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ABSTRACT: In this study, the melt structure of isotactic polypropylene (iPP) nucleated with a/b compounded nucleating agents (a/b-

CNA, composed of the a-NA of 0.15 wt % Millad 3988 and the b-NA of 0.05 wt % WBG-II) was tuned by changing the fusion tem-

perature Tf. In this way, the role of melt structure on the crystallization behavior and polymorphic composition of iPP were investi-

gated by differential scanning calorimetry (DSC), wide-angle X-ray scattering (WAXD) and scanning electron microscopy (SEM). The

results showed that when Tf 5 200�C (iPP was fully molten), the a/b-CNA cannot encourage b-phase crystallization since the nuclea-

tion efficiency (NE) of the a-NA 3988 was obviously higher than that of the b-NA WBG-II. Surprisingly, when Tf was in 179–167�C,

an amount of ordered structures survived in the melt, resulting in significant increase of the proportion of b-phase (achieving 74.9%

at maximum), indicating that the ordered structures of iPP played determining role in b-phase crystallization of iPP nucleated with

the a/b-CNA. Further investigation on iPP respectively nucleated with individual 3988 and WBG-II showed that as Tf decreased from

200�C to 167�C, the crystallization peak temperature Tc of iPP/3988 stayed almost constant, while Tc of iPP/WBG-II increased gradu-

ally when Tf < 189�C and became higher than that of iPP/3988 when Tf decreased to 179�C and lower, which can be used to explain

the influence of ordered structure and a/b-CNA on iPP crystallization. Using this method, the selection of a-NA for a/b-CNA can be

greatly expanded even if the inherent NE of b-NA is lower than that of the a-NA. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015,

132, 41355.
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INTRODUCTION

As one of the most widely used semi-crystalline polymers,1–7 iso-

tactic polypropylene (iPP) exhibits a very interesting polymorphic

behavior, sharing at least four crystalline structures: monoclinic

a-form,8–10 trigonal b-form,11–14 triclinic c-form,15,16 and smectic

phase.17–21 Among these crystalline forms, the a-form is the most

common and stable modification, being found in most melt-

crystallized specimens.22–24 The b-form is a metastable phase and

can only be obtained in large amount under specific processing

conditions such as melt crystallization in the presence of specific

heterogeneous nucleating agent (NA),25–30 by directional crystalli-

zation in certain temperature,31 or from melts subject to

shear.32–35 The addition of b-NA is an effective and practical way

to obtain high proportion of b-fraction. The c-form is only

found in the case of low-molecular weight iPP and in random

copolymers of propylene and a-olefins16,36 or by the effect of

pressure.37,38 The mechanical properties of iPP are largely related

to the crystal structure and morphology, which in turn depends

on the crystallization conditions and NAs.

Different specific NAs are usually added to improve the proper-

ties of iPP by inducing the special crystal form (a-form or b-

form), decreasing the spherulite size and improving the crystal-

linity during crystallization. So far, at least two kinds of NAs, a-

and b-NAs, have been developed.39,40 The a-NA can improve

the stiffness and optical properties of iPP while decrease its duc-

tility, while the b-NA can greatly improve iPP’s toughness and

ductility while decrease its stiffness. Thereby, it is well expected

to balance the stiffness and toughness of iPP using the a/b com-

pounded NAs (denoted as a/b-CNA in this study). Xin’s

research group41,42 proposed an idea of compounding the b-

and a-NAs and claimed that a/b-CNA will not only realize bal-

ance adjustment of toughness and stiffness of iPP but also

shorten molding cycle time of iPP obviously; Bai et al.42–44

studied the isothermal and non-isothermal crystallization
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behavior of iPP nucleated by a/b-CNA; Zhao et al.39 investi-

gated the nucleation characteristic of a/b-NA during the crystal-

lization process of iPP and proposed the principle determining

the polymorphic behavior of the sample: the NA with higher

nucleation efficiency (NE, the relative increment of crystalliza-

tion peak temperature induced by the NA) played a leading role

in determine the final crystalline form of iPP nucleated with a/

b-NA. If the NE of a-NA was higher than that of the b-NA, the

b-phase can hardly be obtained when these two NAs are com-

pounded; considering the restrict of this principle, the selection

of a- and b-NAs for the a/b-CNA is very limited.

On the other hand, it was found that if the fusion temperature

(heating temperature, Tf) was not high enough to make the

polymer fully molten, an amount of ordered structures would

survive within the melt and provide unsurpassed NE for the

crystallization process, which was call the self-nucleation.45–53

Although the physical nature of the ordered structures are still

under debate,45,52 it is well accepted that the presence of

ordered structures can accelerate crystallization rate and elevated

the crystallization temperature of the polymer.

More interestingly, recent studies pointed out that the ordered

structures are crucial to the b-phase crystallization of iPP. Yan

et al.33–35,54 introduced partly melting iPP fiber to homogene-

ous supercooled iPP melt and claimed that the partly melting

of orientated ordered structure derived from the iPP fiber

played very important role in the b-nucleation. Alfonso

et al.55–57 found that shear flow and partially molten fiber had

similar effect on the formation of b-phase. Shen et al.32,58 stud-

ied the crystallization of iPP ordered melt under low shearing

stress and found that only in the presence of ordered structures

can the sheared iPP melt form the b-crystals.

Recently, our group59 tuned the Tf as described in Scheme 1(a)

to control the melt structure of iPP (i.e., to control content of

ordered structures in iPP melt). In this way, the role of melt

structure in b-phase crystallization of iPP nucleated with vari-

ous representative NAs were studied. We surprisingly found that

for iPP nucleated with a-/b-dual selective b-NA (dual-selective

b-NA, such as the rare earth based b-NA, WBG-II, and the

widely used N,N0-dicyclohexyl-2,6-naphthalenedicarboxamide,

DCNDCA), the melt structure of iPP played very important

role in the b-crystallization process. When Tf was proper for the

melt to preserve an amount of ordered structures, these ordered

structures exhibited high b-NE under the influence of dual-

selective b-NA, resulting in the elevated crystallization tempera-

ture (i.e., evident increase of NE) and significant increase of the

relative percentage of b-phase [Scheme 1(b)], which was called

as the ordered structure effect (OSE). In another study,60 we

explored the roles of the cooling rates and the end temperature

of recooling in the occurrence of the OSE behavior.

As was illustrated in Scheme 1(b), according to the variations of

crystallization peak temperature on the DSC cooling curves (Tc)

and the relative percentage of b-phase on the DSC heating

curves (bc), the temperature range of Tf was divided into three

regions, Regions-I, -II, and -III: (i) When Tf was higher than

189�C, the complete melting was achieved (i.e., no ordered

structures survived in the melt), and the constant Tc and bc

were observed. The corresponding Tf temperature range was

defined as Region I (Tf, 189�C in the study); (ii) when Tf was

in the temperature range of 168–189�C, the ordered structures

exhibited high b-NE under the influence of the dual-selective b-

NA and evidently increased the Tc and bc, which was called the

OSE. The corresponding Tf temperature range of 168–189�C
was denoted as Region II; when Tf decreased to lower than

168�C, the OSE disappeared due to the existence of the survived

a-ordered entities, which can induce annealing and a-

recrystallization and thus apply a negative effect on the b-

crystallization. A second crystallization peak emerged at high

Scheme 1. (a) Schematic illustration of the thermal treatment protocol to study the crystallization and melting behavior of iPP with different melt struc-

tures and (b) Variations of crystallization peak temperature (Tc) and the relative percentage of b-phase (bc) as a function of the fusion temperature (Tf)

of iPP nucleated with the dual-selective b-NA (rare earth based b-NA WBG-II, concentration 0.03 wt %). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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temperature range and the bc decreased significantly. The corre-

sponding Tf range was named as Region III (Tf lower

than168�C). The results above elucidated first evidence that for

iPP nucleated with dual-selective b-NA, the presence of ordered

structures in iPP melt plays very important role. Moreover, con-

sidering the previous reports concerning the role of ordered

structures under shearing or orientation in b-crystallization of

iPP32–35 as well as the studies focusing the b-crystallization

behavior of iPP induced by dual-selective b-NAs,61,62 our find-

ings provided a very important speculation: under all the crys-

tallization conditions mentioned above, the b-nucleation

mechanism might be similar, where ordered structures play a

determining role. A possible mechanism depicting a two-step b-

nucleation behavior of iPP had been proposed in the previous

studies.

As mentioned above, the inherent NE of the individual a- and

b-NA plays very important role in the compounding of a/b-

CNA, meanwhile, the NE of dual-selective b-NA can be effi-

ciently enhanced by creating the ordered structures in iPP melt,

which provides an opportunity that for the a/b-CNA including

dual-selective b-NA, the selection of the a-NA can be greatly

expanded by creating the ordered structures (i.e., controlling the

melt structures) in the iPP melt; using this novel method, the

polymorphic behavior and the morphology of iPP nucleated

with a/b-CNA is expected to be efficiently controlled, which is

of great importance in both scientific and practical aspects.

This study aims to explore the influence of melt structure and

a/b-CNA on crystallization behavior of iPP. The NE and pro-

portion of b-phase of iPP samples nucleated with the individual

b- or a-NA were also studied in order to elucidate the related

principle.

EXPERIMENTAL

Materials

iPP, tradename T38F (Lanzhou OilChem, China) with average

isotacticity 97.6%, weight average molecular weight 3,47,200,

polydispersity index 5 3.63, was used.

The b-NA (tradename WBG-II) was supplied by Guangdong

Winner Functional Materials, China. WBG-II is heteronuclear

dimetal complex of lanthanum and calcium with some specific

ligands, which is a kind of irregular block-like crystal whose sin-

gle crystal diameters is about tens of nanometers. WBG-II has a

general formula of CaxLa12x(LIG1)m(LIG2)n, where x and 1 2 x

is the proportion of Ca21 and La31 ion in the complex, while

LIG1 and LIG2 are, respectively, a dicarboxylic acid and amide-

type ligand with coordination numbers of m and n.

The a-NA was widely used 1,3 : 2,4-bis (3,4-dimethylobenzyli-

deno) sorbitol (DMDBS, tradename Millad 3988), supplied by

Milliken Chemical, Belgium. The chemical structure of DMDBS

can be seen from Figure 1.

Sample Preparation

The iPP pellets and a- or b-NA were individually mixed in the

weight ratio of 100 : 1 and then extruded by a twin-screw

extruder (SHJ-20, Nanjing Giant Machinery) and pelletized to

obtain master batch. The master batch and iPP were mixed and

extruded by twin-screw again to obtain the a- and b-iPP with

the NA concentrations of 0.15 wt % and 0.05 wt %, respectively.

In this way, the iPP nucleated with a/b-CNA was also prepared,

where the concentrations of the a- and b-NAs were 0.15 wt %

and 0.05 wt %, respectively.

Differential Scanning Calorimetry (DSC)

All the calorimetric experiments were performed with Mettler

Toledo DSC1 (Mettler, Switzerland) differential scanning calo-

rimeter (DSC) under nitrogen atmosphere (50 mL/min). The

temperature scale calibration was performed using indium as a

standard to ensure reliability of the data obtained. 2–5 mg

round samples were used. All the thermograms were fitted using

Peakfit 4.12 software according to the literature.3,63 The relative

percentage crystallinity of b-crystal (bc) was estimated by the

following expression:

bc5Xb= Xb1Xa
� �

(1)

where the degree of crystallinities Xa and Xb associated with a-

phase and b-phase, respectively.

Using the thermal treatment protocol in Scheme 1(a), the con-

tent of ordered structures in iPP melt was efficiently controlled.

The sample was first heated to 200�C and held for 5min to

erase any previous thermal history. Then it was cooled to 50�C
at 10�C/min to create “standard” thermal history. After that, it

was heated to different fusion temperature (Tf, ranging from

165 to 200�C) at 10�C/min and held for 5 min to create differ-

ent melt structures. Then, it was cooled down to 50�C at the

cooling rate of 10�C/min. Finally, it was heated to 200�C at

10�C/min.

Wide-Angle X-ray Diffraction (WAXD)

WAXD patterns were recorded with a DX-1000 diffractometer.

The wavelength of CuKa was k 5 0.154 nm and the spectra were

recorded in the 2h range of 5–35�, a scanning rate of 2�/min,

and a scanning step of 0.02�.

The relative percentage of the b-crystal was determined accord-

ing to standard procedures described in the literature,26 employ-

ing the following equation:

kb5
Hbð110Þ

Hbð110Þ1Hað110Þ1Hað040Þ1Hað130Þ (2)

where kb denotes the relative content of b-crystal form

(WAXD), Ha(110), Ha(040), and Ha(130) are the intensities of

the strongest peaks of a-form attributed to the (110), (040),

and (130) planes of monoclinic cell, respectively. Hb(110) is the

intensity of the strongest (110) diffraction peak of the trigonal

b-form.11,14

Figure 1. Chemical structure of DMDBS (Millad 3988).
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Scanning Electron Microscopy (SEM)

The morphology observation (SEM) was performed on a JSM-

5900 LV environmental scanning electron microscope (JEOL,

Japan) at an accelerating voltage of 20 kV. Before SEM charac-

terizations, the surfaces of all the samples were coated with a

thin layer of gold by ion sputtering. All the samples were etched

for 2 h in a solution containing 1.3 wt % potassium permanga-

nate (KMnO4), 32.9 wt % concentrated sulfuric acid (H2SO4)

and 65.8 wt % concentrated phosphoric acid (H3PO4), accord-

ing to the procedure proposed in the References 12 and 64.

RESULTS AND DISCUSSIONS

Crystallization Behavior of the Pure and Nucleated iPP

Nucleation Efficiency Evaluation. The crystallization and melt-

ing behaviors of the pure iPP and nucleated iPP are studied by

DSC, WAXD. To benefit discussion, iPP nucleated with 0.05 wt

% WBG-II, 0.05 wt % 3988 and WBG-II/3988 (0.05 wt %/0.15

wt %) are denoted as iPP/WBG-II, iPP/3988 and iPP/WBG-II/

3988, respectively. The DSC cooling and heating curves as well

as the WAXD profiles of the samples are plotted in Figure 2.

Figure 2 shows that after the addition of b-NA WBG-II, the

crystallization peak temperature Tc of iPP increases and an

amount of b-phase forms [as can be seen from the melting

peak located at the temperature range of lower than 155�C in

Figure 2(b), and the diffraction peak at 2h 5 16.1o, characteristic

of b(110), in Figure 2(c)], exhibiting high b-NE of the NA;

After the addition of the a-NA 3988, the increment of Tc is

observed due to the a-NE of the NA; However, after the addi-

tion of a/b-CNA of WBG-II/3988, no b-phase forms. To fully

understand this, the NE of the individual NAs are evaluated

according to the methodology developed by Fillon et al.,29

employing the following eq. (3):

NE5
TcNA2Tc1

Tc2 max 2Tc1

(3)

where TcNA, Tc1, and T are peak crystallization temperatures of

the nucleated, non-nucleated and self-nucleated polymer,

respectively. The NE is here expressed as a percentage where

zero stands for no nucleating action and 100 for optimum effi-

ciency.51 According to Fillon’s assumption, the self-nucleation

procedure allows obtaining the highest achievable crystallization

Figure 2. (a) DSC cooling curves and (b) heating curves of pure PP and PP nucleated with 0.05 wt % WBG-II, 0.05 wt % 3988 and WBG-II/3988 (0.05

wt %/0.15 wt %). The cooling and heating rates are 10�C/min. (c) WAXD patterns of the samples. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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temperature. The Tc2max of the self-nucleated iPP used in this

study is 140�C.65 The NEs of the individual a- and b-NAs are

calculated as shown in Figure 3.

Clearly, the NE of iPP/3988 is evidently higher than that of iPP/

WBG-II. According to the principle proposed by Zhao et al.39

that in the a/b-CNA, the one with higher NE of the individual

a- and b-NA determines the final crystalline form of the

nucleated iPP, it can be concluded that the a/b-CNA of WBG-

II/3988 can only induce a-phase and cannot induce the forma-

tion of b-phase in iPP as observed in Figure 1.

Crystallization Behavior of Nucleated iPP with Different

Melt Structures

By tuning the fusion temperature Tf, the melt structure status

of iPP nucleated with dual-selective b-NA (such as WBG-II)

can be controlled, resulting in an evident increase of b-NE of

the sample, which brings an opportunity to control the individ-

ual NE of WBG-II in the a/b-CNA system and therefore control

the final polymorphic behavior of the nucleated iPP. Therefore,

in this section the thermal treatment shown in Scheme 1(a) is

applied to study the crystallization and melting behavior of the

nucleated iPP with different melt structures.

Crystallization Behavior. The obtained cooling curves [Curve 1

in Scheme 1(a)] are shown in Figure 4(a). The variations of

crystallization parameters, the peak, onset, and endset crystalli-

zation temperatures (Tc, Tconset, and Tc endset) are plotted as a

function of Tf as shown in Figure 4(b).

As can be seen from Figure 4, when Tf is higher than 179�C,

the crystallization temperatures stay almost constant with the

variation of Tf, reflecting constant nucleation density of the

melt, namely, iPP is fully molten; In the Tf range of 179–167�C,

Tc increases gradually with the decrease of Tf, indicating that

the fusion temperature is not high enough to make the melt

fully molten, leaving an amount of ordered structures in the

melt; as Tf decreases to lower than 167�C, the crystallization

peak significantly widens and two peaks can be observed, indi-

cating that Tf is so low that the large ordered entities can sur-

vive in the melt,65 which are large enough to induce annealing

or recrystallization in the course of subsequent cooling and

therefore induce in a second crystallization peak in the high

temperature range.

Melting Behaviors. The subsequent heating curves of the sam-

ple [Curve 2 in Scheme 1(a)] are recorded as shown in Figure

5(a). The relative percentages of the b-phase (bc) are calculated

and plotted in Figure 5(b) as a function of the fusion tempera-

ture Tf.

Interestingly, Figure 5 shows that for iPP nucleated with a/b-

CNA, when Tf is higher than 179�C, the sample is fully molten

Figure 3. The nucleation efficiencies of iPP nucleated by 0.15 wt % a-NA

3988 and 0.05 wt % b-NA WBG-II, respectively.

Figure 4. (a) Cooling curves of PP nucleated with a/b-CNA (WBG-II: 3988 5 0.05 wt % : 0.15 wt %) after held at the indicated fusion temperature (Tf,

ranging from 165–200�C) for 5 min. (b) Variations of crystallization parameters of the sample, the peak, onset and endset crystallization temperatures

(Tc, Tc onset and Tc endset), as a function of Tf. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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and no b-phase has formed due to the relatively low NE of the

individual WBG-II compared with that of 3988; surprisingly,

when Tf is in the temperature range of 167–179�C, the intensity

of the b-melting peak (located at the temperature range of

lower than 155�C) increases evidently with the decrease of Tf.

The proportion of b-phase (bc) increases significantly from zero

(when Tf, 179�C) to 74.9% at maximum; When Tf is not higher

than 167�C, bc decreases sharply due to the a-nucleation effect

of the survived large ordered entities as discussed above. The

surprising increment of bc with the variation of Tf observed

above indicates that the polymorphic behavior of iPP nucleated

with a/b-CNA is greatly dependent on the Tf, in another word,

the content of ordered structures in the melt. There exists a syn-

Figure 5. (a) DSC heating curves of iPP nucleated with a/b-CNA (WBG-II: 3988 5 0.05 wt % : 0.15 wt %) after held at Tf for 5 min and then cooled to

50�C at 10/min. (b) Relative percentages of b-phase(bc) calculated from DSC heating curves. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 6. WAXD profiles of iPP nucleated with a/b-CNA (WBG-II:

3988 5 0.05 wt % : 0.15 wt %) after held at Tf for 5 min and then cooled

to room temperature at 10�C/min. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 7. SEM images (after etching) of iPP nucleated with a/b-CNA

(WBG-II: 3988 5 0.05 wt % : 0.15 wt %) after held at the indicate fusion

temperature (Tf) for 5min and then cooling to room temperature.
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ergetic effect between the a/b-CNA (3988/WBG-II) and the

ordered structures of iPP, which can evidently increase the b-

NE of the sample.

According to the variations of Tc on the cooling curves (Figure

4) and bc on the heating curves (Figure 5) with the change of

Tf, the whole Tf temperature range can be divided in to three

regions as indicated by the dotted lines in Figure 5(b):

i. Region I (Tf > 179�C in this study), where iPP is fully

molten, the nucleation density in the melt is constant, Tc

and bc are constant;

ii. Region II (167�C�Tf� 179�C), where the iPP is partially

melting and an amount of ordered structures survive in the

melt. Under the synergetic effect between the a/b-CNA and

the ordered structures of iPP, the b-NE of the sample is

evidently elevated, which further results in the increase of

Tc and bc;

iii. Region III (Tf < 167�C), where the large ordered entities

that can induce annealing or recrystallization during the

subsequent cooling can survive in the melt, resulting in

emergence of second crystallization peak and the sharp

decrease of bc.

Figure 6 is the WAXD profiles of the sample after held at the

representative Tf of 170, 178, and 200�C for 5 min and then

cooled to room temperature. In Figure 6, the variation of b-

phase content (kb) with the change of Tf is in accord with the

results in Figure 5.

Morphology Observation by SEM. To directly observe the

impact of the a/b-CNA and ordered structures on the crystal-

line morphology of iPP, the SEM morphological observation is

performed on the etched samples. The samples are prepared

through hot-molding process with different molding tempera-

ture (i.e., fusion temperature Tf). The results are shown in

Figure 7.

When Tf 5 200�C, only the dark spherulites with diameter

about 20lm can be observed, which are a-spherulites; As Tf

comes to 178�C, the spherulite sizes decrease sharply, and both

dark and bright crystals can be observed, corresponding to a-

and b-phase respectively65–70; as the Tf decreases to 170�C, large

amount of b-crystals almost fill up the SEM screen, showing

the formation of high proportion of b-phase.

Discussions

The above results demonstrate that the ordered structures play

an important role in determining the b-crystallization of iPP

nucleated with a/b-CNA of WBG-II/3988, although the inherent

NE of the b-NA WBG-II is lower than that of the a-NA 3988.

In ordered to fully understand the role of ordered structures, in

this section we studied the variation of crystallization peak tem-

perature Tc (direct indicator of the nucleation efficiency NE)

Figure 9. Plots of the crystallization peak temperature Tc of iPP/3988 and

iPP/WBG-II as a function of the fusion temperature Tf. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 8. curves of samples after held at the indicated fusion temperature Tf for 5 min (Tf ranges from 165 to 200�C) (a) iPP/3988 (NA concentration

0.15 wt %) (b) iPP/WBG-II (concentration 0.05 wt %). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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with the change of fusion temperature Tf of iPP nucleated with

0.15 wt % WBG-II and 0.05 wt % 3988, respectively. The

obtained cooling curves of iPP/3988 and iPP/WBG-II after held

at the indicated Tf for 5 min are shown in Figure 8. The varia-

tions of Tc of the samples are plotted as a function of Tf as

shown in Figure 9.

Figures 8 and 9 show that the Tc of iPP/3988 stays almost

unchanged as the Tf varies from 200�C to 167�C, indicating

that the NE of 3988 cannot be enhanced by tuning the content

of ordered structures in iPP. On the other hand, the Tc of iPP/

WBG-II increases gradually with the decrease of Tf from 200�C
to 167�C, indicating the increase of b-NE of WBG-II. What’s

more, Figure 9 also reveals a transition zone, Tf 5 179–189�C:

when Tf decreases to 189�C and lower, Tc starts to increase with

the decrease of Tf. Once Tf is 179�C and lower, the Tc of iPP/

WBG-II becomes higher than that of iPP/3988. Note that 179�C
is the upper limiting temperature of Region II of iPP nucleated

with the a/b-CNA of WBG-II/3988. In another word, when Tf

is 179�C and lower, the NE of WBG-II becomes higher than

that of 3988, resulting in the significant increase of b-phase pro-

portion in the iPP nucleated with the a/b-CNA. In this way, the

selection of a-NA for the a/b-CNA can be greatly expanded,

even if the inherent NE of the b-NA is lower than that of the

a-NA, which is of great importance in the preparation of high-

performance polymer products.

CONCLUSIONS

In this study, the melt structure of iPP nucleated with a/b com-

pounded nucleating agents (a/b-CNA including the a-NA of

0.15 wt % Millad 3988 and b-NA of 0.05 wt % WBG-II) was

tuned by changing the fusion temperature Tf. The influence of

melt structure and a/b-CNA on the crystallization and melting

behavior of iPP was investigated by means of DSC, WAXD, and

SEM. The conclusions can be drawn as follows:

1. It was observed that the individual NE of the a-NA 3988

was obviously higher than that of the b-NA WBG-II. When

these NAs were compounded, the a/b-CNA cannot induce

any b-phase crystallization in iPP;

2. By tuning the fusion temperature Tf, the melt structure of

iPP (i.e., the content of ordered structures in the melt) was

controlled. It was found that the ordered structures played a

determining role in the b-crystallization of iPP nucleated

with a/b-CNA. When Tf was in the range of 179–167�C, an

amount of ordered structures survived in the melt, resulting

in a significant increase of the proportion of b-phase,

achieving 74.9% at maximum;

3. The variations of crystallization peak temperature Tc with

the change of Tf of iPP samples respectively nucleated with

individual 3988 and WBG-II were explored. As the Tf

decreases from 200�C to 167�C, the Tc of iPP/3988 stayed

almost constant, meanwhile, the Tc of iPP/WBG-II increased

gradually when Tf decreased to 189�C and became higher

than that of iPP/3988 once Tf decreased to 179�C and lower,

namely, the NE of WBG-II became higher than 3988 when

Tf was in the range of 179–167�C, which can be used to

explain the synergetic effect between the ordered structures

of iPP and a/b-CNA. Using this method, the selection of a-

NA for the a/b-CNA can be greatly expanded even if the

inherent NE of the b-NA is lower than that of the a-NA,

which is of great importance in the preparation of high-

performance polymer products.
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