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Abstract Addition of β-form nucleating agent (β-NA) to
isotactic polypropylene (iPP) can greatly induce the varia-
tion of the crystallization of matrix. Here, we introduce high
pressure to the crystallization process of β-NA nucleated
iPP. It is observed that there is a competition between the
effect of high pressure and the nucleation effect of β-NA on
crystallization of iPP. With the increasing of high pressure,
both the contents of β-iPP and α-iPP decrease while the
content of γ-iPP increases. A novel crystalline morphology
of γ-iPP with the fragmentations of γ-spherulites regularly
organized in a local region is observed. Namely, γ-
spherulites grow on the lateral of β-NA needlelike structure.
The dual nucleation effects of the special needlelike struc-
ture of β-NA towards β/α-iPP and the effect of high pres-
sure which prevents the growth of β-iPP but promotes the
growth of γ-iPP are the main mechanisms for the novel
crystalline morphology of γ-iPP. Specifically, the mixed
polymorphic β/γ-iPP can be achieved under a certain pres-
sure. This possibly enlarges the application of iPP material.

Keywords Polypropylene . Crystallization . Nucleating
agent . High pressure

Introduction

Isotactic polypropylene (iPP) is one of the most important
commercial polymers due to its comprehensive chemical
and physical properties, and excellent processability. Fur-
thermore, it attracts much more attention of researchers than
other polymers because of its interesting microstructures. So
far, it is well known that iPP exhibits at least four different
crystal modifications including monoclinic α-phase (α-
iPP), the trigonal β-phase (β-iPP), the orthorhombic γ-
phase (γ-iPP), and smectic (intermediate state between or-
dered and amorphous phase), all sharing the same threefold
conformation but with different spatial arrangements of iPP
chains in the crystal lattice [1–7]. α-iPP is a thermodynam-
ically stable phase with heat of fusion of 177 J/g [8] and
predominates under normal processing conditions. Both β-
iPP and γ-iPP are thermodynamically metastable phases
with heat of fusion of 168.5 [8] and 150 J/g [5], respectively,
and only can be obtained under special conditions. For β-
iPP, although the shear condition and temperature gradient
provoke the nucleation and growth of β-iPP, addition of an
active β-phase nucleating agent (β-NA) is proved to be the
most efficient way to obtain iPP articles with high content of
β-iPP [9–24]. For γ-iPP, it is already known that crystalli-
zation under high pressure (>200 MPa) is the main way to
achieve high content of γ-iPP [25–28] in common iPP.
Under atmospheric pressure, γ-iPP also can be provoked
in a low molecular weight iPP [29] or PP copolymer with
the presence of comonomer unit in the main chain [6, 30,
31], and in this condition, the relative fraction of γ-iPP is
relatively smaller than that in iPP obtained under high
pressure.

The nucleation and growth of γ-iPP under high pressure
attracts much attention in the last decades. So far, at least two
crystalline morphologies of γ-iPP have been reported based
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on the microscopic observations. One is the spherulitic-like
aggregates which are observed in samples crystallized under
high pressure [27, 32] and the other is the form of large
“featherlike” structures, apparently caused by massive self-
epitaxy processes [25, 33, 34]. γ-spherulites do not show the
cross-hatching feature characteristic for α-spherulites grown
under atmospheric pressure, but show only a moderate
branching with lamellae packed in parallel stacks and spread
radially. Further results show that the (010) planes of both
parent and daughter α-lamellae are good ideal substrates for
epitaxial growth of γ-lamellae. Thus, the growth of γ-
lamellae is most frequently initiated on some “seeds” of α-
lamellae since the primary nucleation of the α-lamellae is
significantly easier than that of the γ-lamellae [35, 36]. Con-
sequently, the mechanisms suggested for the growth of γ-iPP
possibly includes the branching of γ-lamellae on a radially
grown γ- or α-lamellae at an angle of ca. 70° or the growth of
γ-lamellae at an angle of ca. 140° on previously grown γ-
lamellae [5, 25].

Recent researches also prove that nucleating agent
(NA) exhibits a positive role in provoking the formation
of γ-iPP. Foresta et al. [6] reported that NAs of differ-
ent types were found to enhance γ-iPP crystallization
under atmospheric pressure, even in high molecular
weight homopolymers, and the mechanism was attributed to
the crystallization occurring at higher temperatures (lower
supercooling). Yin [37] found that the content of γ-phase in
crystallized polypropylene copolymer samples increased ini-
tially with the increasing content of NA and reached a max-
imum. The competition and deposition between the α- and γ-
phase were proposed to explain the variation of γ-phase
content.

However, the crystallization of iPP induced by joint
action of high pressure and NA are less reported [38].
During the crystallization process, the presence of NA
decreases the nucleation activation energy, which leads to
the crystallization of iPP occurring at relatively higher tem-
perature (lower supercooling) on the one hand. On the other
hand, the high pressure provokes the nucleation and growth
of γ-iPP. This indicates that NA and high pressure most
likely exhibit a synergistic effect in promoting the formation
of γ-iPP. Specifically, if the NA is a highly effective β-NA
for iPP, possibly there is a competition between β-iPP and
γ-iPP during the crystallization process. Under a certain
high pressure, one possibly obtains the mixed polymorphic
β/γ-iPP material. The mixed polymorphic PP material usu-
ally exhibits the excellent comprehensive mechanical prop-
erties. For example, mixed polymorphic α/β-iPP articles
exhibit good balance in tensile strength, tensile modulus,
and fracture resistance [39]. Therefore, in this work, a highly
effective β-NA was introduced into iPP and the nonisother-
mal crystallization behavior of iPP under high pressure was
investigated.

Experimental part

Materials

All the materials used in this study are commercially available.
iPP (F401) with a melt flow rate of 2.5 g/10 min (230 °C/
2.16 kg) and a density of 0.91 g/cm3 was supplied by Lanzhou
Petrochemical, Lanzhou, China. The β-NA aryl amides de-
rivative (trade name TMB-5, powder) with a melt temperature
of 197 °C was provided by Fine Chemicals Department of
Shanxi Provincial Institute of Chemical Industry, China. It has
been reported in the literatures that TMB-5 has chemical
structure similar to N,N′-dicyclohexyl-2,6-naphthalene-dicar-
boxamide (commercial name NJS) [40, 41].

Sample preparation

β-NAwas first melt blended with iPP to prepare the master
batch, then the master batch was diluted to obtain the
expected composition (iPP with 0.2 wt.% TMB-5). The melt
blending of materials was conducted on a twin-screw ex-
truder (TSE-20A, China) at a screw speed of 200 rpm and
melt temperatures of 150-170-190-200-210-210-200 °C
from hopper to die. After making droplets, the pellets were
put into a container and were pre-melted at temperature of
200 °C. Then the sample was transferred into a set of piston–
cylinder made of tungsten carbide with a resistance coil heater.
The sample was heated again to 200 °C and maintained at this
temperature for 10 min to erase any thermal history. After-
wards, the desired pressure (116, 193, 270, and 347MPa) was
applied and the sample was cooled down to room temperature
at a cooling rate of about 5 °C/min simultaneously. This
means that the crystallization of iPP was a nonisothermal
process and was induced by the joint action of high pressure
and β-NA. To make a comparison, the iPP sample was pre-
pared under the complete preparation ways.

Wide-angle X-ray diffraction

The crystalline structures of iPP and iPP/TMB-5 specimens
obtained at different conditions were investigated using a
wide-angle X-ray diffraction (WAXD, Panalytical X’pert
PRO diffractometer with Ni-filtered Cu Kα radiation at
40 kV and 40 mA) at the continuous scanning angle range

from 5° to 35°. The relative fraction of β-iPP K
0
b

� �
was

calculated according to the relation [42]:

K
0
b ¼ Ibð300Þ=ðIbð300Þ þ Iað110Þ þ Iað040Þ þ Iað130ÞÞ ð1Þ

where Ibð300Þ is the intensity of the (300) plane of β-iPP, and

Iað110Þ; I
a
ð040Þ, and Iað130Þare the intensities of the (110), (040),

and (130) planes of the α-iPP, respectively.
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Furthermore, to evaluate the relative fraction of γ-iPP

( K
0
g

� �
), the following relation was used [43]:

K
0
g ¼ Igð117Þ=ðIgð117Þ þ Iað130ÞÞ ð2Þ

where Igð117Þ denotes the intensity of the (117) plane of γ-iPP.

It should be noted that the two methodologies are the rela-
tive measurements of β-iPP and γ-iPP, respectively. Specif-
ically, Eq. 1 is valid in β/α-iPP crystalline system, and Eq. 2
to α/γ-iPP crystalline system. However, they provide at
least the variation trend of β-iPP or γ-iPP fraction when
the specimen is prepared in the same way and the measure-
ment condition is completely same. Therefore, the two
methodologies are widely accepted to calculate the relative
fraction of β-iPP or γ-iPP. If the sample belongs to β/γ-iPP
crystalline system, the above two equations are invalid to
calculate the relative fraction of both β and γ-iPP. In this
condition, the relative fraction of β and/or γ-iPP was cal-
culated according to the methodology developed by Obadal
which calculates all the characteristic diffraction peaks of
the three α/β/γ-iPP crystal modifications [38]:

Kb ¼ Ibð300Þ=ðIbð300Þ þ Iað110Þ þ Iað040Þ þ Iað130Þ þ Igð117ÞÞ ð3Þ

And then, the sheared content of α/γ-iPP in the three-
phase crystalline system can be defined as:

Kaþg ¼ 1� Kb

According to the above mentioned Eq. 2, the content of
α-iPP (Kα) and γ-iPP (Kγ) in the three-phase crystalline
system can be calculated as:

Kg ¼ K
0
gð1� KbÞ ð4Þ

Ka ¼ 1� Kb � Kg ð5Þ

Differential scanning calorimetry

The melting behaviors of iPP and iPP/TMB-5 were investi-
gated using a differential scanning calorimetry (DSC,
Netzsch STA 449 C Jupiter, Germany). The weight of each
sample was maintained at about 8 mg. The sample was
directly heated from 30 °C to 200 °C at a heating rate of
10 °C/min in the nitrogen atmosphere.

Scanning electron microscopy

The supermolecular structures of iPP and iPP/TMB-5 were
investigated using a Fei Quanta 200 environmental scanning
electronic microscopy (ESEM, USA) with an accelerating
voltage of 20 kV. Specimen was etched for 28 h with an

etchant containing 1.3 wt.% potassium permanganate (KMnO4),
32.9 wt.% concentrated sulfuric acid (H2SO4) and 65.8 wt.%
concentrated phosphoric acid (H3PO4), according to the
methodology developed by Olley et al. [44]. All the samples
were sputter-coated with gold prior to scanning electron
microscopy (SEM) characterization.

Polarized optical microscopy

The nonisothermal crystallization morphologies of iPP/
TMB-5 were obtained using a polarized optical microscopy
(POM, Leica DMLP) equipped with a hot-stage (Linkam).
First, a sample of about 5 mg was placed between two glass
slides and was heated to melt completely, then the sample
was pressed to obtain a slice with a thickness of about
20 μm. Afterwards, the sample was transferred to the hot-
stage with the desired temperature of 200 °C and maintained
at this temperature for 5 min to erase any thermal history.
Then, the sample was cooled down to room temperature at a
cooling rate of 20 °C/min. The nonisothermal crystallization
morphologies of the samples were taken images via a digital
camera.

Results and discussion

Nonisothermal crystallization of iPP/TMB-5
under atmospheric pressure

The melting behavior and crystalline structure of β-NA
nucleated iPP samples were first investigated using DSC
and WAXD and the results are shown in Fig. 1. To make a
comparison, the results of iPP are also shown. The non-
isothermal crystallization of sample was conducted out un-
der atmospheric pressure (marked as 0.1 MPa). From
Fig. 1a, one can see that, β-NA nucleated iPP exhibits triple
endothermic peaks at temperatures of 154.8, 167.7, and
170.1 °C, respectively. The first endothermic peak at rela-
tively lower temperature (154.8 °C) is ascribed to the fusion
of β-lamellae, which are induced by the TMB-5 during the
nonisothermal crystallization process. Because of the spe-
cial lamellae structure formed during the crystallization, β-
lamellae usually exhibit lower crystal density, melting tem-
perature, and fusion enthalpy [9]. During the DSC heating
process, the first endothermic peak is always present and
then considered to reflect the melting range of the more or
less disordered β-lamellae. The second one at 167.7 °C is
attributed to the fusion of α-lamellae which form mainly
during the crystallization process through self-seeding pro-
cess. For the third endothermic peak at 170.1 °C, it can be
explained as follows. During the heating process of DSC
measurement, although the unstable β-lamellae melt firstly,
the melt temperature is smaller than the melting temperature
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(Tm) of α-lamellae and some iPP chain segments still main-
tain the ordered structure rather than relax completely, and
then these chain segments recrystallize as α-lamellae with
more stable crystalline structure. Since the nucleation and
growth of newly formed α-lamellae occurs at smaller super-
cooling degree, which is favorable for the growth of α-
lamellae with bigger thickness, the newly formed α-
lamellae exhibit relatively higher Tm as compared with the
normal α-lamellae formed during the cooling process. In
Fig. 1b, iPP/TMB-5 sample exhibits the typical characteris-
tic diffraction peaks at 2θ015.9° and 21.0°, indication of the
(300) and (301) planes of β-iPP, respectively. The other
diffraction peaks at 2θ014.0°, 16.7°, 18.5° can be attributed
to the reflection of (110), (040), and (130) planes of α-iPP,
respectively. This means that although TMB-5 is an effec-
tive β-NA for iPP [19, 20, 23, 24], it does not prevent the
nucleation and growth of α-lamellae. This is very important
because it possibly influences the crystallization behavior of
iPP/TMB-5 sample under high pressure. According to the
methodology proposed by Turner-Jones [42], the Kβ of iPP/

TMB-5 is 0.84. By the way, from WAXD profiles, there is
no trace to show the presence of γ-iPP.

Nonisothermal crystallization of PP/TMB-5 under high
pressure

Figure 2 shows the WAXD profiles of different samples
obtained under different pressure conditions. Similarly, the
results of iPP were also shown to make a comparison.
Because the 2θ values of most α-iPP diffraction peaks are
similar to those of γ-iPP diffraction peaks, it is very difficult
to differentiate the diffraction peaks of α-iPP and γ-iPP
from WAXD profiles. Thus, the relative intensity or the
areas under the two peaks, which are attributed to the
diffractions of (130) plane of α-iPP at the angle of 18.5°
and (117) plane of γ-iPP at the angle of 20.0°, have been
taken as an indication of the content of α-iPP and/or γ-iPP.
From Fig. 2a, one can see that with the introduction of high
pressure during the crystallization process of iPP, one can
observe a new peak at 2θ020.0° attributing to the reflection
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Fig. 1 a DSC heating curves show the melting behaviors of iPP and iPP/TMB-5, and b WAXD profiles show the crystalline structures of iPP and
iPP/TMB-5. Samples were nonisothermal crystallized under atmospheric pressure
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Fig. 2 WAXD profiles show the crystalline structures of a iPP and b iPP/TMB-5 samples obtained under different pressure conditions
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of (117) plane of γ-iPP, indicating the presence of γ-iPP in
the sample. With the increasing of applied pressure, the
intensity of (117) plane becomes stronger whereas the in-
tensity of (130) plane weakens gradually. Once the pressure
is increased higher than 200 MPa, it is very difficult to
differentiate the diffraction of (130) plane. However, this
cannot exclude the presence of α-iPP in the sample. Con-
sidering the nucleation and growth mechanism of γ-iPP, the
most possibility is that the growth of α-iPP is greatly limited
to the very initial phase of crystallization process and in the
formation of seeds only [32]. In this condition, the content
of α-iPP is too small to be detected by WAXD measure-
ment. By the way, under higher pressure (>193 MPa), the
diffractions peaks at 2θ013.7°, 14.9°, and 16.7° can be
attributed to the reflections of (111), (113), and (008) planes
of γ-iPP.

For iPP/TMB-5 sample, with the introduction of high
pressure, one can still observe the diffraction peak of (117)
plane. Similarly, the higher the pressure, the stronger the
intensity of the diffraction peak is. Namely, the content of γ-
iPP increases with the increasing of pressure. On the other
hand, one can notice that the characteristic diffraction peak
of (300) plane of β-iPP weakens gradually with the increas-
ing of pressure, which indicates the decreased content of β-
iPP in the sample. In other words, the nucleation effect of β-
NA is weakened and the crystallization of iPP is mainly
determined by pressure rather than by β-NA. Specifically,
when the pressure is increased up to 347 MPa, the diffrac-
tion peak of (300) plane disappears completely and only the
diffraction peaks of γ-iPP can be differentiated. Obviously,
there is a competition between high pressure and β-NA in
inducing the crystallization of iPP. Under atmospheric pres-
sure and relatively lower pressure, the crystallization of iPP
is mainly determined by β-NA, however, the effect of
pressure on the crystallization of iPP exceeds the effect of
β-NA under relatively higher pressure. The similar phenom-
ena have been reported elsewhere [38].

Furthermore, making a comparison of crystalline struc-
ture of iPP and iPP/TMB-5 leads to more understanding
about the growth of γ-iPP. For iPP sample, it still exhibits
apparent diffraction peaks of α-iPP under pressure of
116 MPa as seen in Fig. 2a. However, for iPP/TMB-5
sample, the diffraction peaks of α-iPP become very weak
under pressure of 116 MPa and stronger diffraction peaks of
(111) and (113) planes of γ-iPP can be differentiated. Under
pressure of 193 MPa, the diffraction peak of (130) plane of
α-iPP in iPP sample still can be detected, while it disappears
completely in iPP/TMB-5 sample. Thus, it can be deduced a
route for the growth of γ-iPP in iPP/TMB-5 sample. Usu-
ally, mixed β/α-forms are observed in β-NA nucleated
samples and 100% β-iPP only can be obtained using highly
selective β-NA under the properly selected thermal condition
of the crystallization [45]. Therefore, the chain segments

which crystallize in the form of α-iPP under the atmospheric
pressure are provoked to crystallize in the form of γ-iPP when
the high pressure is applied during the crystallization process.

The degree of crystallinity (Xc) of the whole sample was
calculated according to WAXD measurement and the results
are shown in Table 1. Compared with iPP sample, the
addition of β-NA enhances the Xc of iPP in iPP/TMB-5
sample slightly. However, the effect of high pressure on the
Xc of iPP matrix is not significant. This further proves the
route for the growth of γ-iPP in iPP/TMB-5 sample as
proposed before. The relative fraction of β-iPP (Kβ) cannot
be calculated according to Eq. 1 when the high pressure is
introduced because the diffractions peaks of (110) and (040)
crystal planes cannot be differentiated. According to the
methodology developed by Obadal [38], the relative fraction
of both β-iPP (Kβ) and γ-iPP (Kγ) was calculated and the
results are shown in Table 2. It can be seen that under
relatively lower pressure, the presence of β-NA promotes
the nucleation and growth of γ-iPP and nucleated sample
exhibits higher Kγ compared with iPP sample. However,
under relatively higher pressure, the nucleated sample
exhibits smaller Kγ most likely because the great nucleation
effect of β-NA still promotes the formation of a few β-iPP
as observed in Fig. 2b.

The melting behavior of iPP and iPP/TMB-5 obtained
under different pressure conditions were characterized using
DSC and the results are shown in Fig. 3. For iPP sample, the
introduction of high pressure induces a shoulder on the left
side of the main endothermic peak possibly due to the
formation of some lamellae with smaller thickness. Under
pressure of 116 MPa, the main endothermic peak locates at
the temperature of 166.9 °C, which can be attributed to the
fusion of α-iPP. Further increasing the applied pressure
induces the decrease of the Tm. According to the WAXD
measurements, the γ-iPP is the main crystalline structure
when the pressure is higher than 193 MPa. Thus, the ob-
served endothermic peak can be attributed to the fusion of
γ-iPP. For iPP/TMB-5 sample, more complicated melting
behavior is observed. With the increasing of applied pres-
sure, the endothermic peak attributed to the fusion of β-iPP
shifts to lower temperature and the intensity decreases grad-
ually, indicating the decrease of the β-iPP content and the
formation of some β-lamellae with smaller thickness.

Pressure
(MPa)

iPP
(%)

iPP/TMB-
5 (%)

0.1 71.1 72.9

116 69.9 66.9

193 67.8 71.4

270 67.2 73.7

347 70.1 72.7

Table 1 The Xc of iPP and iPP/
TMB-5 obtained at different
pressure conditions
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Furthermore, the intensity of the endothermic peaks of two
kinds of α-iPP as analyzed previously weakens gradually.
This indicates at least that the content of α-iPP, whether for
those formed during the nonisothermal crystallization or for
those formed during the DSC heating process, decreases
with the increasing of the pressure. Under pressure of
193 MPa, the endothermic peak of β-iPP becomes very
weak and the endothermic peak of α-iPP is difficult to be
differentiated. However, one can observe a new endother-
mic peak at 158.7 °C. According to the previous WAXD
measurements, it can be deduced that the endothermic peak
can be attributed to the fusion of γ-iPP. Further increasing
pressure induces only one endothermic peak of γ-iPP. Ob-
viously, the results of DSC agree well with those obtained
from WAXD measurements.

Figure 4 shows the supermolecular structures of iPP and
iPP/TMB-5 sample obtained under different pressure con-
ditions. For iPP sample, it exhibits the typical feature of α-
spherulites with a primary radial lamellae growing along the
radius of the spherulites [2, 46]. With the introduction of
high pressure, the typical γ-spherulites are differentiated. In
these spherulites, the γ-lamellae are organized and packed
in parallel stacks, spread radially and show only a moderate
branching. With the increasing of pressure, the size of the γ-
spherulites decreases slightly, which means that the nucle-
ation rate of the sample is enhanced with the aid of high

pressure [32]. For iPP/TMB-5 sample, it exhibits the
hedritic supermolecular structure of β-iPP after being non-
isothermal crystallized under atmospheric pressure. Gener-
ally speaking, the supermolecular structure of β-iPP
strongly depends upon the content of β-NA, the end tem-
perature of heating, and the thermal conditions of crys-
tallization. Spherulitic supermolecular structure (β-
spherulites) appears when crystallization takes place in
a viscous state and/or at high undercooling [9]. In the
presence of highly active β-NA and at high temperature
isothermal crystallization process, β-iPP exhibits the
hedritic supermolecular structure consisting of more or
less parallel, centrally connected lamellar crystals with a
polygonal appearance [47]. With the variation of the β-
NA concentration, β-iPP also exhibits the different
supermolecular structure: dendritic supermolecular struc-
ture at the critical content of β-NA (0.03–0.05 wt.%)
and hedritic supermolecular structure at supercritical
content of β-NA (>0.1 wt.%) [48–50]. In this work, the
content of β-NA is 0.2 wt.%, and the sample can be thought
as the “supercritically” nucleated one. A part of introduced β-
NA possibly remains in the primary form, leading to the
formation of a rougher and inhomogeneous supermolec-
ular structure. Specifically, the presence of β-NA induces
the crystallization occurring at relatively higher tempera-
ture, which provokes the formation of hedritic β-iPP.
Under the pressure of 116 MPa, although the hedritic
morphology still can be differentiated, one can notice
that the size of the β-lamellae aggregates is decreased
possibly because the high pressure reduces the free volume
and the mobility of the chain segments and prevents the
growth of β-spherulites. Furthermore, one can differentiate
the presence of some γ-spherulites, although frequently im-
mature. These γ-spherulites become more apparent under
high pressure of 347 MPa. But, it should be noticed that the
morphology of γ-spherulites in iPP/TMB-5 sample is rather
different with that in iPP sample. This can be further proved

Table 2 The relative fraction of both β-iPP (Kβ) and γ-iPP (Kγ)
obtained at different pressure conditions

Pressure (MPa) iPP (Kγ) iPP/TMB-5 (Kγ) iPP/TMB-5 (Kβ)

0.1 0 0 0.84

116 0.51 0.58 0.38

193 0.86 0.79 0.22

270 1 0.97 0.04

347 1 1 0
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Fig. 3 DSC heating curves show the melting behaviors of a iPP and b iPP/TMB-5 samples obtained under different pressure conditions
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by the supermolecular structures obtained under higher
magnifications.

As shown in Fig. 5, different from the well developed γ-
spherulites observed in iPP sample (Fig. 4, iPP-347 MPa),

the supermolecular structure of γ-iPP in iPP/TMB-5 sample
exhibits at least two characteristics. The first one is that iPP/
TMB-5 sample exhibits only the fragmentation of γ-
spherulites, about 1/4 of the whole γ-spherulites, and the
other one is that the size of γ-iPP aggregates is much
smaller but the number of nucleation sites for the growth
of γ-spherulites is more than that of γ-spherulites in iPP
sample. Specifically, one can observe that the fragmenta-
tions of γ-spherulites are regularly organized in a local
region. Namely, there is a cylinder-like crystal in the center
(as shown by rectangular dash line) and some γ-spherulites
grow on the lateral of it. Further results show that the
cylinder-like crystal belongs to the needlelike structure of
TMB-5. The similar crystal structure of TMB-5 has been
reported in the literatures [41]. To the best of our knowl-
edge, this is the first time to observe the complicated crys-
talline structure of γ-iPP, and the reason is believed to be the
result of the joint action of high pressure and the presence of
β-NA during the crystallization of iPP.

iPP-0.1 MPa 

iPP-116MPa 

iPP/TMB-5-0.1 MPa 

iPP/TMB-5-116MPa 

iPP/TMB-5-347MPa iPP-347MPa 

Fig. 4 SEM images show the
supermolecular structures of
iPP and iPP/TMB-5 samples
obtained under different
pressure conditions

iPP/TMB-5

Fig. 5 SEM image at relatively higher magnification shows the super-
molecular structure of iPP/TMB-5 samples obtained under high pres-
sure of 347 MPa
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Further understanding about the nucleation and growth
of γ-iPP in iPP/TMB-5 sample

Previously, the effect of commercial NJS on crystallization
of iPP has been investigated by Varga J [48] and it was
observed that a wide variety of supermolecular structure
may form because of the solubility and dual nucleating
ability of NJS. Specifically, an α/β-transcrystalline layer
was first observed on the lateral surface of the needle crys-
tals of NJS. As a β-NA with similar chemical structure to
NJS, the morphology of TMB-5 in iPP melt depends also on
the extent of solubility, associated with the content of TMB-
5 and the thermal history [19, 20]. When the content of
TMB-5 is higher than 0.2 wt.%, it forms the needlelike
structure in the iPP melt and induces mixed polymorphic
α/β-iPP transcrystalline on the lateral and β-iPP around the
tip. The dual nucleation of TMB-5 for α/β-iPP has also
been reported in elsewhere [51]. To further prove this, the
nonisothermal crystallization morphologies of iPP/TMB-5
sample were investigated using POM and the results are
shown in Fig. 6. Figure 6a shows the crystalline morpholo-
gy of sample in the initial stage of the crystallization process
and Fig. 6b shows the crystalline morphology of β-iPP after

the completion of the crystallization. Obviously, TMB-5
forms the needlelike structure in the melt (shown by
arrows). Therefore, the crystallization mechanism of iPP/
TMB-5 under high pressure can be explained as follows. On
the one hand, as reported in the literatures, the growth of γ-
lamellae is most frequently initiated on some “seeds” of α-
lamellae since the primary nucleation of the α-lamellae is
significantly easier than for the γ-lamellae [35, 36, 52],
especially, it has been reported that the thermodynamic
driving force for the growth of γ-lamellae is very similar
to that of the α-lamellae [6]; On the other hand, the addition
of NA reduces the supercooling of the sample, which is
favorable for the nucleation and growth of γ-lamellae. As
a consequence, a schematic representation for the crystalli-
zation process is provided in Fig. 7. In the melt, TMB-5
forms the needlelike structure firstly. The annealing at 200 °
C and the applied high pressure do not destroy the needle-
like structure significantly. With the decreasing of the tem-
perature, TMB-5 induces some iPP chain segments
crystallize around the tip, forming the β-lamellae, and on
the lateral, forming both α and β-lamellae. Under the atmo-
spheric pressure, both the β-lamellae and α-lamellae grow
simultaneously, but the former one has the larger growth

(b) (a) (b) 
Fig. 6 a The needlelike
structure of TMB-5 in the iPP
melt at 200 °C (shown by
arrows). b The typical noniso-
thermal crystallization mor-
phology of iPP/TMB-5 sample
obtained under atmospheric
pressure

α-lamellae β-lamellae  γ-lamellae 

(a) (c) (d) (b) 

Fig. 7 Schematic representation shows the nucleation and growth of
γ-iPP induced by joint action of TMB-5 and high pressure. a The
needlelike structure of TMB-5 in iPP melt, b the initial stage of the
nonisothermal crystallization, β-lamellae grow simultaneously around

the tip and on the lateral of the needlelike structure, and α-lamellae
grow on the lateral of the needlelike structure, c the nucleation and
growth of γ-lamellae on the “seeds” of α-lamellae, and d the final
crystallization morphology of the sample under high pressure
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rate. Thus, the sample exhibits the main crystalline structure
of β-iPP. However, if the crystallization occurs under high
pressure, the existing α-lamellae at relatively lower super-
cooling act as the “seed” for the nucleation and growth of γ-
lamellae, and the growth of β-lamellae is prevented, simul-
taneously. The higher the applied pressure, the bigger the
degree of the limitation for the growth of β-lamellae is. That
is the reason why only the crystalline structure of γ-lamellae
under relatively higher pressure can be detected. It is sug-
gested that there is a competition between the effect of high
pressure and the nucleation effect of β-NA. DSC and
WAXD do not show the presence of both β-iPP and α-iPP
because the contents of them are too small to be detected. In
a word, this work proves that through the joint action of β-
NA and high pressure, the crystalline structure of iPP can be
controlled in different degrees. Specifically, the mixed poly-
morphic β/γ-iPP can be achieved. This possibly enlarges
the application of iPP material.

Conclusions

In summary, the nonisothermal crystallization of β-NA nu-
cleated iPP under high pressure has been investigated. Com-
pared to the iPP sample, the addition of β-NA induces the
formation of a novel crystalline morphology of γ-iPP. With
the increasing of high pressure, the contents of both β-iPP
and α-iPP decrease greatly while the content of γ-iPP
increases gradually. Under a certain pressure, the mixed
polymorphic β/γ-iPP can be achieved. Specifically, a novel
crystalline morphology with the fragmentations of γ-
spherulites growing on the lateral of the cylinder-like crystal
is detected. The dual nucleation effects of the special nee-
dlelike structure of β-NA towards β/α-iPP and the effect of
high pressure which prevents the growth of β-iPP but pro-
motes the growth of γ-iPP are the main mechanisms for the
novel crystalline morphology of γ-iPP.
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