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Abstract

We examined the liquid-solid transition for polyamides (PA) 6, 66, and 610 by the Chambon-Winter method under cooling. The
polyamides exhibited the transition via the critical gel, for which the critical exponent and the stiffhess were consistent with those
reported under the isothermal measurements for the other polymers. The DSC measurements showed that, for a few materials, the
crystallinity at the gelation ¢, was very small. This result implies that the hydrogen bonding partially stabilizes the critical gel of
such polyamides. The FT-IR measurements demonstrated that the hydrogen bonding was formed cooperatively around the
gelation temperature. However, we also found that with increasing the molecular weight, the gelation temperature decreased
and g increased for PA6. Besides, o, was smaller for PA66 and PA610 than that for PA6. The mechanism is unknown for
these results that locate in the opposite side to the suggested role of hydrogen bonding.
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Introduction

Solidification behavior of polyamides has been widely inves-
tigated due to the industrial significance. For example, this
class of polymers is used as fibers and structural materials
owing to their excellent mechanical and thermal properties
(Marchildon 2011). Developments of blends and composites
have been being attempted as well (Fornes et al. 2001). In the
processing, the material in the melt state is poured into a mold
of the desired shape, and solidified by the cooling.
Phenomenologically, the temperature at which the polymer
is solidified is a fundamental quantity that characterizes the
liquid-solid transition and used in the processing simulations
for the switching between fluent and frozen states of the ma-
terial (Mannella et al. 2011a). Most of the cases, the solidifi-
cation temperature of polyamides is obtained from the thermal
measurements. For example, in differential scanning calorim-
etry (DSC) measurements, the solidification temperature is
defined as the temperature at which the crystallinity starts to
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increase, or the exothermic signal shows a peak. This ap-
proach is reasonable since polyamides are semi-crystalline
polymers and the primary mechanism of the solidification is
regarded as the crystallization. However, the solidification
temperature determined by the thermal measurement does
not correspond to the solidification temperature in a rheolog-
ical sense (Mannella et al. 2011b). For instance, semi-
crystalline polymers flow even including some crystallites
(Tanner 2002; Watanabe et al. 2003).

Rheologically, a reasonable definition of the liquid-solid
transition, is the formation of a percolated network via the
crystallites that play the role as the network nodes, analogous
to polymer gels (Winter and Mours 1997). Winter and
Chambon (Winter and Chambon 1986; Chambon and
Winter 1987) used rheometers to determine the critical gel
state, at which the polymer network is percolated. In their
method, at the critical gel state, the storage G'(w) and loss
moduli G'(w) are the power functions of the frequency w with
the same power exponent, which is related to the fractal di-
mension of the network (Muthukumar and Winter 1986; Hess
et al. 1988; Muthukumar 1989). This approach has been sub-
sequently extended to semi-crystalline polymers such as poly-
propylene (Lin et al. 1991; Schwittay et al. 1995; Boutahar
et al. 1998; Pogodina and Winter 1998; Pogodina et al. 1999,
2001), bacterial elastomer (Richtering et al. 1992), poly(1-bu-
tene) (Acierno et al. 2002; Coppola et al. 20006),

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00397-019-01136-0&domain=pdf
mailto:mas@mp.pse.nagoya-u.ac.jp

282

Rheol Acta (2019) 58:281-290

polycaprolactone (Izuka et al. 1992; Acierno et al. 2006), and
thermoplastic polyurethanes (Nichetti et al. 2005).

Although the studies mentioned in the previous paragraph
were performed for the isothermal measurements, the visco-
elastic method has also been applied to the non-isothermal
solidifications. As carefully analyzed by Mours and Winter
(1994), the viscoelastic method is applicable only when the
rate of change of the specimen (which is so-called the muta-
tion rate) is sufficiently smaller than w used for the measure-
ment. This requirement would be fulfilled even under non-
isothermal measurements unless the change in the material
occurs sharply against the modulation of temperature. Under
such a condition, the critical gel formation during the non-
isothermal solidification has been studied for polycarbonate
(via the glass transition) (Mours and Henning Winter 1995),
ethylene-hexene copolymers (Gelfer et al. 2003), and
cellulose/silk-fibroin blends (Yao et al. 2014).

In this paper, we investigated the non-isothermal solidifi-
cation of some polyamides by the viscoelastic method. After
discussing the adequate experimental conditions, we obtained
the characteristics of the critical gels. For the verification of
our measurements, we examined the consistency with the ear-
lier results reported for the isothermal solidifications of the
other polymers. We also performed DSC measurements to
estimate the degree of crystallinity in the critical gel to show
that some polyamides solidify with small degrees of crystal-
linity. The additional infrared absorption (IR) measurements
imply that for such cases, the critical gel states are stabilized
by hydrogen bonding before the crystallization. We discussed
the effects of the molecular weight and the density of hydro-
gen bonding as well. Details are shown below.

Experimental
Materials

The materials used in this study were mainly poly(hexano-6-
lactam) (PA6) of various molecular weights. The other poly-
amides, PA66 and 610, were also measured for comparison.
All the polymers are commercially available, and their molec-
ular weights and the distributions obtained by GPC are sum-
marized in Table 1.

The samples supplied in the pellet-shape were dried in a
vacuum according to the [IUPAC guideline (Dijkstra 2009).
For the rheological measurements, the samples were processed
into a disk-shape with 25 mm in diameter and 1 mm in thick-
ness with a hot press machine. The processing temperature was
225 °C for PA6 and PA610, and 225 °C for PA66. The pro-
cessing time and the pressure were 5 min and 5 MPa, respec-
tively. The processed disk-shaped polyamides were stored in a
vacuum oven at 90 °C until the measurement. A small amount
of the materials was taken from the disk-shaped ones for the
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Table 1 Examined samples
Code Material M, M,/
10" M,

PA6/40 Poly(hexano-6-lactam) 40 5
PA6/50 50 5
PA6/70 70 5
PA6/110 110 5
PA66 Poly(hexamethylene adipamide) 70 3
PA610 Poly(hexamethylene sebacamide) 55 3

In terms of polystyrene

thermal analysis before the rheological measurement. For the
IR measurement, the film specimens were obtained by the sol-
vent cast from 2,2,2-trifluoroethanol solutions.

Measurements

The viscoelastic response was measured with a rotational rhe-
ometer (Physica MCR301, Anton Paar) in the parallel plate
geometry under the nitrogen atmosphere. Before the measure-
ment, we preheated the sample on the rheometer at 250 °C for
180 min to ensure the steady state (Laun 1979; Ishisaka and
Kawagoe 2004). The oscillatory shear was then applied. For the
standard viscoelastic measurements at constant temperatures,
the strain amplitude was at 1%, and the gap was kept constant
during the frequency sweep. For the solidification measure-
ments, the frequency w was held constant, and the loss tangent
tand was recorded as a function of temperature during the
cooling. We applied the normal stress of 0.5 N to eliminate
possible slippage during the solidification. Consequently, the
gap distance decreased with time. The frequency was w=1, 3,
10, and 30 rad/s. The cooling rate was fixed at 1.5 °C/min unless
stated. The choice of these parameters shall be discussed later.

A DSC (Q2000, TA instruments) was used for the thermal
analysis. Under the nitrogen atmosphere, for consistency, the
samples were subjected to the same thermal history with the
rheological measurement. From the measured data, the abso-
lute degree of crystallinity ¢ was estimated from the enthalpy
of crystallization available in the literature (Inoue and
Company 1963).

The IR spectra were measured by using an FT-IR spectro-
photometer (FT-IR 6100, JASCO) equipped with a tempera-
ture controlling system (Model S-100R, ST Japan Inc.). The
16 scanned signals were averaged and recorded with the res-
olution of 1 cm™" under the nitrogen atmosphere.

Results and discussion

To determine the adequate range of the frequency w used in
the solidification measurements, we measured the melt visco-
elasticity. Figure 1, top panel, shows the viscoelastic master
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Fig. 1 Viscoelastic master-curves for PA6/40 (red) and PA6/110 (black)

at reference temperature of 220 "C (top) and horizontal shift factors
plotted against reciprocal temperature (bottom)

curves for PA6/40 and PA6/110 at the reference temperature
of 220 QC, for example. As shown in the bottom panel, the
time-temperature shift-factor at can be reasonably fitted by
the Arrhenius form for the examined temperature regime,
and the fitting gives the activation energy as 110 kJ/mol for
PA6/40 and 117 kJ/mol for PA6/110. However, the shift factor
for PA6/110 obtained at the highest temperature (leftmost
black circle) apparently deviates from the Arrhenius behavior
by unknown reasons. Nevertheless, for the viscoelastic master
curves thus obtained, we see that the frequency range used for
the solidification measurements, w=1, 3, 10, and 30 rad/s, is
not entirely located in the terminal flow regime at the low
temperatures. In particular, the frequency w=30 rad/s is not
appropriate for the critical gel measurement for some samples,
as discussed later.

Figure 2 shows tand measured for PA6/40 under the
cooling with the rate of 1.5°C/min. As a result of the solidifi-
cation, tand decreased with decreasing the temperature.
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Fig. 2 Development of tand for PA6/40 during the cooling at the cooling
rate of 1.5 C/min for w=1, 3, 10, and 30 rad/s. Broken arrows show T
and &,y determined from the convergence of tand

Though the decreasing behavior of tand depends on w, we
observe a temperature located around 201°C, at which tand
measured with various w cross with each other. This conver-
gence of tand suggests the formation of a critical gel at this
specific temperature. We thus determined the critical gel tem-
perature T, at the temperature of the w-independent tand, and
the retardation angle for the critical gel d4¢; from the value of
the corresponding tand. See the vertical and horizontal broken
lines in Fig. 2 for the definition of Ty and Jge.

Although the observed behavior of tand seems reasonable,
the convergence of tand is not sufficient as the critical gel
condition. According to the earlier study (Winter and Mours
1997), for critical gels, both G (w) and G'(w) are power func-
tions of the frequency w with the same power exponent #.
Besides, the exponent 7 is related to the retardation angle
Ogel @S Oge1 = n/2. The w dependence of the moduli is exam-
ined in Fig. 3, in which the complex modulus at the critical gel
condition G;cl (w) is shown for PA6/40 under various cooling
rates, and compared with the slope determined from due. At

the cooling rates slower than 4°C/min, G;el(w) obeys the ex-

pected power-law dependence on w, and the exponent 7 (i.e.,
the slope shown by broken line) is consistent with Jg;.

*

However, at 5°C/min, Gyq(w) apparently deviates from the
solid line drawn according to 4. This inconsistency implies
that the induced mutation at this cooling rate is too fast for the
chosen frequency range. Otherwise, the temperature control
system of the rheometer may not work correctly.

Figure 4 shows T, and # plotted against the cooling rate. The
gel stiffness S obtained from the relation G;el (w) = ST(1-n)w",
where I'(x) is the Gamma function, is also shown. Note that the
data for the cooling rates higher than 5°C/min are omitted here
because of the inconsistency between the power-law exponent of

G;cl(w) and the value of d4 discussed in Fig. 3. Figure 4
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Fig.3 Gy (w) for PA6/40 under various cooling rates. Solid and broken
lines show the power-law behaviors with the exponent determined from e

suggests that the cooling rate does not strongly affect the critical
gel structure concerning # and S, whereas 7, depends on the
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Fig. 4 Cooling rate dependence of the critical gel temperature Ty (top),
the critical exponent n (mid), and the gel stiffness S (bottom) for PA6/40
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cooling rate, possibly due to the kinetics of the crystallization.
From these results, the cooling rate was fixed at 1.5°C/min for the
measurements reported hereafter.

Because PA6 is semi-crystalline polymer, intuitively, crystal-
lites with a sufficient amount would connect polymers to form
the critical gel. To examine this argument, we performed the
DSC measurement, and the result is shown in Fig. 5 for PA6/
40. The heat flow data obtained by DSC measurements generally
contain artifacts due to the heat transfer between the sample and
the instrument. Following Lopez Mayorga and Freire (1987), we
deconvoluted the data by assuming a kernel which has a single
exponential form. The kernel has one fitting parameter 7, which
corresponds to the specific heat transfer time. We estimated 7
from the response to a step temperature change as 7=8 s. We
assume that this parameter is the same for all the measurements.
From the heat flow data thus corrected, the degree of crystalli-
zation ¢ was estimated from the heat of fusion for the crystal
reported earlier (Inoue and Company 1963). We note that the
obtained ¢ may not be in high accuracy because of the complex
crystal formation of PA6 (Sandeman and Keller 1956; Itoh et al.
1975) and ambiguity in the analysis of DSC data.

Nevertheless, the estimated degree of crystallization at the
solidification temperature g is smaller than 1%. The degree
of crystallinity is significant only at the lower temperatures than
T4e1. Pogodina and Winter (1998) reported that for the isothermal
solidification of a specific polypropylene sample, @g is ca. 2%.
Coppola et al. (2006) reported similar results for a poly(1-butene)

Tgel
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Fig. 5 Heat flow (top) as obtained (dotted curve) and after the
deconvolution (solid curve), and the degree of crystallization (bottom)
calculated from the deconvoluted data for PA6/40 with the cooling rate
of 1.5°C/min. Vertical and horizontal dotted lines indicate 7, el (Obtained

from the viscoelastic measurements) and the corresponding g,
respectively
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sample. Our 4 seems even smaller than their values. @, was
virtually insensitive to the cooling rate for the examined PA6/40.

A possible explanation for the low ¢, is that the hydrogen
bonding may partially stabilize the critical gel of polyamides.
To discuss this argument, we measured the IR spectrum of
PA6/40 to characterize the critical gel concerning the amount
of the hydrogen bonding. We analyzed the absorption peak for
the amide I mode (Coleman et al. 1986) located around
1650 cm ™', According to the earlier study (Skrovanek et al.
1985), the amide I mode is mainly attributable to the C=0
stretch mode of carbonyl groups, and there are three different
modes: the ordered (1632 cm '), disordered (1652 cm ')
hydrogen-bonded groups, and non-hydrogen-bonded free
(1680 cm ") groups. Because the peaks by the disordered
and free groups are broad and highly overlapped with each
other, discrimination is not trivial. In this work, we
decomposed the peaks by assuming that the peak
wavenumbers of those two peaks are constant (1652 cm '
and 1680 cm™ ) at the examined temperatures. Although we
cannot discuss the peak shifts under such an assumption, we
can capture the peak areas. We fitted the amide I mode by the
sum of three Voigt functions to determine the peak areas and
the peak wavenumber (for the ordered groups) by a house-
made fitting code. The fitting-code utilizes the Lebenverg-
Marquardt method, and the fitting with three peaks worked
reasonable as shown in the left panels in Fig. 6, where the data
(black) almost entirely overlap with the fitting function

(yellow). The peak areas were thus calculated from the results
of the fitting. Form the obtained areas, we estimated the frac-
tion of carbonyl groups for each mode by assuming that the
molar absorption coefficients are the same with each other.
The right panel shows the fractions obtained. From these data,
we observe that the contribution of disordered groups (red) is
virtually insensitive to temperature. With decreasing the tem-
perature, the number of free groups (blue) decreases, whereas
that for the ordered groups (green) increases. At the tempera-
tures T'> T, the fractions of ordered and free groups are
substantially insensitive to temperature. These data imply that
the amount of hydrogen bonds rises around the critical gel
temperature in the cooling process. These hydrogen bonds
possibly stabilize the critical gel when the crystallinity is
small, at least partly. We have also analyzed the N-H
stretching mode, which is located around 3300 cm ', follow-
ing Skrovanek et al. (1985). The result also suggests the for-
mation of hydrogen bonding around T, as shown in
Appendix.

Thus far, our discussion has been limited to PA6/40, for
which the molecular weight is relatively small. To investigate
the molecular weight dependence, we performed the solidifi-
cation measurement and the DSC measurement for PA6 with
various molecular weights. The measurements were also con-
ducted for PA66 and PA610 for comparison. The measured
tand and ¢ are shown in Fig. 7. From these data, we extracted
the characteristics of critical gel formation as discussed below.
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For the obtained data shown in Fig. 7, we examined the
consistency between G, (w) and dye as shown in Fig. 8. As
discussed in Fig. 4 for PA6/40, G;cl(w) basically obeys the

power-law behavior with the exponent # that is consistent
with 6,4 for all the examined samples. Note, however, that
for M,,=70 k and 110 k (red triangle and black square in the
top panel), G;Cl (w) deviates from the power-law behavior at
the highest frequency. This result implies that the viscoelas-
tic relaxation rate or the mutation rate is lower than the used
frequency. In the G;el(w) data, we observe a tendency in

which n decreases and the gel stiffness S increases with an
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increase of the molecular weight. Similar molecular weight
dependence has been reported for the isothermal solidifica-
tion of polypropylene (Pogodina and Winter 1998) and
polyl-butene (Coppola et al. 2006). However, for PA6/
110, for which the molecular weight is the highest among
the examined materials, S is significantly different from that
obtained for the smaller molecular weights. Finally, as

shown in the bottom panel, G;el (w) for PA66 and PA610

reasonably obeys the power-law behavior, and n and S are

similar to those for PA6 with similar molecular weights.
Figure 9 shows the molecular weight dependence of the char-

acteristic measures of the critical gel for PA6. The solidification
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Fig. 8 G;el(w) for PA6 with various molecular weights (top) and PA66
and PA610 (bottom). In the bottom panel, the results for PA6 are also
shown for comparison. Broken lines indicate the power-law behavior
with the exponent determined from Jg,

temperature T decreases with an increase of the molecular
weight (see top panel). Because the thermal behavior observed
by DSC does not show clear molecular weight dependence
among these samples (see Fig. 7), the degree of crystallization
Pgel Increases with an increase of the molecular weight (see the
second panel). Acierno and Grizzuti (Acierno et al. 2006) have
reported that for the isothermal solidification of polycaprolactone,
Pgel 18 ca. 20%. Our results for PA6/70 and PA6/110 are similar to
their value.

but by the crystallization. This result is counterintuitive be-
cause the hydrogen bonding would suppress the crystalliza-
tion by the retardation of polymer dynamics, and such a retar-
dation would be significant for long chains. The mechanism of
this phenomenon is unknown.

In the second panel, @4 0f PA66 and PA610 are also indi-
cated for comparison. For the materials with similar molecular
weights, ¢, for PA66 and PA610 is lower than that for PA6.
According to the chemistry of the polymers, the amount of
hydrogen bonding for PA66 and PA610 is smaller than that for
PAG. In this respect, the contribution of hydrogen bonding to
the critical gel formation would be less significant than that for
PAG6. Ifitis the case, g for PA66 and PA610 would be larger
than that for PA6 since the contribution of crystalline becomes
dominant. But, the result shown in Fig. 9 lies in the opposite
direction. We have no clear explanation on the chemistry
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dependence of (g, although further experiments for PA66
and PA610 with various molecular weights are necessary.
The measurements for the other polyamides from PA46 to
PA12 would also give further insights.

In the bottom panels in Fig. 9, the exponent n decreases and
the stiffness S increases with increasing the molecular weight,
as observed for Fig. 8. The rise of S against M,, can be
expressed by a power-law with the exponent of ca. 3.5, if we
exclude the result for PA6/110. These behaviors are similar to
those reported for the isothermal solidification of polypropylene
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Fig. 11 Relation between n and S obtained for PA6 under various cooling
rates (cross) and various molecular weights (filled circle). Data for PA66
(triangle), for PA610 (square), and for poly(1-butene) (Coppola et al.
2006) (unfilled circle) are also shown
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(Pogodina and Winter 1998) and poly1-butene (Acierno et al.
2002; Coppola et al. 2006). Interestingly, the results for PA66
and PA610 are close to PA6 for n and S, probably suggesting
structural similarities for their critical gels.

One may argue that the structural parameters of the critical
gels may be related to the amount of crystalline. Figure 10
shows n and S plotted against 4 obtained for various cooling
rates and molecular weights. For the data collected for PA6 with
different molecular weights (circle), there seems a tendency, in
which with increasing g, 7 decreases whereas S increases.
The PA6/40 data under various cooling rates (cross) are not
effectively dispersed in these plots because g is virtually in-
sensitive to the cooling rate. The data for PA66 (triangle) and
PAG610 (square) are shown as well, but these data are different
from those for PA6. Overall, there seems no universal correla-
tion between the rheological parameters of critical gels and .

An interesting feature for critical gels is the universal rela-
tionship between n and S. Coppola et al. (2006) have reported
for poly(1-butene) under the isothermal solidification that the
data obtained for various conditions fall on a straight line in the
log-linear plot, as shown in Fig. 11 (see unfilled circles). Our
results for the polyamides show a similar behavior except for
the data of PA6/110 (leftmost filled circle), for which G;el(w)

behavior is significantly different from the others (see Fig. 8).
In comparison to the earlier data for poly(1-butene), the stiff-
ness S is smaller for the measured polyamides, whereas the
slope for logS against # is interestingly very similar. The mech-
anism of this universality is unknown. Nevertheless, the con-
sistency with the earlier data for the isothermal solidification
supports the validity of our non-isothermal measurements.

Conclusions

We performed the non-isothermal solidification measure-
ments for polyamides by the Chambon-Winter method for
the first time. As reported for the other polymers (mostly un-
der isothermal conditions), polyamides exhibit the solidifica-
tion via the critical gel formation. For the observed critical
gels, the critical exponent and the stiffness reasonably obey
the universal relationship, which supports the validity of our
measurements. To investigate the effect of crystallization on
the critical gel formation, we performed the DSC measure-
ments as well. We found that for PA6, the critical gel temper-
ature decreases, and the crystallinity in the critical gel in-
creases with increasing the molecular weight, and that the
crystallinity in the critical gels for PA66 and PA610 seems
lower than that for PA6. The FT-IR measurements showed
that the amount of hydrogen bonding raises at the critical gel
temperature.

The obtained results imply that the critical gels of polyam-
ides are not likely stabilized solely by the crystallization but
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by the hydrogen bonding, at least partly. In this regard, the
naive idea is that the hydrogen bonding is dominant for poly-
mers with denser amide and carbonyl groups. The hydrogen
bonding would also be dominant for long chains, for which
the activation energy for the crystal formation is larger than
that for short chains. For the critical gel in which the hydrogen
bonding is dominant, the amount of crystalline would be small
because the hydrogen bonding for amorphous chains disturbs
the crystal formation. However, our results obtained in this
study fall in the opposite side. Namely, the crystallinity in
the critical gel decreases with a decrease in the density of
amide and carbonyl groups and with a reduction of the mo-
lecular weight. The mechanism of this counterintuitive results
is unknown. Measuring the critical gel temperature, crystallin-
ity, and IR spectrum of a series of polyamides (from PA46 to
PA12) with different linear densities of amide and carbonyl

Appendix

Skrovanek et al. (1985) showed that the peak position of N-H
stretching mode, which is located around 3300 cm, shifts to
lower wavenumber with decreasing the temperature, reflecting
the fact that the number of hydrogen bonding increases with
decreasing the temperature. Namely, the shift of the peak posi-
tion results from the fact that the peak is two (or more) overlap-
ping broad absorption peaks at close positions (the absorption
peaks of the hydrogen-bonded and free amide groups are at

groups for a wide range of molecular weight may provide
more conclusive experimental results. Because solubilizing
salts and water affect the hydrogen bonding of polyamides
(Harings 2009), the effects of these ingredients on the gelation
would be interesting as well.
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3355 cm ' and 3300 cm ', respectively) and the relative magni-
tudes of the two peaks change with decreasing the temperature.
Nevertheless, we observed the peak-shift as shown in the left
panel of Fig 12. The wavenumber at the peak is extracted and
plotted as a function of temperature in the right panel. The peak-
wavenumber decreased with decreasing the temperature, and the
magnitude of the decrease is significant across the critical gel
temperature, although data points were somewhat scattered.

Fig. 12 FT-IR spectra of PA6/40
in the range 3200-3400 cm '
measured at various temperatures
(left), and the peak position of the
absorbance spectrum as a
function of temperature (right). In
the right panel, the vertical dotted
line indicates the critical gel
temperature obtained from the
solidification measurement, and
the solid curve is eye-guide
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