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ABSTRACT

Brill transition and crystallization behaviour of nylon 56, a representative polymer of odd—even poly-
amides, were investigated by simultaneous WAXD and SAXS synchrotron radiation. Nylon 56 crystallized
from solution into a peculiar structure where hydrogen bonds were established along the two directions.
Nylon 56 experimented on heating a Brill transition that lead to a pseudohexagonal packing and lately to
a monoclinic unit cell where neighbouring molecular segments were shifted along the chain axis
direction. In disagreement with conventional polyamides, the Brill transition of nylon 56 was not
reversible since on cooling the pseudohexagonal arrangement was mainly attained. Optical microscopy
studies performed under both isothermal and non-isothermal conditions demonstrated that nylon 56
spherulites had different optical properties than even—even nylons having conventional sheet structures.
The birefringence sign changed in the sequence positive—negative—positive when crystallization
temperature was decreased.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Aliphatic polyamides derived from odd diamines and even di-
carboxylic acids (i.e. odd—even nylons) cannot establish all possible
intermolecular hydrogen-bonding interactions when molecular
chains have an all trans conformation (Fig. 1a). In this way, the
conventional «/f forms usually found in commercial even—even
nylons [1,2] (e.g. nylon 66) cannot be expected considering the
minimization of the packing energy. These conventional structures
are based on a stacking of sheets composed of hydrogen-bonded
molecular chains with a planar zig-zag conformation. The corre-
sponding fiber diffraction patterns are mainly characterized by two
strong equatorial reflections at approximately 0.44 and 0.38 nm
which are related to interchain distances within and between
sheets, respectively.

A pseudohexagonal structure, which fiber diffraction pattern is
characterized by a single strong equatorial reflection at approxi-
mately 0.415 nm, has been postulated for polyamides derived from
an odd diamine and/or an odd dicarboxylic acid [1,3] (e.g. nylon 77).
In this case, the torsional angles of the bonds adjacent to the amide
groups tend to be +120°, causing a tilt of the amide plane by
approximately 60°, a shortening of the chain length and the
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establishment of good hydrogen-bonding interactions along
a single direction.

However, it has recently been demonstrated that typical spacings
of the «/@ forms can surprisingly be found in nylons derived from
odd diamines (e.g. nylons 56 [4], 92 [5] and 5—10 [6]) or odd dicar-
boxylic acids (e.g. nylons 65 [7] and 69 [8]). These structures were
observed in both stretched fibers and single crystals obtained from
diluted solutions. Structural studies on this kind of polyamides
revealed a peculiar arrangement characterized by the establishment
of intermolecular hydrogen bonds along two different directions.
Basically, the molecular conformation was close to the all trans since
only a slight deviation towards 150° (or —150°) for the two torsional
angles vicinal to the odd diamide unit was necessary to face all NH
and CO groups of neighbouring chains. The two amide groups of the
odd unit rotated in opposite senses from the plane defined by the
methylene carbon atoms allowing the establishment of good
hydrogen-bonding interactions when neighbouring chains became
conveniently shifted along the chain axis direction (Fig. 1b). In this
way, a monoclinic unit cell containing two molecular segments was
derived and the chain axis projection corresponded to a rectangular
unit cell.

Conventional polyamides usually have a temperature induced
transition towards a pseudohexagonal unit cell (y’ form). This
transition can be easily detected in the X-ray diffraction patterns
since the two strong equatorial reflections characteristic of the sheet
structure gradually merge by increasing temperature into a single
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Fig. 1. (a) Scheme of the unfavorable hydrogen-bond geometry between odd diamide
units of nylon 56 molecular chains with an all trans conformation. (b) Scheme of the
establishment of hydrogen bonds along two directions when consecutive amide planes
of a molecular chain slightly rotate in opposite directions from the plane defined by the
methylene carbon atoms. External chains (stick representation) should be shifted
along the chain axis direction (see arrows) with respect to the central chain (ball and
stick representation), thus giving rise to a monoclinic unit cell. Color code: nitrogen,
blue; oxygen, red; carbon, gray; hydrogen, brown. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article).

reflection. The Brill transition temperature just defines the moment
inwhich this pseudohexagonal packing is reached. Brill temperature
depends on the sample history and is also observed with a hysteresis
effect when samples are cooled from the melt state. Although, a large
number of studies on the Brill transition have been reported for
several nylons [9—20], the phenomenon is not yet fully understood
and different explanations have been postulated. Most of them
suggest that hydrogen bonds are not disrupted during the Brill
transition and explain the pseudohexagonal packing as a conse-
quence of the increasing mobility of the polymethylene segments
[21,22]. At this stage, it seems highly interesting to bring new data
about the Brill transition and the crystallization process of the above
indicated polyamides. Nylon 56 has been chosen as a representative
odd—even polyamide with a peculiar hydrogen-bonding scheme.
Nowadays, works concerning to odd—even polyamides are limited

to nylons 11-10 and 11—12 which are derived from units with a large
number of methylene units [23].

2. Experimental section
2.1. Materials

Nylon 56 was synthesized by interfacial polycondensation of
1,5-diaminopentane and adipoyl dichloride using toluene as
organic solvent and sodium hydroxide as proton acceptor following
the procedure previously described in Ref. [4]. An intrinsic viscosity
of 0.7 dL/g was determined in dichloroacetic acid at 25 °C.

2.2. Measurements

Calorimetric data were obtained by differential scanning calo-
rimetry using a TA Instruments Q100 series with T, technology
and equipped with a refrigerated cooling system (RCS) operating at
temperatures from —90 °C to 550 °C. Experiments were conducted
under a flow of dry nitrogen with a sample weight of approximately
5 mg, while calibration was performed with indium. The Tgero
calibration involved two experiments: the first was done without
samples and the second was performed with sapphire disks.

The spherulite growth rate was determined by optical micros-
copy using a Zeiss Axioskop 40 Pol light polarizing microscope
equipped with a Linkam temperature control system configured by
a THMS 2600 heating and freezing stage connected to an LNP 94
liquid nitrogen cooling system. Spherulites were grown from
homogeneous melt-crystallized thin films produced by melting
1 mg of the polymer mixture on microscope slides. Next, small
sections of these films were pressed or smeared between two cover
slides and inserted in the hot stage. The thicknesses of the squeezed
samples were close to 10 um in all cases. Samples were kept at
265 °C (more than 10 °C above the polymer melting point of
251-252 °C) for 5 min to wipe out sample history effects, and then
quickly cooled to the selected crystallization temperature. Alter-
natively samples were no isothermally crystallized at different
cooling rates (8, 1 and 0.5 °C/min) to increase the crystallization
temperature range. The radius of the growing spherulites was
monitored in both isothermal and non-isothermal crystallizations
by taking micrographs with a Zeiss AxiosCam MRC5 digital camera
at appropriate time intervals. A first-order red tint plate was
employed to determine the sign of spherulite birefringence under
crossed polarizers.

X-ray fiber diffraction data were obtained with Ni-filtered CuK,
radiation of wavelength 0.1542 nm from an Enraf Nonius rotating
anode X-ray generator and using a modified Statton camera (W.H.
Warhus, Wilmington, DE). Patterns were recorded at different
temperatures using a temperature-controlled chamber provided by
the manufacturer. Oriented fiber samples were obtained by
drawing the polymer melt and performing a subsequent annealing
under stress at 90 °C.

Simultaneous time-resolved SAXS/WAXD experiments were
carried out at the CRG beamline (BM16) of the European
Synchrotron Radiation Facility of Grenoble. The beam was mono-
chromatized to a wavelength of 0.098 nm. The capillary with the
sample was held in a Linkam hot stage with temperature control
within 0.1 °C. WAXD/SAXS profiles were acquired during heating
and non-isothermal crystallization experiments in time frames of
12 s. The heating and cooling rates varied between 20 and 8 °C/min,
respectively. Two linear position-sensitive detectors were used
[24]: The SAXS detector was calibrated with different orders of
diffraction from silver behenate whereas the WAXD detector was
calibrated with diffractions of a standard of an alumina (Al,03)
sample. The diffraction profiles were normalized to the beam
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Fig. 2. Sequence of DSC curves corresponding to a heating run of a solution crystal-
lized sample (a), cooling run from the melt state (b), heating run of a melt-crystallized
sample (c) and heating run of a quenched sample (d). Heating runs were performed at
20 °C/min whereas the cooling run was performed at 10 °C/min. Inset shows
a magnification of the glass transition.

intensity and corrected considering the empty sample background.
Deconvolution of WAXD peaks was performed with the PeakFit v4
program by Jandel Scientific Software using a mathematical func-
tion known as “Gaussian area”.

3. Results and discussion
3.1. Thermal properties of nylon 56

Fusion of a nylon 56 sample directly obtained from synthesis
was characterized by two melting peaks that appeared in the
228—251 °C temperature range (Fig. 2a). It should be pointed out
that the high temperature melting peak was very broad and
asymmetric, suggesting that it was really derived from the over-
lapping of two signals (peaks 2 and 3). Thus, fusion of nylon 56
seemed to be characterized by a complex behaviour. The DSC
heating trace showed also a very broad endothermic peak
(80—140 °C) which could be assigned to adsorbed water since it
was not detected in later heating runs, and furthermore a poly-
morphic transition could be discarded in this temperature range as
then will be explained.

Nylon 56 crystallized easily during cooling runs from the melt
state (e.g. an exothermic peak at 224 °C was detected at a cooling
rate of 10 °C/min) giving rise to samples with a different melting
behaviour. Thus, a posterior heating trace showed clearly as the
broad high temperature peak was split in two peaks (peak 2 at
238 °Cand peak 3 at 251 °C) and that an exothermic peak indicative
of a recrystallization process appeared (241 °C). The low tempera-
ture melting peak (peak 1 at ca. 232 °C) could still be observed
although with a very low intensity. Heating traces of melt quenched
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Fig. 3. Melting peaks for isothermally melt-crystallized samples. Deconvoluted profile
is only shown for the sample crystallized at 236 °C (dashed box). The inset shows the
Hoffman—Weeks plot drawn for the crystallization temperature dependent melting
peak (peak 2).

samples clearly indicate that a completely amorphous sample could
not be obtained at the maximum cooling rate allowed by the
equipment. However, the glass transition temperature was detected
at a temperature close to 55 °C. It is relevant that the melting
behaviour was slightly different than observed for melt and solution
crystallized samples since peak 2 was not detected. This feature
suggests that peak 3 could be associated to thickest lamellae mainly
produced during the heating process as a consequence of a melt/
recrystallization of the thinner lamellae. This peak should be
enhanced when more imperfect lamellae susceptible of reorgani-
zation were obtained as presumable in the melt quenched samples.
The nature of peak 1 is more intriguing since at this stage two
alternatives may be considered: a) the existence of very defective
crystals and b) a polymorphic transition around 225-230 °C.

Fig. 3 shows the heating traces of samples previously isother-
mally crystallized from the melt state at different temperatures.
Peaks 2 and 3 appear generally overlapped and consequently is
difficult to differentiate the two melting processes. However, it can
be stated that peak 2 increased on intensity and shifted to higher
temperatures when crystallization temperature did, whereas peak
3 remained at a practically constant temperature. This feature is
consistent with the indicated melt/reorganization process where
thinner lamellae convert into thicker ones. Furthermore, it is
possible to infer the equilibrium melting temperature of nylon 56
by considering the temperature evolution of peak 2 with crystal-
lization temperature. In this way, the Hoffman—Weeks plot [25]
displayed in the inset of Fig. 3 indicates an extrapolated equilib-
rium temperature of 268 °C, which is close to the value of 266 °C
previously postulated [26] from theoretical considerations based
on the spherulite grown model forwarded by Hoffmann—Weeks
[25]. Heating runs show also the presence of the low temperature
peak 1, but only when samples were isothermally crystallized at
temperatures equal or lower than 235 °C. Thus, this value is a limit
for a possible crystalline transition or for the development of the
indicated defective crystals.

Isothermal experiments allowed the determination of the
overall crystallization kinetics, which depends on primary nucle-
ation and crystal growth, for a very restrictive temperature range
due to the experimental limitations caused by the high speed of the
crystallization process.

The time evolution of the relative degree of crystallinity, x(t)
was determined from hot crystallization exotherms (Fig. 4a)
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Fig. 4. (a) Exothermic DSC peaks corresponding to the hot isothermal crystallizations
performed between 233 and 240 °C. Inset shows the development of relative crys-
tallinity over time for isothermal crystallizations performed between 233 and 240 °C.
(b) Dynamic DSC curves obtained at the indicated rates for the hot crystallization of
nylon 56.
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Table 1
Isothermal crystallization kinetic parameters deduced from DSC experiments for
nylon 56.

T, (°C) n Zx 108 (s™) k x 103 (s71) 1112 103 (s71)

233 2.34 2171 3.80 417

235 2.57 17.8 2.36 233

236 2.80 0.396 0.998 117

237 2.64 0.511 0.723 0.83

238 2.52 0.601 0.547 0.55

240 2.15 3.79 0.353 0.42

through the ratio area of the exotherm up to time t divided by the
total exotherm area, i.e.:

t %

X(t) = / (dH/db)de/ / (dH/dt)de 1)
t0

t0

where dH/dt is the heat flow rate and ¢ is the induction time. The
development of crystallinity always showed a characteristic
sigmoidal dependence on time, as plotted in the inset of Fig. 4a for
six hot crystallization experiments.

Kinetic crystallization data were analyzed assuming the well
known Avrami equation [27,28] for primary crystallization:

1-X(t) = exp[ — Z-(t — to)"] (2)

where Z is the temperature dependent rate constant and n is the
Avrami exponent whose value varies according to the crystalliza-
tion mechanism. A normalized rate constant, k = Z'/", is usually
evaluated for comparison purposes since its dimension (time ™) is
independent of the value of the Avrami exponent.

Table 1 summarizes the main kinetic parameters of the primary
crystallization process, which were deduced from the plots of log
{-In[1 — x(t)]} against log (t — tp). The values of the Avrami expo-
nent for the hot isothermal crystallizations lie in a narrow range,
from 2.15 to 2.80, 2.50 being the average value. This suggests
a predetermined (heterogeneous) nucleation with spherical
growth that occurred under slight geometric constraints since the
theoretical value should be equal to 3. Both sporadic (heteroge-
neous) and homogeneous nucleation can be clearly discarded as
a higher exponent, close to 4, should be derived and furthermore
these nucleation mechanisms should mainly be favoured at high
undercoolings.

The values of the reciprocal of the crystallization half-time,
1/71)2, are also summarized in Table 1. This parameter is a direct
measure of the crystallization process, and could therefore be used
to check the accuracy of the Avrami analyses. In this way, a similar
dependence with the crystallization temperature was found for this
parameter and the kinetic rate constant, demonstrating the suit-
ability of the deduced Avrami values.

Fig. 4b shows the crystallization exotherms obtained during
cooling runs performed at the different rates used in the synchro-
tron radiation experiments. A well defined peak is always observed
within a narrow temperature range, which obviously shifts to lower
temperatures by increasing the cooling rate. However, it is inter-
esting to note that peaks had a long tail which could be associated
to a secondary crystallization process and which was more clearly
observed at high cooling rates.

3.2. Brill transition of nylon 56 on heating/cooling processes

Fiber diffraction patterns of nylon 56 were mainly characterized
by strong equatorial reflections at 0.432 and 0.375 nm and an off
meridional reflection at 1.272 nm (inset of Fig. 5), which were
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Fig. 5. X-ray fiber diffraction patterns of nylon 56 at 200 °C (left) and 220 °C (right).
Insets show the equatorial reflections observed at 25, 200 and 220 °C and the 002
reflections (second layer line) observed at 25 °C.

indexed as the (020) and (110) reflections on the basis of a mono-
clinic unit cell with a = 0.512 nm, b = 0.864 nm, c¢ (chain
axis) = 3.133 nm and § = 125.7° (form I) [4]. Structural modelling
based on the diffraction data and energy calculations pointed
towards the indicated model based on the establishment of two
hydrogen-bonding directions [4].

Fig. 5 shows the X-ray fiber diffraction patterns of a nylon 56
sample taken under stress at 200 °Cand 220 °C. At 200 °C the pattern
shows only one strong and diffuse equatorial reflection at 0.423 nm,
which is an indication that the Brill transition took place. It is inter-
esting to note that 00! reflections still appeared with an off meridi-
onal orientation which is an indication that the structure obtained at
200 °C differed from a pseudohexagonal structure usually postulated
for conventional polyamides. These 00! reflections seemed to have
a close to meridional orientation in the patterns obtained at 220 °C,
although it is difficult to determine the cc* angle due to their arched
appearance and the overlapping between 00! and 00! reflections. In
this case, the new additional equatorial reflections observed at
0.454 nm and 0.436 nm are highly significant since they allow to
discard again a pseudohexagonal structure. Previous works sug-
gested that at high temperature a monoclinic structure (form II) with
a=0.551 nm, b =0.846 nm, c (chain axis) = 3.133 nmand § = 112.6°
was achieved [4]. Note that the cc* angle was 35.7° at room
temperature whereas it decreased to 22.6° at 220 °C justifying the
close meridional orientation detected for the 00! reflections.

Fig. 6 shows three-dimensional representations of WAXD
profiles obtained by synchrotron radiation during a heating process
performed at 12 °C/min from room temperature to fusion (g is the
scattering vector given by [47 [ A] sin (#) or 27 [ dg where 6 and dp
are the scattering angle and the Bragg spacing, respectively).
Similar temperature dependent profiles were observed at heating
rates of 8,12, 15 and 20 °C/min. Profiles showed that the spacings of
the two equatorial reflections at 0.433 and 0.374 nm gradually
merged into a single peak at 0.423 nm that was reached at
a temperature close to 200 °C. This process seems a typical Brill
transition where a pseudohexagonal packing (y*-form) is favoured
at a temperature slightly lower than the melting point. It is worth
mentioning that the Brill transition temperature of nylon 56 was
practically independent of the heating rate as shown in Fig. 7. After

a
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Fig. 6. Three-dimensional representations of WAXD profiles of nylon 56 during cooling
(12 °C/min) from the melt to room temperature. All the temperature range is showed
in (a), whereas a different view covering only the last frames (starting from 200 °C) is
shown in (b).

the Brill transition, new peaks (e.g. those above indicated at
0.454 nm and 0.436 nm) started to appear as shown in Fig. 6b and
a transition towards the indicated form II took place. All equatorial
reflections became narrower (Fig. 5) and increased on intensity
(Fig. 6b) during heating above the Brill transition temperature and
before to start the melting process. Transition to form Il occurred in
a temperature range that was slightly lower (5 °C) than the endo-
thermic peak 1 observed in the calorimetric analyses. In this way,
this small melting peak seems to be related to highly defective
crystals formed between bundles of lamellae, a conclusion that has
been reported for different polyamides [29—31].

Fig. 8 compares the deconvoluted WAXD profiles representative
of the structures attained at room temperature, at the Brill transi-
tion temperature and at a temperature close to fusion. In all cases,
two amorphous halos (average values of 0.420 nm and 0.375 nm)
were detected. However, the position of the maxima changed with
temperature (i.e. the maximum of the first halo appeared at 0.409
and 0.430 nm in the patterns taken at 25 and 230 °C, respectively).
This feature suggests that the amorphous phase has a more
compact molecular arrangement when temperature decreases, as it
will be discussed in the next section. In fact, a similar increase in the
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Fig. 7. Plot showing the temperature evolution of the spacings corresponding to the
two strongest equatorial reflections at different heating rates.

average interchain distance in the amorphous phase above the Brill
transition temperature was reported and analyzed in detail for
nylon 66 [17].

It is worth pointing out that Bragg reflections were very broad
while temperature was lower or equal than the Brill transition
temperature. Assuming that the low temperature structure (form1I)is
defined by a molecular arrangement where hydrogen bonds are
established along two directions, it seems reasonable to expect clear
differences on heating between conventional polyamides and nylon
56. Thus, the pseudohexagonal structure [20,32,33] (v’ form)
attained with nylons characterized by a single hydrogen-bond
direction could not be observed in the diffraction patterns of nylon
56. Transitions induced by temperature on this polyamide may
involve only slight changes in the torsional angles vicinal to amide
groups or even an increase in the mobility of polymethylene
segments without disrupting the initial hydrogen-bonding scheme.
Note that the chain axis projection may correspond to a pseudohex-
agonal packing, as deduced from the single equatorial reflection at
the Brill transition temperature, but a chain axis shift still remained
between neighbouring chains. In this sense, fiber patterns with non-
meridional 00! reflections are essential to support the finding that
the Brill structure is different from the conventional y’ form.

Fig. 9a shows the WAXD profiles acquired during a cooling run
(10 °C/min) from the melt state. It is clear that nylon 56 crystallized
into the form Il characterized as above indicated by multiple narrow
reflections with an equatorial or close equatorial orientation. Note
that the profile showed in Fig. 9b is practically identical to that
attained during the heating process (Fig. 8c) just at some degrees
before fusion. Fig. 9a shows also that the reflection at ca. 0.423 nm
does not split when temperature is lowered down to room temper-
ature and consequently it could be deduced that the Brill transition is
not reversible on cooling. WAXD profiles showed also that charac-
teristic reflections of form Il moves to lower spacings by decreasing
the temperature and overlapped the main equatorial reflection at ca.
120 °C. Thus, the intensity of the reflection at 0.423 nm increased
during cooling as well as the peak became broader.

It should be pointed out that the characteristic reflections of
form I appeared in the first stage of crystallization and increased in
intensity during the cooling process. Logically these peaks slightly
moved to lower spacings due the contraction of the unit cell when
temperature decreased. At room temperature the deconvoluted
profile (Fig. 9c) was characterized by reflections associated to form [
(0.440 and 0.383 nm) and reflections indicative of the pseudo-
hexagonal packing (e.g. 0.419 nm) attained after the Brill transition
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Fig. 8. One-dimensional WAXD profiles for nylon 56 taken at room temperature (a),
200 °C (b), and 230 °C (c) during a heating scan (12 °C/min). Spacings of main
reflections are indicated together with the deconvoluted peaks.

temperature, which appeared predominant according to their
relative intensity. It should also be indicated that form I could be
completely recovered when fibers were annealed under stress at
90 °C or the samples were recrystallized from diluted formic acid/
ethanol (1:4 v/v) solutions [4].

3.3. Non-isothermal crystallization studies by simultaneous SAXS/
WAXD synchrotron radiation experiments

The crystallization process was simultaneously monitored by
time-resolved WAXD and SAXS non-isothermal experiments. In
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Fig. 9. (a) Three-dimensional representation of WAXD profiles of nylon 56 during
cooling (12 °C/min) from the melt to room temperature. (b) and (c) One-dimensional
WAXD profiles for nylon 56 taken at 220 °C (b) and at room temperature (c) during
a cooling run (12 °C/min) from the melt state. Spacings of main reflections are indi-
cated together with the deconvoluted peaks.

this way, the evolution of the mass fraction of the crystalline phase
in the sample, X{**XP, was determined from the different WAXD
deconvoluted profiles as the ratio between the total intensities of
the crystalline reflections I and the overall intensity I1. Values at
the end of crystallization ranged between 0.26 and 0.40 and
increased with decreasing the cooling rate (Fig. 10).

Primary crystallization was very fast at all the assayed cooling
runs and was completed within a range lower than 2 min after
primary nuclei were formed (i.e. after achieving the induction
time). Secondary crystallization was clearly dependent on the

45
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Fig. 10. Time evolution of WAXD crystallinity during non-isothermal hot crystalliza-
tions performed at the indicated cooling rates.

cooling rate and varied from 12 to 2 min for rates of 8 and 20 °C/
min, respectively.

SAXS patterns showed a long period peak at a value of the
scattering vector, g, close to 0.5—0.8 nm™~! after subtraction of the
empty sample background observed near the beam stop (Fig. 11a).
This peak, which can be attributed to the lamellar structure of the
spherulites, started to appear at the same temperature than crys-
talline reflections in the WAXD patterns, as presumable for a crys-
tallization process controlled by nucleation and crystal growth. This
temperature obviously decreased with increasing the cooling rate.

SAXS data were analyzed by the normalized one-dimensional
correlation function [34], v (r), which corresponds to the Fourier
transform of the Lorentz-corrected SAXS profile:

y(r) = / ¢?(q)cos(qr)dg/ / Pl(q)dq 3)
0 0

The scattering intensity was extrapolated to both low and high ¢
values using Vonk’s model [35] and Porod’s law, respectively.

Correlation functions (Fig. 11b) were used to determine the
scattering invariant, Q, which allows evaluating the peak intensity
evolution during crystallization, and morphological parameters
like the long period, L,, crystalline lamellar thickness, I, and
amorphous layer thickness, .

The intensity of the SAXS peak increased during primary crys-
tallization and then decreased. This observation is important
because it suggests a change in the amorphous phase since the
intensity of SAXS peaks depends on the degree of crystallinity but
also on the difference between the electronic densities of amor-
phous and crystalline phases. It is clear that on cooling the amor-
phous interlamellar component should adopt a more compact
molecular arrangement, probably as a result of the improved
hydrogen-bonding interactions. Thus, the SAXS peak reached
a maximum value before the start of secondary crystallization, as it
will then be explained, and practically disappeared when crystal-
lization was complete.

Fig. 12a shows the time evolution of the invariant, Q, for the
different crystallization rates. The time corresponding to the
maximum value for the invariant clearly diminished by increasing
the cooling rate as well as the range where the secondary crystal-
lization process took place.
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Fig. 11. (a) Three-dimensional representation of SAXS profiles of nylon 56 during
cooling (12 °C/min) from 270 °C (melt state) to room temperature. (b) Correlation
functions corresponding to the end of secondary crystallization obtained during
cooling runs performed at the indicated rates.

The evolution of morphological parameters during crystalliza-
tion (Fig. 12b) shows a slight change in the long period (e.g. from
11.7 to 8.2 nm in the cooling performed at 8 °C/min), which is
mainly due to the decrease in crystalline lamellar thickness (e.g.
from 8.0 to 5.8 nm). The latter was also significant during the
secondary crystallization step and indicates that new secondary
lamellae inserted into the loosely stacked bundles of primary
lamellae. New lamellae suffer spatial restrictions, leading to thinner
defective crystals. Changes on the amorphous layer thickness
mainly occurred during primary crystallization and were consistent
with a reordering effect that conduced to a slight decrease (i.e. from
3.7 to 2.4 nm). It is worth pointing out that this thickness remained
practically constant during the entire long time interval where
secondary crystallization took place. Fig. 12b compares also the
evolution of the invariant, Q, and the WAXD crystallinity allowing
correlating the maximum value of the invariant with the end of the
primary crystallization process.

Fig. 11b shows the correlation functions calculated for the SAXS
profiles obtained at the minimum (8 °C/min) and the maximum
(20 °C/min) assayed cooling rates and at the temperature (time)
corresponding to the end of crystallization (i.e. the last frame which
peak still allowed the calculation of the correlation function).
Differences in lamellar spacings are a consequence of the balance
between two counter factors: enhanced insertion mechanism
producing thinner secondary lamellae, and increased crystallization
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Fig. 12. (a) Temperature evolution of the scattering invariant, Q, at the indicated
cooling rates. Inset shows its evolution during primary crystallization. (b) Temperature
evolution of the long period, Ly, crystal thickness, I, amorphous thickness, I, scattering
invariant, Q, and degree of crystallinity, XVX, during a non-isothermal melt crys-
tallization performed at a cooling rate of 8 °C/min.

temperature resulting in thicker primary lamellae by decreasing the
cooling rate.

Fig. 13a compares the evolution of morphological parameters
during crystallization for the different studied cooling rates,
whereas cooling rate dependence of initial and final values of these
parameters are shown in Fig. 13b. The increase observed for the
lamellar spacing with the cooling rate indicates the prevalence of
the lamellar insertion effect.

Fig. 11 also shows that the L, value associated with the most
probable distance between the centers of gravity of two adjacent
crystals (abscise of the first maximum of the correlation function) is
greater than the long period determined from twice the abscise
value of the first minimum of the correlation function, which is
interpreted as the most probable distance between the centers of
gravity of a crystal and its adjacent amorphous layer. This indicates
a broader distribution of the layer widths of the major component
[36], which corresponds to the crystal phase.

SAXS crystallinities, X***, in the 66—70% range were calculated
at the end of secondary crystallization from the values of the
morphological parameters (I-/(l- + Ig)). It is well known that the
correlation function method cannot distinguish between [ and [,
thicknesses, which certainly constitutes an uncertainty of this
analysis. However, it is also clear that the linear degree of crystal-
linity (X***) must be always greater than the crystallinity deter-
mined from WAXD experiments (26—40%) since amorphous-rich
interstack regions must exist [37,38]. Note, for example, that the
crystallization performed at 8 °C/min had a X***/Xx"AXD ratio lower
than unity with the other assignment, which is not physically
meaningful. High discrepancies between SAXS and WAXD crystal-

linities are usual in the literature [36] and have been explained
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Fig. 13. (a) Evolution of L,, I and [, values during non-isothermal crystallization at
different cooling rates. (b) L,, I and I, values obtained at the end (subscript f) and the
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cooling rates.

assuming the existence of amorphous phase domains. Note also
that the given assignment lead to a crystalline lamellar thickness, [,
close to 6 nm which is higher than the chain axis repeat 3.133 nm
and close to predicted values for similar polyamides [39]. Moreover,
a lamellar thickness of only 2 nm is difficult to combine with the hkl
reflections detected in the X-ray diffraction patterns.

3.4. Isothermal and non-isothermal crystallization studies by
optical microscopy

Isothermal crystallization of nylon 56 from the melt rendered
spherulites of appreciable size over the narrow temperature range
of 238—220 °C (Fig. 14). This crystallization proceeded according to
a heterogeneous nucleation as demonstrated by DSC analysis. The
nucleation density increased exponentially with decreasing
temperature in such a way that morphologies were difficult to
examine at temperatures lower than 220 °C. Specifically, densities
of 15, 40, 90, 160 and 210 nuclei/mm? were measured at crystalli-
zation temperatures of 239, 237, 234, 230 and 227 °C, respectively.

230°C

Fig. 14. (a) Optical micrographs of nylon 56 spherulites isothermally crystallized at
237 °C (left), 235 °C (middle) and 230 °C (right). (b) Optical micrograph of a nylon 56
spherulite that was isothermally crystallized at three different temperatures: Firstly at
237 °C, secondly at 235 °C and finally at 225 °C. Inset shows a black and white
micrograph where the low birefringence zone corresponding to the polymer crystal-
lized at the intermediate temperature appeared as a black ring. (c) Optical micrograph
of a nylon 56 spherulite non-isothermally crystallized at a cooling rate of 1 °C/min.
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Spherulites exhibited variable optical properties and a fibrillar
texture over the studied temperature range (Fig. 14a). At temper-
atures higher than 237 °C spherulites showed a high positive
birefringence, although aggregates with a non defined optical sign
were also observed when temperature was higher than 237 °C.
Negative spherulites with a low birefringence were developed in
the narrow interval between 233 °C and 237 °C, whereas high
positively birefringent spherulites were formed at temperatures
lower than 233 °C. Spherulites isothermally growth in three steps
at the corresponding representative temperatures (Fig. 14b)
allowed to compare better the indicated optical properties and
showed clearly that the birefringence sign changed in the sequence
of positive—negative—positive when crystallization temperature
was decreased. Furthermore, it can be observed (inset of Fig. 14b)
that the low birefringence zone can also be detected as a black ring
justifying previous observations were only positive spherulites
were reported together with a zero birefringent zone at tempera-
tures close to 233 °C [26]. Non-isothermal experiments (Fig. 14c)
showed also the development of the three different birefringent
zones with changes that took place at well defined temperatures
(237 and 233 °C).

It is interesting to note that the indicated birefringence changes
are different to those observed in conventional polyamides like
nylon 66 where birefringence changed from negative to positive by
decreasing the crystallization temperature. In this case, the change
in the optical properties was explained considering the structure
based on the stacking of hydrogen-bonded sheets and different
growth geometries [40,41]. Thus, positive and negative spherulites
were interpreted as a consequence of the establishment of
hydrogen bonds along a radial or a tangential spherulitic direction,
respectively. The birefringence sign was directly associated with
how lamellae with a single structure grow in the spherulite.
However, the reason for such a drastic change in the growth
mechanism at a well defined temperature remains unclear. The
peculiar structure found for the high temperature form of the
studied odd—even nylon where two hydrogen-bonding directions
seem to exist may be one of the reasons for the unusual formation
of positive spherulites at higher crystallization temperature. In any
way, the synchrotron data acquired during cooling runs allowed
discarding a direct relation between the change on the birefrin-
gence sign and possible polymorphic transitions. Furthermore, no
changes on both texture and birefringence could be detected when
the different spherulites were heated until fusion. Thus, the
morphologies developed during crystallization of nylon 56 were
not reversible.

Spherulitic growth rates were determined from isothermal
experiments by following the change of the spherulite radius with
time up to impingement (Fig. 15) within the studied temperature
intervals. The measured radial growth rates, G, varied from
a minimum value of 0.08 um/s at 239 °C to a maximum value close
to 1.3 umy/s at 225 °C. Non-isothermal procedures were also applied
to study the temperature dependence of the spherulitic growth rate
during hot crystallization. Thus, the spherulitic growth rate (G) can
be estimated [42—44] by measuring the change of the spherulite
radius (R) with temperature (T) when experiments are performed
at a constant cooling rate (dT/dt):

G = dR/dt/ = (dR/dT)-(dT/dt) (4)

Experimental problems lie in the choice of the cooling rate required
to maximize the crystallization temperature range where radii can
be well measured. For this reason, the use of various rates is highly
effective in expanding this range.

The plot of the radius versus temperature (Fig. 15b) can be fitted
to polynomial equations with a good regression coefficient (r) that
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Fig. 15. (a) Plots of the radius of nylon 56 spherulites versus crystallization time for
isothermal hot crystallizations performed at temperatures ranging between 225 and
237 °C. (b) Variation in spherulite radius with temperature during cooling at the
indicated rates.

allows the calculation of the value of its first derivative (dR/dT) for
each cooling rate as a function of the crystallization temperature.
Third-order equations were always chosen since the regression
coefficients (> 0.998) were slightly better than those calculated for
lower-order equations and remained practically constant when
higher orders were assayed.

Fig.16b plots the deduced G values from non-isothermal data and
those measured from isothermal experiments. It should be pointed
out that a good agreement was found and that non-isothermal
experiments had several advantages: a continuous evolution could
be determined and measures were less time consuming.

Experimental data defined the right side of the typical bell
shaped curve that describes the temperature dependence of the
growth rate, i.e. the zone controlled by secondary nucleation. Both
isothermal and non-isothermal measures suggest the existence of
a shoulder at high temperatures (>233 °C), which may be
a consequence of a different secondary nucleation constant. Thus,
at least experiments pointed out to the existence of two crystalli-
zation regimes which could be associated to different spherulites,
e.g. positive at temperatures lower than 233 °C and negative at
higher temperatures.
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Fig. 16. Spherulitic growth rates determined by the equations deduced for cooling
runs of 8 (A ), 1 (A) and 0.5 °C/min (A). For the sake of completeness, experimental
data deduced from isothermal experiments are also plotted (< ).

4. Conclusions

Nylon 56 crystallized from solution according to a peculiar
monoclinic structure (form I) where hydrogen bonds were estab-
lished along two directions and where neighbouring chains were
shifted along their chain axis direction. On heating, this structure
showed a Brill transition resulting in a pseudohexagonal chain axis
projected unit cell and a structure where the chain axis shift was
kept in order to optimize the hydrogen-bonding interactions. At
some degrees before fusion, the diffraction patterns showed new
narrow reflections which could be indexed according to a new
monoclinic unit cell (form II).

Brill transition was not reversible since nylon 56 mainly crys-
tallized from the melt into form II, which on cooling gave rise to
a pseudohexagonal packing. A minor crystallization into form I
could also be detected and accounted into a significant ratio of this
form when room temperature was achieved.

Nylon 56 crystallized on cooling into fibrillar spherulites with
optical properties that were depended on the crystallization
temperature and differed from those found in nylons having
conventional sheet structures. During crystallization thinner
lamellae inserted into the loosely stacked bundles of primary
lamellae and the interlamellar amorphous regions became more
compact.
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