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ABSTRACT: TItiswidely believed that the trigonal 5-form is favorable and effective for toughening isotactic
polypropylene (iPP). Therefore, S-form content should be achieved as high as possible to realize excellent
toughness in iPP. However, in this study, we demonstrate that the connection between crystallites might
mainly determine the toughness of iPP instead of the -crystal content. A new rare earth nucleator (WBG)
was used to generate the rich S-crystalline structure in the compression-molded bars that were fabricated
upon different molten temperatures (77). Interestingly, the increase in tensile elongation can be as large as
8 times for increased 7. The polymorphic composition and overall crystallinity of f-nucleated iPP are almost
independent of T}. Nevertheless, the S-nucleated crystalline morphology has completely changed. Three types
of f-crystalline morphology, namely, -spherulite, S-transcrystalline entity, and “flower”-like agglomerate of
p-crystallites, are sequentially obtained with increasing Ty. From the morphological point of view, the
connection between the crystallites in “flower”-like agglomerate is significantly better than that for the
crystallites generated under lower T} Therefore, it is concluded that the formation of S-nucleated iPP
provides very good toughness only with sufficient connection between the crystallites. The result of this study
clearly verifies the importance of crystal morphology on tuning the toughness of iPP. It provides important

information for potential industrial applications.

1. Introduction

Isotactic polypropylene (iPP) is one of the most important
thermoplastic polymers owing to its low manufacturing cost and
rather versatile properties. It is a typical polymorphic plastic with
at least four basic crystalline forms, namely, the monoclinic
o-form, trigonal f-form, orthorhombic y-form, and meso-
morphic smectic form." K Among these crystalline forms, the
p-form usually shows excellent toughness, so it has received much
attention from scientific research and industrial applications.’ '
Compared with the o-form obtained under common processing
conditions, -form may only be generated under some spemﬁc
conditions, such as quenching,’ abru ;)t temperature gradient,’
shearing or elongatlon deformation, and the addition of
B-nucleating agent."' "> Among these methods, the addition of
p-nucleating agent is the most effective and accessible method to
obtain high -form content in iPP.

In terms of mechanical properties, it has been demonstrated
that the presence of S-form crystal leads to enhanced toughness
and ductility. In general, excellent toughness is attributed to
energy dissipation during yield process accompanied by phase
transformation from f to a form.' The studies on the deforma-
tion mechdmsm of f-form iPP have mdlcated that interlamellar
slippage'®!” and crazing development 19 were the dominant
modes for phase transformation. It is widely accepted that a
higher content of S-crystal is desired to achieve higher toughness.
Many researchers were devoted to increase 3-form content in iPP
efficiently. Varga et al.* demonstrated that the final temperature
of heating, nucleator concentration, and thermal conditions
during cooling and crystallization played a very important role
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in the supermolecular structure of f-nucleated iPP and indicated
that various f-crystalline morphologies might exist in iPP. Con-
sequently, it has raised the question for the role of S-crystalline
morphology on the macroscopic toughness of -nucleated iPP.
To the best of our knowledge, discussion on this subject is rarely
reported in the open literature. The main problem might be that
many f nucleators have dual nucleating ability,?° which enhances
both a- and S-form crystals in iPP. Therefore, the polymorphic
composition and crystallinity are altered simultaneously with the
change of crystalline morphology in most cases. Therefore, it is
hard to estimate the individual effect of crystalline morphology
among various influential factors.

In this study, a new rare earth S-nucleating agent (designated
as WBG), which has been synthesized and investigated by Feng’s
group,”'** was adopted to prepare S-PP. Its composition is
heteronuclear dimetal complexes of lanthanum and calcium
containing some specific ligands. WBG exhibits very high
p-selectivity and efficiency. The compression-molded bars of
iPP with a fixed WBG content of 0.25 wt % were prepared under
different final molten temperatures (77). Thanks to the high
B-selectivity and nucleating efficiency of WBG, the polymorphic
compositions and crystallinities are almost identical under dif-
ferent T values, but the S-crystalline morphologies are quite
different for different T} values. It is then possible to investigate
the relationship between inherent crystalline morphology and
macroscopic toughness.

2. Experimental Section

2.1. Materials and Sample Preparation. A commercially avail-
able isotactic polypropylene (iPP), purchased from Dushanzi
Petroleum Chemical Incorporation (Xinjiang, China), with
M, = 399 x 10* g/mol and M, /M, = 4.6, was adopted as
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basal resin. A small amount of antioxidant (Irganox 1010) has
been added to the as-received iPP. The rare earth f-nucleating
agent, marked as WBG-II, was kindly supplied by Winner
Functional Materials (Foshan, Guangdong, China). The raw
WBG is a kind of irregular blocklike crystal. The single crystal
diameter is about tens of nanometers, and most of the agglom-
erates consist of several crystals.

The iPP and WBG powders were first melt compounded to
make a master-bath containing 5 wt % WBG in a corotating
twin screw extruder; then, the master-bath and pure iPP were
extruded to prepare iPP specimens containing 0.25 wt % WBG.
The pelletized granules were subsequently compression molded
under various final molten temperatures, selected as 180, 200,
220, and 240 °C. The specimens were compressed under a
pressure of 5 MPa for 10 min. Then, the specimens were
relocated to another press at room temperature to cool down
under a pressure of 10 MPa in air. For comparison purpose, the
compression-molded bars of neat iPP and o-nucleated iPP
(with 0.25 wt % a-nucleator) were also prepared under the
same processing procedure mentioned above, and a bis-
(3,4-dimethylbenzylidene) sorbitol (DMDBS, Millad 3988,
Milliken Chemical) was used as a-nucleator.

2.2. Measurements. Standard tensile tests were performed
using an SANS Universal tensile testing machine controlled
by a two-step program, according to the GB/T 1040—92 stan-
dard. The notched izod impact strength of the specimens was
tested with a VJ-40 izod machine according to the GB/T
1834—1996 standard. All mechanical properties were measured
under room temperature (about 25 °C), and the average value
was obtained from over five specimens for each condition.

A Philips X Pert pro MPD apparatus was adopted to acquire
WAXD spectra. The analysis method of WAXD spectra was
described elsewhere by Huo et al.?® The overall crystallinity, X,
was calculated according to the following equation

_ Z Acryst
Z Acryst + Z Aamorp

where Acryse and Aumorp are the fitted areas of crystal and
amorphous region, respectively, whereas the relative amount
of the B-form crystal, K, was evaluated according to the method
of Turner-Jones et al.” as

Xe

Ap(00)

Ky =
/ Ag(110) + Ao(0a0) + Aa(130) + Ap300)

where Ap300) is the area of the (300) reflection peak of f-form at
20 = 16.1° Ag110)> Aa(o40), and Ay 130y are the areas of the (110),
(040), and (130) reflection peaks of the o-form and correspond
to 260 = 14.1, 16.9, and 18.6°, respectively.

The SEM experiments were performed using a Hitachi
S3400+EDX SEM instrument to inspect the cryofractured sur-
face of B-PP etched by a mixed acid solution.* The samples
were gold-coated and observed under an acceleration voltage of
20 kV. Morphological observations of 5-PP crystallite growth
were performed on a Leica DMIP polarized light microscopy
(PLM) equipped with a Linkam THMS 600 hot stage under
crossed polarizer. The extruded S-PP granules were heated to
various final molten temperatures and kept for 10 min to achieve
the same thermal history as the compression molded samples.
Subsequently, the molten films were cooled to room tempera-
ture in air. The morphological photographs of crystallization
were recorded with the aid of a digital camera during cooling.
The rheological measurements were performed in linear viscoe-
lastic regime on a stress-controlled Gemini 200 rheometer
(Malvern Instruments, U.K.) using a dynamic temperature
sweep mode under an oscillation frequency of 0.1 rad/s. The
samples were heated to various final molten temperatures and
kept at those temperatures for 5 min. They were then cooled to
130 °C at a rate of 3 °C/min. All rheological measurements were
conducted under a nitrogen atmosphere.
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3. Results and Discussion

3.1. Mechanical Properties of the Compression-Molded
Bars. On the basis of the research goal of this study, the
effect of Tron the mechanical properties in S-nucleated iPP is
studied. The stress—strain curves for pure iPP, a-nucleated
iPP, and S-nucleated iPP samples prepared upon different 77
values are presented in Figure 1. The stress—strain behaviors
for neat iPP and a-nucleated iPP are almost the same for
various final molten temperatures. Meanwhile, by compar-
ing a-nucleated iPP with neat iPP, the elongation at break
is obviously decreased by additional a-nucleator. For the
p-nucleated iPP bars, a notable feature in tensile behavior is
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Figure 1. Stress—strain curves for pure iPP, a-nucleated iPP, and
p-nucleated iPP samples prepared upon different 77 values: (A) pure
iPP, (B) f-nucleated iPP containing 0.25 wt % WBG, and (C)
o-nucleated iPP containing 0.25 wt % DMDBS.
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that the elongation at break strongly depends on 7. The
elongation is prominently increased from 60 to 476% with
the Tyelevated from 180 to 240 °C. It is well-known that the
elongation at break can approximately represent toughness
because the area under the stress—strain curve represents the
energy to failure. Therefore, the tensile test results indicate
that (i) the B-nucleated iPP bar does not always show good
toughness and (ii)) a higher molten temperature during
compression molding can result in a larger strain at break.

It is well-known that the notched izod impact strength can
reflect toughness directly. The impact strengths for pure iPP,
a-nucleated iPP, and f-nucleated iPP are plotted as a func-
tion of Ty, as shown in Figure 2. For both pure iPP and
a-nucleated iPP, there is a slight decrease in impact strength
with increasing Tf, especially at relative high molten tem-
peratures, such as 220 and 240 °C. Within the whole range of
Tt, the impact strength of a-nucleated iPP is lower than that
of neat iPP, and this result is in agreement with the tensile test
result. The impact strength is improved significantly com-
pared with that of pure iPP bars with additional 0.25 wt %
WBG. This indicates that S-nucleating agent is effective
for toughening iPP. Meanwhile, the impact strength of
p-nucleated iPP has increased with increasing 7. The in-
crease in impact strength is even more pronounced for the
comparison made between pure iPP and 3-nucleated iPP; the
increase in impact strength for the 5-iPP prepared at 7; =
240 °C is 3.7 KJ/m?, which is much larger than that for the
B-iPP prepared at T = 180 °C, 2.1 KJ/m?.

Although both elongation at break and impact strength
are suitable for estimating toughness, the results obtained
from the above two properties are quite different. For
example, the toughness of f-nucleated PP evaluated by
stress—strain curve improves by 800% when 7% is increased
from 180 to 240 °C, whereas the increase in impact tests is
only ~20%. The result of the impact tests shows a much
lower increase in toughness compared with that of tensile
tests. These differences are widely reported>>® and likely
caused by a difference in the failure mechanism between
tensile test and impact test. The cross-head speed in the
tensile test is much lower than that in the impact test.
Loading rate must play an important role in the failure
mechanism. More systematic and profound studies are
needed to elucidate this subject. It is out of the scope of this
article. However, an obvious T, dependence on toughness
has already been shown in S-nucleated iPP by both measure-
ment methods. Subsequently, the origin of this phenomenon
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Figure 2. Notched izod impact strength for pure iPP, o-nucleated iPP,
and f-nucleated iPP bars as a function of 7r.
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will be explored in detail by following structural and mor-
phological characterizations.

3.2. Polymorphic Composition and Crystallinity in the
p-Nucleated iPP. It is well-known that the polymorphic
composition and overall crystallinity are two important
issues for determining the macroscopic toughness of
p-nucleated iPP. The effect of T} on the polymorphic com-
position and crystallinity should be elucidated clearly. Wide-
angle X-ray diffraction (WAXD) was adopted to obtain
information about the crystalline type, relative crystallinity
of B-phase, and overall crystallinity. The WAXD spectra for
iPP containing 0.25 wt % WBG compression-molded under
various Ty values are shown in Figure 3. Sharp peaks can be
observed at 20 = 16.1°, which is the characteristic peak of
the (300) plane of the S-form. This result clearly indicates
that the addition of WBG can largely induce the formation
of B-crystal within the T} range investigated. Meanwhile,
the characteristic peaks of the monoclinic o-form are
extremely weak. Quantitative estimations of total crystal-
linity (X.) and relative fraction of S-form (Kj) have been
done according to the methods mentioned in the Experi-
mental Section, and the values are listed in Table 1. For
both X, and Kp, there is no apparent difference between
various Ty values, and the values are approximately 57 and
90% for X, and Kpg, respectively. Moreover, some similar
results have been achieved through calorimetric analysis
(DSC), which can be seen in the Supporting Information.
Therefore, the overall crystallinity and proportion of a-
form versus f-form in the f-nucleated iPP bar are kept
constant for various 7T} values.

3.3. Supermolecular Structure of f-Nucleated iPP. Because
almost the same polymorphic composition and crystallinity
between different 7y values were obtained in S-nucleated iPP,
the increase in toughness can only be ascribed to the change
of crystal morphology caused by difference in 7. Therefore,
the effect of final molten temperature on the supermolecular
structure of p-form iPP has been investigated in detail
through SEM and PLM.

The supermolecular structures of -iPP in the compres-
sion-molded bars were studied by SEM. Three types of 3-iPP
crystalline morphology were indicated for different final

Relative Intensity

10 15 20 25 30
26 (degree)

Figure 3. WAXD spectra for -nucleated iPP samples compression-
molded under various T} values.

Table 1. Values of Kz Obtained by WAXD for -iPP Samples
Prepared upon Various 7T} Values

T = 180 °C

X. (%) 58 57 57 57
Kz (%) 91 89 88 91

Tr=200°C T;=220°C T = 240°C
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Figure 4. SEM photographs for the supermolecular structures of f-nucleated iPP bars compression-molded under various Ty values: (A) Ty = 180 °C,

(B) Tr = 200 °C, (C) T; = 220 °C, and (D) T; = 240 °C.

molten temperatures, such as S-spherulites for low 77 values
of 180 and 200 °C, -transcrystalline entities for intermediate
Tt of 220 °C, and “flower”-like agglomerates for high 7} of
240 °C. The refined features of S-nucleated crystalline mor-
phologies generated from different 7 values are described as
the following on the basis of the SEM micrographs shown
in Figure 4. The micrograph of Figure 4a refers to the
morphology of the bunching 3-spherulite obtained at Ty =
180 °C. The sizes of these spherulites are small, the size
distribution is nonuniform, and lamellar arrangement in
these spherulites shows irregular distortion. More uniform
bunching S-spherulites in the molded bar prepared at 7y =
200 °C are observed in Figure 4b. The spherulite size at this 7f
is larger than that at 77 = 180 °C. For the molded bar
prepared at Ty = 220 °C (Figure 4¢), it appears to be a leaflike
transcrystalline structure with ordering lamellae arrangement
perpendicular to the needlelike entity of WBG. An entirely
different crystalline morphology has been generated in the
molded bar prepared at 7y = 240 °C in which the oval-like
lamellae was circularly arranged and the “flower”-like agglom-
erates were observed, as shown in Figure 4d.

To ascertain the formation mechanisms of various
[B-crystalline morphologies, the crystallization processes
started from different 7, values have been investigated by
in situ PLM observations. Some typical PLM photographs
are presented in Figure 5. For each T}, three photographs
were acquired at the beginning, medium, and end stages of
the cooling process. Because of the high f-selectivity and
nucleating efficiency of WBG on iPP crystallization, the
photograph is almost occupied by the S-crystal of iPP, which
shows highly birefringent character and will be completely
molten at about 155 °C.2” However, the solubility of WBG in
iPP varies with different Tt, and the self-organization and
recrystallization of molten WBG from iPP matrix behaves
differently when the cooling process begins from different 77
values. For Ty = 180 °C, the melt of WBG is incomplete, and
the melt viscosity is relatively high. The self-organization of

tiny granules of WBG does not occur. Therefore, WBG
exists as a fashion of dot nucleus. Subsequent crystallization
of iPP on such dot nuclei results in spherulitic morphology,
as shown in Figure 5a. Once T} is ascended to 200 °C, the
solubility of WBG is promoted modestly, and the viscosity is
decreased. The low-level self-organization of WBG sub-
stance has taken place before iPP crystallization because
nuclei with low anisotropic aspect can be detected in the
photographs in the beginning and medium stages. These
nuclei with low anisotropy also induce spherulite growth.
Under this condition, less aggregation of WBG granules
occurs, and the nuclei density is lower than the case of 180 °C.
Therefore, the size of spherulit at 77 = 200 °C is larger than
that at Ty = 180 °C. In the case of further increasing 7 to
220 °C, the solubility of WBG becomes better, WBG sub-
stance easily self-assembles into highly anisotropic entity,
needlelike nuclei, as shown in the photograph in the begin
stage of Figure Sc. Certainly, needlelike nuclei of WBG
cause 3-transcrystalline superstructure, as observed in the
end stage of Figure 5c. Finally, at Ty = 240 °C, WBG
substance is completely molten and high level of self-
organization occurs for WBG during recrystallization
process. As shown in the photograph in the medium stage
of Figure 5d, WBG substance self-assembles into a more
complicated framework-like dendrite, which nucleates the
subsequent iPP crystallization into the “flower”-like agglom-
erate of f-crystal. To understand the formation processes
precisely, the schematic representations of S-crystal super-
structure growth upon different 7, values are plotted in
Figure 6. According to Figure 5, three types of precursor
for B-crystal are generated through self-assembling WBG
substance upon different 7y values, including dot nuclei
for 180 and 200 °C, needlelike nuclei for 220 °C, and
dendritic framework for 240 °C, whereas these precursors of
WBG crystal subsequently nucleate iPP into -spherulites,
p-transcrystalline entities, and “flower”-like agglomerate
of p-crystallites, respectively. Therefore, the reason that
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Figure 5. Some typical PLM photographs represent the crystallization of f-nucleated iPP samples heated at different 7§ values. (A,B,C,D) T; = 180,
200, 220, and 240 °C, respectively. The subscripts “0”, “s”, and “f”” represent the stages of original morphology at various 7% values, starting crystal

morphology, and final morphology, respectively.
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Figure 6. Schematic crystallization processes of f-nucleated iPP cool-
ing from different Ty values: (A) S-spherulite (77 = 180 and 200 °C), (B)
p-transcrystalline entity (77 = 220 °C), and (C) “flower”-like agglom-
erate of B-crystallites (77 = 240 °C).

pB-crystalline morphology is strongly dependent on T} is
mainly attributed to the differences in the solubility and

self-organization behavior of WBG between different 7%
values.

3.4. Role of #-Nucleated Crystalline Morphology on Tuning
of Toughness. From the structure—property relation per-
spective, the macroscopic toughness of semicrystalline poly-
mer (such as iPP) is strongly influenced by various structural
and morphological issues, including crystal type, crystalline
morphology, crystallinity, and polymorphic composition.
Because of the excellent fS-selectivity and nucleating effi-
ciency of the rare earth nucleator, the crystal types, overall
crystallinity, and S-form content in the compression-molded
bar are almost the same between different final molten
temperatures. The effects of these crystalline issues on tough-
ness are limited. Therefore, the continuous increase in tough-
ness with elevation of 7t could only be attributed to the
variation of -crystalline morphology with elevation of 7. In
the other words, S-crystalline morphology should play a
dominant rolein the toughening of f-nucleated iPP. Another
evidence to support this conclusion is that in the compres-
sion-molded bars of a-nucleated iPP, the crystalline mor-
phologies are identical for various 7y values, which show
as numerous tiny spherulites. (See the Supporting In-
formation.) The nucleating mode in a-nucleated iPP is
similar to that in the S-nucleated iPP, which is facilitated
by the additive nucleator. The toughness of a-nucleated iPP
cannot be promoted by increasing 7y because of the fact that
there is no obvious difference in a-crystalline morphology
between different 7y values. Subsequently, it is necessary
to profoundly elucidate the mechanism of S-crystalline
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Figure 7. Storage modulus as a function of temperature for f-nucleated
iPP samples cooling from different 7} values.

morphology tuning toughness on the basis of the data
achieved in this study.

As mentioned above, the origin of -crystalline morpho-
logy strongly depended on 7% It is mainly due to the
differences in the solubility and self-organization behavior
of WBG at different 7} values. The dissolubility of WBG is
better under a higher molten temperature, and the self-
organization capability of WBG is caused by its special
chemical structure that may result in the formation of
intermolecular hydrogen bonds.?® It can be envisaged that
the melt-cooling process from a higher molten temperature
can result in a better solubility for WBG, lower melt viscos-
ity, and longer processing time, which all benefit the occur-
rence of self-organization of WBG substance during its
recrystallization. The self-organization level increases gra-
dually with elevating Ty and can be summarized as the
following: no self-assembling takes place and WBG sub-
stance exists as individual dot nuclei at 7y = 180 °C, subtle
1D self-organization results in crystalline precursors with
low anisotropy at 7y = 200 °C, substantial 1D self-organiza-
tion leads to needlelike nuclei with high anisotropy at 7y =
220 °C, and WBG substance self-assembles into radial multi-
directional framework, dendrite, at 7y = 240 °C. The con-
nection between [-nuclei can be improved by varying
crystalline morphology; in particular, for the dendritic enti-
ties formed upon T; at 240 °C, the connectivity between
dendrites is strong, and the melt system could contain a
network formed by fS-nucleating agent. The formation of
fB-nucleating agent network in the melt cooled from high 7%
can be verified indirectly by rheological measurement. As
shown in Figure 7, log G’ is plotted as a function of cooling
temperature. Whereas the melt of iPP containing 0.25 wt %
WBG is cooled from T of 200 and 220 °C, log G’ is linearly
increased with decreasing temperature before the matrix
crystallization. This corresponds to a typical Arrhenius
behavior. While the melt is cooled from T} of 240 °C, an
additional reinforcement in log G" appears within the range
from 190 to 180 °C, which implies that during the cooling
process the well molten nucleators recrystallize into network
structure. Therefore, the viscoelastic property of melt is
enhanced, and the whole melt behaves as a physical gelation
state. Obviously, the nucleating agent network is easily
established during the recrystallization of molten WBG
in PP melt cooled from a high T¢. The crystalline system of
p-nucleated PP built basically on such nucleating agent
network possesses good integrity and synergic effect of num-
erous f-crystals for resisting deformation and destruction,
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which is shown as an increase in tensile elongation and
impact toughness. Therefore, the toughening effect observed
in this study is attributed to the significantly increased
connectivity between intercrystallites through the formation
of special B-crystalline morphology.

4. Conclusions

A new rare earth nucleating agent, WBG, with high
p-selectivity and efficiency has been adopted to prepare compres-
sion-molded bar of iPP with constant content of S-form and
crystallinity, but variable crystal morphology is obtained by
altering the final molten temperature. After the addition of
0.25 wt % WBG to iPP, the toughness is prominently improved.
Three types of f-crystalline morphologies, S-spherulite, 5-trans-
crystalline entity, and “flower”-like agglomerate of S-crystallites,
are sequentially generated in the molded bars with increasing
T;. The p-nucleated crystalline morphology formed from a
higher T; is more favorable for toughening. A toughening
mechanism involving the formation of nucleating agent
network during the recrystallization of molten WBG substance
is proposed to interpret this phenomenon. It has been demon-
strated that the connection between crystallites might mainly
determine the toughness of iPP instead of the S-crystal form
content.
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