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ABSTRACT: Polypropylene/polypropylene-grafted-ma-
leic anhydride/glass fiber reinforced polyamide 66 (PP/
PP-g-MAH/GFR PA 66) blends-composites with and with-
out the addition of polypropylene-grafted-maleic anhy-
dride (PP-g-MAH) were prepared in a twin screw ex-
truder. The effect of the compatibilizer on the thermal
properties and crystallization behavior was determined
using differential scanning calorimetry analysis. The hold
time was set to be equal to 5 min at 2908C. These condi-
tions are necessary to eliminate the thermomechanical his-
tory in the molten state. The crystallization under noniso-
thermal conditions and the plot of Continuous-Cooling-

Transformation of relative crystallinity diagrams of both
PP and PA 66 components proves that PP is significantly
affected by the presence of PP-g-MAH. From the results it
is found that an abrupt change is observed at 2.5 wt % of
PP-g-MAH as a compatibilizer and then levels off. In these
blends, concurrent crystallization behavior was not observed
for GFR PA66. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci
104: 1620–1626, 2007
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INTRODUCTION

Polypropylene–polyamide (PP/PA) blends have
received a great attention during the last decade.1–15

In fact, on one hand, their formulation results in a
combination of thermomechanical properties (impact
resistance, heat resistance) of polyamides, and on the
other hand, their inertness to humidity and ease of
processing because of the presence of polypropylene.

But because of their incompatible character, sev-
eral attempts have been undertaken to compatibilize
these blends using polypropylene grafted acrylic
acid or maleic anhydride, ionomers, and finally bloc
copolymers of functionalized styrene.9,10

The effect of compatibilization on crystallization is
an important aspect because crystallinity has a pro-
found effect on major properties such as impact re-
sistance as well as other mechanical and physical–
chemical properties. The way that crystallinity and
crystalline structures are induced in the blend compo-
nents are also important aspects to be considered.9,10

Since the properties of such polymers depend on
microstructure, many studies dealing with crystalli-
zation of PP/PA blends have been reported. Then,
the crystallization behavior under isothermal and
nonisothermal conditions and the resulting micro-
structure have been extensively studied using vari-
ous methods such as differential scanning calorime-
try (DSC), IR spectroscopy, optical microscopy, wide
angle X-ray scattering, small angle X-ray, and elec-
tron microscopy.1–13,16–19

The conventional ways to express the effect of
some additives on crystallization is by measuring
the relative crystallinity from DSC’s exotherm peak
as a function of time or temperature. This approach
has been used for both neat polymers as well as for
polymer blends.14–19 Few works exist in the litera-
ture regarding the influence of the concentration of
the compatibilizer on the coincident crystallization
behavior in compatibilized blends, especially for the
component of higher crystallization temperature as
the matrix phase.14,15,20

Recently, new approaches based on a concept
developed in physical metallurgy to follow the crys-
tallization behavior of neat polymers have been intro-
duced by Alberolla,16,21 Bas,17,18 and Vandramini,19

termed the Continuous-Cooling-Transformation of
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relative crystallinity (CCT) diagrams. They evidence
the changes in the crystallized fraction versus cooling
rate. These latter diagrams also illustrate the evolu-
tion of the relative (or absolute) crystallinity index
versus time and temperature.

Other authors have used these concepts for poly-
mers under high cooling rates but rarely for polymer
blends.14,15 CCT diagrams can be useful tools to give
evidence for the microstructure gradients developed
in injection molded items.17 Unfortunately, these con-
cepts have not been used for reinforced polymer
blends.

Therefore, in the present work, the effect of the
concentration of the compatibilizer [polypropylene-
grafted-maleic anhydride (PP-g-MAH)] on the global
crystallization process of both PP and GFR PA 66
when blended at 30/70 wt %, respectively, is investi-
gated. Their CCT diagrams are established.

EXPERIMENTAL

Materials and blends preparation

The materials used in this study and formulations are
shown in Tables I and II. Glass Fiber Reinforced Poly-
amide 66 (GFRPA66) (Ultramid1 A3WG6 from BASF,
Germany) was dried under vacuum for 72 h at 1108C
before blending. Polypropylene (PP) (Stamylan1

P become Sabic1 PP 575 P, from SABIC, Saudi Arabia)
had a Melt Flow Index of 10.6 g/10 min, and was
also dried in oven at 808C during 48 h. PP-g-MAH
(Fusabond1 P M613-05-MAC) (Medium Anhydride
Compatibilizer) was supplied by DuPont (France).

The blends were prepared in a corotating twin
screw extruder (L/D ¼ 40). The barrel temperature
profile ranges from 265 to 2808C. The screws speed

was set to 200 rpm. The TSE used was a ZSE 18 HP
40D from Leistritz Extrusionstechnik GmbH. The
blends considered are PP (30 wt %) in GFRPA66
(70 wt %). The amount of PP-g-MAH used was 2.5,
5, 7.5, and 10 wt %.

Testing

To perform the crystallization tests, both DSC 821e

Mettler Toledo STARe system and DSC 7 Perkin-
Elmer were used under nitrogen flux to avoid ther-
mal oxidation. The sample mass is about 8 mg and
the instruments were calibrated using Indium (Tm

¼ 156.608C, DHf ¼ 28.5 J/g) and Zinc (Tm ¼ 419.478C,
DHf ¼ 108.37 J/g), respectively.

In any study concerning the crystallization of poly-
mers, it is necessary to eliminate the thermomechani-
cal history of the material, i.e., to destroy any pre-
existing crystalline germs capable of acting as nucle-
ating agents for subsequent crystallization. To carry
out this part of study, all materials were heated at
508C/min to a temperature above their melting tem-
perature, starting at 2708C till 3508C, with an incre-
ment of 108C. Then, they were kept at each holding
temperature for 5 min. Samples were then cooled at

TABLE I
Raw and Formulated Materials

Materials
r

(g/cm3) Tm (8C)
MFI/MVI

(g/10 min/cm3/10 min)
Mn

(g/mole) Mw/Mn

AEG
(amine end
Group)
(meq/g) Nom. code Supplier

PP homopolymer 0.905 Range
140–170

2308C/2.16 Kg (MFI) 40,000 5.9 – Sabic1 PP 575 P SABIC
10.6

PP-g-MAH – 162 1908C/2.16 Kg (MVI) – – – Fusabond1 P
M613-05 -MAC
(Medium
Anhydride
Compatibilizer)

DuPont
120

PA66 1.14 260* 2758C/5 Kg (MVI) 18,000 – 42 Ultramid1 A3W BASF
150

GFR (30 wt %) PA 66 1.36 260* – – – Ultramid1 A3WG6 BASF
PP/GFRPA66 – – – –
PP/PP-g-MAH/
GFRPA66 – – – – – –

Stabilizer 1.15 Range of
110–125

– – – IRGANOX11010 Ciba

TABLE II
Blends Formulation

N8/wt % F1 F2 F3 F4 F5

PP homopolymer 30 27.5 25 22.5 20
PA 66 (GFR 30 wt %) 70 70 70 70 70
PP-g-MAH 0 2.5 5 7.5 10
MAH Grafting degree 1 1 1 1 1
Stabilizer Irganox1 1010;

In PP part 2 2 2 2 2

Blends (PP 30 wt %/GFR PA 66 70 wt %).

CRYSTALLIZATION BEHAVIOR OF PP/PP-g-MAH/GFR PA66 BLENDS 1621

Journal of Applied Polymer Science DOI 10.1002/app



�208C/min. Nonisothermal crystallization kinetics
are recorded during this decrease in temperature.
The typical DSC thermograms are shown as exo-
therms in Figure 1.

As far as the nonisothermal crystallization of the
different materials is concerned, this test was per-
formed using a program called ‘‘multitasking.’’ The
samples were heated at 508C/min from ambient tem-
perature till a hold temperature (chosen T hold). They
were held at this temperature for 5 min and then
cooled at various cooling rates till ambient tempera-
ture. The crystallization temperatures (Tc) are then
recorded from the exothermic crystallization peak.

RESULTS AND DISCUSSION

Study of the aptitude of materials to crystallization

It is known that the thermal history in the melt
could affect the crystallization behavior of polymers.
Thus, no molten crystalline seeds or local chain orga-
nization could remain at temperatures above the
melting point.17–19 Thus, the presence of such pri-
mary nuclei decreases the crystallization free energy
barrier and thus increases the crystallization rate.
Such a phenomenon is also defined as self-nuclea-
tion.18 To determine the optimal conditions of the
molten state leading to a decrease in this ‘‘memory’’
effect, two parameters (i.e., hold time and hold tem-
perature) were chosen.

The hold time has been set to 5 min. In fact, it has
been reported in the literature17,18 that the hold time
at the hold temperatures being considered has a neg-
ligible effect on the crystallization temperature. For
the determination of a unique hold temperature
(Thold), it is necessary to plot Tc versus Thold. From
the obtained thermograms (Fig. 1) the Tc of each

component in the blends was taken at the maximum
of the peak and recorded versus hold temperatures.
The results for PP and GFRPA66 component are
shown in Figures 2 and 3, respectively. The effect of
various amounts of PP-g-MAH is also illustrated in
the same figures. The existence of an interval com-
prised between 290 and 3108C, where the crystalliza-
tion temperature (Tc) of PP and GFRPA66 does not
change as a function of the hold temperature (Thold),
is obtained.

This interval permits to detect a unique hold tem-
perature in the molten state for all considered poly-
meric systems and equals 2908C, as shown in Fig-
ures 2 and 3. Taking into account such variations of
the crystallization temperature versus the molten
state temperature, the chosen holding conditions in

Figure 1 Exotherms of PP and GFR PA 66 components in
blends-cooled from T hold ¼ 2908C.

Figure 2 Crystallization behavior of PP in blend-compo-
sites for 0 wt % to 10 wt % of PP-g-MAH, cooled from the
molten state, maintained during 5 min.

Figure 3 Crystallization behavior of GFR PA 66 part in
blend-composites for 0 wt % to 10 wt % of PP-g-MAH,
cooled from the molten state, maintained during 5 min.
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the melt state are 2908C for 5 min, which could be
considered as a good compromise between the self-
nucleation and the degradation process. These con-
ditions are in agreement with those defined by many
authors.18,22 Yet, the selected holding tempera-
ture corresponds to the processing temperature of
GFRPA66, which is the matrix in these reinforced
blends and is equal to 2908C as reported in its data
sheet,23 while the processing temperature of PP must
not exceed 3108C to avoid thermal degradation.

It can be noticed that the compatibilizer can act as
nucleating agent. In fact, the discussion related to
the crystallization of neat polymers directly applies
to compatibilized polymer blends, in which crystalli-
zation occurs within nearly pure resin. The presence
of the compatibilizer may strongly affect the overall
crystallization growth rates. Figure 2 evidences the
effect of PP-g-MAH on the crystallization tempera-
ture of PP in the reinforced blends. Adding various
amounts of PP-g-MAH as a compatibilizer increases
crystallization temperature of PP to 1208C, while the
Tc of PP component in uncompatibilized blend was
1118C. PP-g-MAH can provide a nuclei center for PP
to enhance the crystallization growth. However, the
presence of PP-g-MAH seems to cause a slight
decrease of the Tc of GFRPA66 in these reinforced
blends (Fig. 3).

Nonisothermal crystallization study

For engineering purposes, nonisothermal crystalliza-
tion of polymers is of great interest because injection
molding, for example, is a nonisothermal semibatch
processing technique. On the basis of the crystalliza-
tion thermograms obtained under nonisothermal
conditions, and using some metallurgical concepts,

the CCT diagrams are established. This relatively
new approach in semicrystalline polymers allows
showing the evolution of the relative crystallinity
index as a function of time and temperatures under
continuous cooling conditions. The realization of the
thermal cycle using the ‘‘multitasking’’ program in
DSC 7 PE apparatus leads to exothermic thermo-
grams, as shown in Figure 4. The cooling from the
molten state was achieved at a rate ranging from
�58C/min till �1008C/min. The integration of the
surface area under the exothermic peak by the use
of ‘‘partial area’’ software gives the evolution of the
relative crystallinity index as a function of tempera-
ture at different cooling rates. Typical curves for PP
and GFRPA66 with 2.5 wt % PP-g-MAH compatibil-
izer are shown in Figures 6 and 7, respectively. All
nonisotherms have a sigmoı̈dal shape, typical of
polymer crystallization behavior. This results from a
double mechanism, i.e., nucleation and growth phe-
nomena. In fact, because the nucleation and growth
rates simultaneously vary with temperature, the non-
isothermal crystallization rate evolves globally.14–19

From Figure 6, it is clearly seen that the cooling
rate affects greatly the crystallization of each part in
the blends. In fact, the higher the cooling rate, the
lower the crystallization temperature (the peak shifts
to lower temperatures). This makes the crystalliza-
tion more difficult. This phenomenon has been
reported earlier by several researchers.14,15,17,18

The effect of the compatibilizer content is evi-
denced in Figures 2 and 5. The presence of PP-g-
MAH as compatibilizing agent increases the crystal-
lization temperature (Tc) of dispersed phase (PP). In
fact, the Tc of PP shift from 1108C to 1178C when
5 wt % of PP-g-MAH was added. These results can be
ascribed to the nucleating effect of the compatibilizer

Figure 4 Exothermic thermograms at various cooling
rates of GFRPA66 in PP/2.5 wt % PP-g-MAH/GFRPA66
blends.

Figure 5 Effect of the compatibilizer content on crystalli-
zation of GFRPA66 and PP in blends-composites under
fixed cooling rate (�208C/min.).
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on the crystallization of the PP component. How-
ever, the effect of the compatibilizer on the crystalli-
zation behavior of the matrix (GFRPA66) is negligi-
ble (See Fig. 5). Similar observations have been
reported in the literature.20,24

In addition to these observations it can be noticed
the presence of bend in the crystallization peak of
PP and GFRPA66, in the blends when the amount of
compatibilizer was high (10 wt %). This might be
attributed to the formation of PP-g-MAH-co-PA66
block copolymer. Similar finding have been reported
elsewhere.20,24–27 The bend corresponds to each part
of the block copolymer. The delay in crystallization
might be hindered by this link between the different
components of the blends.

GFRPA66 in the considered blends exhibits the
fastest rate of primary crystallization compared with
PP (Figs. 6 and 7). The curves shown in Figure 7
illustrate the abrupt and drastic decrease in the crys-
tallization rate caused by the impingement of crystal
entities occurring at above 70% relative crystallinity.
This phenomenon was observed by Chuah et al.,24

and attributed to the branching mechanisms that
lead to solid sheaves.

CCT diagrams

From the curves given in Figures 6 and 7 and fol-
lowing the methodology of plotting CCT diagrams
as reported in the literature,17 the methodology to
plot the CCT is detailed (Fig. 8).

The sample is subjected at a given cooling rate at
which the exothermic peak of crystallization is recorded
[Fig. 8(a)].

From the exothermic peak recording for each cool-
ing rate, the relative crystallinity ratio Xc (T) can be
determined using the following relationship:

XcðTÞ ¼ DHcðTÞ
DHcð1Þ

where DHc(1) is the total area under the crystalliza-
tion exotherm for a given cooling rate and DHc (T) is
the partial area for a chosen crystallization tempera-
ture Tc and for the same cooling rate. The variations
of the relative crystallinity index [Xc(T)] versus tem-
perature are shown in Figure 8(b).

From the S-shaped curves, and for each cooling
rate i.e., (�208C/min), the Xc (i.e., 95%) and its corre-
sponding temperature is extracted from Figure 8(b),
and put into Figure 8(c) on the line corresponding to
the cooling rate used. As far as the straight lines
were drawn previously by two points, the first one,
t ¼ 0 for start temperature, i.e., 2908C, and the sec-
ond one t ¼ trequired at the final temperature, i.e.,
308C, in most cases and for each cooling rate as
shown in Figure 8(c). The CCT diagram can be
drawn for the analyzed cooling rates range by plot-
ting the graphs representing equal transformation
[Fig. 8(c)]. The continuous line gives the time corre-
sponding to 95% relative crystallinity index. The
straight lines express the cooling laws for seven cool-
ing rates (5, 10, 20, 30, 50, 80, and 1008C/min).

The CCT diagrams drawn with relative crystallin-
ity indexes are established for both PP and GFRPA66
components in blends by plotting the crystallization
temperature for 95% crystallized fraction versus time
for different cooling rates and are shown in Figures
9 and 10, respectively.

The half ‘‘C’’ shape of the CCT diagrams shows
that the crystallization domain of PP and PA is nar-
row 408C. The half ‘‘C’’ shape of the CCT diagram
gives evidence of the competition between nuclea-
tion and growth phenomena. At high temperature,

Figure 6 Evolution of the relative crystallinity index as a
function of temperature for PP component in the blends at
2.5 wt % of PP-g-MAH and under various cooling rates.

Figure 7 Evolution of the relative crystallinity index as a
function of temperature for GFRPA66 component in the
blends at 2.5 wt % of PP-g-MAH and under various cool-
ing rates.
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crystallite growth predominates; this might be due to
the fact that both polymers having a moderate molec-
ular weight, allowing some molecular chain mobility

are capable of crystallizing even during the cooling
stage from the molten state causing the hiding of the
germination step by the growth step. Similar observa-
tions have been reported elsewhere.17–19

The CCT diagrams bring the following informations:
The crystallization speed is maximal at the ‘‘nose’’

of the present diagrams where a privileged range of
temperature is defined for polypropylene to be 60–
808C and between 175 and 1908C for GFRPA66.

The compatibilizing agent content 2.5 wt % is
enough to reduce the time necessary to reach a given
crystallization transformation ratio for the PP part in
the blends considered as shown in Figure 9.

Meanwhile, no significant effect of the compatibil-
izer is observed on the crystallization of the matrix
GFRPA66 as shown on Figure 10. This result is in

Figure 8 Illustration of methodology for the tracing of
CCT diagrams.

Figure 9 CCT diagrams corresponding to 95% relative
crystallinity index for PP component in the blends with
various amounts of PP-g-MAH. Straight lines express the
cooling laws for seven cooling rates (5 till 1008C/min.).

Figure 10 CCT diagrams corresponding to 95% relative
crystallinity index for GFRPA66 component in the blends
with various amounts of PP-g-MAH. Straight lines express
the cooling laws for seven cooling rates (5 till 1008C/min).
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agreement with those obtained by Chuah et al.24 In
fact, PA having the higher crystallization tempera-
ture (over 2008C), such that the crystallization can
not be affected by the presence of PP-g-MAH as a
compatibilizing agent having a lower crystallization
temperature (about 1108C). In the range of tempera-
tures close to the crystallization region of PA, the
compatibilizer is still in liquid state like PP.

CONCLUSION

The study of the crystallization under nonisothermal
conditions of reinforced polymer blends evidenced the
influence of the thermomechanical history as well as
the effect of a compatibilizer on the crystallization
behavior of the blend constituents, namely, PP and
GFRPA66. The holding time and temperature are
found to be 5 min and 2908C, respectively. The pres-
ence of PP-g-MAH as a compatibilizing agent for PP/
GFRPA6 blends caused an increase in the crystalliza-
tion temperature of PP in PP/GFRPA66 blends.

The CCT curves established from the determination
of no-isothermal kinetics give evidence for the changes
in the crystallized fraction versus cooling rate. The
CCT diagrams show a decrease in the crystallization
ability of both PP and GFR PA 66 components with
increasing cooling rate. CCT diagrams evidence the ex-
istence of a temperature domain between 60 and 808C
and 175–1958C where the crystallization rate is maxi-
mal for PP and GFRPA66, respectively. Such diagrams
have also evidenced the existence of an abrupt change
at the concentration of 2.5 wt % of compatibilizer and
then levels off. However the concurrent crystallization
behavior of GFRPA66 was not observable even though
the amount of PP-g-MAH was high. Finally, such crys-
tallization diagrams are useful to evidence the role of
each components and the effect of PP-g-MAH as a
compatibilizer on the crystallization behavior of both
components in PP/GFR PA 66 reinforced blends.

The authors thank Professor Dr. Ing. Achim Frick and the
Department Head of Leistritz Extrusionstechnik, Aalen
University, for their help.

References

1. Park, S. J.; Kim, B. K.; Jeong, H. M. Eur Polym Mater 1990, 26,
131.

2. Liang, Z.; Williams, H. L. J Appl Polym Sci 1992, 44, 699.
3. Lamas, L.; Mendez, G. A.; Muller, A. J.; Pracella, M. Eur

Polym Mater 1998, 34, 1865.
4. Martuscelli, E. Polym Eng Sci 1984, 24, 563.
5. Marco, C.; Ellis, G.; Gomez, M. A.; Fatou, J. G.; Arribas, J. M.;

Campoy, I.; Fontecha, A. J Appl Polym Sci 1997, 65, 2665.
6. Marco, C.; Collar, E. P.; Areso, S.; Garcia-Martinez, J. M.

J Polym Sci Polym Phys Ed 2002, 40, 1307.
7. Psarki, M.; Pracella, M.; Galeski, A. Polymer 2000, 41, 4923.
8. Paul, D. R., Ed. Polymer Blends, Vol. 2; Wiley: New York,

2000.
9. Utracki, L. A., Ed. Polymer Alloys and Blends; Carl Hanser

Verlag: New York, 1989.
10. Utracki, L. A., Ed. Commercial Polymer Blends; Chapman &

Hall: London, 1998.
11. Mathot, V. B. F., Ed. Calorimetry and Thermal Analysis of Poly-

mers; Carl Hanser Verlag: New York, 1994.
12. Abbacha, N.; Fellahi, S. Macromol Symp 2002, 178, 131.
13. Kim, J. M.; Lee, M.; Kim, S.; Kang, S. Society of Plastics Engi-

neers, Brookfield, CT, 2003; 1931. [CD-ROM]
14. Safidine, Z.; Fellahi, S.; Alberola, N. D. In International Confer-

ence: Polymeric Materials 2002—Properties, Processing, Modi-
fication, Application, Vol. 2: Posters, Martin Luther University,
Halle (Saale)-Wittenberg, Germany, 2002; p 180.

15. Safidine, Z.; Fellahi, S.; Frick, A. In Proceedings of the PPS
21st Annual Meeting, Leipzig, Germany, 2005; [CD-ROM]; Lec-
ture SL 9.24; Polymer Processing Society.
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