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Abstract b-nucleated PP/PET blends were prepared

using nano-CaCO3 supported b-nucleating agent (b-NA),

PP as matrix, and PET as dispersion phase. The effects of

preparation methods, PET content, and melting tempera-

ture on the non-isothermal crystallization behavior and the

melting characteristic and polymorphic composition of PP

in the blends were investigated by differential scanning

calorimeter (DSC) and wide angle X-ray diffraction

(WAXD). The results indicated that the PP crystallized

predominantly in b-modification in the presence of b-NA.

However, efficiency of b-NA for PP crystallization

decreased with addition of PET and increasing PET con-

tents. The b-nucleation of b-NA for PP crystallization in

the blends was dependant on the preparation methods. The

high b-nucleation and high b-PP content were obtained for

PP/PET blend prepared at the temperature of 265 �C and

added the b-NA into the blend at the temperature of

180 �C. However, the addition of b-PP or b-NA into blends

at 265 �C decreased the b-nucleation, and no b-PP was

formed because the b-NA mainly dispersed on the PET

dispersion phase or at the interface between PP and PET.

Keywords Polypropylene � Poly (ethylene

terephthalate) � Supported b-nucleating agent �
Crystallization and melting behavior

Introduction

It has been widely reported that b-nucleated PP exhibits a

superior performance characteristic, including improved

elongation at break, impact strength, and higher heat dis-

tortion temperature as compared to their non-nucleated or

a-nucleated homologues [1–14]. However, the yield

strength and elastic modulus of b-PP are lower than those

of a-PP. In order to improve the yield strength and elastic

modulus of b-PP, b-PP blending with other polymers with

high yield strength and elastic modulus shall become an

increasingly important method.

In the past few decades, many researchers investigated

the effect of the second polymer on the b-nucleation for

b-nucleated PP. It is found that b-PP/elastomer and b-PP/

LDPE blends can be prepared without any difficulty in a

wide composition range. However, PP in the b-nucleated

PP/HDPE blends crystallizes in the mixed polymorphic

composition, suggesting the effect of the a-nucleation

semicrystalline HDPE [15–18]. Recently, Tang et al. [19,

20] also indicated that the addition of b-nucleating agent

induced effectively the formation of b-PP in PP/EPDM

blends. The presence of b-PP could effectively enhance the

fracture toughness of PP/EPDM blends. Bai et al. [21–24]

found that PP/EPDM b-nucleated blends showed not only a

significant enhancement in toughness, but also a promotion

of brittle–ductile transition (BDT). Meanwhile, the syner-

gistic toughening effect of b-nucleating agent and POE on

PP was found. When the b-nucleating agent and POE

(ethylene–octene copolymer) are simultaneously added

into PP, b-nucleated PP/POE blends show great improve-

ment of toughness even at low POE content. Guo et al. [25]

and Cao et al. [26] found that b-nucleated PP/POE sample

exhibited a greater notched Izod impact strength. The

addition of b-nucleating agent increased the toughness of
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PP and PP/POE blends but decreased their tensile strength.

The BDT occurred in PP/POE blends, but no obvious BDT

point could be seen in b-nucleated PP/POE blends. Qu

et al. [27] studied the influence of b-nucleating agent on the

mechanical properties of homo-polymerized polypropylene

(PPH), random-copolymerized polypropylene (PPR),

block-copolymerized polypropylene (PPB), and PPH/PPR/

PPB blends and found that the toughnesses of b-nucleated

PP and its blends were enhanced without losing the tensile

strength and flexural strength.

It is found that the addition of the second component

suppressed the formation of b-PP because of the effect of

the second component. Varga et al. [28–30] indicated that

the most important factor for the formation of a blend with

b-crystalline phase is the a-nucleating effect of the second

polymer. b-nucleated PP/PVDF and PP/PA6 blends cannot

form even in the presence of a highly effective b-nucle-

ating agent because of the strong a-nucleating ability and

higher crystallization temperature range of PVDF and

PA6.

The addition of the third component compatibilizer

might be conducive to raising the content of b-PP in the

blend. Later, Menyhárd et al. [30] studied the melting and

crystallization characteristics, as well as the polymorphic

composition of PP/PA6 blends and their blends compati-

bilized using PP-g-MA. In the non-compatibilized

b-nucleated blends, the PP matrix consisting mainly of

the a-modification was formed already at low PA6 con-

tent. On the contrary, predominantly, b-PP matrix devel-

oped in the presence of PP-g-MA compatibilizers. The

formation of a-PP matrix in the absence of compatibilizer

is related to the selective encapsulation of the b-nucleat-

ing agent in the polar PA6 phase. The influence of the

blending technique on the polymorphic composition of

the matrix supports the hypothesis of selective encapsu-

lation. The addition of the compatibilizer not only assists

the distribution of the b-nucleating agent between both

phases of the blends, but also promotes the formation of a

matrix rich in b-PP. In the presence of b-nucleating agent,

PP-g-MA with low anhydride content and blends of PP

containing PP-g-MA crystallize predominantly in the b-

form. Zhang et al. [31] obtained high b-crystal content in

compatibilized PP/PA6 blends prepared by compression

molding.

Recently, b-nucleated PP/PA6 blends and its blends

compatibilized by PP-g-MA, PP-g-GMA, POE-g-MA, and

EVA-g-MA were prepared in our lab [32, 33]. The effects

of different compatibilizer and preparation methods on the

formation of b-PP were investigated. It is found that the b-

PP content in the b-nucleated PP blends depends not only

on the preparation conditions, but also on the compatibi-

lizer type. A high b-PP content ([95%) in the b-nucleated

PP/PA6 blends was obtained. The addition of PP-g-MA,

POE-g-MA, and EVA-g-MA to the b-nucleated iPP/PA6

blends increased the content of b-PP but decreased the

crystallization temperature of PP in the b-nucleated iPP/

PA6 blends.

In order to increase the yield strength and elastic mod-

ulus of b-PP, the second polymers with high yield strength

and elastic modulus shall be employed to prepare the b-PP

blends. The PP/PET blends have been widely investigated

to improve the performance of PP [34–42]. Varga et al. [18,

43, 44] found that in the PP/PET blend melt-shearing,

caused by fiber pulling, would form a-row-nuclei in situ,

the surface of which may induce the growth of the

b-modification of iPP resulting in a cylindrite of poly-

morphous composition. However, the effect of PET on

b-nucleation for b-nucleated PP was not been reported. In

order to develop the high performance b-PP blends and

investigate the effect of second polymers with high yield

strength and elastic modulus on the formation of b-PP in

the blends, b-nucleated PP/PET blends were prepared with

a highly efficient nano-CaCO3 supported b-nucleating

agent in our lab. In this article, effects of the PET content,

preparation method and melting temperatures on the non-

isothermal crystallization behavior, and the melting char-

acteristics and the b-PP content of the b-nucleated PP/PET

blends were investigated by differential scanning calorim-

eter (DSC) and wide angle X-ray diffraction (WAXD).

Experiment

Materials

The PP (N-T30S) with MFR = 2.5 g 10 min-1 at 200 �C,

was supplied by Maoming Petroleum Chemical Industry

Limited Company, Sinopec Group, China. PET (PET105)

was purchased from Groups of Foshan Plastics. A nano-

CaCO3 supported b-nucleating agent, called as b-NA, was

prepared in our lab [45–47].

Specimen preparation

Before blending, PET was dried in a vacuum oven at

110 �C for 12 h. The content of b-NA was 5 wt% of PP, in

which the b-nucleating agent is 0.05%. In order to inves-

tigate the preparation conditions on efficiency of b-NA in

the PP/PET blends, b-nucleated PP/PET blends were pre-

pared at different temperatures and 50 rpm with an internal

mixer HL-200 was made by Jilin University science

instrument factory, China. The preparation conditions for

PP/PET blends were as follows:

Method A The b-PP was first prepared with PP and

b-NA for 5 min at the temperature of 220 �C, and then

mixed with PET for 5 min at 265 �C.
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Method B The PP, b-NA, and PET were mixed at the

temperature of 265 �C for 7 min.

Method C The PP and PET were first mixed at the

temperature of 265 �C for 2 min, and then mixed with b-

NA for 5 min at 265 �C.

Method D The PET and b-NA were first mixed at the

temperature of 265 �C for 5 min, and then mixed with PP

for 5 min at 265 �C.

Method E The PET and PP were first mixed at the

temperature of 265 �C for 2 min, then the blend was cooled

to 180 �C, and the b-NA was added at this temperature

with mixing for 5 min.

Characterization of specimen

The non-isothermal crystallization and the melting

behavior of b-nucleated PP/PET blends were studied by

differential scanning calorimetry (DSC). The DSC

experiment was carried out by a Perkin-Elmer DSC-7 in a

nitrogen atmosphere at heating and cooling rate of

10 �C min-1. About 5–7 mg of specimen was weighted

accurately. The specimens were heated to 280 �C at

heating rate of 200 �C min-1 and hold on for 5 min to

erase their thermal and mechanical history. Then, In order

to remain the thermal history as same as the XRD mea-

sures, the specimen was cooled to 50 �C at cooling rate of

10 �C min-1 for the crystallization behavior investigation,

and subsequently heated to 280 �C at heating rate of

10 �C min-1 for the melting characteristic and polymor-

phic composition of PP investigation. In this article, it

should be pointed out that b-PP has a theoretical upper

[T (ba) = 140–141 �C] and a lower limit temperature

[T (ba) = 105 �C] [2], so that the values of fusion

enthalpy of the b-phase are lower than the real values

because of ba growth transition.

Wide-angle X-ray diffraction (WAXD) experiment was

conducted with a Rigaku Geigerflex Model D/Max-IIIA

rotating anode X-ray diffractometer. Graphite monochro-

matic Cu-Ka radiation was employed as a radiation

source. The scanning range was 5–35� at the rate of

4� min-1 and a step length of 0.02�. The content of

b-crystal modification was determined according to the

standard procedures described in the literature [48, 49],

employing the formula:

Kb ¼
I300

I110 + I040 + I130 + I300

ð1Þ

where I300, I110, I040, and I130 are the diffraction intensities

of the b (300), a (110), a (040), and a (130) planes,

respectively.
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Fig. 2 Non-isothermal crystallization and melting DSC curves of b-

PP/PET blends prepared by method A
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Results and discussion

Effect of PET on non-isothermal crystallization

and melting behavior of b-PP

In order to study the effect of PET on the crystallization

behavior of PP, the peak temperature of the crystallization

(Tcp) of PP, b-PP, and PP/PET (80/20) was investigated.

Figure 1 is the DSC crystallization curves of PP, b-PP, and

PP/PET blends. It can be observed that the Tcp of b-PP is

the highest and the Tcp in pure PP and PP/PET blends are

the same. However, the half-peak width of PP/PET blend is

smaller than that of PP, indicating that PET is a weak a-

nucleating agent for PP crystallization.

The non-isothermal crystallization and the melting DSC

curves of b-PP blends with different PET content prepared

by method A are shown in Fig. 2 and the data is listed in

Table 1. It can be seen that Tcp of PP decreases from 119.6

to 115.4 �C with addition of 10 wt% PET. However, the

increase of PET content had slightly influenced the Tcp of

PP. The Tcp of PET in the presence of PP is higher than that

of the neat PET.

It can be clearly seen from the DSC melting curves of b-

PP that there are four endothermic peaks for b-PP. The

double low-temperature melting peaks are attributed to the

b-crystal, and two endothermic peaks at high-temperature

Table 1 DSC data of b-PP/PET blends prepared by method A

Sample PP PET Kb

Tc/�C DHc/J g-1 Tm(b)/�C DHm(b)/J g-1 Tm(a)/�C DHm(a)/J g-1 Tc/�C DHc/J g-1 Tm/�C DHm/J g-1

b-PP 119.6 74.5 148.5 58.7 161.2 25.9 – – – – 0.92

PET5A 116.8 88.2 145.0 9.8 160.2 87.3 – – – – 0.46

PET10A 115.4 88.3 145.4 7.4 159.7 82.0 – – 236.6 8.3 0.12

PET20A 116.3 88.0 – – 159.5 90.1 191.0 19.6 238.5 17.9 0.08

PET30A 116.9 87.1 – – 159.6 86.9 191.3 21.8 238.4 21.5 0

PET40A 117.3 83.7 – – 159.9 82.1 192.1 27.9 239.0 23.0 0

PET – – – – – – 184.6 27.5 238.0 29.6 –
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Fig. 3 X-ray diffraction diagrams of b-PP/PET blends prepared by

method A
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Fig. 4 Non-isothermal crystallization and melting DSC curves of b-

nucleated PP/PET (80/20) blends prepared by different methods
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belong to a-crystal [16, 49–51]. The highest intensity of

lower-temperature melting peak of b1-crystal indicates that

b-PP is obtained for PP nucleated by b-NA. The lower-

temperature melting peak of b-crystal is considered to

reflect the melting range of the more or less disordered

b1-phase, the second one is attributed either to the melting

of the original b1-crystal into a more stable b2-crystal

during scanning or to a perfection and thickening of

existing b-lamellae without any change in the geometry

and order of the b-crystals.

The DSC melting curves of blends are different from

that of b-PP. Although the melting peaks of b1-and

b2-crystals are observed for b-PP blends containing 5 and

10 wt% PET, respectively, the intensity of the melting peak

of b-crystal is significantly decreased. With increasing the

PET content, the melting peaks of b-crystal disappears, and

only one melting peak of a-crystal is observed.

Figure 3 shows the X-ray diffraction diagrams of b-PP

blends with different PET contents prepared by method A.

Based on the formula of Turner Jones, the Kb values rep-

resenting b-crystal content are listed in Table 1. It is

apparent that the addition of 5 wt% PET decreases the Kb

value from 0.92 to 0.46. With increasing content of PET to

20 wt%, almost no b-crystal is formed in b-PP/PET blends.

The results of DSC and XRD indicated that the addition

of PET decreased the b-nucleating ability of b-NA in

b-nucleated PP and the Tcp of b-PP. This behavior is

Table 2 DSC data of b-PP/PET blends prepared by different methods

Sample PP PET Kb

Tc/�C DHc/J g-1 Tm(b)/�C DHm(b)/J g-1 Tm(a)/�C DHm(a)/J g-1 Tc/�C DHc/J g-1 Tm/�C DHm/J g-1

b-PP 119.6 74.5 148.5 58.7 161.2 25.9 – – – – 0.92

PET20A 116.3 88.0 – – 159.5 90.1 191.0 19.6 238.5 17.9 0.10

PET20B 116.6 84.5 – – 160.0 90.1 184.3 13.8 237.1 15.0 *0

PET20C 116.3 85.3 – – 160.0 86.8 189.8 16.3 238.1 22.1 0.17

PET20D 117.1 88.4 – – 160.4 87.2 187.2 22.5 238.8 22.5 0

PET20E 120.5 70.0 148.5 71.6 165.0 31.3 185.6 19.3 239.3 20.4 0.63

PET – – – – – – 184.6 27.5 238.0 29.6 –
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Fig. 6 Non-isothermal crystallization and melting DSC curves of

PET20E and PET20E etched by concentrated sulfuric acid
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attributed to the fact that PET have both the encapsulation

role for b-NA and the weak a-nucleating ability for PP. A

reasonable interpretation for this observation is that the

addition of PET resulted in the b-NA diversion from PP

phase to PET phase in blends because of the interaction

between PET and b-NA. In the b-nucleated PP blends

containing lower content of PET, the addition of PET could

not encapsulate the b-NA completely. b-nucleation of

b-NA led to the formation of low content of b-crystal and

the decreased Tcp. However, the addition of high content of

PET encapsulated the b-NA completely. The heteroge-

neous a-nucleation of PET resulted in the formation of

a-PP for PP crystallization and increased the Tcp of PP with

increasing PET content. In the b-nucleated blends with

high content of PET, no b-crystal was formed. The above

results indicated that it is difficult to obtain the b-PP/PET

blends containing high content of PET prepared by

method A.

Effects of preparation methods on non-isothermal

crystallization and melting behavior of b-nucleated

PP/PET blends

Figure 4 shows the non-isothermal crystallization and the

melting DSC curves of b-nucleated PP/PET (80/20) blends

prepared by different methods and the data is listed

in Table 2. It can be clearly observed that the non-

isothermal crystallization and the melting DSC curves of

the b-nucleated PP/PET (80/20) blends prepared by method

E are the same as those of the b-nucleated PP, in which

four melting peaks are observed. However, the temperature

of melting peak of b1-crystal shifts to lower temperature

because of the effect of PET on the perfection and thick-

ening of b1-crystal lamellae. The Tcp of b-nucleated PP/

PET blends prepared by other methods is lower than that of

b-PP, and no melting peak of b-crystal is observed. Fig-

ure 5 shows the X-ray diffraction diagrams of b-nucleated

PP/PET (80/20) blends prepared by different methods.

Based on the formula of Turner Jones, the Kb values of b-

crystal content are listed in Table 2. It is observed that the

Kb values of b-nucleated PP significantly decreases by

addition of the second component (PET). The b-nucleated

PP/PET (80/20) blends prepared by different methods

have different Kb values. The order of the content of b-PP

is b-PP [ PET20E [ PET20C [ PET20A [ PET20B [
PET20D. Speaking concretely, the Kb value of b-nucleated

PP is 0.92, and the Kb value of PP/PET blends (PET20E)
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Fig. 7 Non-isothermal crystallization and melting DSC curves of

PET20A melted at different Tf

Table 3 DSC data of PET20A melted at different Tf

Tf/�C PP PET

Tc/�C DHc/J g-1 Tm(a)/�C DHm(a)/J g-1 Tc/�C DHc/J g-1 Tm/�C DHm/J g-1

160 141.4 45.3 164.6 89.7 – – 238.6 18.8

180 117.0 83.7 159.6 68.0 – – 238.6 17.5

200 117.1 84.1 159.7 68.2 – – 238.5 16.7

220 116.9 84.7 159.6 75.4 – – 238.5 25.8

240 117.6 86.7 159.7 70.8 – – 238.6 15.4

260 117.3 85.9 160.0 70.5 191.1 17.9 238.6 20.0

280 116.3 88.0 159.5 90.1 191.0 19.6 238.5 17.9
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prepared at the temperature of 265 �C and added with

the b-NA into PP/PET blends at the temperature of 180 �C

is still 0.63. No b-PP is obtained for the PP/PET

blends prepared by adding the b-NA at the temperature of

265 �C.

The above results indicated that the formation of b-PP in

b-nucleated PP/PET blends depends on the preparation

methods. It is difficult to obtain the b-PP for b-nucleated

PP/PET blends prepared at the mixing temperature of

265 �C. However, high content of b-PP was obtained by

adding b-NA at the temperature of 180 �C after mixing PP

and PET at 265 �C. It is suggested whether or not the

blends were rich in b-form rests with the dispersion of

b-NA which was up to the preparation methods. For the

PET20E, the b-NA mainly dispersed in the PP matrix or

the interface between PP and PET because the PET has

crystallized at the temperature of 180 �C at which the

b-NA is added. Therefore, high b-nucleating ability and

high content of b-PP is obtained in the PET20E blend. For

the PP/PET blends prepared by adding the b-NA at the

temperature of 265 �C, the b-NA should diffuse into the

dispersed phase of PET because of the polar interaction

between b-NA and PET. It resulted in the reduced

b-nucleating ability of b-NA and no formation of b-PP.

Under some research studies, it would be foreseen that the

addition of the compatilizer can increase the content of

b-PP in the blend further, as the compatilizer assists the

distribution of the b-nucleating agent between both phases

of the blends.

In order to confirm the b-NA dispersing in the PP matrix

or the interface between PP and PET, the PET20E sample

was etched with concentrated sulfuric acid to remove PET.

Figure 6 shows the non-isothermal crystallization and the

melting DSC curves of PET20E and etched PET20E. It can

be seen that there are no crystallization and melting peaks

of PET. Therefore, it is suggested that PET is completely

etched. For the unetched PET20E, four melting peaks are

observed. However, there is only one melting peak of

a-crystal of PP in the etched PET20E. It is indicated that

b-nucleation is absent in the etched PET20E. Therefore, it

is suggested that the b-NA mainly dispersed in the inter-

face between PP and PET or dispersed phase of PET. The

b-NA dispersed in the interface between PP and PET or

PET phase was etched along with PET, resulting in no

b-nucleation for PP crystallization. According to the above
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Fig. 8 Non-isothermal crystallization and melting DSC curves of

PET20E melted at different Tf

Table 4 DSC data of PET20E melted at different Tf

Tf/�C PP PET

Tc/�C DHc/J g-1 Tm(b)/�C DHc(b)/J g-1 Tm(a)/�C DHc(a)/J g-1 Tc/�C DHc/J g-1 Tm/�C DHm/J g-1

160 130.8 68.4 – – 163.0 84.3 – – 237.9 12.8

180 120.7 71.2 150.3 48.5 161.5 25.8 – – 237.9 20.0

200 120.9 70.9 149.1 69.8 165.5 27.1 – – 205.6, 236.8 1.9, 19.5

220 120.8 69.1 149.0 69.5 165.5 28.6 – – 226.5 30.3

240 120.7 71.2 148.0 67.8 164.8 31.2 200.0 20.5 236.0 19.0

260 120.8 70.3 148.1 65.5 164.8 31.7 182.3 23.8 238.2 23.3

280 120.5 70.0 148.5 71.6 165.0 31.3 185.6 19.3 239.3 20.4
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analysis, it is concluded that the b-NA mainly dispersed in

the dispersed phase of PET or the interface between PP and

PET. Therefore, the b-NA cannot include the b-nucleation

for PP crystallization.

The influence of the final temperature of the melt (Tf)

The above results indicated that the b-nucleation in the b-

nucleated PP/PET blends depends on the mixing temper-

ature in the blend preparation. In order to investigate the

stability of b-nucleation in b-nucleated PP/PET blends, the

multiplied heating and cooling DSC of PET20A and

PET20E was carried out in different Tf.

The DSC thermographs of PET20A melted at different

Tf are presented in Fig. 7 and the data is listed in Table 3.

It can be seen that the crystallization and melting char-

acteristics are almost the same as the Tf decreased from

280 to 180 �C. The Tf has little influence on PP crystal-

lization and melting temperatures. It is suggest that

although b-nucleated PP/PET is prepared with b-PP and

PET, the b-NA in the b-PP should diffuse into the PET

phase during the preparation process because of the strong

polar interaction between PET and b-NA. Therefore, it is

difficult to obtain b-PP in the PET20A blend by changing

the Tf. The higher Tcp and Tm of PP in the PET20A blend

melted at Tf of 160 �C was attributed to the effect of the

self-nucleation of unmolten PP crystals and re-crystalli-

zation of PP.

Figure 8 shows DSC crystallization and melting curves

of PET20E melted at different Tf and the data is listed in

Table 4. It can be seen that the Tf had no influence on the

Tcp of PP as the Tf decreased from 280 to 180 �C. The

higher Tcp of PP in the blend melted at Tf of 160 �C is

attributed to the effect of the self-nucleation of unmolten

PP crystals.

It can be seen from DSC melting curves that there are

three or four melting peaks for PP in the blends melted at Tf

between 280 and 200 �C. However, the intensity of melting

peak of b2-crystal weakens and finally disappears, while

that of a1-crystal increases with decreasing the Tf. At Tf of

160 �C, the self-nucleation of unmolten PP crystals was

higher than that of the b-nucleation of b-NA resulting in

the formation of a-crystal with high melting temperature.

Conclusions

(1) The PP crystallized predominantly in b-modification

in the presence of nano-CaCO3 supported b-nucleat-

ing agent. However, the b-nucleation of nano-CaCO3

supported b-nucleating agent for PP crystallization

decreased with the addition of PET and increasing the

PET content.

(2) The b-nucleation of nano-CaCO3 supported b-nucleat-

ing agent for PP crystallization in the blends was

dependant on the blending methods. The high

b-nucleation and high b-PP contents were obtained for

PP/PET blends prepared at the temperature of 265 �C

and added with the b-nucleating agent into a blend at the

temperature of 180 �C. However, the addition ofb-PP or

b-nucleating agent into blends at 265 �C decreased the

b-nucleation and no b-PP was formed because of the

b-nucleating agent mainly dispersed on the dispersed

phase of PET or the interface between PP and PET.
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