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SYNOPSIS

A simultaneous wide and small angle X-ray scattering study of two poly(ethylene
naphthalene 2,6-dicarboxylate) (PEN) samples crystallized from the glassy state at dif-
ferent annealing temperature (7) for different annealing times (#,) was carried out using
synchrotron radiation. Either single or dual melting was induced in the samples as con-
firmed by differential scanning calorimetry (DSC). The correlation function (CF) and
the interface distribution function (IDF) were calculated to evaluate the microstructural
parameters such as the long spacing, the thickness of the amorphous and crystalline
phases, as well as the width of the size distributions. It is demonstrated that the sample
with dual melting behavior exhibits an abrupt increase of all microstructural parameters
at températures above the melting of the lowest endotherm, while the sample revealing a
single melting endotherm does not show such a sudden change. This finding is in accor-
dance with the concept that the appearance of two melting peaks in the DSC traces can

be explained by the dual lamellar stacking model.
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INTRODUCTION

The occurrence of single, dual or multiple melting peaks in the differential scanning
calorimetry (DSC) traces of polymers during heating is a long time well known and
intensively studied phenomenonl’z. It is now agreed that a better understanding of the
origin of the melting behavior can provide a useful knowledge about the evolution of
structure and morphology in the corresponding polymer as a function of temperature3_
Although the DSC technique provides some insights about morphology, it does
not yield a direct morphological information. Other methods such as small-angle X-ray
scattering (SAXS) and wide-angle X-ray scattering (WAXS), are often employed in
addition to the calorimetric ones”''. Abundant X-ray scattering data have been col-
lected, especially for some of the so-called semirigid polymers — poly(ethylene tereph-
thalate) CPET)M, poly(ether ether ketone) (PEEK)Q-‘S'11 and to a smaller extent for
poly(naphthalene 2,6-dicarboxylate) (PEN)"*. Several models® have been proposed to
account for the melting behavior in these polymers but none of them is entirely com-
patible with all physical observations often being quite controversial. Only the dual
lamellar stack model, originally proposed by Cebe and Hong'* and Basset et al.”* has
not been directly refuted so far’. According to this model, in a semicrystalline polymer,
both, thick and thin lamellae coexist (also called primary and secondary lamellae, re-
spectively), either located in different stacks or packed within the same stack. Very re-
cent structural investigations by Marand et al'* bring forward new results favoring the
concept of a more or less parallel disposition of macromolecules within the secondary
Jamellar stacks (“fringed micellar crystals™), rather than of being folded as represented

by the well-known chain-folding model.



In a preceding paper'”, the dual lamellar stack model was used to correlate the
microstructural data of various PEN samples crystallized from the glass, to the number
and shape of their melting endotherms. A direct connection between the DSC endo-
thermic behavior and the microstructure of different PEN samples as revealed by si-
multaneous WAXS and SAXS (WSAXS) performed at 50°C was found.

The aim of the present study is to examine the influence of the temperature upon
the microstructural changes in two different, well-defined, PEN samples exhibiting ei1-
ther single or dual melting behavior. In the present investigation, we provide additional
evidence for the applicability of the dual lamellar stack model in samples displaying

double melting endotherms in their DSC traces.

EXPERIMENTAL
Mauterials

The PEN used in this study (Eastman Chemicals, ref. No PLS 14991) was in the form of

pellets with a viscosity-average molecular weight A, = 25.000. Fully amorphous PEN
films with a thickness of about 0.2 mm were prepared by mold pressing and quenching
as previously described"®. This procedure could be summarized as follows. The PEN
pellets were firstly dried in vacuum for 24 h at 100°C. Subsequently, they were pressed
at 300°C for 2-3 minutes and then quenched to room temperature within 20-30 sec. by
letting cold water pass through the pressing plates. To perform cold crystallization ex-
periments, amorphous PEN films were introduced into a tightly closing stainless steel
chamber that was placed into a vacuum oven. Two PEN samples with varying WAXS
crystallinities were then produced by crystallization from the glass (cold crystallization)

performed in vacuum under the conditions indicated in Table 1. The melting behavior of



the samples was found to be highly dependent on the annealing conditions employed,

namely annealing time (7,) and annealing temperature ().

Techniques

The DSC traces were obtained in an indium calibrated Perkin-Elmer DSC-7 in-
strument at a heating rate of 10 deg.min'1 in a dry nitrogen atmosphere. Sample weights
varied typically in the 8-10 mg range.

WSAXS measurements while heating the samples in the 50-300°C range at a
heating rate of 10 deg.min”! were performed in the A2 beamline at HASYLAB (Ham-
burg, Germany). The wavelength of the pinhole collimated X-rays from the synchrotron
source was 0.15 nm. The setup for simultaneous WAXS and SAXS measurements em-
ployed is schematically presented in Fig.1. The polymer sample was introduced into the
temperature cell (Fig. 1, position 1), and the latter was placed in an evacuated chamber
(pos. 2). The scattered X-ray radiation was monitored by two gas-filled, position sensi-
tive detectors — for SAXS (3), and for WAXS (4), respectively. The pathway of the ra-
diation scattered at small angles (6) was evacuated. For most of the SAXS experiments,
the sample (1) to detector (3) distance was set at 1450 mm. Some measurements were
performed changing the said distance to 2090 mm. All SAXS patterns were normalized
with respect to the primary beam. This enables comparison of the scattering intensities
in patterns of one and the same sample obtained at various temperatures. The angular
range for the WAXS measurements was 13°< 20 < 31° In both WAXS and SAXS
measurements an acquisition time of 10 sec was used for every data frame with a 3 sec
waiting time between the patterns. The heating rate in the temperature range from 50 to

300°C was 10 deg’.



To process the SAXS output data and calculate the long spacings (L), amor-
phous- (/) and crystal phase () thicknesses as a function of the temperature, OTOKO'™
and SASDAP"” software were employed. By means of the latter, all SAXS profiles were
analyzed by a combination of correlation function v, (CF) (Eq. 1) and interface distri-
bution function g, (IDF) methods (Eq. 2):
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InEgs land 2, g= (4m/L)sind is the scattering vector and 28 is the scattering
angle. I, represents that contribution to the total scattering arising from density fluctua-
tions (also called “liquid scattering”), and o is a term, related to the thickness of the
crystal/amorphous interface. Q is the scattering power (or scattering invariant) that can

be determined by integrating the SAXS profile over all scattering angles, i.e.:

Q=1"-1)7d 3)
When considering the structure of an ideal two-phase model, Q can then be re-

lated to the following morphological variables’:

L, .
Q = kxspkxst lc +la lc +la (pc - pz’la) (4)

Here, k is a calibration constant, X is the volume fraction of the spherulites in
the material, x;; is the volume fraction of lamellar stacks within the spherulite, p. and
pia are the electron densities in the two phases — crystalline and interlamellar, respec-

tively.



The G, term in Eq.(2) characterizes the interference function of the two-phase
system:

G,=K-(U-1,)q"exp(a’q") &)
wherein K stands for the Porod constant.

One can obtain two estimates for I from CF if one considers either the position
of its first maximum (L) or from twice the position of the first minimum (L."). The
first minimum of IDF gives one more set of long spacing values denoted further by L.
Additional analysis of both CF and IDF provides values for /. and Z,. More details about
the theoretical background and practical performance of these calculations can be found
elsewhere™ 5,

SASDAP gives one more estimate for L, namely the Bragg long period (Ls) as
derived from @max of the Lorentz corrected SAXS pattern in accordance with Eq. 6:

27
qma.\'

Ly= (6)

RESULTS
DSC measurements
Fig. 2a displays the DSC curve (solid line) of an originally amorphous PEN
sample annealed for £, = 4 hours at T, = 240°C. A well-expressed single melting endo-
therm is obtained, with a peak value of 266°C (Table 1). The sample annealed at 7, = 24
h and T, of 165°C reveals a double melting behavior (Fig. 25, solid line). The peak value
of the first, low intensity endotherm is located at 185°C, and that of the second endo-
therm lies at 268°C. Closer inspection of the 240-260°C region reveals a small but
measurable crystallization around 240°C followed by the broad “nominal” melting peak.
Fig. 2 shows also the temperature dependence of the Q-values (dashed lines) of

the two samples under investigation. The evolution of the Q curve for the sample with
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the single melting behavior (2a} is characterized by a relatively small and gradual in-
crease. This increase starts at about 120°C and, without a measurable change of the
slope, goes up to about 766°C. At this temperature an abrupt drop in the Q-values is
observed, this trend remaining unchanged until the complete melting of the sample as
indicated by DSC. The Q-value of the sample with the dual melting behavior (26)
changes in a more complex way. The increase of Q is steeper, the slope of the curve
changing several times: around 120°C, close to 200°C and at 247°C. At the latter tem-
perature, ie., more than 20°C below the maximum of the second melting endotherm in

the DSC traces, Q abruptly and irreversibly decreases.

WAXS measurements

Selected WAXS patterns of both PEN samples obtained in the temperature range
between 50-300°C are presented in Fig. 3a and 3b. For better visualization, stacked
plots are presented, the curves being gradually displaced from one another in upward
direction. Irrespective of the annealing conditions, the WAXS traces are all consistent
with the a-modification of the unit cell characterized by a strong [010] reflection. An-
other common feature to both samples is that the WAXS reflections are observed for all
temperatures within the interval between the onset and offset temperatures of the DSC
peaks (Table 1, Fig. 3a and 35). The scattering intensity of the patterns gradually di-
minishes with the increase of temperature. In addition to this general trend in sample 2,

a change in the intensity of the [010] reflection was observed in the 200-250°C range.

SAXS measurements
The most characteristic SAXS profiles for both samples are presented in Fig. 4.

For the sample with the single melting behavior (Table 1, No 1), well defined SAXS



scattering maximums with increasing intensity and similar long spacing values were
registered in the 50-265°C interval (Fig. 4a). The location of the maximum of the curve
obtained at 270°C is not immediate without additional deconvolution (Lorentz correc-
tion) since it is partially overlapped by the primary beam. No scattering peak was reg-
istered at 274°C.

The second sample in Table 1 is characterized in the 50-200°C range by scatter-
ing peaks of lower intensities; however, a sharp intensity increase was observed above
200°C (Fig. 4b). This effect is accompanied by a shift of the peak maximums to smaller
values of the scattering vector. At 262°C the scattering peak is not anymore detectable,
most probably because the primary beam peak is masking it. The intensity of the pattern
at 262°C increases by a factor 7, as compared to that taken at 195°C. At 274°C the sam-

ple shows no discrete small-angle scattering maximum.

Determination of L, I, and 1. from the correlation function

Figs. 5a and 56 (bottom graphs) display the temperature dependence of the long
spacings calculated from the Lorentz-corrected Bragg peak maximums (Lg), from CF
(L and L.™), and from the IDF (L;). The upper graphs in these figures represent the
same dependence of the crystal and amorphous layer thicknesses as derived from CF
(15", 1,57y and IDF (177, respectively.

The crystalline thickness in both samples was attributed to the more abundant
phase (or, larger thickness) within the stacks because of the following reasons. As seen
from Table 1, the average volume crystallinity of Sample 1 (7, = 240°C) is significantly
higher than that of Sample 2 (7, = 165°C), while their x; values are almost the same

(0.69 and 0.71, respectively). On the other hand, both ” fractions in Table 1 (0.48

and 0.33, respectively) are significantly lower than the corresponding x; values. It seems



logical that for both Sample 1 and Sample 2 the x; values would correspond to the
crystal fractions within the stack. The physical meaning of this assumption could be that
there is a certain amount of amorphous material outside the stacks in which these are
embedded, that is, the microstructure will be in agreement with the lamellar stack
model. The other option (.., association of x; with the amorphous phase) would mean
that the linear crystallinity within the stack is lower than the average sample crystallin-
ity which apparently has no physical meaning. One may also assume, that in Sample 2
with T, = 165°C the interstack amorphous regions are larger then those within the stacks
[15].

We applied the CF and IDF formalisms only where a clear peak was present in
the raw SAXS profiles of the samples (Fig. 4). Since all the L values show a similar
variation with temperature, whenever discussing absolute values, unless otherwise
specified, we will refer to LJ".

The data presented in Fig. 5a and Table 2 for PEN with one single melting peak
(sample 1), show a slight increase of L in the 100 and 270°C range. The largest L value
of 148 A is recorded at 270°C. i.e., immediately before the complete melting of the
sample. Measurements above 270°C were not considered since no coherent scatter-
ing above this temperature 18 observed.

For sample 2, relatively constant values of L, /; and [ are observed when -
creasing the temperature from 100°C up to 190-200°C. However, a significant increase
of these parameters is detected in the temperature range between 200 and 255°C. Here,
both 7. and /, values grow markedly, to give an L value at 240°C larger (about 35 A)
than that at 100°C. Above 240°C the increasing rate of the parameters becomes even
higher, their last reliable values at 255°C being /. = 159 A, L, =109 A, I, = 50 A. The

measurements above this temperature are related to the peak of the primary beam that
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completely overlaps any scattering. Therefore, we do not discuss the temperature range
enclosed between 260 and 300°C.
Interface distribution function analysis

Figs. 6a and 65 show the IDF temperature dependence from 100°C up to 270°C
(last temperature at which a scattering peak was recorded in both raw SAXS profiles).
In Sample 1 (Fig. 6a, single melting endotherm in DSC), the positive part of the IDF
broadens gradually and only slightly with temperature, especially between 250-270°C,
this broadening being accompanied by a small upward shift of the first maximum. The
sample with the double melting behavior (Fig. 6b) displays quite narrow IDF curves up
to about 240°C. At this temperature the onset of the higher melting peak, as seen from
the DSC traces in Fig. 2 and Table 1, is evident. Furthermore, the width of IDF in-
creases notably within the 242-254°C temperature range, the curves being similar to

those corresponding to Sample 1 in the whole temperature range.

DISCUSSION
Background

In a preceding study® it was shown that all the DSC traces of cold crystallized
PEN with WAXS crystallinity in the range of 5-27%, presented always a melting peak
at 260-265°C. However, lower melting endotherm, developed only when the crystallin-
ity grew above 20%. If, as indicated by Kriger and Zachmann®, the lower endotherm
was assigned to the melting of the secondary lamellae, then in our case the primary la-

mellae would appear before the secondary ones. As previously stated’, such a behavior
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disagrees with the melting-recrystallization model. This was one of the reasons to ex-
plain the dual melting peak in PEN in terms of the dual lamellar stacking model. On the
other hand, a single melting peak in DSC seemed to correspond to a morphology more
consistent with the finite lamellar stack model having similar thickness distributions of
both phases. All these conclusions were supported by X-ray data obtained at 50°C".

The present study extends the above structural investigation to the temperature
range of 50-300°C. Our basic assumption is the following: if the DSC dual melting be-
havior does really correspond to a dual lamellar stack morphology, thus, by increasing
the temperature of the SAXS experiment above that of the lower endotherm (7, W), one
should observe L values notably higher than those obtained before the heating ramp.
The explanation is that for 77, . the crystals from the secondary lamellar stacks
formed during the sample preparation would melt, thereby revealing the size of L in the
higher melting lamellae in the primary stacks. Accordingly, if the microstructure of the
sample approaches the finite lamellar stack model involving a lower variance of the
lamellar sizes, then an increase in temperature at which the SAXS pattern is taken will

not significantly affect the values for L, /, and /.

Sample 1: Single melting behavior

In accordance with the above considerations, the PEN sample which shows a
single melting endotherm displays a relatively small and gradual increase of the mor-
phological parameters within the whole interval of 100-270°C. Analysis of the corre-
sponding £, I, and I, values (Table 2) leads to the conclusion that the slight increase of
the L values by 18 A could be attributed to a growth of both /; and /. However, the

elimination of some smaller, less perfect lamellae could also be possible.
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Fig 2a shows that for sample 1 the Q-values start growing above 120°C, ie,
above 7, the global maximum O, coinciding with the temperature of the DSC melting
peak. This observation suggests that in sample 1 there are only stacks in which the
lamellar thickness and perfection are approximately the same (Fig. 7a). That is why
when T, is reached the crystalline phase melts instantly causing a simultaneous drop in
both DSC and Q-curves.

Another evidence of the assumed microstructure of Sample 1 is supported on the
basis of the analysis of the temperature dependence of its IDF (Fig. 6a). The analysis of
the width and shape of these curves leads to the conclusion of a relatively narrow distri-
bution of sizes for L, I, and /,, at 100°C, that does not change significantly as the tem-
perature of the SAXS measurement increases up to 270°C.

Finally, a comparison of all the estimates for £, obtained from the Bragg relation,
from the CF and from the TDF functions (Fig. 5a) demonstrates the following trend:

Lg > LM =L Ly, (7)

As shown earlier’’, the above trend implies that the width of the amorphous
layer size distribution is larger than that of the lamellar size distribution.

Sample 2: Dual melting behavior

The growth of the microstructural parameters of sample 2 at temperatures higher
than 200°C (Fig. 5b) is in accordance with the supposed melting of stacks containing
thinner and less perfect secondary lamellae thus revealing the real size of the primary
ones. Fig. 25 also yields support for this hypothesis, the Omar value coinciding with the
onset of the higher melting endotherm and not with 7, . A possible explanation of this
finding is that this sample contains crystalline lamellae characterized by a large variety
of crystal sizes and degree of crystal perfection. Some of the lamellae start melting well

below 7,,”, which is reflected by the change in the slope of the Q-values with tempera-
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ture above 7,; (Fig. 7b). The shape of the IDF function at 100°C (Fig. 6b) indicates a
much broader variance in sizes of the microstructural parameters than the corresponding
curve of sample 1, this trend being stable up to 240°C. At higher temperatures (243 and
255°C), there is a notable increase in the width of the IDF curves that is an indication
for a narrower distribution of phase sizes.
By analyzing the absolute values for the different estimates of 7. derived from
CF, IDF and Bragg law (Fig.55), one may propose the following trend for Sample 2:
Lg LM Li=L." (8)

d*", the above relation suggests that the variance of the

As previously discusse
larger thickness values (i.e., that of the crystal lamellae) in sample 2 is larger than the
variance of the lower thickness values, the latter being those of the amorphous phase. It
is noteworthy that only at temperatures above 240°C L, becomes equal to L."”.

The evolution of IDF for sample 2 could be followed up to 255°C. However,
above this temperature, no SAXS maximums couid be recorded owing to set-up limita-
tions, neither the increase of the sample-to-detector distance to 2090 mrﬁ allowed the
resolution of a scattering peak.

It is noteworthy that above 240°C the Z and Z, values for sample 2 are larger than
the corresponding values for Sample 1. At temperatures higher than 265°C, the 7 and I,
cannot be measured anymore. One possible explanation for this result could be the for-
mation of very thick lamellae. This assumption would require that lamellae thickening
and/or intensive recrystallization processes take place above 255°C. Taking into account
the temperature dependence of Q (Fig. 2b), we are rather inclined to discard such a pos-
sibility. Another way to explain the said increase of 7. and 7, in sample 2 is that close to

the melting point of the higher endotherm, the more abundant phase within the lamellar

stacks is already the amorphous one. Such an assumption would admittedly explain the
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absence of a well-defined peak in their SAXS scattering patterns owing to the presence
of very large amorphous regions between the. crystalline lamellae, rather than to the

presence of very thick lamellae.

CONCLUSIONS

1. The PEN sample showing a single melting endotherm in the DSC is built up pre-
dominantly by primary lamellar stacks with a rather narrow distribution of L, I, and
Le.

7 For PEN showing a double melting endotherm, the primary stacks coexist with a
significant fraction of secondary stacks containing lamella of diverse size and per-
fection. During the heating ramp up to 300°C, the secondary lamellar stacks melt in
a broad temperature interval above the temperature of the lower melting endotherm.
Judging from the analysis of X-ray data, ihe elimination of secondary stacks is ac-
companied by melting-recrystallization processes.

About 10°C below the melting point, both samples display different absolute values

w2

for L and I, but a similar, relatively narrow distribution of sizes. Most probably,

these values characterize the primary lamellar stacks that are the last ones to melt.
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Figure Captions

Figure 1 Scheme of the experimental setup for simultaneous SAXS-WAXS exper-
ments at polymer beam-line A2 at HASYLAB-DESY: (1) SAXS-WAXS sample cell,
(2) evacuated chamber, (3) SAXS one-dimensional detector, (4) WAXS one-

dimensional detector, (5) beam-stop, (6) evacuated optical path.

Figure 2 DSC curves (solid lines) of initially amorphous PEN films annealed at various
conditions: (a) — 7y, = 240°C, £, =4 h; (b) — T, = 165°C, £, = 24 h. For both samples, the
temperature dependence of the scattering power Q is given with dashed lines. Heating

rate for DSC and X-ray experiments — 10 deg.min™.

Figure 3 Selected WAXS patterns taken at various temperatures: () — sample 1 and (b)
- sample 2. Sample designations are according to Table 1. Heating rate = 10 deg.min-"

(For more details see the text).

Figure 4 Selected raw SAXS profiles of the two PEN samples taken at various tem-
peratures: (a) — sample 1 and (b) — sample 2. Heating rate during the synchrotron SAXS

measurements — 10 deg.min—l.

Figure 5 Variation of the microstructural parameters as a function of the temperature n:
(a) - sample 1 (7, = 240°C, t, = 4 h) and (b) — sample 2 (7, = 165°C, 7, =24 h). Heating
rate — 10 deg.min-'. (L3 — long spacing values as computed from Eq. 3; L and LM —
long spacing values calculated from the CF analysis; Ly, - long spacing as obtained from
IDF in Fig. 6; /. — thickness of the crystalline phase obtained from the CF analysis; 1,

lCIDF

— thickness of the amorphous phase from the CF analysis; - thickness of the amor-

phous phase from he IDF. (For more details see text).
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Figure 6 Temperature dependence of the IDF functions of the two PEN samples with
different thermal history and melting behavior: (a) — single DSC peak; (b) dual endo-

thermic behavior (For more details see text).

Figure 7. Idealistic and oversimplified model of semicrystalline PEN. Sample (a): sin-
gle melting, one dominant population of crystalline lamellae (rectangular bars) which
melt above T, Sample (b) double melting behavior, heterogeneous population of
crystalline lamellae [two populations are presented: with thicker (gray bars) and thinner
(black bars) crystallites]. The thinner lamellae melt above 7, and thicker ones — above

il
Tn
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100°C | 170°C | 190°C [ 200°C | 240°C | 247°C | 251°C | 255°C | 265°C | 270°C

Sample 1 7~ 240°C,t,=4h, R, = 200deg/min

LX A 130 136 | 137 | 137 | 141 | 142 | 142 | 142 | 144 | 148

1,V A 89 94 95 95 98 96 96 96 96 98

L, A 41 42 42 42 43 46 46 46 48 50
Sample 2 T,= 165°C, 1, =24 h, R, = 2 deg/min

LM A 103 104 108 109 138 | 146 152 159 2 )

1, A 71 72 75 76 97 101 104 109 2 -

1, A 32 32 33 33 41 45 48 50 - 2

Table 2 Evolution of the morphological parameters as a function of the temperature of

(LCM = long spacing as determined from CF, fcc

the X-ray scattering measurement

= crystal layer thickness as determined

from CF; 1,°", = amorphous layer thickness as determined from CF)

NOTE:  not measurable, the scattering peak in the raw SAXS profile is overlapped by

the primary beam
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