CN crystallized under 1.3 MPa were
similar to those of the other materials crystallized under the same
pressure, with single melting peaks with Ty, of 167-168°C. At 50 MPa the
melting peak of PP/CN1 with Tp, of 166°C was featured with low tem-
perature shoulder, which was larger than those observed for PP and PP/
MT. At 100 MPa this shoulder developed into low temperature peak with
T of 158°C. PP/CN3 and PP/CN5 exhibited double-melting behavior
already at 50 MPa, with Ty, of 160°C and 167°C. During heating of PP/
CN1, which crystallized under 200-300 MPa, and two other PP/CN,
which crystallized under 100-300 MPa, only single melting peaks were
observed, with Ty of 156-155°C and with small high temperature
shoulders. The melting temperature of the y-form is lower than that of
the a-form, and, according to the discussion of Mezghani and Phillips
[26], during heating at 10 K/min the melting of the y-form occurs rather
than its transformation to the o-form.

The increase of low temperature parts of the melting endotherms of
the materials with rising crystallization pressure can be correlated with
the increasing y-content. The higher y-content also can be the reason of
the stronger low temperature melting in PP/CN, especially PP/CN3 and
PP/CNS5 crystallized under 50-100 MPa, with respect to that of PP and
PP/MT crystallized under the same pressure. Thus, the low- and high-
temperature parts of the endotherms observed at 50 and 100 MPa can
be attributed to the melting of the y- and a-form, respectively, although
the reorganization in the crystalline phase cannot be entirely excluded.
It should be noted that the materials crystallized during cooling under
200 and 300 MPa contained solely or almost solely the y-form. There-
fore, it seems that the shoulders of the melting peaks of these materials
are related to reorganization in the less stable fraction of y-phase crys-
tallized in the lower temperature range reached during cooling. As T.s of
PP/CN, especially PP/CN3 and PP/CN5, exceeded those of PP and PP/
MT, a smaller fraction of y-crystals recrystallized in PP/CN into more
stable phase melting at a higher temperature.

This is well seen in the thermograms of the materials crystallized
under 300 MPa containing the pure y-phase. The melting peaks of PP
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Fig. 4. PLM micrographs of thin sections of neat PP and nanocomposites PP/MT1, PP/MT5, PP/CN1, PP/CN5 crystallized during cooling under various pressures.

and PP/MT with Ty, of 161°C showed low temperature shoulders located
close to 153°C. In turn, the melting peaks of PP/CN1 and PP/CN5 with
Tm of 155 -156°C were featured with a large shoulder and a small
shoulder, respectively, both near 162°C. The development of the low
temperature shoulders in the main peaks with Ty, of 155-156°C was

accompanied by the reduction of the peaks with Ty, of 161°C to the large
and then to the small shoulder. This correlates with the increasing T, of
the materials and the decreasing fraction of polymer crystallized in
lower temperature range in less stable y-crystals, susceptible to recrys-
tallization during heating in DSC.
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Fig. 5. WAXD diffractograms of neat PP, PP/MT5 and PP/CN5 nanocomposites nonisothermally crystallized during cooling under various pressures.

This explanation is supported by DSC thermograms recorded during
heating at 30 K/min, which examples are shown in Fig. S6. The ther-
mograms were featured by single peaks with Tys by 1-5 K higher than
those measured during slower heating at 10 K/min. The peak shoulders
were strongly reduced or absent as the faster heating reduced the
reorganization phenomena in the crystalline phase.

Not only Ty, depended on the crystallization pressure but also AHp,.
AHp, of the materials diminished with increasing pressure from 101-105
J/g at 1.3 MPa to 88-91 J/g (calculated per polymer content) at 300
MPa, due to the heat of fusion of the y-form, 190 J/g, lower than that of
the a-form, 209 J/g [26]. Taking into account the predominant a-con-
tent in the materials crystallized under 1.3 MPa and the pure y-phase
formed under 300 MPa, the values of AH;, correspond to X. of the
polymer matrix of 48-50% at 1.3 MPa and 46-49% at 300 MPa, con-
firming that X, practically did not depend on crystallization pressure. It
is worth noting that PP/CN3 and PP/CNS5 exhibited the highest X, values
because of the highest T.. Moreover, if the lower values of heat fusion of
the a- and y-crystals are assumed, 167 J/g and 150 J/g [26], the cor-
responding values of X, of about 60%, are close to those obtained by
WAXD and shown in Fig. 6.

The increase of T. and the strong reduction of polycrystalline
aggregate sizes in PP/CN proved the ability of MWCNT to nucleate the
crystallization of iPP in the y-form under high pressure. Previously
[27-31], we demonstrated that nucleants of the iPP a-form under P,y
were also efficient in nucleating the high-pressure crystallization of iPP
in the y-form. In view of epitaxy theory, the formation of the hetero-
geneous a-nuclei of iPP mainly involves the (010), plane, and occurs on
substrates matching a periodicity of about 0.42, 0.5, or 0.66 nm in this
plane. This also applies for the y-form and involves the equivalent (001),
plane [76]. However, the epitaxy involving the (110), plane with a
0.55-0.56 nm periodicity, is also possible, but it does not apply for the
y-form [77]. It was suggested [28] that the nucleation of iPP crystalli-
zation in the y-form under high pressure could occur directly on the
substrates matching periodicity of (010), plane (or equivalent (001),
plane). Another possible mechanism is the nucleation of a-crystals,
which serve as nucleation sites for the y-lamellae, through conventional
epitaxy of the y-crystals on the (010), plane [22]. Recently, we have
found [29] that the second mechanism prevailed under high pressure in
nucleated iPP. According to [26] in the y-domain the Gibbs free energy
of the y-form crystallization is lower than that of the a-form. However,



P. Sowinski et al.

Thermochimica Acta 716 (2022) 179318

o
~
N
§
S
/\0
100 I P, >

—— PP/MT1 Pr esSUre o 0 § —&— PP/CN1 T essu,e 0 0 §O

—m— PP/MT3 Mp, ) 3 —a— PP/CN3 M, ) s

—&— PP/MT5 —A— PP/CN5
Fig. 6. Content of the o- and y-forms in crystalline phase, K, and K, (solid lines, filled symbols), respectively, and crystallinity degree, X. (dashed lines, empty
symbols), of neat PP, PP/MT and PP/CN nanocomposites nonisothermally crystallized during cooling under various pressures.

a \ B - -
PP

PPMTS

9)
o

Heat flow (W/
s

140
150 _

Y 170
mpe’a[llre(

%:) 190

| PP/CN1 )

endo
_—

S -15
z 300
_30_ -1.0
oot Y
- 200 Q%
o -05
T
. 150
170
raturg o 1 o
(%)

160

170

em,
Perag, re 180

nonisothermally crystallized during cooling under various pressures, recorded during heating at 10 K/min.

%» 190
Fig. 7. a. Evolution of melting endotherms in DSC heating thermograms of neat PP and PP/MT5 nanocomposite nonisothermlly crystallized during cooling under
various pressures, recorded during heating at 10 K/min. b. Evolution of melting endotherms in DSC heating thermograms of PP/CN1 and PP/CN5 nanocomposites



P. Sowinski et al.

this does not exclude the formation of a small amount of the a-phase
under high pressure, even if not evidenced by WAXD [23,24]. Each
several micrometers long a-lamella can serve as a nucleation site for
several hundred y-lamella, as can be estimated based on the lamellae
thickness and the long period of y-iPP crystallized under high pressure
[23-25]. The Gibbs free energy barrier for nucleation of the y-form on
the existing a-crystal is strongly decreased compared to that for nucle-
ation on other substrates, even those very efficient. Thus, the direct
growth of y-lamellae from substrates, even if occurs, is much less effi-
cient in the nucleation of crystallization in the y-phase under high
pressure than the nucleation of the a-lamellae, and subsequent growth of
the y-lamellae on them. Most possibly, the latter mechanism also acted
during crystallization in the PP/CN under high pressure.

4. Conclusion

Nanocomposites of PP with 1-5 wt.% of either o-MMT (PP/MT) or
MWCNT (PP/CN) were prepared. Crystallization during cooling under
elevated pressure, up to 300 MPa, of the nanocomposites and neat PP
was conducted. Temperature of peak crystallization rate (T.) was
determined in each case and the structure formed in the materials during
the crystallization was examined. Increasing pressure increased Ts of all
materials during cooling and the content of the y-crystallographic form
in the crystalline phase. Under 200 and 300 MPa all materials crystal-
lized in nearly pure or pure y-form. K, increased from 0.1-0.16 at 1.3
MPa to 1.0 at 300 MPa. PP/MT nanocomposites behaved similarly to
neat PP. The Tcs and polycrystalline aggregate sizes of PP/MT were
similar to those of neat PP.

On the contrary, T.s of PP/CN nanocomposites, especially with 3 and
5 wt. % of MWCNT were markedly higher than those of neat PP in the
entire pressure range studied, by 8-13 K, evidencing nucleating activity
of the nanofiller. The strong nucleation in PP/CN nanocomposites led to
crystallization in the form of fine grains. These results demonstrated the
ability of MWCNT to nucleate PP crystallization in the high-pressure
y-form. The crystallization in the higher temperature range from
numerous nucleation sites allowed a larger portion of the polymer to
solidify in the y-domain before the temperature reached the a-domain.
As a result, the y-content in PP/CN nanocomposites crystallized under
the pressure up to 200 MPa, especially 50-100 MPa, was higher than in
PP and PP/MT nanocomposites crystallized under the same pressures.
The ability of MWCNT to increase T, and the y-content, and simulta-
neously reduce the grain size in iPP, in the course of nonisothermal
crystallization during cooling under high pressure is important during
industrial processing like injection molding.
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