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ABSTRACT: In this work, we reported calcium tetrahydrophthalate as a high efficient b-nucleating agent (b-NA) for impact-resistant

polypropylene copolymer (IPC). The relative fraction of the b-crystal can reach as high as 93.5% when only 0.03% b-NA is added.

The non-isothermal and isothermal crystallization behaviors, morphology, lamellar structure and mechanical properties of IPCs with

various b-NA contents were studied. During non-isothermal crystallization, the cooling rate has an important influence on the rela-

tive fraction of the b-crystal, which decreases remarkably as the cooling rate increases. The b-NA also greatly accelerates crystallization

rate of IPC, resulting from both more crystal nuclei and larger Avrami exponent. The small angle X-ray scattering characterization

shows that more amorphous components are included into the inter-lamellae after addition of b-NA. Dynamical mechanical analysis

(DMA) reveals that the storage modulus at low temperature and the loss factor above 0 �C from the PP component can be enhanced

upon addition of b-NA and reach a maximum at the b-NA content of 0.05 wt %. Impact test shows that the impact strength of the

IPC at 0�C can be improved as much as 40% when the content of calcium tetrahydrophthalate is 0.10 wt %. VC 2014 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 2014, 131, 40753.
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INTRODUCTION

Impact-resistant polypropylene copolymer (IPC) is a type of

isotactic polypropylene (iPP)-based in-reactor alloy with excel-

lent balance in tensile and impact strengths. IPCs are widely

used in many fields. Usually, IPCs are prepared by a two-stage

or multi-stage polymerization process.1,2 As a result, there exist

various components in IPCs, including propylene homopoly-

mer, ethylene-propylene random copolymer, ethylene-propylene

multi-blocky copolymer, and minor polyethylene.3–8 The com-

plicated chain structure and multi-components in IPCs usually

lead to a heterophasic structure, which is believed to be the ori-

gin of the better mechanical properties of IPCs. Many researches

have been conducted to understand the structure-property of

IPCs in the past two decades, including polymerization pro-

cess,9–13 structural analysis,14–16 crystallization,17,18 phase sepa-

ration,19–22 morphology,23–28 and mechanical properties.29–33

For iPP homopolymer, nucleating agent (NA) is frequently

added to improve the mechanical and optical properties. iPP

may exhibit three different crystal modifications: a, b and c.

The b crystal is believed to have better impact property over

the a crystal due to its unique crystal structure.34,35 Therefore,

to enhance the impact property of iPP, propylene copolymers,

and iPP-containing blends, b nucleating agent (b-NA) is usually

added.36–38 As compared with the numerous literatures on b
nucleation of iPP, there are few reports on b nucleation of

IPCs.39–42 Since IPCs are usually applied as impact-resistant

materials, the impact property of IPCs is a key index for their

application. Therefore, further improvement of the impact

property of IPCs is necessary. Compared with modification in

polymerization process, addition of b-NA is a more simple and

efficient way. Recently, Fu and coworkers observed that the b-

NA content significantly affected the impact strength of IPC at

0�C.39 Wang and coworkers reported that the non-isothermal

crystallization and multiple melting behaviors of IPC were

affected by both cooling rate and b-NA content.40 They also

observed a synergistic effect between b-NA and processing melt

temperature for the toughness of IPCs.41 Feng and coworkers

found that the brittle-ductile transition temperature of

b-nucleated IPCs was lower than that of a-nucleated IPCs.42 On

the other hand, IPC is a multi-component system containing

crystalline components. The crystallization kinetics and mor-

phology of IPC depend on the relative rate of phase separation

and crystallization,19–22 which may be altered by addition of
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b-NA. From the viewpoint of interplay between crystallization

and phase separation, it is also necessary to study the crystalli-

zation behavior of IPC in the presence of b-NA.

It has been reported that a lot of compounds, such as carboxylic

acid/salt carboxylate,43,44 polymers,45,46 inorganic fillers,47–50

aromatic amide,51–55 rare earth compounds,56,57 can act as

b-NA of iPP. Nevertheless, many b-NAs are not highly efficient

enough, because a large amount of b-NA is needed (> 1.0 wt

%) or the content of the nucleated b-crystal is low (< 90%). In

the present work, we reported a highly efficient b-NA, i.e. cal-

cium tetrahydrophthalate,58 for IPCs. The effects of this b-NA

on crystallization, morphology and impact property of IPC

were studied.

EXPERIMENTAL

Materials

Impact-resistant polypropylene copolymer (IPC) alloy (brand:

J340) was provided by Yangzi Petrochemical Co., Ltd., Nanjing.

The IPC sample was received in the form of powder without of

any additive. The weight-average molecular mass (Mw) of IPC

measured by GPC is 243 kg/mol and the molecular weight dis-

tribution (Mw/Mn) is 3.0. The weight percentage of the random

copolymer (n-octane-soluble fraction at room temperature) is

16.2%. The antioxidant Irganox 1010 and b-NA (calcium tet-

raphthalate) were kindly donated by GCH Technology Co., Ltd.,

Guangzhou.

Preparation of the Samples

The powder of IPC was firstly mixed with prescribed amount of

antioxidant and b-NA by hand at room temperature, then the

mixture was fed into a Haake torque rheometer (Thermo Haake

Rheomix, Thermo Haake Polylab System). The temperature

inside the rheometer was 180�C, the rotating rate was 60 rpm

and the mixing time is 8 min. After mixing, the blends were

pelletized for next experiments. Five IPC samples with different

b-NA contents (0.03, 0.05, 0.10, 0.20, and 0.30 wt %) were pre-

pared. The content of antioxidant Irganox 1010 (0.5 wt %) was

constant for each sample. IPC with 0.50 wt % antioxidant but

no b-NA was used for control experiment.

Wide Angle X-ray Diffraction (WAXD)

Room temperature WAXD experiments were carried out on a

Rigaku Dmax/2550PC X-ray diffractometer (Tokyo, Japan),

operated at 40 kV and 40 mA. Ni-filtered CuKa radiation with

a wavelength of 1.54 Å was used as the X-ray source. The range

of diffraction angle for investigation was 2h55–35.0� and the

scanning step is 0.0167�. The IPC samples were first held at

230�C for 5 min under thermal compression, then slowly cooled

to room temperature in air. The obtained films of �1 mm

thickness were directly used for WAXD experiments without

further treatment.

Differential Scanning Calorimetry (DSC)

DSC experiments were carried out on a TA Q200 calorimeter.

About 3–5 mg of the samples was sealed with aluminum pans

for each experiment. The samples were first heated to 230�C
and held for 5 min to eliminate thermal history, then cooled to

30�C at pre-set cooling rate. For non-isothermal crystallization,

different cooling rates, 2, 5, 10, and 20�C/min were applied.

Subsequently the samples were again heated to 230�C at a rate

of 10�C/min. The non-isothermal crystallization traces and the

melting traces in the second run were recorded. For isothermal

crystallization, the samples were cooled from 230�C to pre-set

crystallization temperature (Tc5133�C) at a rate of 40�C/min,

and held at Tc until crystallization was completed. The heat

flow curves upon isothermal crystallization were recorded. After

isothermal crystallization, the samples were directly heated from

Tc5133�C to 200�C at a rate of 10�C/min to obtain the melting

traces.

Small Angle X-ray Scattering (SAXS)

SAXS experiments were performed at BL16B1 beamline in

Shanghai Synchrotron Radiation Facility (SSRF) in China. The

wavelength was 1.24 Å and sample-to-detector distance was set

as 2000 mm. Two-dimensional (2D) SAXS patterns were

recorded at room temperature. The average exposure time was

300 s for each scan. Bull tendon was used as standard material

for calibrating the scattering vector. The 2D SAXS patterns were

converted into one-dimensional (1D) SAXS profiles using Fit2D

software. Film samples for SAXS measurement were first iso-

thermally crystallized at 133�C for 1 h.

Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis measurements were performed on

a DMA Q800 analyzer (TA instruments, USA) in the single can-

tilever mode. The rectangular shaped specimens with a size of

17.5 mm (length) 3 12 mm (width) 3 3 mm (thickness) were

prepared by compression molding at 180�C followed by isother-

mal crystallization at 133�C for 1 h. The testing temperature

ranged from 2120�C to 100�C and the heating rate was 3�C/

min. The oscillatory frequency was 1 Hz.

Impact Tests

The impact experiments were carried out according to CEAST

(Ceast, Italy) at temperature of 0�C, with an impact speed of

3.46 m/s in a Charpy pendulum. Specimens with dimensions of

80 mm (length) 3 10 mm (width) 3 4 mm (thickness) for

impact experiment were also prepared by thermal compression

molding at 180�C followed by isothermal crystallization at

133�C for 1 h. The notches were prepared with a Ceast electrical

notching apparatus at 20% of thickness and the angle of the

“V” side groove was 45�. Impact properties were the average of

at least 5 measurements.

RESULTS AND DISCUSSION

WAXD Result

The WAXD profiles of the IPCs with different b-NA contents

are shown in Figure 1. One can see that the IPC containing no

b-NA mainly exhibits the diffraction pattern of a-crystal with

the peaks at 2h514.0�, 17.0�, 18.6�, and 21.9�, which corre-

spond to the (110), (040), (130), and (131) 1 (041) reflections

of a-crystal, respectively. Besides, the (300) reflection of b crys-

tal is observed at 2h516.2� as well. As a result, a- and b-

crystals co-exist in the neat IPC. However, we can see from the

peak intensities that a-crystal is the majority and the b-crystal

accounts for about 10% of the crystalline phase. It is well

known that the b-crystal content in iPP is very low under com-

mon crystallization condition. The appearance of the b crystal
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in the neat IPC is probably related to the compression mould-

ing for preparation of the film samples. Shangguan et al. also

observed the b-crystal in the compression-moulded iPP and

they found that the b-crystal could be eliminated by re-heating

and crystallization under quiescent condition.59 After addition

of only 0.03 wt % b-NA, the diffraction peaks of a-crystal

become very weak and two peaks corresponding to (300) and

(301) reflections of b-crystal are observed at 2h516.2� and

21.0�.

The crystallinity of IPCs can be calculated according to follow-

ing equation:

XWAXD
c 5

P
AcP

Ac1
P

Aa

3100% (1)

where XWAXD
c is the overall crystallinity calculated from WAXD

pattern, Ac is the total area of crystalline peaks, and Aa is the

total area of amorphous peaks.

The relative fractions of a- and b-crystals are calculated as

following60:

K WAXD
a 5

P
AaP

Aa1
P

Ab
3100% (2)

K WAXD
b 5

P
AbP

Aa1
P

Ab
3100% (3)

where RAa and RAb are the total areas of crystalline peaks of a-

and b-crystals, respectively.

The calculated relative fractions of a- and b-crystals (K WAXD
a

and K WAXD
b ) and the overall crystallinity (XWAXD

c ) are listed in

Table I. The data in Table I show that, as the b-NA content

increases, there is no evident change for the overall crystallinity.

As compared with the IPC without b-NA, the overall crystallin-

ity even becomes a little smaller at low level of b-NA content.

After addition of very small amount of b-NA (0.03 wt %), there

is a sharp change for both K WAXD
a and K WAXD

b . The value of

K WAXD
b increases from 10.9% for the neat IPC to 93.5% for the

sample containing 0.03 wt % b-NA, whereas the value of

K WAXD
a decreases from 89.1% to 6.5% accordingly. This shows

that the b-NA used in the present work is highly efficient to

induce formation of b-crystal. With further increase of the

b-NA content, K WAXD
a decreases only slightly and K WAXD

b
increases a little.

Effect of Cooling Rate on Fraction of b-Crystal

It is reported that the cooling rate has a strong influence on the

fraction of b-crystal in IPC.40 In the present work, we also stud-

ied the effect of cooling rate on the fraction of b-crystal when

IPCs are cooled from the melt. Four different cooling rates, 2,

5, 10, and 20�C/min, were applied to the samples. Figure 2

shows the DSC melting traces of different samples after cooling

from 230�C at rates of 2 and 20�C/min, respectively. The corre-

sponding DSC cooling curves are given in the supplementary

material (Supporting Information Figure S1). After cooling

from the melt at a rate of 2�C/min, double melting peaks are

observed: one peak around 150�C and the other in range of

164–170�C [Figure 2(a)]. The melting peak at higher tempera-

ture can be assigned to a-crystal and the melting peak at lower

temperature is attributed to b-crystal, since a-PP crystal usually

has a higher melting temperature than b-PP crystal. For the

IPC containing no b-NA, the melting peak at 164�C is domi-

nant, whereas the melting peak of b-crystal is very weak and

appears only as a shoulder. By contrast, after addition of b-NA,

the melting peak of b-crystal becomes the major peak and the

melting peak of a-crystal is the minority. This agrees well with

the WAXD result that only a very small amount of b-NA can

greatly promote formation of b-crystal. However, the melting

DSC traces of IPCs cooled from the melt at a rate of 20�C/min

show that the melting peak of a-crystal becomes obviously

stronger [Figure 2(b)]. This indicates that the amount of b crys-

tal becomes smaller at a faster cooling rate. It is reported that

the crystallization rates of a- and b-crystals vary with crystalli-

zation temperature and b-crystal has a faster crystallization rate

only in a suitable temperature window.61 When the cooling rate

is faster, the staying time for crystallization of b-crystal in this

temperature window is shorter, thus fewer b-crystals are

formed. The overall crystallinity (XDSC
c ) and the relative fraction

of b-crystal (K DSC
b ) can also be calculated from the fusion

enthalpy62:

XDSC
c 5

DHf ðaÞ
209

1
DHf ðbÞ

196

� �
3100% (4)

K DSC
b 5

DHf ðbÞ=196

XDSC
c

3100% (5)

where DHf(a) and DHf(b) are the fusion enthalpies of a- and b-

crystals measured by DSC, respectively. The numbers of 209

Figure 1. WAXD profiles of IPCs with various b-NA contents. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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and 196 are the fusion enthalpies of a- and b-crystals of 100%

crystallinity with a unit of J/g.

Figure 3 shows the variations of K DSC
b with cooling rate for

IPCs with different b-NA contents. It is observed that the rela-

tive fraction of b-crystal indeed decreases with increasing in

cooling rate. This result is different from that reported by Wang

and coworkers.40 They observed that the relative fraction of b-

crystal slightly increases with the cooling rate when the cooling

rate is smaller than 20�C/min. We speculate that this difference

originates from the different nucleation abilities of the b-NAs.

Moreover, we also notice that the difference in K DSC
b among

IPCs with different b-NA contents also becomes larger at faster

cooling rates. It is also observed that the melting temperature of

the b-crystal increases slightly with the b-NA content (Figure

2). This shows that more b-NA can lead to formation of more

perfect b-crystal with higher melting temperature during non-

isothermal crystallization process.

Isothermal Crystallization Kinetics

The isothermal crystallization behavior of IPCs containing cal-

cium tetrahydrophthalate as b-NA was also studied. Figure 4

shows the heat flow curves of IPCs with different b-NA contents

isothermally crystallized at 133�C. It is observed that the heat

flow of IPC with no b-NA reaches constant after 30 min. It

should be noted that the a-crystal is dominant in this sample

due to absence of b-NA. After addition of a small amount of b-

NA (0.03 wt %), the heat flow becomes invariant after 15 min,

indicating a much faster crystallization rate than that of IPC

with no b-NA. The time corresponding to the maximum of

heat flow exhibit a similar tendency. With further increase of

the b-NA content, the peak of the heat flow shifts to shorter

time, showing that the crystallization rate becomes faster.

The isothermal crystallization kinetics of semicrystalline poly-

mers can be dealt with Avrami theory:

12XðtÞ5 DHc
t512DHc

t

DHc
t512DHc

t50

5exp ð2ktnÞ (6)

where X(t) is the relative crystallinity at time t, and DHc
t51,

DHc
t50, and DHc

t are the crystallization enthalpies on complete

crystallization (t51), at t50, and after time t , respectively.

Therefore, we have:

log 2ln ½12XðtÞ�f g5log k1n log t (7)

The crystallization rate constant k and Avrami exponent n can

be determined from the intercept and slope in the plot of log{-

ln[1-X(t)]} versus logt, respectively. The crystallization half-time

t1/2 can be obtained from the following equation:

log ðt1=2Þ5½log ðln 2Þ2log k�=n (8)

Figure 5 shows the variation of t1/2 with b-NA content at

Tc5133�C. It can be seen from Figure 5 that the value of t1/2

decreases with increasing in the b-NA content. Especially, there

is a remarkable difference in t1/2 between the neat IPC and

b-nucleated IPCs. Crystallization half-time is an indication of

overall crystallization rate. A smaller t1/2 implies a faster overall

crystallization rate. As a result, the data in Figure 5 shows that

the b-nucleated IPCs crystallize much faster than the neat IPC

and the overall crystallization rate of IPCs increases with the

b-NA content. Because of this, pre-phase-separation in the melt

Table I. The Data of Crystallinity for IPC Samples with Various b-NA

Contents

Sample

b-NA
content
(wt %)

KWAXD
a

(%)
KWAXD

b

(%)
XWAXD

c

(%)

1 0 89.1 10.9 65.4

2 0.03 6.5 93.5 60.3

3 0.05 6.2 93.8 61.4

4 0.1 5.7 94.3 62.9

5 0.2 5.4 94.6 64.8

6 0.3 5.2 94.8 66.4

Figure 2. Melting DSC traces of IPCs with various b-NA contents after cooling from the melt at different cooling rates: 2�C /min (a) and 20�C /min

(b). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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has no effect on the crystallization kinetics of IPC in the pres-

ence of b-NA, which is contrary to the result for the neat

IPC.19–22

The Avrami plots for IPCs with various b-NA contents are

shown in Figure 6. One can see that the slopes of the b-

nucleated IPCs are evidently larger than that of the IPC without

b-NA, which is verified by the obtained Avrami exponents. The

IPC containing no b-NA has a relatively smaller Avrami expo-

nent, which is also reported for other IPCs in our previous

work.21 The Avrami exponent is related to nucleation and crys-

tal growth mechanisms. When the nucleation mechanism (het-

erogeneous nucleation) is the same, the larger Avrami exponent

indicates a larger growth dimension of the formed crystal.

Therefore, the crystal growth dimension in the b-nucleated

IPCs is larger than that in the neat IPC, which will be further

confirmed by the macroscopic morphology in the next section.

Moreover, as can be seen from eq. (8), a larger Avrami expo-

nent (n) will lead to a smaller t1/2, i.e., faster crystallization rate.

As a result, the larger growth dimension of the b-nucleated

IPCs is one of the factors responsible for their faster crystalliza-

tion rate.

Figure 7 shows the DSC melting traces after isothermal crystalli-

zation at Tc5133�C. It is found that the melting peak of all the

IPCs nucleated by calcium tetrahydrophthalate is located at

154–155�C, corresponding to the melting temperature of b-

crystal. By contrast, the IPC without b-NA exhibits a melting

temperature of 169�C, which is the melting temperature of a-

crystal. When the b-NA content is low, such as 0.03% and

0.05%, there exists a minor melting peak at higher temperature,

indicating the presence of a very small amount of a-crystal.

Figure 3. Plots of the relative fraction of b-crystal versus cooling rate dur-

ing non-isothermal crystallization process of IPCs with various b-NA con-

tents. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 4. DSC heat flow curves for IPCs with different b-NA contents iso-

thermally crystallized at 133�C. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 5. Variation of crystallization half-time at Tc5133�C with the b-

NA content.

Figure 6. Avrami plots for IPCs with different b-NA contents at

Tc5133�C. The Avrami exponents are indicated in the figure. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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This shows that b-crystal is predominantly formed when IPCs

isothermally crystallize at Tc5133�C in the presence of b-NA.

The data of crystallinity after isothermal crystallization at

Tc5133�C are calculated based on the fusion enthalpy and pre-

sented in Figure 7 as well. It is found that there is no evident

difference in crystallinity among the b-IPCs. However, the cal-

culated values of overall crystallinities (XDSC
c ) in Figure 7 are

evidently smaller than those of XWAXD
c measured by WAXD for

compression-moulded samples in Table I. This difference origi-

nates from two aspects. Firstly, the crystallinity measured by

density or WAXD is usually larger than that measure by DSC

for the sample.63–65 Secondly, parts of polymer chains of weaker

crystallizability, such as the fraction with a multi-block struc-

ture, are difficult to crystallize at a high Tc.

Morphology

Since it is generally believed that NA can enhance the number

of the crystal nuclei, the morphology of IPCs in the initial crys-

tallization period is studied. Figure 8 shows the POM images of

IPCs with various b-NA contents after isothermal crystallization

at Tc5133�C for 2 min. Because of the short crystallization

time, the size of crystallites is still quite small and the number

of the crystallites can reflect that of the nuclei in the initial crys-

tallization period. One can see from Figure 8 that there are few

nuclei for the IPC without b-NA. After addition of b-NA, bun-

dle-like crystal nuclei appear. The number of nuclei increases

gradually as the b-NA content increases. This shows that,

besides the larger Avrami exponent, the larger number of nuclei

is also one of the major factors responsible for the faster crystal-

lization of IPCs containing b-NA.

The morphology of IPCs after complete crystallization at

Tc5133�C is also investigated, as shown in Figure 9. It is

observed that small crystallites are formed when no b-NA is

added. Such morphology agrees with its smaller Avrami expo-

nent, which indicates a lower growth dimension of the crystals.

This is possibly due to the effect of phase separation, which

restricts the growth of PP crystals. When a very small amount

of b-NA (0.03%) is added, some crystals of large size can be

observed. Accordingly, the Avrami exponent becomes evidently

larger. This implies that b-NA may weaken the confinement

effect of phase separation.21 Further work dealing the competi-

tion between NA and phase separation on crystallization of

IPCs is still in progress. At low b-NA content, large and small

crystals co-exist and non-uniform morphology is observed. At

high b-NA content, uniform morphology is formed and the

crystal size becomes a little smaller, but it is still larger than

that in the IPCs without b-NA. The melting process of IPCs

with various b-NA content was also monitored with POM after

isothermal crystallization at Tc5133�C. The POM images upon

heating were presented in the supplementary material (Support-

ing Information Figure S2). It is found that the crystals in the

IPC with no b-NA start to disappear at very high temperature

(164�C), whereas the crystals in the IPCs containing b-NA start

to melt at a much lower temperature (153�C). Correspondingly,

the end melting temperature of the b-crystal (165�C) is also

lower than that of the a-crystal (175�C). This result is in

accordance with the different melting temperatures of a- and b-

crystals in Figure 7.

SAXS Result

The b-nucleated IPCs were characterized with SAXS. Figure

10(a) shows the Lorentz-corrected one-dimensional SAXS pro-

files of IPCs with different b-NA contents after isothermal crys-

tallization at Tc5133�C. One can see that, as the content of b-

NA increases, the scattering peak becomes weaker and slightly

shifts to lower q. Since there is no big difference in crystallinity

between the IPCs with and without b-NA, the lower scattering

intensity of b-nucleated IPCs is probably due to the smaller

density of b crystal than that of a crystal, leading to a smaller

electron density difference between the crystalline and amor-

phous phases. The long period (L) can be calculated by L52p/

qmax, where qmax is scattering vector of the peak. The variation

of the long period with b-NA contents is shown in Figure

10(b). We can see that the long period of the IPC with 0.03 wt

% b-NA is much larger than that of the IPC containing no b-

NA. This difference originates from the different crystal modifi-

cations in these two samples. With further increase in b-NA,

the long period increases slightly. The long period is the sum of

the thicknesses of the lamellar crystals and amorphous layer, if a

two-phase model can be applied for the crystal structure of

polymers. Because the b-crystals in different IPCs have similar

melting temperatures (Figure 7), the lamellar crystal thicknesses

are similar. As a result, we can conclude that more amorphous

components are included into inter-lamellae of crystals. This is

possibly because the crystallization rate is faster in the presence

of b-NA and there is no enough time for the exclusion of the

amorphous component outside the crystallites. Similar result

was also reported by Feng and coworkers.42 It should be noted

that, the amorphous components in polymers of low crystallin-

ity, such as IPCs, can be located both outside the macroscopic

crystals and among the inter-lamellae.64–66 SAXS can only mea-

sure the amount of the amorphous components included into

the inter-lamellae, while the amorphous components outside

Figure 7. DSC heating curves of IPCs with various b-NA contents after

isothermal crystallization at Tc5133 �C. The crystallinities calculated from

the fusion enthalpy are also presented in the figure. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the macroscopic crystals cannot be probed by SAXS due to the

large domain size. More inclusion of the amorphous compo-

nents into the inter-lamellae means that the components out-

side the macroscopic crystals become fewer, since the overall

crystallinity remains similar for different IPCs.

DMA Result

DMA testing was performed for IPCs with various b-NA con-

tents in the temperature range of 2120�C–100�C. The storage

modulus (E0) and loss factor (tand) of different samples are

shown in Figure 11. It can be seen from Figure 11(a) that the

IPCs with various b-NA contents have similar storage moduli at

high temperature, but different storage moduli at low tempera-

ture. At low temperature, the storage modulus first increases

with the b-NA content, and reaches a maximum at 0.05 wt %

b-NA, then the storage modulus decreases with further increase

of the b-NA content. The enhancement of storage modulus

after addition of b-NA is out of our expectation, since the a-

crystal possesses higher rigidity and strength than the b-crystal.

This can be interpreted in terms of the SAXS result. As pointed

out previously, the amorphous components can be located both

outside the macroscopic crystals and among the inter-lamellae.

The soft amorphous component outside the macroscopic crys-

tals may greatly reduce the modulus upon deformation, while

Figure 8. POM images of IPCs after isothermal crystallization at Tc5133�C for 2 min. The b-NA contents are 0 (a); 0.03 wt % (b); 0.05 wt % (c); 0.10

wt % (d); 0.20 wt % (e), and 0.30 wt % (f), respectively.

Figure 9. POM images of IPCs with various b-NA contents after complete crystallization at Tc5133�C. The b-NA contents are 0 (a); 0.03 wt % (b);

0.05 wt % (c); 0.10 wt % (d); 0.20 wt % (e), and 0.30 wt % (f), respectively.
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the amorphous components included into the inter-lamellae

may contribute less to the modulus because they are sur-

rounded by the hard crystalline lamellae. The SAXS result

reveals that more amorphous components are included into the

inter-lamellae after addition of b-NA, thus the storage modulus

is increased.

As for the loss factor, two peaks are observed [Figure 11(b)] at

230�C and 222�C, respectively. The low temperature peak is

attributed to the glass transition of ethylene-propylene random

copolymer (EPR) in IPCs. On the other hand, the high temper-

ature peak corresponds to the glass transition of amorphous PP.

As we know, IPC is usually produced by a two-stage polymer-

ization process. In the first stage, propylene homopolymeriza-

tion is performed and ethylene-propylene copolymerization is

carried out in the second stage. As a result, IPC is a multi-

component system, which contains PP homopolymer, EPR,

ethylene-propylene multi-blocky copolymer and even a small

amount of PE. It can be seen from Figure 11(b) that b-NA has

little effect on the intensity of tand peak from EPR. This is quite

normal, since EPR cannot crystallize. By contrast, the tand peak

corresponding to PP changes greatly with the b-NA content.

The intensity of the tand peak from PP first increases with the

b-NA content, and the IPCs with 0.05 and 0.10 wt % of b-NA

exhibit the strongest tand peak. With further increase of the b-

NA content, the intensity of the tand peak from PP decreases

gradually. This result is similar to that of the storage modulus

of b-nucleated IPC at low temperature. Since the different IPCs

have similar crystallinity, the change of the tand peak intensity

from PP is attributed to the addition of b-NA, which alters the

crystal structure and the amount of the amorphous components

included into the inter-lamellae.

Impact Property

Figure 12 shows the Charpy impact strengths of IPCs with vari-

ous b-NA contents after isothermal crystallization at Tc5133�C.

Figure 10. SAXS profiles and long periods for IPCs with various b-NA contents. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 11. Storage moduli and loss factors (tand) of IPCs with various b-NA contents. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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Since IPCs usually have better impact property at low tempera-

ture than PP, the impact strengths of b-nucleated IPCs were

measured at 0�C. It is observed that the impact strength

increases greatly with the b-NA content when the b-NA content

is in the range of 0–0.20 wt %. As compared with the IPC with-

out b-NA, the impact strength of the IPC with 0.10 wt % b-NA

is enhanced as much as 40%. When the b-NA content exceeds

0.20 wt %, the effect of b-NA on the impact strength is insignif-

icant. Such a result agrees well with the tand peak intensity

measured by DMA. This shows that b crystal indeed has better

impact property over a crystal. It should be noted that, the rela-

tive fraction of the b-crystal is approximately 94% and the over-

all crystallinity varies slightly when the b-NA content ranges

from 0.03 to 0.30 wt %, but the impact strength is increased

continuously with increasing the b-NA content until 0.20 wt %

of b-NA content. This is probably because the macroscopic

crystalline morphology still changes with the b-NA content

(Figure 9), though the relative fraction of the b-crystal and the

overall crystallinity are nearly invariant at high b-NA content.

As a result, different factors, including the crystal structure, the

macroscopic morphology and more inclusion of the amorphous

component into the inter-lamellae induced by b-NA, may be

responsible for the improvement of the impact property. We

can see from the DMA and impact strength that the suitable

amount of b-NA is about 0.05–0.1 wt % for this IPC.

CONCLUSIONS

The above results show that calcium tetrahydrophthalate is a

highly efficient b-NA for IPC. The relative fraction of b crystal

can reach 93.5% upon addition of 0.03 wt % of b-NA. During

non-isothermal crystallization process, the relative fraction of b-

crystal strongly depends on the cooling rate. A faster cooling

rate leads to a lower fraction of b-crystal. Isothermal crystalliza-

tion kinetics show that b-NA can greatly enhance the number

of crystal nuclei and the Avrami exponent, leading to a faster

overall crystallization rate, as compared with the IPC without

b-NA. More amorphous components are included into the

inter-lamellae. DMA test reveals that the storage modulus at

low temperature and the intensity of the tand peak from PP

first increase with the b-NA content and reach a maximum at

0.05–0.10 wt % b-NA. When a small amount of b-NA is added,

the impact strength of IPC at 0�C can be greatly improved.
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