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ABSTRACT: Fractionated crystallization behavior of dis-
persed PA6 phase in PP/PA6 blends compatibilized with
PP-g-MAH was investigated by scanning electron micros-
copy (SEM), differential scanning calorimeter (DSC), polar-
ized light microscopy (PLM), and wide-angle X-ray diffrac-
tion (WAXD) in this work. The lack of usual active hetero-
geneities in the dispersed droplet was the key factor for the
fractionated crystallization of PA6. The crystals formed with
less efficient nuclei might contain more defects in the crystal

structures than those crystallized with the usual active nu-
clei. The lower the crystallization temperature, the lesser the
perfection of the crystals and the lower crystallinity would
be. The fractionated crystallization of PP droplets encapsu-
lated by PA6 domains was also observed. The effect of
existing PP-g-MAH-g-PA6 copolymer located at the inter-
face on the fractionated crystallization could not be detected
in this work. © 2004 Wiley Periodicals, Inc. J Appl Polym Sci 91:
3742–3755, 2004

INTRODUCTION

Since the fractionated crystallization of a semicrystal-
line polymer suspended in an inert liquid was ob-
served,1 many researchers have paid much attention
on investigating this crystallization behavior.2–19 The
nucleation process in crystallizable polymers usually
occurs by one or more of the following: homogeneous
nucleation, heterogeneous nucleation, or self-nucle-
ation. Generally, semicrystalline polymers in the bulk
nucleate on existing heterogeneous (catalyst debris,
impurities, and others). However, if the bulk polymer
is subdivided into isolated regions (like, for instance,
droplets in an immiscible matrix in the case of poly-
mer blends), whose number is significantly greater
than usually active heterogeneities at low super cool-
ing, a fractionated crystallization phenomenon may
occur.1,2 When such a dispersion within an amor-

phous matrix is cooled from the melt, a series of
crystallization exotherms can be observed, which have
been interpreted as the crystallization of different
groups of droplets at specific and independent super-
coolings. The droplets containing heterogeneities,
which are usually active at low supercoolings in the
bulk polymer, will crystallize at a temperature identi-
cal to that of the polymer in the bulk. Droplets con-
taining other types of less efficient heterogeneities will
nucleate at higher supercooling necessary for those
heterogeneities to become active. Finally, those drop-
lets that do not contain any heterogeneity will only
nucleate with the most supercooling, because greater
supercooling is usually needed to generate homoge-
neous nuclei.

The fractionated crystallization process will be pre-
vented, if the matrix can nucleate along with the dis-
persed phase. In that case, the possibility of coincident
crystallization depends on the relative crystallization
temperatures of the two components.2,4

In recent years, the fractionated crystallization be-
havior of polyamide 6 in polypropylene/polyamide 6
(PP/PA6) blending system has been widely studied
by several research groups.7,9,11,13 Jafari et al 9 found,
that in the PP/PA6 blends, the crystallinity of both
components were not in the same proportion as their
weight fractions in a blend. The crystallinity of PP
decreased in the presence of PA6, whereas the crys-
tallinity of PA6 increased considerably in the presence
of PP. Ikkala et al.7 studied the fractionated crystalli-
zation behavior of PP/PA6 blends by using polypro-
pylene grafted maleic anhydride (PP-g-MAH), ethyl-
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ene butylene acrylate grafted fumaric acid (EBA-g-
FA), styrene ethylene butylene styrene elastomer
grafted maleic anhydride (SEBS-g-MAH), and ethyl-
ene ethyl acrylate grafted glycidyl methacrylate (EEA-
g-GMA) as compatibilizers, respectively. They found
that the compatibilized blends showed more complex
crystallization behavior compared with the corre-
sponding binary blends. In the compatibilized blend-
ing system, the dispersed PA6 phase seemed to crys-
tallize coincidentally with PP. The crystallization of
PP, in blends compatibilized with PP-g-MAH and
blends without any compatibilizer, took place at a
temperature that was higher than the crystallization
temperature of the pure PP. By contrast, in blends
compatibilized with EBA-g-FA, SEBS-g-MAH, and
EEA-g-GMA, the crystallization of PP took place ei-
ther at the temperature at which pure PP crystallized
or at the temperature range of 76–87°C. Moon et al.13

studied the effects of the concentration of PP-g-MAH
on the crystallization behavior of PP/PA6 blends.
They found that the crystallization temperature of
PA6 dropped down as the concentration of PP-g-MAH
increased, whereas that of PP stayed at a roughly
constant temperature. They also found that with in-
creasing the PP-g-MAH content the crystallinity of
PA6 decreased, but the melting point of PA6 remained
unchanged.

It is well known that the end amino groups of PA6
molecules could react with the anhydride group of the
PP-g-MAH during the melt processing20 and form the
PP-g-MAH-g-PA6 copolymer. Moon et al.13 suggested
that the fractionated crystallization behavior was due

to the reduction of the dispersed phase’s particle size
rather than the constraint effect of the PP-g-MAH-g-
PA6 copolymer. They also ascribed the decrease of
crystallinity of PA6 in the PP/PA6 blends to the for-
mation of �-form PA6 crystals. Sánchez et. al.19 also
reported on the �-form of PA6 crystals in the PA6/
ULDPE blends with ULDPE-graft-DEM (diethylmal-
eate) as a compatibilizer. But Ikkala et al.7 thought that
the fractionated crystallization could not be solely at-
tributed to the size of the dispersed particles. Fraction-
ated crystallization might yield information on the
characteristic interfacial energies between polymeric
components in the blend.

In this article, the fractionated crystallization behavior
of PA6 in PP/PP-g-MAH/PA6 blends was studied.
Much attention was paid to the effect of different heter-
ogeneous nuclei contents on fractionated crystallization
of the PA6 microdomains in the blending system.

EXPERIMENTAL

Materials

Polyamide 6 (PA6) was supplied by Heilongjiang Ny-
lon Plastic Factory, China. Its relative viscosity was 2.5
(1 g/100 mL formic acid solution 30°C), and �Mn � 2.4
� 104. Isotactic polypropylene was supplied by Beijing
Yanshan Petrochemical Co. Ltd, China. Its commercial
code is 2401 and MFR is 7.9 g/10 min. Polypropylene
grafted with maleic anhydride (PP-g-MAH) (CA-100)
was supplied by Elf Atochem. The grafting degree of
MAH was 1.03% by weight and MFR � 100 g/10 min.
Formic acid, acetone, and alcohol were all reagent grades
and were used without any further purification.

Preparation of PP/PP-g-MAH/PA6 blends

PP/PP-g-MAH/PA6 blends were prepared by using
an internal mixing chamber (Brabender Plasticorder
PLE 330). Before blending, PP, PP-g-MAH, and PA6
were dried in a vacuum oven at 70°C for about 24 h.
The mixing temperature was 230°C.The rotating rate
of rotors was 50 rpm, and the mixing time was 7 min.

Scheme 1 Preparing procedures of a series of PP/PP-g-
MAH/PA6 blends with different contents of the PP-g-MAH-
g-PA6 copolymer.

TABLE I
Compositions of Samples of PP/PP-g-MAH/PA6 Blends

before and after Extractions with Formic Acid

Sample
Code

PP/PP-g-MAH/PA6
(before extraction)

wt %

(PP�PP-g-MAH)/PA6
(after extraction)

wt %

A 40/40/20 80/20
B 0/80/20 80/20
C 0/70/30 78.0/22.0
D 0/60/40 80.4/19.6
E 0/60/40 85.0/15.0
F 0/60/40 88.8/11.2
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Preparation of blends containing different contents
of heterogeneous nuclei

To get blended samples with different amounts of
heterogeneous nuclei, boiling formic acid was used to
extract the original blends. PA6 could be partially
dissolved in this solvent. The total heterogeneous nu-
clei content would decrease with the dissolation of the
PA6 phase during extraction. We could get blend sam-
ples with different heterogeneous nuclei content in the
following way, shown in Scheme 1. Original blends
with compositions of PP/PP-g-MAH/PA6 � 0/70/30
and 0/60/40 (all the blends compositions in the latter
part of this article will only be listed in the abbreviated

form) were extracted by formic acid to samples with
the same PA6 content (�20% wt), sample C and D in
Table I. We could easily find that the total number of
heterogeneous nuclei in sample D was smaller than
that in sample C, because more PA6 was removed in
sample D The heterogeneous nuclei in samples C and
D were all much smaller than that in samples A and B.
If sample D was further extracted to samples E and F,
which contained even less PA6 component, far fewer
heterogeneous nuclei should have remaine. So, the
total number of impurities or heterogeneities in the
blends decreased in the trend from sample B to sample
F (A � B � C � D � E � F).

Figure 1 DSC cooling scans (10°C/min) of PP/PP-g-MAH/PA6 blends with different compositions (erasing the thermal
history by heating to 250°C and holding for 5min and then cooling to room temperature at 10°C/min before testing).
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Figure 2 SEM micrographs of PP/PP-g-MAH /PA6 blends. (a) 80/0/20; (b) 0/40/60; (c) 0/60/40; (d) 0/70/30; (e) 0/80/20;
(f) 0/80/20 (extracted from original sample 0/60/40).
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Analysis of the content of PA6 in blending samples

The content of PA6 of blending samples was ob-
tained by determining the content of elemental ni-
trogen. A Vario EL CHNOS Elemental Analyzer
(elementar Analysensysteme GmbH) was used in
this work. A sample was digested by using oxida-
tive combustion. The quantitative digestion is based
on the principal of explosive combustion in a highly
oxygenated helium atmosphere and carried out in a

combustion tube filled with CuO of a temperature of
950 –1000°C. A thermal conductivity detector (TCD)
with a wide dynamic range and improved sensitiv-
ity to the carrier gas helium, served as the detector
module.

Determination of thermal properties of blending
samples

Thermal properties of PP/PP-g-MAH/PA6 samples
were measured by DSC (Perkin-Elmer DSC-7) under
nitrogen atmosphere. Indium was used to calibrate
temperature and the heat of fusion. The weight of each
sample was about 6–8 mg. The testing temperature
range was 0–250°C, and the heating or cooling rates
were 10°C/min.

Characterization of crystalline structure of PA6 in
PP/PP-g-MAH/PA6 blends

Wide-angle X-ray diffraction patterns of the pure PA6
and PA6 in PP/PP-g-MAH/PA6 blends were re-
corded by using a Phillips PW1700 X-ray diffractom-

Scheme 2 DSC testing procedures of PP/PP-g-MAH/PA6 blends with different compositions.

TABLE II
Average Particle Size and Its Distribution of PP/PP-g-

MAH/PA6 Blends with Different Compositions

Picture code
in Figure 3

PP/PP-g-MAH/PA6
(wt %)

dv
(�m)

D
(dispersity)

a 80/0/20 18.9 1.8
b 0/40/60 —
c 0/60/40 1.92 1.2
d 0/70/30 0.32 1.05
e 0/80/20 0.2 1.02
f 0/80/20a 0.2 1.02

a Extracted by formic acid from original composition
0/60/40.
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eter. Measurement was carried out with Cu target, K�

radiation. The operating voltage was 45 kV, and tube
current was 40 mA. Graphite crystal was used as a
monochromator. The scanning range was 5–35° with
the rate of 0.1°/min. To eliminate the thermal history,
all the samples were heated to 250°C and held for 3
min. The test was taken at 180°C to destroy the PP
crystals completely.

Observation of morphology of blending samples

A Leica optical microscopy equipped with crossed
polarizers and a hot stage was used to observe the
morphology of crystallized components in the
blended samples at different temperatures. All the
samples were preheated to 250°C to eliminate the
thermal history. A scanning electron microscope
(JEOL JXA-840) was used to examine the size of do-
mains and their size distribution on the fracture sur-
face of the blended samples. The number average and
volume average diameters (dn and dv) of the particle
cross-sectioned surfaces were calculated by measuring
and counting at least 100 particles in the micrographs.
The dispersity of the particle size (D) was defined as D
� dv/dn. The number and volume average diameters
were obtained using the following equations:21

dn � � nidi/� ni (1)

dv � � nidi
4/� nidi

3 (2)

RESULTS AND DISCUSSION

Fractionated crystallization behavior of PA6 in PP/
PP-g-MAH/PA6 blends was observed when PA6 was
the dispersed phase. As shown in Figure1(b), the crys-
tallization peak of PA6 in the blend 0/60/40 shifted
towards low temperature. With further decrease in the
content of PA6 of blends (0/70/30, 0/80/20, and
0/90/10) no independent exothermic peak of PA6
could be found; the crystallization peak of PA6 was
combined with the crystallization peak of PP and
shifted to a lower temperature. In blends 0/40/60 and
0/20/80, when PA6 became the continuous phase, the
usual crystallization peak of PA6 appeared again [Fig.
1(c)]. This phenomenon could be easily explained by
the typical fractionated crystallization theory. When
the particle size decreased in the compatibilized sys-
tem, its number would increase, which would result in
the total number of disperse particles being greater
than that of the usual active nuclei in the system. Only
droplets containing the usual active heterogeneities
could crystallize at normal bulk crystallization tem-
perature. As this part of the exotherm was too small
for DSC to detect, no signals could be found at the
normal crystallization temperature position. Most PA6
crystallization should be activated by less active het-
erogeneous nuclei—crystallized at a lower tempera-
ture than normal [Fig. 1(b)] or induced by PP crystal-
lization during the cooling procedure—crystallized
coincidentally with PP [Fig. 1(a)]. Here we also no-

TABLE III
Melting Enthalpy (�Hm) of PP/PP-g-MAH/PA6 Blends with Different Compositions Obtained

at Different Annealing Temperatures

Sample
(original PA6

wt %)
PA6 (wt %)

content
�Hm (J/g)

50°C

�Hm (J/g) annealing at
120°C

�Hm (J/g) annealing at
135°C

�Hm (J/g) annealing at
150°C

1 min 10 min 30 min 1 min 10 min 30 min 1 min 10 min 30 min

B (20) 20.0a 68.8 68.2 68 69 19.2 19.8 19.0 7.0 7.2 7.6
C (30) 22.0 62.4 59.0 62 60 15.1 15.4 15.6 6.0 6.6 6.4
D (40) 19.6 55.0 55.0 55 56 11.3 11.0 11.2 5.0 5.1 5.5
E (40) 15.0 55.3 52.0 56 55 7.0 6.8 6.8 2.9 3.0 2.6
F (40) 11.2 51.5 52.5 53 51 6.3 6.0 6.1 2.1 2.4 2.1

a Unextracted sample.

TABLE IV
Melting Temperature (Tm) of PP/PP-g-MAH/PA6 Blends with Different Compositions Obtained

at Different Annealing Temperature

Sample
(original PA6

wt %)
PA6 (wt %)

content

Tm (°C)
heating

from 50°C

Tm (°C) annealing at 120°C Tm (°C) annealing at 150°C

1 min 10 min 30 min 1 min 10 min 30 min

B (20) 20.0a 219 219 219 219 212 212 212
C (30) 22.0 218 217 217 217 211 211 211
D (40) 19.6 216 213 213 213 210 210 210
E (40) 15.0 214 211 211 211 205 205 205
F (40) 11.2 205 198 198 198 194 194 194

a Unextracted sample.
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ticed that, even in the 0/70/30 blend, the crystalliza-
tion peak of PP was somewhat lower than that in the
uncompatibilized 80/0/20 blend [see Fig. 1(a)]. A ten-
tative explanation of this phenomenon will be given in
the latter part of this article.

SEM micrographs of the PP/PP-g-MAH/PA6
blends are shown in Figure 2. The average diameter of
the dispersed PA6 particles and the size distribution
decreased sharply when PP was replaced by PP-g-
MAH. As shown in Figure 2(a) and Table 2, the aver-
age volume diameter of PA6 particles was 18.9 �m for
the 80/0/20 blend, and 0.2 �m for the 0/80/20 blend,
respectively. Meanwhile, the dispersity of the size dis-
tribution decreased from 1.8 to 1.02, indicating that the
size of the PA6 particles was the prerequisite for its
fractionated crystallization. But it was also noticed
that, in our system, the dispersed droplets size did not
change much with the fractionate crystallization. It is

well known that the key mechanism of fractionated
crystallization was the lack of usual active heteroge-
neities in the dispersed particles. So, the first thing to
do was to determine the difference of crystallization
behavior in the blending system with similar dis-
persed droplet size but a different total number of
active heterogeneities.

Crystallization behaviors of Sample B, C, D, E, and
F, with different total amounts of heterogeneities,
were investigated by using DSC. The experimental
procedures are shown in Scheme 2. First, all samples
were heated to 250°C and held at this temperature for
5 min, then, samples were cooled to 150, 135, and
120°C, respectively. All samples were annealed at each
temperature for 1, 10, and 30 min. Finally, the an-
nealed samples were heated again to 250°C. Melting
temperature (Tm) and melting enthalpy (�Hm) of PA6
in all annealed samples are given in Table 3 and Table

Figure 3 PLM micrographs of PP-g-MAH-g-PA6/PA6 blends. (a) 80/0/20; (b) 40/40/20; (c) 0/80/20; (d) 0/80/20 (extracted
PP/PP-g-MAH/PA6 � 0/60/40).
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4. It was found that in all samples some of the dis-
persed PA6 droplets crystallized at 135 and 150°C.
This feature was very similar to that observed in
PVDF/PA6 blends by Ikkala et al.7 For a given sam-
ple, the �Hm of PA6 particles decreased with increas-
ing annealing temperature. This could be attributed
to the particular fractionated crystallization phe-
nomenon. When the number of the usually active
nucleating heterogeneities was much smaller than
that of the dispersed PA6 droplets, some particles
crystallized at a higher supercooling temperature
with less active heterogeneities. So, the lower the
annealing temperature, the more active nuclei and
the higher the total PA6 crystallinity (�Hm) would
be. At the annealing temperature of 120°C, at which
the PP matrix began to crystallize, the value of �Hm

for PA6 particles was nearly the same as the value of

samples annealed at 50°C. At a given annealing
temperature, the �Hm of PA6 particles decreased
with decreasing the total amount of heterogeneities
in the system. Annealing time seemed to have very
little effect on �Hm of PA6 particles within the spec-
ified time scale, whether the annealing temperature
was 120 or 135 or 150°C.

Similar results are also be found in Table 4; the
melting temperature of PA6 decreased with decreas-
ing the total amount of heterogeneities in the system,
and for a given blend sample, the melting temperature
of PA6 decreased with increasing the annealing tem-
perature, independent of the annealing time duration.
As for the reduction of the melting temperature, some
researchers22 suggested that it was due to the forma-
tion of �-form crystals of PA6 because the melting
point of �-form (215°C) crystals was lower than that of

Figure 3 (Continued from the previous page)
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�-form (221°C)22,23 crystals. This explanation seems
unlikely; according to our tests, the lowest melting
temperature of PA6 particles was 194°C, which was
much lower than that of the �-form crystal. On the
other hand, it is well known that the melting temper-
ature of crystallizing polymers also depends largely
upon the crystals lamella thickness as well as its ar-
chitecture structure.24 The decrease of the melting
temperature could be tentatively attributed to the re-
duction of perfection and thickness of PA6 crystals.20

This indicats that crystals activated by less efficient
nuclei and formed under higher supercooling crystal-
lization temperatures should have more defects in the
crystal structures than those formed under the usual
crystallization temperature.

Polarized light microscope (PLM) micrographs of
some PP/PP-g-MAH/PA6 blends listed in Figure 3

might also favor the above-mentioned point of view.
They are the samples A, B, C, and D listed in Table I.
The four samples were heated to 160°C and held for 5
min before reaching 230°C. After holding at 230°C for
5 min, these samples were cooled to 150°C at 10°C/
min and held for 5 min before being further cooled to
100°C. Photographs were taken at 160, 230, 150, and
100°C, respectively. From Table I, we could see that
samples A and B could not be extracted and samples
C and D were extractable. Comparing the figure from
samples A and B, and samples C and D, differences
are easily found. Although the existence of PP-g-
MAH-g-PA6 in sample B made the dispersion particle
much smaller, we could still find many PA6 crystals at
150°C. But in the photos of samples C and D, we see
hardly any evidence of crystallization. In Table II, it is
seen that sample B had almost the same dispersed

Figure 3 (Continued from the previous page)
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particle size level as samples C and D. A lack of active
heterogeneities might be the major reason for this
experimental result.

Referring to the experimental results obtained in
Figure 1, for the blends of 0/70/30, the crystallization
peak of PP was lower than that in the blend of 80/
0/20 [see Fig. 1(a)]. This can be tentatively ascribed to
the following two possible factors: (1) migration of
heterogeneities in the blending system: according to a
previous report, nuclei migration would take place
during mixing of the blend in the molten state. The
driving force for it is the difference of the interfacial
energies of impurities with respect to each molten
component in the blends.25 If the interfacial free en-
ergy of such a potential nuclei with respect to compo-
nent A was higher than that with respect to compo-

nent B, then the nuclei would pass across the interface
to enter into the phase of component B during melt
mixing. Because most of the impurities existing in our
system should have polar surfaces, the interfacial free
energy between the impurity nuclei and PA6 phase
might be lower than that between the nuclei and the
PP phase. So, during melt mixing, the nuclei would
tend to migrate from the PP phase to the PA6 phase.
But, in uncompatibilized blends, the interface between
PA6 and PP was very sharp and clear. The interface
area was also relatively small because of the relatively
larger dispersed droplets size. The interfacial tension
and interfacial energy were all relatively higher,
which would prohibit the migration of impurity nu-
clei. Conversely, in compatibilized blends, owing to
the vague interface and lower interfacial tension, in-

Figure 3 (Continued from the previous page)
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terfacial energy, and larger interface area, the migra-
tion of impurity nuclei was easier. In that case, more
and more active heterogeneities would migrate from
the molten PP phase to the PA6 phase during melt
mixing. The remained heterogeneities in the PP matrix
of the compatibilized system would be lower than that
in the uncompatibilized blends, so the crystallization
temperature of PP would decrease accordingly. (2)
PA6 crystals in the compatibilized blends should have
a weaker nucleation effect on the PP’s crystallization.
As in compatibilized blends, the interface between the
PA6 and the PP phase became more vague, so the
nucleation effect of the interface on PP was weaker
than for the uncompatibilized system. This might be
another reason for lower crystallization temperature
in compatibilized blends.

The following self-seeding experiments also illus-
trate some positive results to this point. Generally
speaking, the fractionated crystallization behavior of
the dispersed PA6 phase was due to the lack of active
heterogeneity nuclei in the PA6 particles. If nucleating
agents were added to the blending system, the frac-
tionated crystallization would become weaker or even
disappear.12 The procedure to induce self-crystalliza-
tion consisted of the following steps: (a) erasure of
previous thermal history by heating the sample at
200°C for 5 min; (b) creation of a “standard” thermal
history by cooling at 10°C/min to 0°C; (c) heating up
to a temperature Ts; (d) thermal conditioning at Ts for
5 min; (e) DSC cooling scan from Ts down to 0°C at
10°C/min, where the effects of the thermal treatment
will be reflected on the crystallization of the blends. To
study the effect of different heterogeneities, the fol-
lowing two blends were prepared for this self-seeding
test. 60/10/30 (dv � 0.42 �m, D � 1.34) and 80/10/10
(dv � 0.2 �m, D�1.02). It was found that the dispersed
particles of the blend, which had 30%, PA6 content,

were almost double in size of those in blend 80/10/10.
As the number of original heterogeneities in PA6
(about 2 � 1012 nuclei/cm3),2 were much larger than
those in PP (about 9 � 106 nuclei/cm3),26 so the mi-
gration of nuclei from the PP phase to the PA6 phase
would have very little effect on the total nuclei in the
PA6 phase in the above two blends. It can be assumed
that more particles in blends 80/10/10 would contain
less active heterogeneous nuclei. According to the
heating thermogram in Figure 4, nine self-nucleation
temperatures (Ts) between 185 and 225°C were se-
lected in the experiment: they were 185, 195, 200, 205,
215, 218, 220, 222, and 225°C, respectively. All the
samples were first heated to 250°C, held for 5 min, and
then cooled to room temperature before testing so that
the thermohistory would be the same. The cooling
thermograms are shown in Figures 5 and 6. According

Figure 4 DSC heating scans (10°C/min) of blends 80/
10/10 and 60/10/30 (erasing the thermal history by heating
to 250°C and holding for 5min and then cooling to room
temperature at 10°C/min before testing).

Figure 5 (a) Cooling DSC scans (10°C/min) from the indi-
cated Ts temperature for 60/10/30 blend; (b) subsequent
heating DSC scan (10°C/min) after self-nucleation at the
indicated temperature.
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to ref. 27, three domains describe the self-nucleation
temperature Ts. If Ts is too high, the sample is said to
be in “domain I” or the complete melting domain.
When Ts is high enough to almost completely melt the
sample but low enough to leave small crystal frag-
ments that can act as self-nuclei during the subsequent
cooling from Ts, the sample is said to be in “domain
II,” or the self-nucleation domain. When Ts is too low,
only part of the crystal population will be melted, and
therefore, the unmelted crystals will be annealed dur-
ing the 5 min at Ts while the rest of the polymer will
be self-nucleated during the subsequent cooling from
Ts, then the sample is said to be in “domain III,” or the
self-nucleation and annealing domain.

According to the theory of refs. 27 and 28, it could
be easily found that, in blends 60/10/30, domain II
began at 222°C, and domain III began at 215°C; but in
blends PP/PP-g-MAH/PA6 � 80/10/10, domain II

started at 220°C and domain III was also at 215°C. This
indicates that the crystals formed with less active nu-
clei at higher supercooling would have lower melting
temperatures than those formed at lower supercooling
temperatures. This result is further supported by the
following WAXD experiment.

Figure 7 lists the experimental results obtained by a
WAXD test. The spectra were obtained at 180°C. All
diffraction peaks could be attributed to the contribu-
tion of PA6, because PP was in the melt state at this
temperature. The average volume particle diameter in
blends 40/40/20 was dv � 0.28 �m, D � 1.04, which is
very close to that of 0/80/20 listed in Table II; these
two samples were unextracted, so the distribution of
heterogeneities in the two blends should be at the
same level. It can also be found that the relative dif-
fraction peak intensities in the two blends were almost
the same. But for the extracted sample, in which most
of the heterogeneities nuclei had been removed, the
intensity of PA6 diffraction peaks decreased sharply
and became almost invisible. From the DSC heating
curve of sample D listed in Figure 8, we see that the
PA6 crystals in the blends did not melt at testing
temperature. This indicates that the crystals in sample
D, which were formed with less active nuclei, might
have less perfect structures than those in the 40/40/20
and 0/80/20 blends.

Furthermore, we noticed a very small exothermic
peak below 100°C in the cooling curve obtained from
the self-nucleation test: a magnification of the corre-
sponding area is shown in Figure 9. All these small
crystallization peaks were thought to be fractionated
crystallization exotherm peaks of PP. According to our
previous work, the existence of the PA6 phase in the
PP/PP-g-MAH/PA6 blending system might induce
phase separation of PP and PP-g-MAH and form the
emulsion-in–emulsion structure in the system.29 The

Figure 6 (a) Cooling DSC scans (10°C/min) from the indi-
cated Ts temperature for 80/10/10 blend; (b) subsequent
heating DSC scan (10°C/min) after self-nucleation at the
indicated temperature.

Figure 7 WAXD patterns of pure PA6 and PP/PP-g-
MAH/PA6 blends (testing temperature 180°C).
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small crystallization peak showen in Figure 9 should
come from the fractionated crystallization of PP-g-
MAH droplets encapsulated by the PA6 phase and
separated from the matrix by the PA6 droplets (see
Fig. 8 in ref. 32). Further detailed investigation of this
enclosed droplet crystallization is under way in our
laboratory.

It is well known that PA6 grafted onto PP back-
bones in the PP-g-MAH-g-PA6 copolymer has differ-
ent crystallization behavior from the dissociated
phase.30,31 We also have an increasing trend of the
PP-g-MAH-g-PA6 copolymer content from sample B
to F, but as its absolute content was too low, so we did
not detect any signals for crystallization of grafted
PA6 chains or its effects on the dissociated PA6’s
crystallization behavior.

CONCLUSION

1. Fractionated crystallization behavior of PA6 was
observed in a PP/PP-g-MAH/PA6 blend system
when PP or PP-g-MAH was the matrix and PA6
was in domains.

2. The lack of normal active heterogeneities in the
dispersed droplets was the key factor in the frac-
tionated crystallization of PA6.

3. The crystals formed with less efficient nuclei
might contain more defects in the crystal struc-
tures than those crystallized with usual active
nuclei. The lower the crystallization temperature,
the less perfection of the crystals and the lower
crystallinity would be.

4. The crystallization of grafted PA6 chains in the
PP-g-MAH-g-PA6 copolymer or its effects on the
dissociated PA6’s crystallization behavior was
not detected.

5. The fractionated crystallization of PP droplets
encapsulated by PA6 domains was also ob-
served.
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Cheng, The University of Akron, OH; Professor Hu Guo-
hua, Laboratoire des Sciences du Génie Chimique, Ecole
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and Professor G. C. Alfonso, Department of Chemistry and
Industry Chemistry, University of Genova, Italy, who have
given very useful suggestions and discussion to this article.
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