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Abstract

The present paper discloses the structural changes caused by heating of polyamide 6 (PA6) samples with different thermal and mechanical
histories in the 30-240 °C range. Wide and small-angle X-ray scattering (WAXS and SAXS) of synchrotron radiation, as well as solid-state
nuclear magnetic resonance spectroscopy (NMR) measurements are performed. The NMR spectra show that in both isotropic and oriented
samples there is a co-existence of o and y-PA6 crystalline forms. Deconvolution of the WAXS patterns is performed to follow the
temperature dependence of the unit cell parameters of the o and y-forms and also of the equatorial (ECI) and total crystallinity indexes (CI),
evaluating the contributions of the two crystalline phases. Estimates for the long spacing and for the average thicknesses of the crystalline (/..)
and amorphous (/,) phases within the lamellae are calculated as a function of the heat treatment employing analysis of the linear correlation
function calculated from the SAXS patterns. The X-ray results allowed the conclusion that upon heat treatment up to 160-200 °C, intensive
transitions between the PA6 crystalline forms take place, whereby the content of the initial major crystalline phase decreases and that of the
initial minor one increases reaching almost 1:1. Close to 200 °C a general trend toward increasing the content of the o-form is registered. The

influence of annealing and quenching after melting on the PA6 crystalline structure is also studied.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Polyamides belong to the polymers most frequently used
in engineering applications. To improve some of their
shortcomings such as a certain fragility, high water
absorption, insufficient impact strength, etc. polyamides
are mixed with other polymers [1,2]. Among the large
number of combinations studied, those based on high-
density polyethylene (HDPE) and polyamide-6 (PA6) have
been subject of particular attention. These blends are a
typical example where the two components possess
complimentary properties [3—6]. Polyolefin/polyamide sys-
tems show high impact strengths [4,7-9], excellent thermal,
mechanical and oil resistance properties [10,11]. These
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blends are of big importance for applications in food
packing due to the good oxygen barrier of the polyamide
and the excellent moisture barrier of the polyolefin [12].
Most of the commercially available polymer blends are
used as isotropic (non-oriented) materials. However, blend-
ing of two or more neat polymers may be combined with
adequately chosen mechanical and thermal treatment. In
such a way, in situ reinforced polymer—polymer composites
can be obtained as indicated for the first time by Fakirov et
al. [13-15]. Manufacturing of these composites includes
three main processing steps: (i) melt-blending of the starting
neat polymers and extrusion; (ii) cold-drawing of the blend,
and (iii) thermal treatment of the oriented blend at 7, <7<
T, where T is the melting temperature of the lower melting
component and 75 is that of the higher melting one. As a
result, polymer blends are transformed into composite
materials in which an isotropic polymer matrix is reinforced
by highly oriented fibrils of another polymeric phase [16].
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Since the diameters of the reinforcing fibrils are generally in
the range of 107°-10~° m, these systems are also known as
‘microfibrillar composites’ (MFC).

The mechanical properties of the known MFC materials
are quite promising [16,17]. On the one hand, as a rule, they
exhibit Young’s moduli and tensile strengths about 30-50%
higher than the average value of the matrix components
becoming comparable to those of the corresponding glass
fiber reinforced systems. On the other hand, no mineral
additives are used thus increasing the mechanical integrity
of these materials and reducing the wear of the processing
machines. The increasing need for recycling of mixed
wastes is also an important prerequisite for further studies in
the field of MFC materials.

Among the numerous polymer blends that are reportedly
used for preparation of MFC, those consisting of a poly-
olefin matrix reinforced by either poly(ethylene tere-
phthalate) [18-21] or polyamide [22,23] fibrils deserve
special attention. These systems are potentially interesting
for large-scale manufacturing since they are based on neat
polymers of major production scale and importance and
could open a new way in the recycling of polyolefin,
polyester and polyamide wastes. The last investigations on
the preparation and properties of PA6 and PA12-reinforced
HDPE revealed that in order to optimize the mechanical
properties of these MFC, an in-depth understanding is
needed on the structure evolution in the reinforcing
polyamide phase taking place during the orientation and
isotropization stages.

There exist a number of studies on the structure
development of isotropic and oriented PA6 samples at
various processing conditions. It is well known that PA6 is a
semicrystalline polymer characterized by two basic crystal-
line modifications designated as o and vy-phases. The
a-phase is monoclinic, whereas the y-phase is considered
by some authors to have pseudo-orthorhombic [24,25] or
pseudo-hexagonal lattice [26]. The a-crystalline form is
organized as anti-parallel polymer chains wherein the amide
groups and the CH, units lay within the same plane. H-bond
formation occurs between adjacent anti-parallel chains, thus
forming sheets of H-bonded chains. This structure with anti-
parallel polymer chains can be realized in the presence of
chain folding [27]. The y-crystalline form of PA6 is built up
of parallel polymer chains. To enable H-bond formation in
this case, the amide linkages should twist by approximately
60° out of the plane of the molecular sheets, which explains
the slightly smaller unit cell [26] and the inferior hydrogen
bonding [27] in the y-crystal as compared to those in the
a-form.

The two crystalline forms of PA6 normally co-exist.
Which one of them is predominant will depend, as
repeatedly reported, on the sample preparation conditions:
temperature of crystallization, external stress applied,
presences of moisture or of certain additives [26]. Several
investigations [28,29] showed that crystallization of PA6 for
extended periods below 130 °C leads solely to formation of

y-crystallites, whereas annealing above 190 °C produces
only the a-form. Temperatures in between these limits result
in a mixture of the two forms, with higher fractions of
a-form being produced at higher temperatures. The
disappearance of the y-form close to 190 °C in PAG6 is
commonly referred to as ‘Brill transition’ [30-34]. It is
generally accepted that rapid cooling and low temperature
crystallization promotes the y-form of PA6, whereas higher
crystallization temperatures or slow cooling results in
a-crystalline modification [31,35-37].

Application of external stress can also result in phase
transitions in PA6. As shown by Murthy et al. [38—40] by
means of small-angle X-ray scattering (SAXS) and wide-
angle X-ray scattering (WAXS) in a pre-drawn, relaxed PA6
fiber, o to y-crystal transitions possibly occurs through a
metastable intermediate crystalline phase. On the contrary,
the results of Samon et al. [27] were more consistent with a
Y to a-transition. These authors performed synchrotron
SAXS and WAXS studies cold-drawing a PA6 fiber while
irradiating. Rhee and White [41] studied biaxially oriented
PAG6 films and disclosed a third PA6 phase -B or pleated
a-phase. According to these authors, this phase is not very
stable and is easily transformed into the more stable o or
v-forms, whereas the y-crystal cannot be transformed into
other forms.

It may be concluded that there is still some debate on the
structure of PA6 samples prepared under different proces-
sing conditions including heat treatment and deformation. It
is not quite clear what changes occur in the PA6 micro-
structure upon orientation by cold drawing and subsequent
annealing. As mentioned above, in the HDPE/PA6 micro-
fibrillar composite the polyamide is the reinforcing phase.
Therefore, it is important to study the structure development
of PA6 under the concrete conditions of HDPE/PA6
composite formation.

In the present work we studied the morphological
changes in oriented or isotropic PA6 samples with heat
treatments below and above the melting point employing
solid-state NMR and synchrotron WAXS and SAXS
measurements. The paper is a part of a comprehensive
study on HDPE/PA6 and HDPE/PA12 precursors and
microfibrillar composites prepared thereof, which will be
communicated in the next articles of this series.

2. Experimental part
2.1. Materials and samples preparation

Four different PA6 samples were investigated, all of
them being prepared using as a starting material Ultramid
B 35 (BASF, Germany)—a medium-viscosity, general
purpose polycaproamide grade with a melting temperature
T,=220°C (DSC) obtained by ring-opening
polymerization.

The first sample designated as ‘PA6 granules’ comprises
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as-supplied granules with no initial mechanical or heat
treatment.

The second sample designated as ‘PA6 film’ was
obtained by compression molding of dry PA6 granules for
5 min at 250 °C followed by cooling (ca. 20 deg/min) to
room temperature.

The third sample was called ‘oriented cable’ and was
prepared in an extruder line including a Leistritz LSM 30.34
intermeshing co-rotating twin-screw extruder, two water
baths, two haul-off units and a winder positioned down-
stream. The extrusion was performed at a set temperature of
250 °C. The resulting extrudate was cooled in the first water
bath down to 12 °C while drawing it at a draw ratio (DR) of
A=2.6. The final drawing was performed in the second
haul-off unit after heating the stretched cable up to 90-96 °C
in the second water bath, whereby the total DR of the PA6
oriented cable reached values between 14 and 16. More
details about the extruder line can be found elsewhere [22].

Some oriented PA6 cables were annealed with free ends
at 120, 160 or 200 °C in a Mettler FP 82 hot stage and
designated as ‘annealed oriented cable’, which was the
fourth PA6 sample investigated. Each annealing tempera-
ture was reached at heating rates of 10 deg/min. After a
30 min annealing at the respective temperature the sample
was cooled with free ends until returning to room
temperature at 10 deg/min.

2.2. Characterization methods

2.2.1. Solid state NMR

Solid state NMR measurements were performed in a
Bruker MSL300P spectrometer operating at 75.47 MHz for
the observation of '*C resonances, using magic-angle
spinning (MAS), high-power 'H dipolar decoupling (DD),
and 'H-'3C cross-polarization (CP) combined techniques.
Typical 'H-">C CP contact times were 1-2 ms. In some
cases 10 ps or 100 pus were used for better discrimination of
the protonated signals. The maximum inter-radio frequency
pulse sequence delay was 3.0 s. Spinning rates were selected
in the range from 3.3 to 3.4 kHz. The B, Radio Frequency
field intensity was 55 kHz. The number of scans varied
between 200 and 20,000. Glycine signals were employed as
external references for determination of the chemical shifts.
The temperature of the probe head was set to 2011 °C.

2.2.2. Synchrotron SAXS and WAXS

Synchrotron radiation (A=1.5 A) generated at the Soft
Condensed Matter Beamline of HASYLAB, Hamburg,
Germany was employed working with two basic setups The
first setup allowed for consecutive registration of two-
dimensional (2D) SAXS patterns and 1D WAXS curves
while heating the sample within the 30-240 °C range. The
sample-to-detector distance for SAXS was set to 2820 mm,
the diffraction patterns being registered by means of a
MARCCD 2D detector with exposure times between 30 and
90s. The 1D WAXS profiles were registered by a linear

scintillation detector positioned at a distance of 240 mm in
respect to the sample holder. Two-dimensional WAXS
patterns were also obtained with selected oriented and
isotropic PA6 samples after removing the linear detector
and setting the sample-to-MARCCD detector distance to
90 mm.

WAXS and SAXS studies were performed while heating
the samples designated as PA6 granules, film and oriented
cable. WAXS (1D or 2D) and 2D SAXS images were
obtained at temperatures in the 30-240 °C range, reaching
the desired temperatures at a heating rate of 20 deg/min.
Before taking patterns, the samples were kept at the said
temperatures for 30 s. The PA6 granules and the PA6 film
were afterwards molten at 240 °C and quenched at a cooling
rate of approximately 200 deg/min back to 30 °C where the
final X-ray measurement was performed. In the case of PA6
oriented cable, two quenching processes were performed:
the first after 200 °C (i.e. before melting), and the second
one—after 240 °C, i.e. upon melting and isotropization of
the sample.

The X-ray patterns of the PA6 annealed oriented cables
were obtained at 30 °C and at the respective temperature.

2.2.3. SAXS and WAXS analyses

To process the 2D WAXS and SAXS images, the X-ray
Version 1.0 software was used (Copyright® 1996 by
Université Mons Hainaut, Belgium). Corrections for back-
ground scattering, irradiated volume and beam intensity
were performed for each image. The 2D SAXS patterns
were integrated in the range of s values between 0 and
0.15nm l, s being the scattering vector, whose modulus is
defined as s = (5%2 + s%)o'5 = (2/A)sin 6.

Bragg long spacings Lg were calculated as the inverse
value of §,.:
Ly—— (1)

smax

using the Lorentz corrected SAXS profile after subtraction
of the contribution of the liquid scattering. Lg represents the
sum of the average thickness of the crystal lamellae, /., and
of the interlamellar amorphous regions, /.

Apparently, equation (1) cannot be used for determi-
nation of /. and /,. To do that, the approach of Kortleve and
Vonk [42] elaborated for the case of isotropic polymers was
employed. The Fourier transforms of the Lorentz corrected
SAXS profiles were calculated, namely the linear corre-
lation function vy, (CF) as:

Yir _ Jo I — I)q* cos(griexp(a*q*)dg
0 Jo 0 —I,)g*dg

Here, g=21s, I}, is the contribution to the total scattering
I arising from density fluctuations in he amorphous phase
(liquid scattering), and o is a term, related to the thickness of
the crystal-amorphous interface. Q is the so-called scatter-
ing invariant that can be determined by integrating the

2)
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SAXS profile over all scattering angles, i.e.:
Q=La—mfw 3)

The advantage of the CF over the Bragg’s law is that, in
addition to the long period L, values for /,, /. and the degree
of crystallinity within the lamellar stacks x, (the so-called
‘linear crystallinity’) can be obtained [42—44].

For elimination of I, contribution in the raw SAXS
profile, for the Lorentz correction of the latter and for
calculation of the linear CF, the SASDAP software (Copy-
right© 1995 by Verma, Biswas and Hsiao, DuPont
Experimental Station, Wilmington, DE, USA) was used.
Apart from the Lg value, SASDAP calculates for each
sample two additional estimates for the long spacing—from
the position of the first maximum of CF (denoted as LM) and
from twice the position of the first minimum of CF (L{"). To
calculate the values of /. and [, on the basis of CF, we used
the procedure described in ref. [45] based on the following
equation:

= =) @)
where B is the position of the first intercept of CF with the
r-axis. From the two solutions x;, of the above quadratic
equation, the one with the higher value is ascribed to the
larger fraction of the two phases found within the lamellar
stacks. For example, in highly crystalline samples, x; would
correspond to the crystal fraction within the lamellar stacks
(i.e. x¢,) and 1—x. would, then, represent the amorphous
fraction within the stack.

Once the assignment of x., is made, one may calculate
the /, and /. from the values of L employing the following
equations:

l.=xyLand l, = (1 —xy)L (5)

where L, as indicated in [44,45], may take the values of LICVI,
or L.

The 1D WAXS curves were processed by OTOKO
software (Copyright® by Koch, HASYLAB, Hamburg).
Their scattering angle axis was calibrated using the angular
position of the reflections of a standard crystalline
poly(ethylene terephthalate) sample. The WAXS curves
obtained from all four sets of PA6 samples were
deconvoluted according to the procedure described in Ref.
[27] by fitting to them of five Gaussian peaks—four
crystalline and one amorphous. In increasing order of their
20 position, the four crystalline peaks can be ascribed to
a[200], y[001], v[200] and «[002/202] crystal plane
diffractions [27]. In isotropic PA6 samples (PA6 granules
and PAG6 film), deconvolution of the 1D WAXS curves
allowed the calculation of the total degree of crystallinity
(or, crystallinity index, CI) as a relation of the areas of all
crystalline peaks and the total area underneath the WAXS
curve:

DA
=+ Ay

where A, is the integrated area underneath the respective
crystalline peaks and A, is the integrated area of the
amorphous halo.

In oriented PA6 samples, the intensity of the meridional
point-like reflections cannot be determined from the 1D
WAXS curves, which is an equatorial cut of the WAXS
pattern. Therefore, in this case, YA in Eq. (1) will measure
the scattering intensity along the equator only, i.e. one can
define it as ‘equatorial crystallinity index’ (ECI). Obviously,
ECI cannot be considered a measure for the absolute
crystallinity of the oriented samples, but can be used to
compare them for qualitative trends.

The WAXS patterns were used also to determine the unit
cell parameters calculating the d-spacings (dp) using the
Bragg’s law:

2dhkl sin § = nA (7)

(6)

There, A is the X-ray wavelength, ¢ is the half of the 26
position of the center of the respective crystalline peak, » is
an integer (n=1,2,3,...) depending on the order of the given
plane related to the respective peak. Hence, if in Eq. (2) the
peak of the [200] crystalline plane is used to calculate
the d,go of a certain crystalline form, n becomes 2 and the
Bragg’s law gives the a-edge of the unit cell. The c-edge of
the o and y-unit cells of PA6 was calculated from the
2002/202 and Y001 crystalline planes, respectively. In the
case of oriented samples, the two reflections on the meridian
of the 2D WAXS patterns are ascribed to the scattering of
the y[020] crystalline plane [27]. Performing meridional
cuts of the corresponding images, the angular position of the
v[020] crystalline plane was established and used for the
calculation of the b edge of the y-unit cell.

3. Results
3.1. Solid-state NMR measurements

CP-DD/MAS '*C-NMR spectra of PA6 granules, film,
oriented cable and oriented cable annealed at 200 °C were
obtained and analyzed. The full-range spectra of all PA6
samples are of the type represented in Fig. 1(a). The
multiple peaks observed in the 20-50 ppm range belong to
the aliphatic carbon atoms. The resonance lines centered
close to 173 ppm originate from the carbonyl C-atoms. Each
full-range spectrum contains also two spinning side bands,
which are due to the larger chemical shift anisotropy of the
carbonyl groups. Fig. 1(b)—(e) show the extended aliphatic
carbon regions of the four samples. The data for the
chemical shifts are summarized in Table 1. The same table
contains also the chemical shifts of the carbon atoms of a
and y-crystalline forms of PA6 as given in Ref. [46].

Comparing the solid state NMR data of o and
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Fig. 1. '*C CP-MAS NMR spectra of PA6 samples at 20 °C. (a) PA6 granules, full range. Asterisks denote spinning sidebands; (b) PA6 granules, magnification
of the aliphatic carbons region; (c) PA6 film; (d) PA6 oriented cable; (¢) PA6 oriented cable after 30 min annealing at 200 °C.
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Table 1

Chemical shifts (ppm) registered for the carbons in the '>C solid state NMR spectra of PA6 granules, PA6 film, PA6 oriented cable and PA6 oriented cable

annealed for 30 min at 200 °C

H
| 1 2 3 4 5 6

—N—CHy— CH,— CH2—CH2—CH2—ﬁ—

O
Sample Chemical shifts of carbons (ppm)
Cl C2+ C3 C4 C5 C5

o-PAG* 42.6 30.0 26.0 36.4 173.4
v-PA6" 39.9 29.8 26.4 33.6 173.4
PAG6 granules 422,394 29.5 25.6 359 173.4
PA6 film 423 29.4 25.7 36.3 173.0
PAG oriented cable 39.8 29.2 26.0 33.3; 36.5 172.5
PAG oriented annealed at 200 °C 429 29.6 25.9 36.1 172.8

All the spectra are taken at room temperature. Literature data of o and y-PAG6 are given for comparison.

# According to Ref. [46].

v-crystalline forms of PA6 (Table 1), one may conclude that
the chemical shifts of a(C,+ C3), aCy, aCq almost coincide
with those of the corresponding y-PA6 carbons. At the same
time, the C; and Cs chemical shifts of the a-form show a
difference of almost 3 ppm as compared to those of the
v-form. Most probably, this effect is due to the different
geometry and orientation of the H-bonds realized between
the amide groups in a and y-PA6. Hence, the C; and Cs
resonance lines of PA6 samples can be used to make a
distinction between the two crystalline forms.

Having in mind the chemical shifts data of pure o and
v-forms of PA6, the peaks at 42.2, 29.5, 25.6, 35.9 and
173.4 ppm (Table 1) observed in the spectrum of the PA6
granules should be assigned to the aCy, (C;+C3), Cy, aCs
and Cg chemical shifts, respectively. The resonance
registered at 39.4 ppm found in the same sample (Fig.
1(b)) belongs to a yC; carbon. No peak for the yCs
resonance was observed in this spectrum.

In the PAG6 film (Table 1), all the resonances observed
correspond to the carbon atoms of the a-form PA6. As seen
from Fig. 1(c), there is also a low-intensity shoulder
centered between 39 and 40 ppm that can be attributed to
the yC, carbon.

In the PAG oriented cable (Table 1, Fig. 1(d)) the bands at
39.8, 29.2, 26.0, 33.3 and 172.5 ppm are attributable to the
vCi, (C2+C3), C4, vCs and Cg chemical shifts, respect-
ively. In this sample, there is an additional peak at 36.5 ppm
that corresponds to the Cs chemical shift of a-PA6 but at the
same time the aC; resonance line is missing.

The spectrum of the PAG6 oriented cable previously
annealed for 30 min at 200 °C (Fig. 1(e), Table 1) shows
clear carbon resonance lines of PA6 in a-form. Similarly to
spectrum of the PA6 film, in the 39-40 ppm range there is a
very weak yC, signal.

Summarizing the solid state NMR data, it can be
concluded that the four PA6 samples do not represent
pure o or y-PAG6 crystalline modifications but are mixtures

of the two forms whose content depends on the previous
treatment.

3.2. SAXS measurements

Selected 2D SAXS patterns are shown in Fig. 2(a)—(e).
The images obtained with the PA6 granules or with the
isotropic PA6 film were similar to the patterns in Fig. 2(a)
and (e). The oriented PA6 samples showed different SAXS
patterns depending on their thermal history. The as-drawn
cable heated in the 30-160°C range while irradiated
showed patterns similar to Fig. 2(b) presenting spots
whose intensity increased with temperature. Close to the
Brill transition (195-200 °C), two-point diagrams similar to
Fig. 2(c) were registered. Prolonged annealing at 200 °C
followed by slow cooling to 30 °C gives rise to a different
crystalline structure and perfection, as seen from Fig. 2(d).
Heating up to 240 °C led to a complete loss of orientation in
the PA6 cables, which was visualized by SAXS patterns of
circular symmetry (Fig. 2(e)).

Fig. 3 displays the set of CFs calculated for PA6 granules
heated in-beam at 120, 160 and 200 °C (curves 1-3,
respectively), as well as at 30 °C after melting the granules
(curve 4). The structural data extracted by correlation
function analysis from all the four PA6 samples as a
function of temperature are presented in Table 2. It should
be noted that in the raw SAXS profiles of PA6 granules at 30
and 90 °C, the s,,.« values were so high that calculation of
the corrected Ly values was only possible. No estimates for
B, L™ and LM and xare presented for the oriented PA6
samples, either. To obtain correct and comparable data in
this case, more sophisticated calculation procedures are
needed, such as the Chord Distribution Function (CDF)
[47].

It can be seen from Table 2 that increasing the
temperature results in a general increase of the initial Lg
values. The latter are dependent on the sample orientation
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O

Fig. 2. Selected 2D SAXS patterns of PA6: (a) PA6 granules at 160 °C; (b) oriented PA6 cable heated in-beam at 160 °C; (c) oriented PA6 cable heated in beam
at 200 °C; (d) oriented cable annealed for 30 min at 200 °C, image taken at 30 °C; (e) sample (c) after isotropization at 240 °C, image taken at 30 °C. Note: the

draw direction in oriented samples is horizontal.

and pre-treatment and are the largest in the case of PA6 film.
Fast cooling results in some depression of the long spacing
estimates, as well as of the x values.

3.3. WAXS measurements

Selected representative examples of 2D WAXS patterns
of isotropic and oriented PA6 samples are displayed in
Fig. 4. The draw direction DD (i.e. the fiber axis) in all
oriented images is vertical. The PA6 granules (Fig. 4(a)—(c)

1.2

1,0-
0,8—-
0,6—-
0,4-

0,24

¥Q

0,0

-0,2 1
-0,4

-0,6

-0,8 4

. . . . .
0 50 100 150 200
rA

Fig. 3. Linear correlation function curves calculated from the SAXS
patterns of PA6 granules obtained at: 1-120 °C; 2-160 °C; 3-200 °C;
4-30 °C after melting at 240 °C. The arrows indicate the positions of B, L'
and LM parameters for curve 1.

show 2D patterns of circular symmetry with a clear change
from one (samples at 30 and 200 °C) to two Debye rings
(30 °C after heating to 240 °C and fast cooling), indicative
of changes in the crystalline structure. The patterns of the
oriented PA6 samples (Fig. 4(d)—(f)) contain equatorial
reflections (arcs) being perpendicular to DD, as well as
meridional point-like reflections parallel to DD. There is a
visible variation in the intensity distribution, form and
number of equatorial reflections as the temperature of the
measurement changes, which variation has to be related
with structural alterations in the crystalline phase. The
difference in intensity of the two meridional reflections in
the oriented patterns should be attributed to a slight tilt of
the sample holder.

To quantify the content of & and y-crystalline forms, 1D
WAXS patterns were obtained and deconvoluted. Some of
the fitted 1D WAXS curves are represented in Fig. 5. As
suggested by many authors, a monoclinic unit cell lattice
was assumed for the o-PA6 form characterized by two
peaks corresponding to «[200] and «[002/202] crystalline
planes with 20 being between 19 and 20° and 23 and 24°,
respectively. For the y-crystalline form, non-hexagonal unit
cell was initially supposed for all samples, as suggested in
Ref. [27], i.e. fits with two Gaussian peaks corresponding to
v[001] and y[200] crystalline planes were performed with
20 being between 21 and 22°. These two suppositions for the
a and vy-type crystalline lattice led to excellent fits with
fitting coefficients »=0.999. However, in the case of PA6
film irradiated at 30 °C (Fig. 5(b)) as well as for all samples
quenched after melting, the fit was made with two Gaussians



894 N. Dencheva et al. / Polymer 46 (2005) 887-901

Table 2
Structural parameters extracted by analysis of the SAXS profiles of PA6 samples with various mechanical and thermal pre-history

Temperature of the  Lg,* (A) M (A) ", (A) L, (A) L, (A) Xel
measurement (°C)

PAG6 granules (in-beam heating)

30 52 b - - - -

90 58 b - - - -

120 61 60 60 41 19 0.677
160 72 70 70 44 26 0.622
200 94 86 82 51 35 0.589
30 after 240 89 79 78 43 36 0.542
PAG film (in-beam heating)

30 82 80 80 51 29 0.634
90 82 80 80 51 29 0.640
120 82 80 80 50 30 0.621
160 85 82 80 50 32 0.636
200 99 92 90 63 29 0.680
215 137 134 114 91 43 0.680
30 after 240 90 84 84 50 34 0.600
PAG6 oriented cable (in-beam heating)®

30 57 - - - - -

120 61 - - - - -

160 64 - - - - -
200 85 - - - - -

30 after 240 87 78 78 47 31 0.608
PAG6 oriented cable (hot-stage annealing)®

120 59 - - - - -

160 62 - - - - -
200 109 - - - - -

# Calculated after Lorentz correction of the raw SAXS pattern and subtraction of [,
® Calculation of the linear CF impossible due to large s,,,x values.
¢ Correct values for I, [, and x,; in oriented samples cannot be calculated from the linear CF, see the text.

Fig. 4. Selected 2D WAXS patterns of PA6 samples: (a) PA6 starting granules at 30 °C; (b) granules at 200 °C; (c) granules at 30 °C after melting at 240 °C; (d)
as-drawn oriented cable at 30 °C; (e) oriented cable at 200 °C; (f) oriented cable at 30 °C after 200 °C. Note: the draw direction in the oriented samples is
vertical.
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Fig. 5. Selected 1D WAXS patterns of isotropic and oriented PA6 samples and their deconvolution: (a) PA6 starting granules at 30 °C; (b) PA6 film at 30 °C;
(c) PAG oriented cable annealed at 200 °C, pattern obtained at 30 °C; (d) PA6 oriented cable after heating at 200 °C and quenching to 30 °C, pattern obtained at
30 °C. Note: crystalline peaks are given by solid lines, the amorphous halo—by dashed lines.

for the o-form and one for the y-form. Any attempt to
introduce a second Gaussian for the y-form led to fitting
coefficients inferior to 0.98. This is a sign that a hexagonal
v-lattice is most probably formed in the last cases.

Tables 3—5 contain the changes in o and y-form content,
CI and ECI of the three PA6 samples as a function of
temperature. Their unit cell edges a, b (in oriented PA6
samples only) and ¢ were also calculated and presented in
Table 6. These data will be discussed in the next section.

4. Discussion

The four PA6 samples with different thermal and
mechanical pre-histories were prepared and characterized
under various temperature conditions so as to model the
structural changes of the polyamide reinforcing phase
during the consecutive stages of MFC preparation. They
include melt-mixing at 240-250 °C, quenching and cold-
drawing of the blend, selective melting of the matrix phase

Table 3

Temperature dependence of the total crystallinity index CL, o and yClIs in PA6 granules heated in the X-ray beam at a heating rate of 20 deg/min
Heat treatment %200 (%) 002/ 0202 (%) aCl (%) Yoor (%) Y200 (%) YCI (%) CI (%)
O

30 16.5 9.5 26.0 7.2 5.5 12.7 38.7
120 20.4 35 23.7 7.1 74 14.5 38.2
160 10.7 8.6 19.3 7.2 12.0 19.2 38.5
200 42 19.8 24.0 5.5 6.2 11.7 35.7
30 after 240 17.1 16.2 333 - 3.1 3.1 36.4

(CI=aCI+yCI). Note: images taken 30 s after reaching the respective temperature.
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Table 4

Temperature dependence of the total crystallinity index CI, a and yClIs in PA6 film heated in the X-ray beam at heating rate of 20 deg/min
Heat treatment 0200% Q002/%202% aCl % Yoor (%) Y200 (%) YCI (%) Clroa (%)
)

30 17.1 16.0 33.1 - 39 39 37.0
90 11.6 19.9 315 10.1 1.7 11.8 433
120 12.9 11.8 24.7 12.3 8.8 21.1 45.8
160 17.9 72 25.1 7.8 9.7 17.5 42.6
195 12.6 5.6 18.2 7.8 10.1 17.9 36.1
200 10.0 9.1 19.1 5.9 12.1 18.0 37.1
215 9.7 153 25.0 2.0 6.5 8.5 335
30 after 240 19.5 17.3 36.8 - 3.8 3.8 40.6

(CI=aCI+vCI). Note: images taken 30 s after reaching the respective temperature.

in the 150-200°C range, and cooling back to room
temperature. For the sake of clarity, the data sets for each
particular PA6 sample will be discussed separately.

4.1. PA6 granules

As seen from the solid state NMR traces (Table 1), there
is a co-existence of o and y-PA6 forms. However, the
CP-DD/MAS technique employed does not permit ultimate
conclusions about the exact ratio between the two crystal-
line forms. Nevertheless, based on the fact that the shape of
the NMR spectrum (Fig. 1(a) and (b)) is more like the one
of the pure a-PA6 form [46] and considering the presence of
clear resonance line only for the yC; and not for the yCs, it
may be supposed that this sample is predominantly in
a-crystalline form with lower content of y-PA6.

A confirmation of the above supposition comes from
Table 3, which shows data about the concentration of o-,
v-crystalline forms and the total CI as a function of
temperature. In PA6 granules at 30 °C with a CI of 39%,
there is more o than y-type crystallinity, their relation being
close to 2:1. This is in agreement with the NMR data
evidencing that PA6 granules are predominantly in o-form.
It may also be seen from data in Table 3 that a transition
from o to y-form occurs between 120 and 160 °C, the two
crystalline forms showing almost identical concentrations
at 160 °C. Between 160 and 200 °C, however, the trend
reverses, i.e. the transition becomes from y to a-PA6 form.

The long spacing estimates Lg, LM, and L™ grow as the
temperature increases in the 30-200 °C range, whereas the
linear crystallinity x., decreases (Table 2). This results in a

stronger enlargement of [, as compared to that of /.. Since
the CI remains almost constant, it may be concluded that no
additional crystallization or melting process takes place
throughout the entire temperature interval. The said changes
in /., [, and long spacing estimates can therefore be related
to the phase-to-phase transitions, as well as to possible
thermal expansion. The data from Table 6 show that the unit
cell edges of both o and y-form PA6 granules generally
grow with the temperature. The increase of the d-spacings
is different. The strongest growth is registered with the
d-spacings of «[200] and vy[001], with 7 and 4%,
respectively. These two d-spacings roughly correspond to
the inter-planar spacing along the H-bonds direction in o
and y-PA6, respectively. On the other hand, the smallest
increased is shown by the d-spacings of «([002]/[202]) and
Y[200] planes, which characterize the direction of the van
der Waals forces in the two forms. The observed increase in
the unit cell edges is in accordance to the supposed thermal
expansion. Clearly then, decreasing the temperature will be
expected to diminish the unite cell edges and the [,
estimates, which was really observed when the sample
was quenched to 30 °C after melting (Table 6, Table 2). As
seen from Eq. (5), additional decrease in /. will also results
from the decline in the linear crystallinity x, within the
stack, which is a fact during quenching (Table 2). At the
same time, [, remains similar to that at 200 °C. In other
words, quenching results in ‘freezing’ of the amorphous
phase thickness, whereas the crystalline phase undergoes
several changes. First of all, there occurs a volume con-
traction due to the reduced temperature. Second, formation
of crystallites predominantly in «-form takes place, with the

Table 5

Temperature dependence of the equatorial crystallinity index ECI, o and YECIs in PAG6 oriented cable heated in the X-ray beam at heating rate of 20 deg/min
Heat treatment Oago (%) 002/ 002 (%) aECI (%) Yoo1 (%) Y200 (%) YECI (%) ECI (%)

o)

30 8.1 9.8 17.9 12.3 18.1 30.4 48.3

120 8.6 10.2 18.8 16.4 12.0 28.4 47.2

160 12.9 11.6 24.5 9.7 13.7 23.4 47.9

200 18.3 19.1 374 8.4 8.8 17.2 54.6

30 after 200 11.1 14.0 25.1 28.1 2.6 30.7 55.8

30 after 240 21.5 15.8 37.3 - 0.7 0.7 38.0

(ECI=aECI+ YECI). Note: images taken 30 s after reaching the respective temperature.



Table 6

Unit cell parameters of the o and y-crystalline forms in PA6 granules, PA6 film and PA6 oriented cable as a function of temperature. The b-edge direction coincides with the chain axis
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PAG6 film
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8.64

120

14.92

160
195
200
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8.15 8.27 4.21 14.92
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7.47 7.85 3.93 15.44

7.57

8.61
8.

30 after 200
30 after 240

3.98*

7.96"

7.94% 3.97%

1

74

7.99% 4.0° 8.65

7.47

8.54

# Hexagonal y-form

ratio between the o and y-PA6 forms reaching 10:1
(Table 3). This is contrary to some previous reports
[31,35-37] stating that rapid cooling favors the formation
of vy-crystallites. Third, the remaining y-form suffers
modification. During the heating in the entire 30-200 °C
range this crystalline form is non-hexagonal, as it can be
seen from Table 3, supposedly with monoclinic lattice as
previously described by some authors [41], or with
orthorhombic one, which is the minimum requirement to
generate two reflections. Quenching after melting, however,
changes the y-PA®6 lattice into hexagonal, i.e. it shows only
one reflection with 20 at about 20-21°. Similar changes in
the lattice type of PA6 y-phase upon cooling were reported
previously [48].

4.2. PAG film

Based on the NMR data (Table 1, Fig. 1(c)), it can be
considered that the PA6 film contains predominantly the
a-crystalline modification with some minor admixtures of
v-form. Analyzing 1D WAXS traces by deconvolution
confirms that, in fact, the a-form content in the initial film
at 30 °C is about ten times larger than that of the y-form
(Table 4), whereby the latter is characterized by a hexagonal
lattice of its unit cell (Fig. 5(b)).

Increasing the temperature provokes phase-to-phase
transitions, as seen from the data in Table 5. Similarly
to the PA6 granules, initially a transition from o to
v-crystalline form takes place, which trend reverses at
about 200 °C. Another observation is that the CI in PA6 film
varies in the whole temperature interval. It grows until
120 °C and decreases between 120 and 215 °C, thus
indicating that an additional crystallization or melting
most probably occur along with the phase-to-phase
transition.

Table 2 shows the long spacings estimates Lg, L, and
LT as a function of the temperature. The PA6 film at 30 °C
displays a long spacing that is notably larger than that in the
PAG6 granules. This fact may be explained with the way the
PAG6 film was prepared including compression molding of
granules at 250 °C followed by a relatively rapid cooling
to room temperature, which can be considered as non-
isothermal annealing. As previously observed, annealing of
PAG6 always results in a growth of its long spacing values
[49]. Increasing the temperature up to 160 °C does not cause
changes in Lg, LICV[, and L. Since at the same time CI
increases, one may suppose that this effect is related with the
formation of new crystallites and not with thickening of the
existing lamellae. Above 160 °C, however, long spacings, as
well as [, and [, start to grow, this trend being better
expressed in the 200-215 °C range. Having in mind that the
content of the a-form increases whereas that of the y-form
decreases which is accompanied by a CI reduction (Table
4), it may be concluded that in this temperature range the y
to a-phase transition mentioned above is accompanied by
melting of some crystallites mainly of y-type.



898 N. Dencheva et al. / Polymer 46 (2005) 887-901

All unit cell edges of o and y-crystalline lattice of PA6
film grow when the temperature increases from 30 to 215 °C
(Table 6). Here, the strongest expansion is along the van der
Waals forces direction in o-form and the H-bond direction
in y-form, corresponding to the d-spacings of «[002]/[[202]
and y[001], respectively As it may be seen from Table 6,
these changes in the unit cell are reversible. Quenching to
30 °C after melting restores the initial dimensions of the unit
cell. Just like in the case of the granules, this rapid cooling
leads to the formation of PA6 mainly in o-crystalline
modification (Table 4). The small amounts of the remaining
v-crystallites are with hexagonal unit cell, i.e. a structure
similar to the initial PAG6 film is realized. Again, the x.; value
after quenching is the lowest (Table 2).

4.3. PAG6 oriented cable

PAG6 oriented cable also represents a mixture of oo and
v-crystalline modifications. Contrary to the previously
studied two isotropic samples, the cable shows the presence
predominantly of vy-form. The CP-DD/MAS"C NMR
analysis of this sample (Fig. 1(d), Table 1) shows clear
peaks for yC; and yCs with lower content of the o-form
(aCs resonance only). Having in mind that the oriented
sample was prepared from isotropic granules mostly in
a-form, one can conclude that melting of PA6 followed by
cold drawing favored the formation of y-form. The NMR
spectra of PA6 cable shows also that the resonance line of
the carbonyl C-atom (Cg) appears in slightly stronger fields
(below 173.0 ppm) than the one of the non-oriented samples
(Table 1). Most probably, upon cold drawing of PAG6, a
conformation with more electron-shielded carbonyl atom is
realized, which can be the consequence of a closer packing
of the PA6 macromolecules.

Deconvolution of the respective 1D WAXS curves
confirms that in the initial oriented PA6 cable at 30 °C
there is more vy than a-crystalline phase, their relation being
1.7:1.0, respectively (Table 5). The starting ECI at 30 °C in
this sample is 48%, i.e. with about 10% higher than the CIs
of the two isotropic PA6 samples at the same temperature.
Actually, the difference is even larger, because the intensity
of the meridional y[020] reflection is not taken into con-
sideration in the ECI calculation. Most probably, the higher
crystallinity in the PA6 cable should be attributed to its
strong orientation (DR =15) obtained by cold drawing.

Increasing the temperature above 120 °C results in a
transition from y to o-PA6 crystalline modification. At
160 °C the two forms reach almost equal concentrations
(about 24%). In view of the fact that in the 120-160 °C
range both ECI and Lg values remain almost constant (Table
5, Table 2), one can suppose that there is no additional
melting or crystallization in this temperature range. Above
160 °C, the vy to a-transition continues and at 200 °C the
relation becomes 2:1, now in favor of the o-form. At the
same time, ECI increases from 48 to 55%. This means
that additional crystallization of amorphous material into

a-crystallites takes place in the temperature range between
160 and 200 °C, which was not the case with the two
isotropic PA6 samples. This augmentation of ECI is
accompanied by a growth of Lg by approximately 20 Ain
the 160-200 °C range. It was not possible to determine the
discrete contribution of /. and /, to the said growth of the Lg
at high temperatures. As mentioned above, in samples with
fiber symmetry (i.e. a two-dimensional system), correct
structural parameters cannot be extracted by calculating and
analyzing the linear CF or the Ruland’s interface distri-
bution functions, which are valid in non-oriented (one-
dimensional) systems. That is the reason that Table 2
contains only Bragg’s long spacings for the PA6 oriented
cable. Nevertheless, having in mind that the ECI grows, it
can be supposed that the Ly increase should be attributed
to thickening of the crystalline lamellae, i.e. to a growth
of I, mainly. Contrary to the thermal expansion, the said
thickening should not be reversible when cooling down. As
seen from Table 2, PA6 cable after quenching displays even
larger Ly value, as compared to that at 200 °C, which
corroborates the above supposition.

Table 6 contains data about a-and y-form unit-cell edges
in PAG6 cable as a function of temperature. The b-edges of
the y-form lattice in this sample were obtained from the
diffraction peak of y[020] plane in the 2D WAXS patterns
as described in Section 2. One can see that the b-edge of the
y-form remains unchanged until 200 °C indicating that there
is not lattice expansion in the direction of the polymer
chains. The biggest growth here (ca. 5%) is of the inter-
planar distance along the direction of the van der Waals
forces in o-form. At the same time, there is no increase of
the a-edge of the a-form, which even slightly decreases at
200 °C. The rest of the d-spacings grow by less than 1%,
which is one more fact indicating that in PA6 oriented cable
the increase in Lg cannot be explained mainly with thermal
expansion, as in the cases of the two isotropic samples.

It was interesting to follow the structural changes in the
PAG6 cable upon quenching to 30 °C before and after
melting. As expected, quenching before reaching the
melting point does not upset the orientation of the sample
(Fig. 4(f)). It leads to the formation of a mixture of o and
v-forms with a slight excess of the latter (1.00:1.22),
whereby the y form lattice continues non-hexagonal as in
the starting PA6 cable at 30 °C. However, if the quenching
is performed after melting at 240 °C, the sample looses its
orientation and the PA6 crystalline phase transforms almost
quantitatively into a-modification. There are only traces of
v-form (less than 1%), which is with hexagonal lattice
(Tables 5). As seen from Table 6, quenching of PA6 cable
leads to smaller a and ¢ edges for the two crystalline forms,
which means smaller distances between the macromol-
ecules in the plane of the sheet, as well as shorter inter-sheet
distances. This would mean that quenching is related to the
formation of smaller crystallites of both o and y-type with
closer packing between the macromolecules.

Interestingly enough, quenching of the PA6 cable before
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Fig. 6. ECI and its o. and y-components in PA6 oriented cable as a function
of annealing temperature: (a) 120 °C; (b) 160 °C; (c) 200 °C. M o-form
concentration; M y-form concentration; = ECL

melting leads to a b-edge of the y-form being with 3.5%
higher than the starting value (Table 6). In this case
the y-modification seems to contain more stretched
macromolecules.

4.4. Annealed PA6 cable

Fig. 6(a)—(c) displays the changes in ECI and the
comparison between the amounts of the two crystalline
forms in PA6 cables before any heat treatment, at a certain
temperature (120, 160 or 200 °C) and after 30 min anneal-
ing at 120, 160 or 200 °C. In the last case, the X-ray
measurements were taken at 30 °C after slow cooling.

It can be deduced from Fig. 6(a) that at 120 °C ECI, o and
y-crystallinities are similar to those of the initial sample, the
concentration of the y-phase being 30% and that of a-18%.
After 30 min annealing at this temperature, followed by
slow cooling a slight growth of 7-8% of the o-form is
observed leading to the same increase in ECI. This increase
is rather to be attributed to crystallization of amorphous
material during the slow cooling to 30 °C and not to a phase-
to-phase transition since the percentage of the y-crystallites
remains constant.

At 160 °C (Fig. 6(b)), the a-crystallinity grows, which is
accompanied by a decrease of the y-form concentration,
with ECI remaining constant. Evidently, at this temperature
there starts already the y to a-phase transition, not accom-
panied by additional crystallization. WAXS traces at 30 °C
after annealing at 160 °C, however, show an increase in both
a-crystallinity and ECI, whereas the concentration of the
v-PA6 form remains almost unchanged as compared to that
at 160 °C. Hence, it may be concluded that crystallization
has only occurred during the slow cooling to 30 °C.

Increasing the annealing temperature of the PA6 cable to
200 °C (Fig. 6(c)) results in energetic transformation of y
into a-crystallites. Additional crystallization process takes
also place at 200 °C. Obviously, these two processes
continue during the slow cooling since the measurement
at 30 °C reveals almost three times less y-PA6 form as
compared to its initial concentration.

Summarizing about the two polymorphic forms, anneal-
ing of oriented PA6 cable with an initial ratio of y:a=
1.8:1.0 leads to an increase of the a-type crystallinity. Up to
120 °C, this growth is due to crystallization of amorphous
material into a-PA6 form, which takes place only during the
cooling. In the temperature range from 160 to 200 °C, two
processes contribute to the growth of a-form: (i) crystal-
lization of amorphous material forming a-crystals and (ii) a
Y to o-form transition, the latter being better expressed
above 160 °C.

Fig. 7 depicts the temperature dependence of Ly for PA6
cable annealed at various temperatures. Evidently, heating
for 30 min at 120, 160 and 200 °C results in a clear increase
of the long spacing, whereby the higher the temperature of
annealing, the larger the increase. Upon cooling from the
respective temperature to 30 °C, the trend is the same. This
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Fig. 7. Bragg’s long spacing Ly in PA6 cable as a function of annealing
temperature: M at 30 °C, initial cable before annealing; M in the
corresponding temperature; at 30 °C after 30 min annealing at the
corresponding temperature.

increase of Ly can be ascribed to the above-mentioned vy to
a-transition, i.e. from morphology with extended parallel
PA6 macromolecules (characteristic to the <y-form) to
morphologies with folded chains with anti-parallel orien-
tation of the segments, typical of the a-form of PA6.

Fig. 8 reveals the impact of annealing temperature on the
dpi spacings of o and y-form crystalline planes in samples
of differently annealed PA6 oriented cable irradiated at
30 °C. It may be concluded that annealing at 120 and 160 °C
does not lead to well-expressed changes in the dy,-Spacings,
except for the b-axis of the y-form ([Y020] plane), which
grows with almost 9% even after annealing at 120 °C. The
other unit cell edges suffer noticeable alteration (between 3
and 6%) only after treatment at 200 °C. These changes are

18

different for the particular crystalline planes of the two
forms. The d-spacings of the plane of H-bonded sheets,
which are [002/202] for the o and [200] for the y-form show
a trend towards decrease, whereas the d-spacings of the
plane of van der Waals forces between the sheets of the two
crystalline forms («[200] and y[001] planes) tend to
increase. Hence, annealing at 200 °C with a subsequent
cooling to 30 °C leads to the formation of PA6 crystallites,
in which the distance between the macromolecules within
the sheet is larger and the inter-sheet distance is shorter than
in the sample without annealing or in those annealed at
lower temperatures.

5. Conclusions

1. Solid state '*C NMR and WAXS studies revealed that in
all four samples, irrespective of their mechanical and
thermal histories, there is a co-existence of a and
y-crystalline modifications of PA6. The a-form always
demonstrates a monoclinic lattice with two crystalline
reflections, whereas the type of the <y-form lattice
depends on the thermal conditions at which it was
created and can be hexagonal (with one) or non-
hexagonal (with two reflections).

2. Heating of PA6 above 120 °C always results in phase-to-
phase transitions. These depend not only on the
temperature (as repeatedly reported before), but also on
the relative concentrations of the o and vy-crystalline
forms in the starting sample. Between 120 and 160 °C, a
transition from the major to the minor crystalline phase
takes place (for isotropic samples it is o to vy, and for the
oriented cable from 7y to a-form) until reaching almost
the same concentrations of the two forms. In the 160-
200 °C range and especially close to the Brill
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Fig. 8. Changes in o and y-form unit cell parameters as a function of annealing temperature of oriented PA6 cable: M no annealing; M after annealing at 120 °C;

after annealing at 160 °C;

after annealing at 200 °C. All measurements are taken at 30 °C.
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temperature, y to o-transition always occurs, irrespective
of all other factors.

3. Heating above 120°C is related to Lp increase (in
isotropic samples, owing to a growth of both /. and /,), as
well as to changes in the unit cell parameters of the two
crystalline forms, being the strongest at the highest
temperature.

4. Quenching after melting always leads to PAG6 crystallites
predominantly in o-form, whereby the small amounts of
remaining y-form is with hexagonal lattice. Generally,
the size of the resulting crystallites is smaller with
decreased linear crystallinity x,.

5. Annealing of oriented PA6 cable at 120, 160 and 200 °C
always results in an increase of the o-form content, even
if the temperature is relatively low. This process is
accompanied by a growth of Lg. Below the Brill
transition, annealing does not change significantly the
unit cell sizes of the two crystalline forms.
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