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ABSTRACT: The influence of shear flow on the crystalli-
zation of polyamide 6/MMT nanocomposites prepared by
melt intercalation process was investigated in detail by dif-
ferential scanning calorimetry. The melted nanocomposites
were controlled sheared in the steady and oscillatory shear
flow, using a rotational rheometer, and cooled in an inert
atmosphere. The effects of shear rate or frequency, clay
concentration, and crystallization conditions on PA 6 crys-
talline phase development were studied. As expected, an
opposite impact of shearing on g-phase formation in the
nanocomposites and neat matrix was found. Surprisingly,
a critical shear frequency for the onset of g-form crystallin-
ity formation in the nanocomposites, increasing with the

filler content as a consequence of polymer chains confine-
ment within oriented clay platelets was found. At higher
shear frequencies, the proportion of g-form in the nano-
composites increased dramatically with the clay concentra-
tion and reached 30–40%. The shear flow effects were
influenced by cooling conditions, and more significant
effect for rapidly cooled samples was observed. The iso-
thermal crystallization at the solidification temperature
2058C reduced the g-form content. � 2007 Wiley Periodicals,
Inc. J Appl Polym Sci 106: 3387–3393, 2007
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INTRODUCTION

Considering changes in polymer crystalline structure
by a filler addition, a complex knowledge of clay
effects on the matrix crystallization is also required
for successful nanocomposite investigations.

Crystallinity of the exfoliated polyamide 6/mont-
morillonite (PA6/MMT) nanocomposite, i.e., a sys-
tem containing delaminated platelets, homogenously
dispersed in the matrix, is significantly influenced by
the clay and is a subject of numerous studies.1–14

Because of space restrictions between clay platelets,
both the crystallization kinetics and crystalline mor-
phology of the matrix are changed. The significant
feature of PA6/MMT nanocomposites is the for-
mation of an increased portion of g crystallinity,
a polymorphic form consisting of parallel-aligned
hydrogen-bonded chains, (lower packing density,
monoclinic, or pseudohexagonal). The g-form occurs
in neat PA 6, usually, only after rapid melt cooling15

and is unstable, transforming to the stable monoclinic
a-form consisting of fully extended planar zigzag
chains, in which adjacent antiparallel chains are joined
to each other by hydrogen bonds during storage.

In PA6 nanocomposites, the clay surface induces
kinetically favored formation of g-phase, occurring
predominantly near clay platelets.16 In contrast to
the neat PA 6, the g-form crystallinity is stable,17,18

as a result of the polymer chains confinement of
MMT1,19 and is also the main reason for properties
improvement.20 An increase in the g-phase content
by annealing at 808C was reported for extruded
nanocomposites.21 The mentioned polymer chain
confinement together with the g-nucleating effect of
the clay may also lead to a modification of the g-
phase as reported, e.g., by Nair and Ramesch22 A
further characteristic feature of the nanocomposites
is the substantial orientation level in PA6 crystalline
regions,23,24 observed even at high mold temperature
(908C) in injection molding.25–27 Owing to specific
interactions of PA chains with MMT, the crystallinity
is influenced by polymer chain orientation near the
clay surface;28,29 the epitaxial growth of crystallinity
starts from a chain tethered to the clay surface. The
crystalline structure of PA 6/clay composites is also
influenced by processing and thermal treatment.30–32

An important factor influencing generally crystalli-
zation of polymers through oriented or stretched
chains and, consequently, their material properties is
the shear applied during processing.33–35 The effects
of shear on crystallization temperatures or even on
supercooled melt in polyolefins were studied. The
importance of this phenomenon for PA 6 is docu-
mented by numerous works dealing with drawing
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of fibers.36–40 It is evident that in PA6 nanocom-
posites more significant shear effects on the matrix
crystallization should be expected considering
a preferential orientation of exfoliated platelets
through shear flow. Weon et al.41 recently studied
the effect of large-scale shear in extrusion at 608C on
the orientation of PA 6 crystalline lamellae and con-
firmed the important role of the platelets orientation
in the process. Study42 of the time-resolved shear
behavior of end-tethered PA6/clay nanocomposites
by through-view SAXS patterns showed that the
nanocomposites can be oriented under relatively low
shear rates (60 s21) and at temperatures immediately
above the melting temperature. The authors con-
clude that the exfoliated clay is the primary reason
for inducing the oriented g-form under shear,
because the nanocomposites crystallize in this form
also without shear.

It was found that no detailed study of shear flow
effect on the g-phase formation in the presence of
MMT has appeared. The present work, focused on
this aspect, was motivated by our recent finding
that, in PA6/MMT nanocomposite, prepared by melt
compounding, annealing for 15 min at 2708C and
cooling slowly, only a-phase was detected. No g-
phase was also found in the nanocomposites solidi-
fied in a thin layer at 160 and 2058C. The mentioned
findings were observed on thin layer samples, ther-
mally treated in ‘‘steady’’ state on the hot stage of a
polarizing microscope and in DSC apparatus with
the same regime. Similar to our observation, prefer-
ential crystallization of the a-form was also found
for slowly cooled in situ polymerized PA 6/MMT
sample.43 On the other hand, our attempt to prepare
a nanocomposite containing dominant a crystallinity
under similar solidification and annealing conditions
of injection molding was not successful. To analyze
our observation, we indicated an important role of
flow in the g-phase formation in PA 6/MMT nano-
composites.

The goal of the present work is to assess the role of
shear flow in the crystallization of molten polyamide
nanocomposites. For this purpose, the crystallinity of
the nanocomposites subjected to various shearing con-
ditions in the molten state before solidification was
observed.

EXPERIMENTAL

Materials

The organoclay used in the study was commercial
product Cloisite 30B (Southern Clay Products, Gon-
záles, TX), a natural montmorillonite (MMT) modi-
fied by alkylbis(2-hydroxyethyl)methylammonium
chloride with the alkyl derived from hydrogenated

tallow (clay content 74 wt %). The cation exchange
capacity of the clay is 90 mequiv 100 g21 and inter-
layer spacing 1.85 nm.

Polyamide 6 (PA6) was the commercial grade
(Ultramid B5, BASF, Germany) with Mn 5 42,000.

Nanocomposites preparation

Prior to mixing, PA6 and clay were dried at 85 and
708C, respectively, for 12 h in a vacuum oven. The
nanocomposites were prepared by mixing the com-
ponents in the W 50 EH chamber of a Brabender
Plasti-Corder at 2558C and 45 rpm for 10 min. The
material was immediately compression-molded at
2508C to form 1-mm-thick plates. Strips cut from
these plates were used for the preparation of disc
samples in a laboratory microinjection molding
machine (DSM Research, Netherlands). The barrel
temperature was 2658C, and that of mold 808C.
When molded, the samples were used for shear flow
experiments. The clay contents were 1, 3, and 5 wt %
of Cloisite 30B (not corrected for the neat silicate
content). Structure and properties of the nanocompo-
sites showed well dispersed and high-exfoliated
organoclay in the matrix; their structure and material
characteristics were published in our previous
papers.44,45

Shear-treated nanocomposites preparation

a. Controlled shear flow

Using an ARES 3 rotational rheometer (Rheometric
Scientific, Piscataway, NJ) with the parallel-plate ge-
ometry of 25-mm diameter and the 1 mm gap
between the plates, nanocomposites with flow-
induced crystallization were prepared. The nano-
composites were melted at 2708C for 3 min between
the plates before the gap setting and kept 10 min at
rest before shearing. Because of problems with melt
ejection from the rheometer gap during steady shear
flow, oscillatory shear flow experiments were pre-
ferred for shearing because no flow disturbances
occurred in the used frequency range. Comparing
DSC thermograms of selected nanocomposites
deformed with both types of flow, the identical
influence of shearing on g-form crystallization was
observed for the same values of shear rate and shear
frequency. The oscillatory shear flow experiments
were carried out for 5 min at the 7% strain and at a
constant frequency between 0 and 100 rad s21.

b. Nanocomposites crystallization

The melts of nanocomposites were cooled down in
two different ways after shearing:
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1. Nonisothermal crystallization—rapid cooling (R
samples)—a small piece of the melt was
scraped out from the gap of a rheometer and
rapidly cooled to laboratory temperature imme-
diately after shearing;

2. Isothermal crystallization 1 Annealing (A sam-
ples)—the melt was cooled for 2 min to the sol-
idification temperature 2058C and annealed for
30 min in the gap of rheometer.

The shearing of melts and subsequent isothermal
crystallization with annealing in rheometer were per-
formed under nitrogen to prevent degradation of the
matrix.

Differential scanning calorimetry

A Perkin-Elmer Pyris 1 DSC apparatus was
employed for calorimetric measurements. The sam-
ples of about 10 mg were sealed in aluminium pans,
and the system was cooled with liquid nitrogen and
flushed with helium. Indium and cyclohexane were
used for calibrating the temperature and heat-flow
scales. The DSC runs were scanned in the tempera-

ture interval from 80 to 2608C at a heating rate 108C
min21. The samples were measured immediately af-
ter shear treatment as two series—annealed and rap-
idly cooled, as described earlier. For verification of
stability of the g-form, three selected samples were
also measured after 1-month storage at laboratory
temperature.

RESULTS AND DISCUSSION

The results of DSC measurements are summarized
in Figures 1 through 7. The thermograms show the
main melting endotherm of the crystalline a-form of
the polyamide at about 2238C. The endotherm of the
g-form, if present, appears at about 2128C; in some
samples it appears just as a hump on the ascending
branch of the a-form endotherm or is missing at all.
At 190–2008C, some rapidly cooled samples show a
flat exotherm, indicating probably additional crystal-
lization of polyamide after releasing the segmental
motion in amorphous parts on heating.

The DSC scans of the nanocomposites of PA6
containing 3% MMT crystallized isothermally at
2058C after flow at respective shear frequencies (x)
are shown in Figure 1. The thermograms are quite

Figure 1 Melting endotherms of annealed nanocompo-
sites PA6 1 3% MMT after flow at respective shear fre-
quencies (rad s21).

Figure 2 Melting endotherms of nonisothermally crystal-
lized neat PA6 after flow at respective shear frequencies
(rad s21).
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similar and show the main endotherm of the a-form
at about 2238C with just small proportions of the g-
form, which does not change with frequency. The
thermograms do not include any exotherm at 190–
2008C, which means that crystallization was com-
pleted during annealing at 2058C and subsequent
cooling to laboratory temperature. The heat of fusion
of the annealed samples of PA6 1 3% MMT does
not change with x. Its average value is 65.7 J g21

corresponding to PA6 crystallinity of about 29%.
Comparing the value with the crystallinity of a sam-
ple with analogous thermal history prepared by
injection molding of the melt into a mold heated to
2058C and 30-min storage in the mold, the higher
content g-form in the latter case is most probably a
consequence of more intensive shear flow during
injection molding. We again recommend that with-
out any flow, only a-crystallinity was present for the
same thermal history. These results indicate the
important effect of shear flow on the g-crystallinity
formation. This effect is clearly seen from more
‘‘in situ’’ observations of the melt rapidly cooled im-
mediately after shearing, indicating the undisturbed
effect of flow on the g-crystallinity evolution (and its
influence by different concentrations of clay).

Figure 2 shows the DSC thermograms of neat PA6
rapidly cooled after treatment at various shear fre-
quencies. The proportion of the g-form expressed as
the hump at about 2128C is significant at zero and
low frequencies, decreasing with increasing fre-
quency. All thermograms show the flat exotherm at
about 1958C associated with additional crystalliza-
tion of undercooled polyamide chains on heating.
The crystallinity of flow-treated PA6 samples did not
show any significant change with shear frequency.
Its average value was 24.6%, a value considerably
smaller than the usually stated 50–60% for crystallin-
ity of equilibrated neat PA6. Untreated PA6 used in
this study had crystallinity of about 48%.

In the case of nanocomposites containing 1 and 3%
of organoclay (Figs. 3 and 4), significant amounts of the
g-form were found at intermediate shear frequencies.
These samples showed similar crystallinities (24.5% on
average) as those of neat shear-treated PA6.

Figure 5 shows that the dependence of the g-form
content on the shear frequency for the rapidly cooled
PA6 nanocomposite containing 5% organoclay has a
character opposite to that of neat polyamide (Fig. 2).
At zero frequency, the sample of nanocomposite

Figure 3 Melting endotherms of nonisothermally crystal-
lized nanocomposites of PA6 1 1% MMT after flow at re-
spective shear frequencies (rad s21).

Figure 4 Melting endotherms of nonisothermally crystal-
lized nanocomposites of PA6 1 3% MMT after flow at re-
spective shear frequencies (rad s21).
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contains no g-form, whereas at high frequencies (70
and 100 rad s–1) the proportion of the g-form is quite
significant—estimated at some 30–40%. Average
crystallinity of nanocomposite PA6 1 5% MMT was
23.6%, somewhat lower than for neat PA6 and
lower-MMT nanocomposites, and showed a slightly
decreasing dependence on shear frequency. Unlike
for all the earlier described results (Figs. 1–4), where
no change with frequency was found for the peak
temperature of the a-form endotherm, a decreasing
trend between 223.3 and 221.48C for frequency rising
from 0 to 100 rad s–1 was detected for nanocompo-
site PA6 1 5% MMT. This result suggests a trend
that the higher the clay content the higher the shear
flow necessary for the g-form evolution. This finding
corresponds with literature data indicating, e.g., geo-
metric restriction caused by clay. Probably coopera-
tive local ordering of clay and PA6 chains caused by
flow promotes extended chain crystallization.

Figure 6 summarizes results of the study of the
organoclay content effect on crystallization behavior
of the nanocomposites at two extreme frequencies (0
and 100 rad s21). At the frequency x 5 0 rad s21,
the proportion of the g-form decreases with the clay
content. Average crystallinity was 24.7% with no

dependence on clay concentration. At the frequency
x 5 100 rad s–1, on the contrary, the proportion of
the g-form in neat polyamide is very low, increasing
dramatically with the clay content, reaching �30–
40% for 5% MMT. Crystallinity decreases from
25.2% for neat PA6 to 22.9% for nanocomposite PA6
1 5% MMT.

In order to detect stability of the g-form in the
studied shear-treated nanocomposites, three samples
were also measured after 1-month storage at labora-
tory temperature, viz. annealed PA6 1 3% MMT
and rapidly cooled PA6 1 3% and 5% MMT (see
Fig. 7). In all three tested samples, the g-form disap-
peared during the 1-month storage at laboratory
temperature. The stored, rapidly cooled samples also
did not show any exotherm of additional crystalliza-
tion. No change in overall crystallinity (about 28%)
and peak temperature of the a-form (223.08C) was
detected in the annealed sample. On the contrary,
crystallinity increased from 24 to 28% and from 23
to 26.5%, and the peak temperature of the a-form
from 222.08C to 224.48C and from 221.48C to 223.78C
for the rapidly cooled samples of PA6 1 3% and 5%
MMT, respectively. This indicates that the 1-month

Figure 6 Melting endotherms of nonisothermally crystal-
lized nanocomposites of PA6, containing respective con-
centrations of MMT after flow at shear frequencies x 5 0
and 100 rad s21.

Figure 5 Melting endotherms of nonisothermally crystal-
lized nanocomposites of PA6 1 5% MMT after flow at re-
spective shear frequencies (rad s21).
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storage at laboratory temperature of the rapidly
cooled shear-treated PA6 nanocomposites is associ-
ated not only with disappearance of the crystalline
g-form but also with an increase in total crystallinity
to the value comparable with that of the annealed
samples, and with overall perfection of the a-form
crystallites. The last results are in contrast to crystal-
linity of injection-molded samples (with more inten-
sive shearing before solidification, which is usually
done at temperatures about 808C), where a signifi-
cant content of g-crystalline phase exists after much
longer storage and even thermal treatment. Probably,
the applied shear leads to less-developed (and sta-
ble) g-crystalline phase; this is indicated by different
melting temperature and stability. Unfortunately, the
restrictions of rheometer construction did not allow
a study on more wide velocity range, but even the
results obtained describe well the importance of
shear for g crystallinity in the clay-restricted system.

CONCLUSIONS

The present results indicate a dominant effect of
flow on the g crystalline phase formation in melt-

mixed, highly exfoliated PA6/MMT nanocomposite.
Within the studied flow conditions (small deforma-
tion oscillatory shear, frequency 0–100 rad s–1) per-
formed at 2708C, with lower clay contents, even a
critical interval of shear frequency was found, at
which only the g crystalline form appeared. This
critical shear frequency increased (higher shearing
was necessary for the onset of g crystalline phase
formation) with elevated clay content as a conse-
quence of geometric restrictions imparted by clay.
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