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a b s t r a c t

Non-nucleated polypropylene alloy with polyamide 6 (PP/PA6) and b-nucleated polypro-
pylene (b-PP)/PA6 alloy, as well as its compatibilized version with maleic anhydride
grafted PP (PP-g-MA) were prepared with an internal mixer. In the all alloys, PP formed
a continuous phase with a dispersive PA6. Effects of PA6 on the non-isothermal crystalliza-
tion behavior, melting characteristics and the b-PP content of alloys were investigated by
differential scanning calorimeter (DSC) and wide angle X-ray diffraction (WAXD). The
results indicated that the crystallization temperature (Tp

c ) of PP shifts to high temperature
in the non-nucleated PP/PA6 alloys due to the a-nucleating effect of PA6. However, in the
b-nucleated PP/PA6 alloys, PA6 hardly has an effect on the Tp

c of PP. The b-PP content in the
alloys not only depends on the content of the PA6, but also on the melting temperatures. It
is proved by etching the alloys with sulfuric acid that the nucleating agent mainly disperses
in the PA6 phase and/or the interface between PP and PA6 when blended at high temper-
ature. Addition of PP-g-MA promotes the formation of b-PP in the b-nucleated PP/PA6
alloys. The increase in the PA6 content has a little influence on the Tp

c of PP and the b-PP
content in the compatibilized b-nucleated PP/PA6 alloys. The non-isothermal crystalliza-
tion kinetics of PP in the alloys was evaluated by Mo’s method.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Isotactic polypropylene (PP) is a polymorphic material
with three known possible crystal forms, namely, mono-
clinic (a-PP), trigonal (b-PP), and triclinic (c-PP) [1,2]. The
metastable b-PP has attracted interest because b-PP has
unusual performance characteristic, including improved
elongation at break, impact strength and higher heat distor-
tion temperature [3–5]. High content of b-PP can be ob-
tained under special crystallization conditions such as the
introduction of a b-nucleating agent [6–9], a temperature
gradient [10–11] and shearing or elongation of the melt
[12–15]. However, the yield strength and elastic modulus
of b-PP are lower than those of a-PP. In order to improve
. All rights reserved.
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the properties of b-PP, b-PP blending with other polymers
shall be become an increasingly important method.

More attentions were focused on the stability of b-PP in
its blends because the b-PP may easily transfer to a-PP due
to the effect of the second component. Zhang et al. [16]
studied the b to a transformation of PP in compatibilized
PP/PA6 blend. It was observed that the b to a transforma-
tion could only be activated at elevated tensile testing tem-
peratures in b-nucleated PP/PA6 blends compatibilized by
PP-g-MA. It is attributed to the increase in tensile elonga-
tion at break with increasing the tensile testing tempera-
ture. Besides, the presence of PA6 particles in the
predominantly b-PP matrix has no influence on the b to
a transformation. Feng et al. [17] suggested that the shear
flow field during cavity filling plays an important role in
the formation of b-PP in the blends of PP and polyamide
6/clay nanocomposites (PP/NPA6). It is attributed that the
increased clay content reduces the domain deformation
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(the dispersed NPA6 phase), thereby enhancing the shear
between the NPA6 phase and the PP matrix, which leads
to the formation of b-PP under proper crystallization con-
ditions in the mold. He also found that the introduction
of NPA6 rather than PA6 in blends with PP induced signif-
icant b-PP during injection molding. However, the forma-
tion mechanism involved in the process is needed to
better understand.

It has been observed that b-PP based polymer blends can
be prepared without any difficulty if the second component
is amorphous e.g., elastomer [18–20]. However, PP matrix
crystallized predominantly in a-PP in the presence of the
second component with a-nucleating ability, such as
poly(vinylidene-fluoride) (PVDF) and PA6 [21,22]. Men-
yhárd et al. [22] suggested that the most important factor
of the formation a blend with b-PP is the a-nucleation effect
of the second component. If the Tp

c of the second component
with a-nucleating effect is lower than that of PP, addition of
the second component has little influence on the formation
of b-PP. On the contrary, if the Tp

c of the second component
with a-nucleating effect is higher than that of PP, addition
of the second component suppresses the formation of b-
PP. e.g., in the b-nucleated PP/PVDF and PP/PA6 blends,
the b-PP can not form even in the presence of a highly effec-
tive b-nucleated agent due to the strong a-nucleating abil-
ity and higher Tp

c of PVDF and PA6. Menyhárd et al. [23] also
concluded that a PP matrix consisting mainly of the a-PP
was formed already at low PA6 content in the non-compat-
ibilized b-nucleated PP/PA6 blends. On the contrary, pre-
dominantly b-PP matrix developed in the presence of
maleic anhydride grafted PP (PP-g-MA) compatibilizer.
The formation of a-PP matrix in the absence of compatibi-
lizer is related to the selective encapsulation of b-nucleating
agent in the polar PA6 phase. However, this explanation is
needed to be proved by further experimental facts.

Although the b-PP alloys have been investigated, the
distribution of nucleating agents in the different phases
is still an open question in general. Only a few studies have
been reported on this topic [24,25] and references therein.
As a consequence the main goal of this study was to clear
this point adequately. In the paper, non- and b-nucleated
PP/PA6 alloys was prepared with addition of a highly
efficient nano-CaCO3 supported b-nucleating agent, with
PP-g-MA as a compatibilizer. Effects of PA6 on the non-iso-
thermal crystallization behavior, melting characteristics
and the b-PP content of the alloys were investigated by dif-
ferential scanning calorimeter (DSC) and wide angle X-ray
diffraction (WAXD). Additionally, we try to prove the
hypothesis that the nucleating agents mainly disperse in
the PA6 phase and/or the interface between PP and PA6
in the process of mixing at high temperature by etching
the alloys with sulfuric acid. Non-isothermal crystalliza-
tion kinetics was analyzed using theoretical method
proposed by Mo and co-workers.

2. Experimental

2.1. Materials

Isotactic polypropylene (PP, HP500N) was homopoly-
mer grade, supplied by CNOOC and Shell Petrochemicals
Co., Ltd., MFR = 12 g/10 min (230 �C, 2.16 kg). Polyamide
6 (PA6, Grade M2800) has a relative viscosity of 2.83, sup-
plied by Guangdong Xinhui Media Nylon Co., Ltd.,
MFR = 11 g/10 min (230 �C, 2.16 kg). Maleic anhydride
grafted PP (PP-g-MA) was commercial products, supplied
by Guangzhou Lushan Chemical Materials Co., Ltd., the
grafted contents of MA was 1.0. Active nano-CaCO3 was ob-
tained from Gavin Chemical Industrial Enterprise Co., Ltd.,
of Guangdong Province in China. Aliphatic dicarboxylic
acid was supplied by Shanghai Hongsheng Industry Co.,
Ltd., whose purity is 98%. Sulfuric acid (H2SO4), analytical
reagent (AR), was obtained from Guangzhou Chemical Re-
agent Factory, whose content was 95–98 wt%. Potassium
carbonate (K2CO3), AR, was supplied by Tianjin Damao
Chemical Reagent Factory.

2.2. Specimen preparation

Before blending, all the materials were adequately dried
in a vacuum oven at appropriate temperatures for 12 h.
The nano-CaCO3 supported b-nucleating agent was pre-
pared from aliphatic dicarboxylic acid and nano-CaCO3

(wt/wt, 1/50) in our lab. 5 wt% nano-CaCO3 supported b-
nucleating agents were added to PP to prepare b-nucleated
PP on a Berstoff ZE25A corotating twin-screw extruder
(L/D = 40, D = 35.5 mm) at 200 �C with the screw rotation
of 480 rpm and residue time of 40 s. Extrudates were
cooled in a water bath and cut into pellets by a pelletizer.

The non- and b-nucleated PP/PA6 alloys were prepared
using an internal mixer (Rheocord 300p, Germany) at
240 �C and 50 rpm, mixed for 8 min. In the same case,
the PP-g-MA (5 phr) was added to prepare the compatibi-
lized b-nucleated PP/PA6 alloys. In the binary alloys, the
amount of PA6 was 10, 20, 30 and 40 wt%. All the alloys
composed of various compositions were shown in Table 1.

Small thin pieces cut from b-nucleated PP/PA6 alloys
were dipped into the sulfuric acid for 24 h to etch the
PA6 component. The alloy was dried in a vacuum oven at
80 �C for 12 h for DSC measurements after washed with
the potassium carbonate solution and large amount of dis-
tilled water in the order.

2.3. Differential scanning calorimeter (DSC)

DSC measurements were made on a TA DSC Q10 differ-
ential scanning calorimeter (DSC), the temperature cali-
brated with indium in nitrogen atmosphere. About 5 mg
sample was weighted very accurately. It was heated to
260 �C with 40 �C/min, held there for 5 min, and then
cooled to 100 �C with cooling rate of 10 �C/min. This con-
trolled cooling temperature prevents b–a transformation
[6], so the polymorphic composition of the sample can be
determined accurately for the melting curves [1,23]. The
sample was reheating to 260 �C with the heating rate of
10 �C/min for melting behavior study. For the effect of
melting temperature, the only alloy was first pre-melting
at the temperature of 180 �C for 5 min and then cooled to
100 �C at the cooling rate of 10 �C/min, reheating to
180 �C at the heating rate of 10 �C/min. Repeat the proce-
dure but the melting temperature turned to 200, 220,
220, 240, 260, 280, 260, 240, 220, 200 and 180 �C as the or-



Table 1
DSC data of PP and PA6 component in PP/PA6 alloys*

Samples Tp
c (�C) �DHc (J/g) Tp

m (�C) DHm (J/g) Ub (%)

PP PA6 PP PA6 b-PP a-PP PA6 b-PP a-PP PA6

PP/PA6 100/0 112.6 – 101.7 – – 160.2 – – 103.1 – –
90/10 121.7 185.9 108.9 9.3 – 162.5 220.0 – 110.8 59.0 –
80/20 122.1 187.4 102.9 45.5 – 162.6 220.4 – 101.0 61.5 –
70/30 122.4 187.8 100.8 60.3 – 162.7 220.4 – 99.7 54.7 –
60/40 121.7 187.9 103.5 70.8 – 162.5 220.4 – 99.0 58.0 –
0/100 – 186.6 – 76.4 – – 220.7 – – 79.8 –

b-PP/PA6 100/0 124.3 – 87.4 – 150.7 163.1 – 82.4 2.7 – 97.0
90/10 123.3 186.4 89.0 46.0 150.2 162.7 220.0 76.4 4.5 47.0 94.7
80/20 123.1 189.6 91.8 69.0 149.5 162.4 220.1 60.3 32.8 57.0 65.6
70/30 123.1 190.7 97.7 71.3 149.0 162.1 220.1 46.9 50.3 57.3 35.6
60/40 122.2 190.4 94.8 70.8 149.3 162.6 220.4 27.7 64.5 57.5 15.8

Etched b-PP/PA6 100/0 123.4 – 91.2 – 149.2 161.7 84.9 3.1 – 96.6
90/10 120.2 – 93.2 – – 161.6 – – 93.1 – –
80/20 119.4 – 95.3 – – 161.3 – – 94.3 – –
70/30 119.5 – 94.3 – – 161.2 – – 93.5 – –
60/40 119.2 187.7 89.3 2.2 – 161.6 218.6 – 90.2 1.9 –

5 phr PP-g-MA 90/10 123.6 185.3 91.3 7.7 149.1 161.6 219.0 80.4 4.3 53.0 95.1
80/20 122.9 185.6 93.3 8.5 149.7 162.1 219.5 78.0 5.7 57.0 90.6
70/30 123.4 186.2 95.7 8.7 148.6 161.4 219.2 73.6 16.3 70.0 85.1
60/40 122.9 186.1 92.5 6.0 148.8 161.6 218.8 71.2 17.8 69.3 81.6

*Tp
c , temperature of crystallization peak; Tp

m, temperature of melting peak; DHc, enthalpy of crystallization; DHm, enthalpy of fusion; Ub, the percentage of
b-phase calculated according to DSC.
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der. The crystallization and melting parameters were re-
corded from the cooling and reheating scans. The percent-
age of b-phase, Ub, can be obtained according to Ref. [26].

2.4. Wide angle X-ray diffraction (WAXD)

The wide angle X-ray diffraction (WAXD) patterns of
the samples were recorded at room temperature using a
Rigaku D/Max 2200 unit equipped with Ni-filtered Cu–Ka
radiation in the reflection mode with a wavelength of
0.154 nm. For direct comparison, the specimens were pre-
pared on TA DSC Q10 thermal system under the condition,
where heated to 260 �C with 40 �C/min, held there for
5 min, and then cooled to 40 �C with cooling rate of
10 �C/min. The operating condition of the X-ray source
was set at a voltage of 40 kV and a current of 30 mA in a
range of 2h = 5–40� with a step scanning rate of 2�/min.

3. Results and discussion

3.1. The effect of PA6 content on non-nucleated PP/PA6 alloys

The DSC cooling and heating curves of non-nucleated
PP/PA6 alloys with various PA6 contents are shown in
Fig. 1, and the crystallization and melting parameters are
listed in Table 1. As is shown in Fig. 1a, the crystallization
peaks appearing in the vicinity of 120 �C and 190 �C are
attributed to the crystallization of PP and PA6, respectively.
It can be seen that the intensity of the crystallization peak
of PP became weaker with increasing the PA6 content, in
addition, the peak of PA6 was present and its intensity be-
came stronger. It can be observed from Fig. 1b that a tiny
melting peak of b-PP at round 150 �C appears in neat PP.
However, in the non-nucleated PP/PA6 alloys, the sole
melting peak of a-PP was observed and its intensity also
became weaker with increasing the PA6 content. Double
melting peaks at about 220 �C are attributed to the melting
of PA6 in non-nucleated PP/PA6 alloys.

As is shown in Table 1, the crystallization temperature
ðTp

c ) of neat PP is 112.6 �C, but addition of 10 wt% PA6 in-
creases the Tp

c of PP to 121.7 �C. It suggests that PA6 has
a-nucleating effect on the crystallization of PP, which pro-
motes the formation of a matrix rich in a-PP and increases
its Tp

c . However, the increase in the PA6 content has a little
effect on the Tp

c of PP in the alloys [21–23]. It can be also
observed from Fig. 1 that the Tp

c of PA6 shifts to high tem-
perature in the presence of PP. These results indicate that
the PA6 crystallizes more easily in the presence of molten
PP.

3.2. The effect of PA6 content on the b-nucleated PP/PA6
alloys

The DSC cooling and heating curves of b-nucleated PP/
PA6 alloys with various PA6 contents are shown in Fig. 2
and the crystallization and melting parameters are listed
in Table 1. It can be seen that the crystallization behavior
of PP in b-nucleated PP/PA6 alloys is quite different from
that in non-nucleated PP/PA6 alloys. Firstly, the Tp

c of
b-nucleated PP (124.3 �C) is much higher than that of
non-nucleated PP (112.6 �C). Addition of PA6 decreases
the Tp

c of PP in the b-nucleated PP. However, addition of
PA6 increases the Tp

c of PP in the non-nucleated PP. Sec-
ondly, the increase in the PA6 content decreases the Tp

c of
PP in b-nucleated PP/PA6, but the increase in the PA6
content increases the Tp

c of PP in non-nucleated PP/PA6.
In addition, the Tp

c of PP in b-nucleated PP/PA6 alloys
containing 40 wt% PA6 is almost the same with that in



Fig. 1. DSC cooling (a) and heating (b) curves of non nucleated PP/PA6
alloys with various contents of PA6.
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non-nucleated PP/PA6 with the same component. It can be
suggested that there is a competition between the selec-
tive encapsulation of the nucleating agents and the a-
nucleating effect of PA6 in b-nucleated PP/PA6 alloys. In
the preparation process of alloys, the b-nucleating agent
in PP might move to PA6 phase and/or the interface be-
tween PP and PA6 due to the interaction between the polar
groups of b-nucleating agent and the polar groups of PA6.
This interaction decreased the concentration of b-nucleat-
ing agent in PP matrix and resulted in the decrease in the
nucleation effect of b-nucleating agent and the Tp

c of PP.
For the alloys with high PA6 content, the b-nucleating
agent was almost encapsulated in PA6 phase and the PA6
played a strong a-nucleating effect on PP crystallize.
Therefore, the Tp

c of PP in b-nucleated PP/PA6 alloy is al-
most the same as that in the non-nucleated PP/PA6 alloys
containing 30–40 wt% PA6.

For the b-nucleated PP/PA6 alloy, the increase in the Tp
c

of PA6 is also observed in the presence of molten PP. The Tp
c

of PA6 shifts from 186.6 �C of neat PA6 to 190.7 �C in the
alloy containing 30 wt% PA6. It is also indicated that the
PA6 crystallizes more easily in the presence of molten PP.
The more pronounced increase of Tp

c of PA6 in the case of
b-nucleated alloys suggests that the nucleating agent
may have nucleating effect on PA6 as well. Moreover, the
steeper increase of Tp

c in the case of b-nucleated alloys is
a further proof for the encapsulation of the b-nucleating
agent.

The WAXD spectra of b-nucleated PP/PA6 alloys with
different PA6 contents are shown in Fig. 3. It can be ob-
served that the PP exhibited a-crystallization form ap-
peared at 2h = 14.3�, 16.8� and 18.6�, corresponding to
the plane (110), (040) and (130) of a-PP. The reflection at
2h = 16.1� was corresponding to the plane (300) of the b-
PP [13,14]. The only diffraction peak of a-PP and b-PP were
observed in the non-nucleated PP and b-nucleated PP,
respectively. However, the intensity of the diffraction peak
of b-PP decreased and that of a-PP increased with increas-
ing the PA6 content in the b-nucleated PP/PA6 alloys. The
diffraction peak of the plane (300) of b-PP almost disap-
peared in the b-nucleated PP/PA6 alloy containing 40 wt%
PA6.

The relative b-PP content (Kb) was calculated according
to the equation suggested by Turner-Jones: [27]

Kb ¼
Ib1

Ib1 þ Ia1 þ Ia2 þ Ia3
ð1Þ

Where Ib1 is the diffraction intensity of b (300) plane, Ia1,
Ia2 and Ia3 are the diffraction intensity of a (110), a
(040) and a (130) plane, respectively. According to Eq.
(1), the b-PP content in b-nucleated PP, the b-nucleated
PP/PA6 alloys containing 10, 20, 30 and 40 wt% PA6
was as follow: 0.971, 0.932, 0.701, 0.342 and 0.176,
respectively. It can be concluded that the results of the
b-PP content obtained from WAXD were similar with
those from DSC.

The DSC cooling and heating curves of b-nucleated PP/
PA6 alloys with various contents of PA6 etched with sulfu-
ric acid for 24 h at room temperature are shown in Fig. 4
and the crystallization and melting parameters are also
listed in Table 1. It can be seen from Fig. 4a and Table 1 that
the Tp

c of PP in b-nucleated PP was hardly influenced by
etching with sulfuric acid and the b-PP content almost kept
constant, which was 97.0% and 96.6% before and after
etched with sulfuric acid, respectively. It can be concluded
that the nucleating agent dispersed in PP phase can not be
etched by sulfuric acid. However, for the b-nucleated PP/
PA6 alloys etched with sulfuric acid, the crystallization
and melting peak of PA6 almost disappeared. It is indicated
that the PA6 phase was almost completely etched by sulfu-
ric acid in b-nucleated PP/PA6 alloys. The Tp

c of PP in b-
nucleated PP/PA6 alloys shifted to low temperature and
decreased with increasing the PA6 content in the alloys
etched by sulfuric acid, e.g., the Tp

c of PP decreased from
123.3 �C to 120.2 �C in the b-nucleated PP/PA6 alloy con-
taining 10 wt% PA6.

The b-PP content was 94.7% in b-nucleated PP/PA6 alloy
containing 10 wt% PA6 without etching, but there was only
a melting peak at round 160 �C relative to a-PP in the DSC
heating curve (Fig. 4b). It is attributed to that the nucleat-
ing agents distributed in the PP phase can not be etched
due to the protection of the acid-resistant PP. However,



Fig. 2. DSC cooling (a) and heating (b) curves of b-nucleated PP/PA6
alloys with various contents of PA6.

Fig. 3. X-ray spectra of non-nucleated PP, b-nucleated PP and b-nucleated
PP/PA6 alloys.

Fig. 4. DSC cooling (a) and heating (b) curves of b-nucleated PP/PA6
alloys with various contents of PA6 etched with sulfuric acid for 24 h.
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PA6 could be easily etched by sulfuric acid and the exposed
nucleating agents may also react with sulfuric acid, which
results in the b-nucleating ability missing and the forma-
tion of a matrix rich in a-PP in the alloys. In conclusion,
it has been proved that the b-nucleating agent can move
to PA6 phase and/or the interface between PP and PA6
due to the polar interaction in the mixing process at high
temperature.

3.3. The effect of PA6 content on compatibilized b-PP/PA6
alloys

The DSC cooling and heating curves of b-nucleated PP/
PA6 (80/20) alloys compatibilized with PP-g-MA (5 phr)
containing various contents of PA6 are shown in Fig. 5
and the crystallization and melting data are also listed in
Table 1.

It can be seen from Fig. 5a that the Tp
c of PP was influ-

enced slightly by the PA6 content in the alloys compatibi-
lized with PP-g-MA, and the intensity of PA6 crystallization
peak became weaker obviously compared to the uncom-
patibilized alloys. Although a tiny peak was observed at
about 150 �C in the compatibilized alloys containing high
content of PA6, the intensity of peak obviously decreased.



Fig. 5. DSC cooling (a) and heating (b) curves of b-nucleated PP/PA6/PP-g-
MA alloys with various contents of PA6.

Fig. 6. Relationship of b-PP content (Ub) with PA6 content for b-nucleated
PP/PA 6 alloys.
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It can be observed from Fig. 5b and Fig. 2b that the inten-
sity of b-PP melting peak in compatibilized alloy was
stronger than that in uncompatibilized one. In addition,
the b-PP content in the uncompatibilized alloys decreased
more obviously than that in the compatibilized with
increasing the PA6 content. It is suggested that addition
of PP-g-MA increased the homogeneity of PA6 phase dis-
persion in the PP matrix with a reduction in the size of
the domains and PP-g-PA copolymer formation at the
interface, which also made the crystallinity of PA6 reduced
[28,29]. On the other hand, addition of PP-g-MA sup-
pressed the distribution of b-nucleating agent into PA6
phase [23]. As a result, the matrix rich in b-PP was formed
in the compatibilized alloy.

According to Table 1 and the results form WAXD, the b-
PP content (Ub) for b-nucleated PP/PA6 alloys determined
by DSC almost has no discrepancy with the Kb value
according to Turner-Jones. It can also been seen from
Fig. 1b and Fig. 2b that the melting characteristics are quite
different between non- and b-nucleated PP/PA6 alloys.
Although the melting peak of PA6 became more intensive
and the double peaks were observed with increasing the
PA6 content in both alloys, the intensity of b-PP melting
peak gradually decreased and the intensity of a-PP melting
peak gradually increased with increasing the PA6 content.
The b-PP content reduced from 94.7% to 15.8% when the
weight percentage of PA6 changed from 10 wt% to
40 wt% in the alloys. The relationship of b-PP content
(Ub) with the PA6 content in the b-nucleated PP/PA6 alloys
is present in Fig. 6. It is suggested that the factors that de-
creased the b-PP content in the b-nucleated PP/PA6 alloys
as follow: (1) Addition of PA6 promoted the formation of
a-PP due to the a-nucleating ability of PA6. (2) The in-
crease in the PA6 content increased the a-nucleating abil-
ity and made the b-nucleating agent easily move to PA6
phase and/or the interface between PP and PA6, resulting
in the decrease in the efficient component of b-nucleating
agent in PP phase.

3.4. The effect of melting temperature

The DSC cooling and heating curves of uncompatibilized
b-nucleated PP/PA6 (80/20) alloy melted at various tem-
peratures are shown in Fig. 7 and the crystallization and
melting data are shown in Table 2.

It can be observed from Fig. 7a and Table 2 that the Tp
c of

PP in the uncompatibilized alloy melted at below 220 �C
was higher than that melted at above 220 �C when scan-
ning from low temperature to high. The Tp

c of PP increased
with increasing the melting temperature (Tmelt) in the
uncompatibilized alloy melted at below 220 �C. However,
the results were just opposite when melted at above
220 �C. The Tp

c of PP in the uncompatibilized alloy de-
creased with increasing the Tmelt. As is shown in Fig. 7b
that the intensity of a-PP melting peak was much more
intensive than that of b-PP and the intensity of b-PP de-
creased with increasing the Tmelt for the alloy melted at be-
low 220 �C. However, the intensity of b-PP melting peak
became much more intensive for the alloy melted at
240–280 �C. In addition, the results obtained from scan-
ning from high to low Tmelt were similar with that from
low to high Tmelt. The reason for the higher Tp

c is the pres-
ence of remaining self nuclei in PP because of the low final
temperature of heating run and self-nucleation occurred



Fig. 7. DSC cooling (a) and heating (b) curves of b-nucleated PP/PA6 80/
20 alloy melted at various temperatures as the order marked in the curve.
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during the cooling process [30]. In addition, the PA6 was
not melted but annealed to form high perfection crystals
when the alloy was melted at below 220 �C, which resulted
in the higher a-nucleating effect of PA6 to form a matrix
rich in a-PP.
Table 2
DSC data of PP component in b-nucleated PP/PA680/20 alloy melted at various te

Tmelt (�C) Tp
c (�C) Ton

c (�C) �DHc (J/g) Tp
m (�C)

b a

180 124.2 126.4 97.4 149.7 162.9
200 124.8 126.8 96.0 149.7 162.9
220 125.3 127.3 98.8 150.0 163.1
240 123.3 125.0 94.3 150.1 163.3
260 123.0 124.9 93.3 149.4 162.4
280 122.8 124.7 92.4 149.3 162.2
260 122.8 124.7 91.9 149.3 162.1
240 122.8 124.7 91.8 149.3 162.0
220 123.9 126.1 97.4 149.3 162.0
200 124.3 126.3 98.5 149.3 162.7
180 124.3 126.3 98.3 149.4 162.8

Kb, the value representing b-content calculated according to WAXD.
Fig. 8 illustrates the WAXD spectra of b-nucleated PP/
PA6 alloys melted at various temperatures. The intensity
of the diffraction peak of a-PP decreased and that of b-PP
increased with increasing the Tmelt. The b-PP content was
calculated according to Eq. (1) and also listed in Table 2.
It can be seen that the b-PP content increased with
increasing the Tmelt for the alloy melted at 180–280 �C.
However, this conclusion was a little different from that
obtained from DSC. It is attributed to that the alloy tested
on WAXD was not melted at below PA6 melting point
repeatedly but held at different Tmelt for 5 min on DSC,
respectively.

The influence of Tmelt on the DSC curves of b-nucleated
PP/PA6 (80/20) alloy compatibilized with PP-g-MA (5 phr)
is presented in Fig. 9. Although the b-PP content in the
compatibilized alloy is much higher than that in the
uncompatibilized, the effect of Tmelt on crystallization
behavior and melting characteristic of the compatibilized
alloy is similar with that of the uncompatibilized. The Tp

c

of PP is higher and the matrix rich in a-PP is formed for
the compatibilized alloy melted at below 220 �C. For the
compatibilized alloy melted at above 220 �C, the Tp

c of PP
shifts to low temperature and the matrix predominantly
crystallize in b-form.

In conclusion, the b-PP content in the compatibilized
b-nucleated PP/PA6 alloy is much dependent of the melt-
ing temperature. At the Tmelt below 220 �C, PA6 phase is
not melted but annealed to crystallize more perfectly.
The annealed crystallized PA6 increases the a-nucleating
ability of PA6 for PP crystallization, resulting in the for-
mation of a-PP. At the Tmelt above 220 �C, both PP and
PA6 phase are in molten state and the b-nucleating abil-
ity of b-nucleating agent is higher than a-nucleating abil-
ity of PA6, which promotes the formation of a matrix rich
in b-PP.

It is suggested that the b-PP content in the b-nucle-
ated PP/PA6 alloy is relative to the factors as follow:
(1) the a-nucleating effect of PA6 for PP crystallization
is relative to the crystallinity of PA6. The more perfectly
PA6 crystals, the higher of a-nucleating ability is. (2) The
nucleation ability of b-nucleating agent is higher than
that of a-nucleating ability of PA6 for the alloy melted
at above the melting point of PA6. (3) The nucleation
ability of b-nucleating agent is also influenced by the
mperatures

Ton
m (�C) DHm (J/g) Ub (%) Kb

b a b a

144.1 159.0 31.1 65.4 14.5 0.176
143.6 159.0 26.9 70.0 – 0.263
141.7 159.0 28.1 70.1 – 0.305
141.3 159.2 58.9 38.0 53.5 0.592
146.1 159.0 69.5 27.4 66.7 0.701
146.2 159.0 76.5 20.1 75.8 0.806
146.2 158.9 78.8 17.0 69.2 0.701
146.2 158.9 80.5 16.6 54.3 0.592
146.2 158.9 47.5 50.8 33.1 0.305
144.9 158.6 40.1 57.9 22.0 0.263
144.3 158.7 31.8 64.1 16.7 0.176



Fig. 8. X-ray spectra of b-nucleated PP/PA6 80/20 alloy melted at various
temperatures.

Fig. 9. DSC cooling (a) and heating (b) curves of compatibilized b-
nucleated PP/PA6/PP-g-MA 80/20/5 alloys melted at various tempera-
tures as the order marked in the curve.

Fig. 10. (a) Plots of log R vs. log t for b-nucleated PP, (b) PP in b-nucleated
PP/PA6 80/20 alloy uncompatibilized and (c) compatibilized with PP-g-
MA (5 phr).
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distribution of b-nucleating agent in the both phases. In
order to obtain the alloy rich in b-PP with the second po-
lar component, it is very necessary to add the compatibi-
lizer into the alloy or to prepare it under special
conditions to promote the distribution of b-nucleating
agent in PP phase.



Table 3
Non-isothermal crystallization kinetic parameters of b-nucleated PP/PA6 alloy

X (t) (%) 10 30 50 70 90

b-Nucleated PP F(t) 2.79 3.95 4.78 5.69 7.70
a 1.24 1.26 1.29 1.34 1.44

b-Nucleated PP/PA6 80/20 F(t) 2.26 3.37 4.15 5.01 6.98
a 1.31 1.31 1.33 1.38 1.47

b-Nucleated PP/PA6/PP-g-MA 80/20/5 F(t) 3.45 4.67 5.54 6.50 8.62
a 1.18 1.20 1.23 1.29 1.38
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3.5. Non-isothermal crystallization kinetics analysis

The most commonly used isothermal crystallization ki-
netic equation is the well-known Avrami equation [31].
The application of this model to non-isothermal conditions
was solved by Ozawa and Liu et al. [32,33]. There are sev-
eral other approximations which deal with nonisothermal
crystallization kinetics. A review paper of Di Lorenzo and
Silvestre [34] discussed the most important non-isother-
mal crystallization kinetic models. The double logarithmic
form of Avrami equation is [31]:

log½�Inð1� XðTÞÞ� ¼ logZt þ nlogt ð2Þ

where X(T) is the relative crystallinity at the crystallization
time t; Zt and n are crystallization kinetic constant and
Avrami exponent, respectively, and both are related to
the rate and mechanism of crystallization.

Ozawa derived an equation which double logarithmic
form is [32]:

log½�Inð1� XðTÞÞ� ¼ logKðTÞ �mlogR ð3Þ

where R is the cooling rate, K(T) is a function related to the
overall crystallization rate; m is the Ozawa index, which is
somewhat similar to the Avrami exponent and depends on
the type of nucleation and growth dimensions.

Liu and co-workers [33] proposed a different equation
by combining the Avrami and Ozawa equations, giving rise
to the relationship between cooling rate R and crystalliza-
tion time t at a given relative crystallinity:

logZt þ nlogt ¼ logKðTÞ �mlogR ð4Þ

logR ¼ logFðTÞ � alogt ð5Þ

where the kinetic parameter, FðTÞ ¼ ½KðTÞ=Zt �1=m. F(T) has a
definite physical and practical meaning, the smaller the va-
lue of F(T) is, the higher the crystallization rate becomes.
The Mo exponent a is the ration of the Avrami exponent
n to the Ozawa exponent m, that is, a = n/m.

After fitting our experimental results to Ozawa equation
and Mo’s method, we found only Mo’s method can satisfac-
torily describe the non-isothermal crystallization behavior
of the researched alloys. At a given relative crystallinity,
plots of log R against log t of b-nucleated PP, PP in b-nucle-
ated PP/PA6 alloy and b-nucleated PP/PA6 alloy compatibi-
lized with PP-g-MA are given in Fig. 10. Obviously, the
plots are straight lines, implying agreement of the experi-
mental results with Mo’s theoretical prediction. The values
of F(T) and a can be obtained from the slopes and inter-
cepts of the straight lines, respectively, tabulated in Table
3. For each specimen, F(T) increased systematically with
increasing the relative degree of crystallinity and the val-
ues of a increased slightly. However, at the same X(T),
the values of F(T) for these specimen ranked as: b-nucle-
ated PP/PA6/PP-g-MA > b-nucleated PP > b-nucleated PP/
PA6. This means that to reach the same X(T), the crystalli-
zation time needed of b-nucleated PP/PA6/PP-g-MA is the
longest and that of b-nucleated PP/PA6 is the shortest. It
is interesting that the crystallization time of PP in b-PP/
PA6 alloy compatibilized with PP-g-MA is longer than that
of uncompatibilized b-PP/PA6 alloy. It is attributed that the
crystallization tendency of PP decreases in the presence of
PP-g-MA, which is relative to the decreased regularity of
the chains due to the modification by maleic anhydride
units [23]. What’s more, PP-g-PA6 generated by the chem-
ical reaction between the functional group of PP-g-MA and
the terminal groups of PA6 restricted the crystallization of
PP. The shortest crystallization time of PP in b-PP/PA6 alloy
is attributed that PA6 also has a nucleating effect on PP.
Although the nucleating effect of PA6 is benefit for forma-
tion of a-PP, it can still accelerate PP crystallization. These
results were in agreement with the crystallization behavior
and polymorphic composition discussed above.

4. Conclusion

(1) Addition of PA6 into non-nucleated PP shifts the
crystallization temperature of PP in PP/PA6 alloys
to high temperature due to the a-nucleating effect
of PA6, but it has no obvious effects on the crystalli-
zation temperature of PP in the b-nucleated PP/PA6
alloys.

(2) The b-PP content in the b-nucleated PP/PA6 alloy
decreases with increasing the PA6 content. Addition
of PP-g-MA used as compatibilizer increases the b-
PP content in the alloy. The b-PP content and the
crystallization temperature of PP in the compatibi-
lized alloys are not obviously influenced by the
PA6 content.

(3) The melting temperatures have a great effect on the
b-PP content in both compatibilized and uncompat-
ibilized b-nucleated PP/PA6 alloys. The increase in
the melting temperature increases the b-PP content.

(4) The nucleating agent mainly distributed in the PA6
phase and/or the interface between PP and PA6
phase when blended at high temperature, which
was supported by the fact that the b-PP content
almost keeps constant in b-nucleated PP but
decreases obviously in b-nucleated PP/PA6 alloys
etched with sulfuric acid.
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(5) The non-isothermal crystallization process of b-
nucleated PP, PP in b-nucleated PP/PA6 alloy and
PP-g-MA compatibilized b-nucleated PP/PA6 alloy
can be successfully described by Mo’s method.
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