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ABSTRACT: Four types of compounding sequences
were utilized to prepare organoclay-filled polyamide 6
(PA6)/polypropylene (PP)/maleic anhydride grafted PP
(MAPP) blends. The amount of PA6 molecules grafted to
MAPP during in situ compatibilization reaction and the
distribution ratio of organoclay in the continuous phase
and interface zone were determined quantitatively. The
relationship among dispersion and distribution states of
organoclay, the amount of PA6 grafted to MAPP as well
as the deformation, breakup and coalescence of dispersed
droplets was elucidated to interpret the difference in
phase morphology. Crystallization behavior and dyna-
mic mechanical properties were also investigated and

correlated with the morphology of the materials. It has
been shown that the PA6/organoclay masterbatch
approach results in the smallest average domain size
because of the best organoclay dispersion, the highest
amounts of PA6 grafted to MAPP, and organoclay at the
interface, which efficiently stabilizes the droplets and pre-
vents coalescence of the droplets. The material prepared
by this approach has the biggest improvement in dynamic
storage modulus. VC 2010 Wiley Periodicals, Inc. J Appl
Polym Sci 120: 2261–2270, 2011
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INTRODUCTION

Blending is a common way in tailoring the proper-
ties of polymeric materials. By blending two or
more polymers, the advantages of different poly-
mers can be combined and their respective short-
comings can be compensated, thus achieving
balanced and optimized properties. However, the
thermodynamic incompatibility of most polymers
leads to phase separation and consequently poor
mechanical properties. Special measures ought to
be taken to improve the compatibility between
polymers and obtain fine phase morphology. Tra-
ditionally, a block or graft copolymer which is
synthesized prior to blending or forms in situ is
utilized as compatibilizer.1

With the development of polymer nanocompo-
sites, it has been found by many researchers that
the incorporation of clay can bring about signifi-
cant changes in blend morphology, causing the
average domain size of sea-island structure to
decrease2–8 or increase.9,10 The former case is fre-
quently encountered and the mechanisms proposed
to interpret this phenomenon include: (1) clay

locates at the interface between two phases, acting
like a compatibilizer by reducing interfacial tension
and suppressing droplets coalescence2,3; (2) clay
induces a drop in viscosity ratio of the dispersed
phase to the continuous phase, promoting breakup
of the dispersed droplets7; (3) clay acts as physical
barrier preventing coalescence of the dispersed
domains.4

For clay-filled polymer blends, compounding
sequence often plays an important role in determin-
ing the phase morphology. González et al.11 found
that mixing organoclay with premixed PA6/mSEBS
yielded finer phase morphology than mixing mSEBS
with premixed PA6/organoclay for organoclay-filled
PA6/mSEBS. The additionally improved compatibili-
zation was attributed to a more effective reaction
between the maleic groups of mSEBS and the amine
end groups of PA6 by substituting the interaction
between the surfactant of organoclay and mSEBS.
Gallego et al.12 prepared organoclay-filled PA6/
mEPDM/EPDM-g-MA using four types of com-
pounding sequences, and found that mixing all the
components simultaneously or mixing organoclay
with premixed PA6/mEPDM/EPDM-g-MA gave
smaller average particle size than the other two com-
pounding sequences. Zhang et al.13 reported that
mixing organoclay or PA6/organoclay with PA6/
EPDM-g-MA preblends resulted in finer phase mor-
phology than one-step mixing or mixing PA6/orga-
noclay with EPDM-g-MA in the preparation of

Correspondence to: Z.-X. Guo (guozx@mail.tsinghua.edu.
cn) or J. Yu (yujian03@mail.tsinghua.edu.cn).

Journal ofAppliedPolymerScience,Vol. 120, 2261–2270 (2011)
VC 2010 Wiley Periodicals, Inc.



PA6/EPDM-g-MA/organoclay nanocomposites, due
to the avoidance of interaction between the surfac-
tant of organoclay and EPDM-g-MA. Filippi et al.14

found that adding organoclay to LDPE/PA6/SEBS-
g-MA preblend at proper SEBS-g-MA/organoclay
ratios gave significantly reduced domain size than
mixing LDPE and PA6 with premixed SEBS-g-MA/
organoclay. All the above-mentioned cases involve
PA6 and maleinized polymer (as the traditional
compatibilizer). The competitive interactions of PA6
and the surfactant of organoclay with the maleinized
polymer were often mentioned to explain the differ-
ence in domain size in different compounding
sequences. It seems that in all cases adding organo-
clay to the preblend of PA6/the second polymer/
maleinized polymer gives the smallest particle size,
because the reaction between PA6 and the malei-
nized polymer can be maximized if organoclay is
added after preblending.

Polyamide 6 (PA6)/polypropylene (PP) is a typical
blending system of interest from both academia and
industry. There has been some research focusing on
the influence of clay on the morphology of PA6/PP
blends. Chow et al.15–19 prepared both uncompa-
tibilized and MAPP-compatibilized PA6/PP/clay
nanocomposites by mixing all the components simul-
taneously and investigated morphology and mechan-
ical and rheological properties. However, the effect
of compounding sequence on the morphology of the
final materials has not been considered. In this work,
we investigate the effect of four types of compound-
ing sequences on the morphology of organoclay-
filled PA6/PP/MAPP blends. The amount of PA6
grafted to MAPP and the distribution of organoclay
are determined quantitatively. A mechanism for
morphology formation is proposed to interpret the
difference in phase morphology for the four samples
prepared by different compounding sequences.
Crystallization behavior and dynamic mechanical
properties are also characterized and correlated with
morphology.

EXPERIMENTAL

Materials

PA6 (B3S, melting point: 220�C) was purchased from
BASF Corp. PP (S1003, melting point: 165�C) was
obtained commercially from China Petrochemical

Co. Ltd. Maleic anhydride grafted PP (MAPP) with
1 wt % of MA was prepared by reactive extrusion
in our laboratory. Organoclay (OMMT, CEC: 95
meq/100 g; gallery distance: 2 nm) was supplied by
Zhejiang Huate Chemical Co., Ltd. under the trade
name of NB901. It is a montmorillonite organically
modified with a quaternary ammonium salt.

Preparation of organoclay-filled PA6/PP/MAPP
blends

Organoclay-filled PA6/PP/MAPP blends were
prepared using a torque rheometer (RM200A, Harbin
Hapro Electrical Technology Co., Ltd.) at a tempera-
ture of 230�C and a screw speed of 60 rpm.
The weight ratio of PA6/PP/MAPP/organoclay was
70/20/10/3.7. Methyl methacrylate (MMA) of equal
weight to organoclay was added as cointercalation
agent, according to our previous work.20 This com-
position was designated as 10-5, in which the first
number meant that the incorporation amount of
MAPP was 10 wt % to all the polymers (PA6 þ PP
þ MAPP) and the second number meant that
the addition amount of organoclay was 5 wt % com-
pared with PA6. Four types of compounding sequen-
ces were designed, named as D, M, P, and B, to
prepare a series of 10-5 samples (Table I).
10-5D: All components were mixed Directly for 10

min. This compounding method is called direct
mixing or one-step mixing.
10-5M: A Masterbatch rich in organoclay was first

prepared by compounding PA6 with organoclay at a
weight ratio of 9 : 1 for 10 min. Then desired
amount of PA6/organoclay masterbatch, PA6, PP,
and MAPP were compounded for another 10 min.
This compounding method is called masterbatch
approach.
10-5P: PP and MAPP were first compounded with

organoclay at 180�C for 5 min and then the compos-
ite was blended with PA6 for another 10 min.
10-5B: PA6, PP, and MAPP were first Blended for

10 min and then compounded with organoclay for
another 10 min. This compounding method is called
preblending approach.
To investigate the morphology evolution, during

the compounding process of 10-5D, 10-5M, and
10-5B, a small amount of melt was taken out from
the chamber of torque rheometer at 2, 4, 7, and 10
min and immersed into cold water quickly to freeze

TABLE I
Organoclay-Filled PA6/PP/MAPP Blends Prepared by Four Different Types of Compounding Sequences

Sample First step Second step

10–5D Mixing PA6, PP, MAPP, and organoclay
10–5M Mixing PA6 and organoclay (9:1) Mixing PA6/organoclay masterbatch with PA6, PP, and MAPP
10–5P Mixing PP, MAPP, and organoclay Mixing PP/MAPP/organoclay composite with PA6
10–5B Blending PA6, PP, and MAPP Mixing PA6/PP/MAPP blend with organoclay
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morphology evolution. Then, the PA6 matrix was
removed by extraction with formic acid, and the
residue was observed under FESEM.

The reference blends which don’t contain organo-
clay (10-0) or both organoclay and MAPP (0-0) were
also prepared by compounding all components
directly at 230�C for 10 min with a screw speed of
60 rpm.

Removal of the continuous phase

The continuous phase (PA6) of all the samples was
removed by solvent dissolution using formic acid.
Solvent dissolution was assisted by magnetic stirring
and lasted for 1 day, followed by centrifuging at a
speed of 4000 rpm and recovering powder floating
on top of the solution. Generally, this procedure was
repeated four times to ensure complete removal of
PA6 phase. PA6-g-PP formed through the reaction
between the maleic groups of MAPP and the end
amine groups of PA621 couldn’t be dissolved. Thus,
the recovered powder consisted of dispersed PP
phase and the interface zone.

Characterization

Field emission scanning electron microscopy

Field emission scanning electron microscopy
(FESEM) analysis was performed with a JEOL JSM-
7401F apparatus operating at an accelerating voltage
of 1 kV. The samples were cryo-fractured in liquid
nitrogen. Particle size analysis of the dispersed
phase was carried out using a JEOL software (smile-
view). The number average diameters of dispersed
particles are defined as follows:

Dav ¼
X

Di=N

where Di is the diameter of the ith dispersed particle
and N is the total number of dispersed particles
measured.

Transmission electron microscopy

Transmission electron microscopy (TEM) observation
was conducted on a Hitachi H-800 transmission elec-
tron microscope at an accelerating voltage of 200 kV.
Ultrathin slices were obtained using an cyroultra-
tome (LKB model 2088; LKB-Producter AB, Bromma,
Sweden) without staining.

Thermogravimetric analysis

To determine the distribution state of organoclay
quantitatively, thermogravimetric analysis (TGA)
(TA Instruments TGA2050) was conducted on the

recovered PP/MAPP samples after extraction of PA6
by formic acid from ambient temperature to 600�C
at a heating rate of 20�C/min in N2 atmosphere.
The weight percentage of organoclay in recovered
PP/MAPP phase (W) was obtained from TGA. After
the estimation of the amount of PA6 grafted to
MAPP (shown below), the distribution ratio of orga-
noclay in the PA6 phase and at the interface can be
obtained.

Fourier transform infrared spectroscopy

The recovered PP/MAPP samples were melt-com-
pressed into thin films and characterized with a
NICOLET 560 Fourier transform infrared spectro-
scope (FTIR). organoclay was mixed with dry KBr
and pressed into a pellet for infrared analysis.
OMNIC software was utilized to determine the
amount of PA6 grafted to MAPP. The spectra were
processed as follows:

• Subtract the contribution of organoclay from IR
spectrum (designated as S): all spectrum were
normalized and subtraction was processed:
Ssample � W*Sorganoclay.

• Estimating A1650cm
�1/A1370cm

�1 of the subtracted
spectrum by integration, with A1650cm

�1 and
A1370cm

�1 being the area of amide I band (char-
acteristic absorption peak of PA6) and the bend-
ing vibration of CAH bond (characteristic
absorption peak of PP).

• Determination of the amount of PA6 grafted to
MAPP: the spectrum of PP/MAPP (at a weight
ratio of 2 : 1) and PA6 were normalized and
combined in such form: SPP/MAPP � (�k)*SPA6.
Different values of k were checked until the
A1650cm

�1/A1370cm
�1 value of the combined spec-

trum was approximately equal to that in step 2.
Then the amount of PA6 grafted to MAPP could
be determined to be 30*k (the content of PP and
MAPP in the blends was 30 wt %).

X-ray diffraction

The samples were compression molded into plates
of approximately 1 mm thickness for X-ray diffrac-
tion (XRD) analysis, using a Rigaku D/max-RB dif-
fractometer operating at 40 kV and 200 mA. The
beam utilized was Cu Ka radiation with a wave-
length of 1.5418 Å. Data were obtained in 2y range
from 1.5� to 10� at a scanning rate of 1�/min.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) was carried
out to study the nonisothermal crystallization and
melting behavior of different samples using a Q100
calorimeter (TA Instruments). After annealing at
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250�C for 5 min to eliminate any thermal history,
samples were cooled to 50�C at a cooling rate of
10�C/min. Then samples were heated to 250�C at a
heating rate of 10�C/min.

Dynamic mechanical analysis

All tested samples were melt-compressed into thin
films at 235�C. Dynamic mechanical analysis (DMA)
was performed in the temperature range from �100
to 100�C at a heating rate of 5�C/min, using a
dynamic mechanical analyzer 2980 (TA Instruments).
The frequency was 1 Hz and the strain was 20 lm.

RESULTS AND DISCUSSION

FESEM observation

Figure 1 shows FESEM images of all the samples
prepared by the four different types of compounding
sequences (10-5D, 10-5M, 10-5P, and 10-5B) along with
the reference samples which do not contain organo-
clay (10-0) or both organoclay and MAPP (0-0). The
average particle sizes for all the samples are listed in

Table II. It can be seen that all the organoclay-filled
PA6/PP/MAPP blends have smaller particle size than
the reference sample without organoclay (10-0), indi-
cating that organoclay can bring further reduction in
particle size although the traditional compatibilizer
MAPP has already significantly reduced the particle
size (from 15.0 lm to 1.67 lm). The particle size order
is 10-5M < 10-5B < 10-5P < 10-5D. The particle size of
the sample prepared by preblending PA6/PP/MAPP
approach (10-5B, 0.70 lm) is smaller than those of the
samples prepared by direct mixing (10-5D, 1.24 lm)
and premixing PP/MAPP/organoclay (10-5P, 1.00
lm). However, it is bigger than that of the sample pre-
pared by PA6/organoclay masterbatch approach. It
seems that similar PA6/organoclay masterbatch
approach was not used for comparison in the related
papers (Refs. 11–14), although the method of premixing
PA6/organoclay has been used.

Dispersion of organoclay

A combined means of XRD and TEM were used to
investigate dispersion of organoclay in the blends
prepared by the four different types of compounding
sequences. The XRD patterns are shown in Figure 2.
The original organoclay exhibits a broad peak at 2y
¼ 4.32�, corresponding to a gallery distance (d) of
2.05 nm. For samples 10-5M, a weak broad peak
appears at about 2y ¼ 2.74 � (d ¼ 3.22 nm), indicating
that organoclay was partially intercalated and
partially exfoliated. The XRD patterns of 10-5D,

Figure 1 FESEM images of the reference blends (10-0 and
0-0) and organoclay-filled blends prepared by the four
different types of compounding sequences. Magnification:
�1000 (a); �6000 (b–f).

TABLE II
Number Average Diameters of Dispersed Particles (Dav)

for the Reference Blends (10–0 & 0–0) and
Organoclay-Filled Blends Prepared by the Four
Different Types of Compounding Sequences

Entry 0–0 10–0 10–5D 10–5M 10–5P 10–5B

Dav (lm) 15.0 1.67 1.24 0.45 1.00 0.70

Figure 2 XRD curves of organoclay, PP/organoclay, PP/
MAPP/organoclay, and organoclay-filled blends prepared
by the four different types of compounding sequences.

2264 WANG, GUO, AND YU

Journal of Applied Polymer Science DOI 10.1002/app



10-5P, and 10-5B exhibit a strong peak at 2y ¼ 2.74�

(d ¼ 3.22 nm), which means that only intercalated
state of organoclay was reached in these samples.
Chow et al.16 reported partial exfoliation of organo-
clay by direct mixing of all the components in a
counter-rotating twin screw extruder for PA6/PP/
MAPP/organoclay nanocomposites, while in our case
only the PA6/organoclay masterbatch approach
(10-5M) can reach partial exfoliation of organoclay.
This difference may come from different compound-
ing equipment and different source of organoclay
and other components.

TEM images of all the samples (10-5D, 10-5M,
10-5P, 10-5B) are shown in Figure 3. To increase the
phase contrast between polymer components and
organoclay, no staining was conducted, which might
cause weakened phase contrast between PA6 and
PP. An overlay is drawn on TEM images to distin-
guish PA6 phase from PP phase. In samples 10-5D,
10-5M, and 10-5B, organoclay locates selectively in
PA6 phase and at the interface, being basically in
agreement with the results of Chow et al.15 for the
sample prepared by direct mixing in an extruder.
Whereas for sample 10-5P, as pointed by the black
arrows, intercalated organoclay was also observed in
PP phase. Intercalation of MAPP into some of the
organoclay galleries is possible when PP and MAPP

were melt-mixed with organoclay, as evidenced
by the appearance of the weak peak at 2y ¼ 3.08�

(d ¼ 2.87 nm) in the XRD pattern (Fig. 2).
Comparing the four images in Figure 3, it is recog-

nized that the dispersion of organoclay is the worst
in 10-5D, where large aggregates were observed, and
the best in 10-5M where thin lines of organoclay
platelets is shown.

Determination of the amount of PA6 grafted to
MAPP

It is widely accepted that the maleic groups of
MAPP can react with the end amine groups of PA6
molecules, forming a PA6-g-PP copolymer in situ at
the interface which compatibilizes PA6/PP blends.21

The amount of PA6 grafted to MAPP is a measure
of the interaction level among the components and
therefore an important factor affecting the degree of
compatibilization, i.e., particle size, in the current
PA6/PP/MAPP/organoclay system. The amounts of
PA6 grafted to MAPP in all the four samples pre-
pared by different compounding sequences were
determined quantitatively by FTIR analysis of the
residues after extraction of PA6 by formic acid. The
spectra are shown in Figure 4. The characteristic
absorption peaks of PA6, PP (MAPP) and

Figure 3 TEM images of organoclay-filled blends prepared by the four different types of compounding sequences.
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organoclay show up at 1650 cm�1 (amide I band of
PA6), 1377 cm�1 (bending vibration of C-H bond),
and 1042 cm�1 (stretching vibration of Si-O bond),
respectively. The amounts of PA6 grafted to MAPP
were estimated to be 0.6, 1.5, 0.9, and 1.2 wt % to all
the polymers for 10-5D, 10-5M, 10-5P, and 10-5B
respectively, according to the area ratio of the peak
at 1650 cm�1 to that at 1370 cm�1 which represents
PA6/PP ratio. A rough estimation is made to evalu-
ate the amount of end amine groups of PA6 avail-
able to react with MAPP. For the blending composi-
tion investigated in this work (PA6/PP/MAPP/
organoclay ¼ 70/20/10/3.7), 3.8 mmol of end amine
groups in 70 g of PA6 (Mn ¼ 18,000) will be avail-
able to react with about 1.0 mmol of MA groups in
10 g of MAPP (graft ratio: 1 wt %). It can be seen
that the amount of PA6 molecules actually grafted to
MAPP during compounding is very small compared
to the theoretical value. This is due to the high
molecular weight and high viscosity of the poly-
mers, as well as limited interfacial area for compati-
bilization reaction to proceed. FTIR results imply
that different compounding sequence yields different
amount of PA6 grafted to MAPP, although the
amounts of all the components used for compound-
ing are exactly the same. By comparison, the amount
of PA6 grafted to MAPP in decreasing order is:
10-5M > 10-5B > 10-5P > 10-5D, being in inverse
order with the particle size. This is logical. Sample
10-5M has the largest amount of PA6 grafted to
MAPP at the interface, meaning that the interaction
among the components is the strongest, and there-
fore, the best compatibilization is achieved, leading

to the smallest particle size. In the related literature
work, the competitive interaction of PA6 and orga-
noclay with MAPP was usually used to explain
the relative amount of PA6-g-PP. It is hard to use
this viewpoint to explain the current case: 10-5M >
10-5B. The difference in morphology evolution
should be considered and will be discussed later.

Distribution of organoclay

The distribution of organoclay could be a very im-
portant factor affecting the role of organoclay in
modifying the particle size, and it can be affected by
the amount of PA6 grafted to MAPP at the interface.
TEM images in Figure 3 only reveal the distribution
state of organoclay qualitatively. The distribution of
organoclay in the PA6 phase and at the interface
was estimated by TGA analysis of the recovered res-
idue (PP/MAPP) after extraction of PA6 by formic
acid, which represents the amount of organoclay at
the interface because there is no any organoclay in
the PP phase except for sample 10-5P where a small
amount of organoclay was found in the PP phase.
The rest of organoclay is in the PA6 phase. The
amounts of organoclay at the interface were 21%,
66%, 33%, and 38% for samples 10-5D, 10-5M, 10-5P,
and 10-5B, respectively. The distribution of organo-
clay is correlated with the amount of PA6 grafted to
MAPP in Figure 5 for the four samples prepared by
different compounding sequences. It can be seen
that the amount of organoclay distributed at the
interface increase with increasing amount of PA6
grafted to MAPP. A straight line was drawn cross-
ing point (0.6, 21) of 10-5D and point (0, 0) for com-
parison. 10-5P and 10-5B are around the line, while

Figure 4 FTIR spectra of organoclay, PA6, PP/MAPP
(2 : 1) and the recovered PP/MAPP phases of 10-5D, 10-5
M, 10-5P, and 10-5B.

Figure 5 Relationship between the amount of PA6
grafted to MAPP and distribution ratio of organoclay in
PA6 phase and interface zone.
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10-5M lies above this line, indicating that more orga-
noclay locates at the interface in 10-5M than that
predicted by the straight line. This is because PA6
molecules are already intercalated into organoclay
galleries before mixing with PP and MAPP. During
the second mixing step, the end amine groups of
PA6 molecules reacted with MAPP, forming PA6-g-
PP copolymer or formed physical entanglement with
MAPP molecules, bring many PA6-intercalated orga-
noclay platelets to the interface due to its strong
interaction with PA6.

Mechanism of morphology formation

The morphology evolution was investigated by
observing the dispersed phase isolated after extrac-
tion of PA6 by formic acid at different time intervals.
Figure 6 illustrates the morphology evolution pro-
cess for samples 10-5D, 10-5M, and 10-5B. For both
10-5D and 10-5M, morphology evolution follows a
transient mechanism of thread breakup.22 Long
fibrils were formed at 2 min in both cases, but the
fibrils of 10-5D was much coarser than that of
10-5M. Therefore, the dispersion of PP phase in PA6
for 10-5M was more effective than that for 10-5D
from the very beginning of mixing. As mixing time
prolonged, the fibrils broke up into small droplets
due to interfacial instabilities. Sample 10-5B was

based on premixed blend of PA6/PP/MAPP, in
which Dav was about 1.67 lm. After the incorpora-
tion of organoclay, dispersed droplets endured
limited deformation and breakup, probably follow-
ing a stepwise breakup mechanism,22 and finally an
equilibrium state (Dav ¼ 0.70 lm) was reached.
The scheme in Figure 7 is proposed to interpret the

mechanism of morphology, evolution, and morpho-
logical difference among samples prepared using dif-
ferent types of compounding sequences. For different
compounding sequences, the initial distribution and
dispersion states of organoclay are different, which
influences droplets deformation and breakup at early
stage of mixing through viscosity change and barrier
effect of organoclay platelets. The initial droplets
deformation and breakup is quite important because
it determines the surface area exposed for compati-
bilization reaction, thus the amount of PA6 grafted
to MAPP. PA6-g-PP in turn influences morphology
evolution by reducing interfacial tension and sup-
pressing droplets coalescence. Also, during compati-
bilization reaction, a certain amount of organoclay
migrates and is immobilized to the interface due to
its interaction with PA6-g-PP. This mechanism takes
effect until an equilibrium state is reached.
Sample 10-5M has smaller particle size than 10-5B

for the following reasons: (1) As discussed above,
the morphology evolution is different in the two

Figure 6 FESEM images of the recovered PP/MAPP phases for 10-5D, 10-5M, and 10-5B after 2, 4, 7, and 10 min of mixing.
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cases. In the masterbatch approach (10-5M), organo-
clay was initially dispersed in PA6 and intercalated
by PA6, promoting the initial deformation and
breakup of PP phase. While in the preblending
approach (10-5B), it took time for organoclay to be
intercalated by PA6 molecules, being unfavorable for
breakup of the preformed dispersed droplets. As
shown in Figure 6, the particle size at 2 min of mix-
ing for 10-5M is much finer than that for 10-5B. (2)
The amount of PA6 grafted to MAPP is much higher
in 10-5M than in 10-5B, leading to better compatibili-
zation. (3) The amount of organoclay at the interface
is much higher in 10-5M than in 10-5B, therefore the
barrier effect is more efficient in 10-5M than in
10-5B. All these three reasons favor reduction in
particle size for 10-5M.

As for 10-5D and 10-5P, organoclay located in PP
phase initially (in 10-5D, PP melted first and organo-
clay went into PP before melting of PA6), which was
unfavorable for the initial breakup of the dispersed
phase. The amounts of both PA6 grafted to MAPP
and organoclay distributed at the interface were
much less than in the other two cases, leading to
poor compatibilization and poor barrier effect of
organoclay, and thus larger Dav. The Dav of 10-5P
was a little smaller than that of 10-5D because of the
better dispersion state of organoclay, slightly bigger
amounts of PA6 grafted to PP and organoclay at the
interface.

Crystallization behavior

The DSC cooling curves of all the samples prepared
by the four different compounding sequences along
with the reference sample 10-0, which does not con-
tain organoclay, and PP are shown in Figure 8. The
DSC curve of 10-0 exhibits two peaks at 122.49 and
193.27�C, corresponding to the crystallization of PP

and PA6, respectively. The addition of organoclay
shifts the crystallization peak of PA6 slightly, no
matter which blending sequence was used. It is
known that clay can either have a heterogeneous
nucleation effect on polymer crystallization, causing
an increase in crystallization temperature23 or exert
an opposite effect on polymer crystallization due to
the hindrance of the diffusion of polymer chains
towards crystal growth front by clay.24 In our case,
the latter effect seems to dominate over the former
one in the crystallization of PA6.
The crystallization peak of PP in 10-0 (122.49�C) is

higher than that in virgin PP (113.38�C), showing
nucleation effect of PA6 on the crystallization of PP,
although this effect is somehow diminished by
MAPP.25 In the presence of organoclay, the crystalli-
zation peak of PP splits into two peaks with the

Figure 7 Scheme illustrating mechanism of morphology evolution.

Figure 8 DSC cooling curves of PP, reference blend 10-0
and organoclay-filled blends prepared by the four differ-
ent types of compounding sequences.
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appearance of a lower temperature peak for 10-5D
and 10-5P, or shifted to a lower temperature for
10-5M and 10-5B. It is suspected that organoclay at
the interface could shield the nucleation effect of
PA6 in the crystallization of PP to some degree,
similar to MAPP. When the amount of organoclay
distributed at the interface reached a certain value,
the high temperature peak was hardly noticeable
(10-5M and 10-5B), indicating a complete shielding
of the nucleation effect of PA6. The crystallization
peak of PP in 10-5M is even lower than that in pure
PP, indicating that organoclay not only shields
the nucleation effect of PA6, but also hinders the
diffusion of PP molecules to crystallization front,
probably due to better dispersion state of organoclay.

Dynamic mechanical properties

The curves of dynamic storage modulus versus tem-
perature for all the investigated organoclay-filled
blends along with the reference sample 10-0 which
does not contain organoclay are shown in Figure 9.
The storage moduli of all organoclay-filled blends
are higher than that of the reference blend. This
reinforcing effect is especially prominent at low tem-
perature (�100�C). The improvement in storage mod-
ulus for sample 10-5M prepared by PA6/organoclay
masterbatch approach is outstanding compared to
other samples. At 25�C its storage modulus was about
1.7 times of that of 10-0, while those of the others are
only less than 1.4 times of that of 10-0. The storage
modulus of polymer blends is mainly determined by
the continuous phase, while dispersed phase and
interface play a secondary role. The highest storage
modulus of 10-5M is mainly attributed to good disper-
sion of organoclay in the PA6 phase. The smallest Dav

(thus more interfacial area) and good interfacial
strength may also have some contribution.

CONCLUSIONS

In this article, the effects of compounding sequence
on the morphology, crystallization behavior and
dynamic mechanical properties of organoclay-filled
PA6/PP/MAPP blends have been investigated. Four
types of compounding sequences were utilized. The
following conclusions can be drawn:

1. Using PA6/organoclay masterbatch approach
achieves the smallest average particle size. Quan-
titative analyses showed that the sample pre-
pared by masterbatch approach has the highest
amount of PA6 grafted to MAPP and organoclay
at the interface. The difference in particle size
was discussed using the proposed mechanism
for morphology formation, considering the rela-
tionship among dispersion and distribution
states of organoclay, the amount of PA6 grafted
to MAPP as well as the deformation, breakup,
and coalescence of the dispersed droplets.

2. Organoclay has no nucleating effect on crystalli-
zation of both PA6 and PP in all four compound-
ing sequences. The crystallization peak of PA6
slightly lowers for all the samples, while that of
PP either shows two peaks with appearance of
a lower temperature peak or shifted to lower
temperature due to presumably the hindrance of
macromolecular chain diffusion towards crystal
growth and shielding of the nucleation effect of
PA6 to PP by the presence of organoclay at the
interface.

3. The use of organoclay in the preparation of
PA6/PP/MAPP blends can increase dynamic
storage modulus no matter which compound-
ing sequence is used. The material prepared by
PA6/organoclay masterbatch approach exhibits
the highest dynamic storage modulus, which is
mainly attributed to the best dispersion state of
organoclay in the PA6 phase.

References

1. Bucknall, C. B. Toughened Plastics; Applied Science Publish-
ers: London, 1977.

2. Wang, Y.; Zhang, Q.; Fu, Q. Macromol Rapid Commun 2003,
24, 231.

3. Gelfer, M. Y.; Song, H. H.; Liu, L. Z.; Hsiao, B. S.; Chu, B.;
Rafailovich, M.; Si, M. Y.; Zaitsev, V. J Polym Sci Part B:
Polym Phys 2003, 41, 44.

4. Khatua, B. B.; Lee, D. J.; Kim, H. Y.; Kim, J. K. Macromole-
cules 2004, 37, 2454.

5. Dharaiya, D. P.; Jana, S. C. J Polym Sci Part B: Polym Phys
2005, 43, 3638.

6. Ray, S. S.; Bousmina, M. Macromol Rapid Commun 2005, 26,
450.

7. Ray, S. S.; Bousmina, M.; Maazouz, A. Polym Eng Sci 2006, 46,
1121.

8. Fang, Z. P.; Xu, Y. Z.; Tong, L. F. Polym Eng Sci 2007, 47, 551.

Figure 9 Dynamic storage modulus of reference blend
10-0 and organoclay-filled blends prepared by the four dif-
ferent types of compounding sequences.

EFFECT OF COMPOUNDING SEQUENCE 2269

Journal of Applied Polymer Science DOI 10.1002/app
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