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ABSTRACT: The morphological changes during the quasi-isothermal melt crystallization of a linear
polyethylene sample at 126 °C were monitored by synchrotron WAXD and SAXS and compared to TMDSC
data. A blocklike temperature-profile with an amplitude of 1 °C and a period of 2 min was applied. AFM
at room temperature reveals lamellar crystals with lateral dimensions of several micrometers that are
composed of grains with dimensions comparable to those based on WAXD peak width analysis. According
to the X-ray data all reversible melting and crystallization phenomena, probed by TMDSC, take place at
the fold surface of the lamellar crystallites. There are no reversible changes at the crystal grain boundaries
nor at the lateral surfaces of the lamellae, i.e., the crystal growth faces. The crystal growth rate, however,
is affected by the temperature modulation.

1. Introduction
There is growing evidence for temperature reversible

melting and crystallization phenomena in semicrystal-
line polymers, based on temperature modulated dif-
ferential scanning calorimetry1 (TMDSC) experiments.
The magnitude of the complex heat capacity (also
referred to as the reversing heat capacity), |cp

/|, meas-
ured by TMDSC under quasi-isothermal conditions
often displays an excess heat capacity superimposed to
the baseline heat capacity.2-4 The magnitude of this
excess heat capacity depends on the polymer studied,
its thermal history and the absolute temperature around
which the small temperature modulation takes place.5
Reversible melting and crystallization implies crystal-
lization without the need for supercooling and conse-
quently falls out of the realm of classical polymer
crystallization theories that rely on nucleation con-
cepts.6,7

These reversible processes are believed to occur at an
active surface of the lamellar crystallites, which, in
principle, can be the lateral surface or the fold surface
or both. Advocates of fold surface melting discard lateral
surface melting because on a lateral surface the melting
point depends on the thickness of the lamella. If a
lamella (or part of it) melts along this route and if
recrystallization follows during the cooling part of the
temperature cycle, the lamella will become thicker and
hence no longer susceptible to melting in a subsequent
cycle.5 This process is thus irreversible and should
disappear upon long-time annealing. Only at very high
temperatures near the (equilibrium) melting tempera-
ture of very thick lamellar crystals could the tempera-
ture excursions applied in a typical TMDSC experiment
(that is usually below 1 °C) be sufficiently large to bridge
the gap between melting and crystallization.8

There is plenty of evidence for temperature reversible
phenomena far below the equilibrium melting temper-
ature of crystallizable polymers even after long-term
annealing.4,9-11 At least in the case of (linear) polyeth-
ylene there is also some independent evidence for fold
surface melting and crystallization,12-16 based on small-
angle X-ray scattering (SAXS). Hitherto, reversibility
has never been explored using SAXS in combination
with the small temperature excursions characteristic of
TMDSC. It has, however, been argued,10 based on con-
siderations of lamellar habits, that the small hysteresis
of the temperature dependence of the crystallinity and
the lamellar thickness, which is usually measured when
large temperature differences are covered, is incompat-
ible with the notion of true reversibility.

A reversible excess heat capacity also exists in the
case of very imperfect polyethylene crystals grown from
ethylene-1-octene random copolymers with a relatively
high 1-octene content.10 Such crystals have limited
lateral dimensions and there is no reason for the origin
of the excess signal to be identical to that associated
with mature lamellar crystals. Ethylene copolymers
with an even higher comonomer contents probably
crystallize as fringed micelles and in the extreme case
of a very high comonomer content only nearest-neighbor
ethylene sequences crystallize at temperatures close to
the glass transition temperature.17-19 Such a “cluster
crystallization” was visualized using Monte Carlo simu-
lations by van Ruiten et al.,20 and it is quite fascinating,
although not unexpected, to observe small crystalline
clusters appearing and disappearing with time at a
given constant temperature. Low molar mass sub-
stances behave in a similar way at their equilibrium
melting temperature. They crystallize without super-
cooling, and crystals and melt are equally probable. In
principle, this type of equilibrium crystallization should
give rise to a reversible excess heat capacity in a
TMDSC experiment. Androsch and Wunderlich10 see
two possible locations for such a reversible (equilibrium)
crystallization of chain segments in their ethylene
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copolymer of lower 1-octene content. The first is found
in chain segments that melt only partially because of
their attachment to other, higher melting (lamellar)
crystals, whereas the second one is found in secondary,
fringed-micellar crystals, grown within the network of
larger crystals. Extrapolation of this mechanism to LPE
with lamellar crystals seems unjustified especially when
the crystallinity is high and rather perfect lamellar
crystals have grown at a high temperature.

The mechanism of reversible melting and crystalliza-
tion is thus clearly not settled. The literature on the
subject is rather speculative since the reversing excess
heat capacity signal in TMDSC does not provide any
direct information about the morphological or molecular
aspects of interest. Hence, the behavior of semicrystal-
line polymers under temperature modulated conditions
must be explored by independent, structure-sensitive
techniques.

Wide-angle X-ray diffraction (WAXD) and small-angle
X-ray scattering (SAXS) are, in principle, well suited
for this purpose. WAXD measurements provide infor-
mation on changes of the crystalline density, the
crystalline fraction and the lateral dimensions of the
crystals provided the crystals exceed a critical size.19

SAXS data yield values for the crystalline and amor-
phous layer thickness, the specific inner surface and the
local and overall crystallinity as a function of time and
temperature. High brilliance synchrotron X-ray sources
must, however, be used to collect data at short sampling
intervals during the rather fast oscillating temperature
programs typical for TMDSC experiments. A particu-
larly careful data analysis is an essential prerequisite
since the morphological effects are expected to be small.

The present paper reports the results of a (quasi-)
isothermal crystallization of a linear polyethylene (LPE)
from the melt at 126 °C during which a temperature
modulation with an amplitude of 1 °C and a period of 2
min was applied. This process was monitored for 90 min
using simultaneous synchrotron SAXS and WAXD and
the results are compared with similar off-line TMDSC
data. LPE was selected because it is known to exhibit a
very pronounced excess heat capacity compared to other
semicrystalline polymers. The situation studied here can
be considered as an archetype for reversible melting and
crystallization phenomena in fairly perfect lamellar
crystals. Similar studies on other homopolymers and
less-perfect, semicrystalline ethylene copolymers will be
reported in subsequent papers.

2. Experimental Section
2.1. Material and Temperature Program. All measure-

ments were performed on a linear polyethylene (DSM code:
JW1114), synthesized using a single-site Vanadium-based
catalyst,21 with a weight-average molar mass of 52 300 g/mol
and a polydispersity (Mw/Mn) of 3.2.

For the TMDSC experiment the sample was first heated to
200 °C to erase its thermal history. After 6 min, it was cooled
to 126 °C at 5 °C/min and subsequently subjected to a
sinusoidal temperature oscillation with an amplitude of 1 °C
and a period of 60 s. For the SAXS/WAXD experiments the
temperature was controlled by a Mettler FP-82HT hot stage,
flushed with cooled air. The sample was first cooled from 200
to 127 °C at 10 °C/min. Subsequently a temperature modula-
tion was started by connecting cycles that consist of a cooling
ramp from 127 to 125 °C at 3 °C/min, an isothermal waiting
time of 19.6 s, a heating ramp to 127 °C at 3 °C/min, and a
waiting time of 19.6 s. This program corresponds to a blocklike
temperature modulation around 126 °C with an amplitude of
1 °C and a period of 119.2 s, which is twice that of the TMDSC

experiment. Consequently the crystallization kinetics may be
a little slower in the TMDSC experiment because the residence
time at low temperature is shorter. The excess signal measured
by TMDSC no longer depends on the period once the main
crystallization is over and provided the period is longer than
60 s.5 Hence, the relatively short period used in TMDSC does
not impede the comparison with the modulated SAXS-WAXD
experiments nor does the exact shape of the temperature
profile. The magnitude of the amplitude may be sufficiently
large to have some influence on the crystallization kinetics,4
but it is also sufficiently small not to cover the temperature
gap between melting and (classical) crystallization involving
nucleation.5

2.2. TMDSC. The TA Instruments heat flux DSC 2920 was
equipped with a refrigerated cooling system and purged with
helium (25 mL/min). The temperature was calibrated using
cyclohexane and indium, which was also used for enthalpy
calibration. The heat capacity (cp) was calibrated to the
expected value for amorphous PE at 126 °C (cpa ) 2.496 J/(g‚
°C)22) using the |cp

/| data at times shorter than 5 min in the
quasi-isothermal measurement of interest. Perforated alumi-
num pans (Perkin-Elmer, 50µL) were used throughout, and
the LPE mass was 4.685 mg. Scherrenberg et al.4 introduced
the nomenclature adopted here.

|cp
/| was calculated from the amplitude of the heat-flow,

AΦω, the frequency of the temperature modulation, ω ()2π/p,
with p the period) and the amplitude of the temperature
modulation, AT, according to

K being a calibration constant. The crystallinity as a function
of time, wc(t), was calculated by dividing the partial integral
of the smoothed heat flow signal by, ∆h, the reference
transition enthalpy of PE at 126 °C (293.22 J/g).22 Finally,
using these wc(t) values, the baseline heat capacity, cpb, was
calculated

with cpc and cpa the reference cp values of respectively crystal-
line (cpc ) 2.419 J/(g‚°C))22 and amorphous PE at 126 °C. The
excess heat capacity, cpe, due to reversible melting and crystal-
lization was calculated from the difference, |cp

/| - cpb, and was
further related to the fraction of material that reversibly
follows the temperature modulation, ∆wr using the relation

The ratio ∆wr/wc(t) was calculated for comparison with the
scattering data.

2.3. SAXS/WAXD. Time-resolved X-ray scattering experi-
ments were carried out on the X33 double focusing camera of
the EMBL in HASYLAB, on the storage ring DORIS of the
Deutches Elektronen Synchrotron (DESY) at a wavelength of
1.5 Å.23 The standard data acquisition system24 was used with
two delay line detectors connected in series.25 For the WAXD,
the orthorhombic 110 and 200 reflections of LPE (JW1114)
quenched from the melt into liquid nitrogen were used for
calibration of the 2θ-axis.15 The scattering vector s (with s )
2(sin θ)/λ, 2θ the scattering angle and λ the wavelength) in
the SAXS region was calibrated using the first nine orders of
dry calcified collagen. Figure 1 illustrates the assembly of the
LPE sample holder that was inserted into the Mettler hot
stage.

Sets of subsequent frames of 20 s were recorded, corre-
sponding to six frames per temperature cycle. One frame
consisted of 6 s acquisition time and 14 s waiting time.
Excessive irradiation was avoided by closing a mini-shutter
placed upstream from the sample during the waiting periods.
The time corresponding to a given data point was set to three
seconds, which is in the center of the acquisition period. Data

|cp
/| )

AΦω

ωAT
K (1)

cpb
) wc(t)cpc

+ (1 - wc(t))cpa
(2)

∆wr ) -
2AT cpe

∆h
(3)
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were not recorded during the entire 90 min of the isothermal
crystallization experiment but data collection was restricted
to six segments between which the minishutter was closed.
This, together with 14 s of shutter closing time per frame,
reduced the total beam exposure to 14 min. The WAXD and
SAXS intensities were normalized to the intensity of the
primary X-ray beam and corrected for the response of the
detectors.

WAXD data were collected in the range 16.5° < 2θ < 37°,
and only the strong orthorhombic 110 and 200 reflections were
used for analysis. They were stripped from the amorphous halo
using straight lines before fitting with Gaussians as illustrated
in Figure 2. A full decomposition, involving the determination
of the amorphous halo was not attempted because of the
limited angular range toward low angles. The sum of inte-
grated intensities of the Gaussians (normalized to 1 at 90 min)
was taken as a crystallinity index. The crystalline density was
calculated from the angular positions of the Gaussian’s
maxima and accepting a constant length of 2.547 Å for the
c-axis of the orthorhombic unit cell (the molecular chain
direction). Finally, a (minimum)26 crystallite size, Dhkl, in the
direction perpendicular to the reflecting (hkl) planes was
calculated using the Scherrer equation27

with â0 the width at half-maximum (in radians) of the
corresponding Gaussian.

An average melt pattern was subtracted from the SAXS
patterns as a background,15 yielding patterns denoted as I(s).
The range of data collection (s < 0.032 Å-1) is in principle too
short for an accurate Porod-type analysis.15 In the present case,
it is, however, sufficient since it has been shown earlier that
the tail region of the SAXS pattern of a quenched LPE JW1114
strictly obeys Porod’s law indicating the absence of transition
layers between crystalline and amorphous regions and the
absence of crystal edge effects.15 It is shown below by AFM
that the morphology after the quasi-isothermal crystallization
applied here can also be modeled as an assembly of stacks of
alternating crystalline and amorphous layers. With the two
morphological constraints mentioned above the Porod con-
stant, P, and the constant background due to density fluctua-
tions within the individual phases, B, was determined accu-
rately using the additional constraint that the integral of the
interference function, IFF(s), equals zero,28 that is

In practice the constants P and B were determined by linear
regression of a Porod plot (I(s)s4 vs s4). The slope yields B, and
the intercept equals P. Prior to the regression, equidistant data
points were defined in the plot by interpolation in order to have
an equal weight over the entire s4 range. Using this procedure
the B and P values are obtained that fulfill the condition
expressed in eq 5. Interface distribution functions,29 IDF(x),
were calculated by Fourier transformation of the IFF(s)
according to

This integration was performed up to a sufficiently high s
value (typically s ) 0.0125 Å-1), where IFF(s) has damped out
to zero.29 Note that IDF(0) ) 0 only with the condition
expressed in eq 5. Correlation functions, CF(x), were calculated
by Fourier transformation of [I(s) - B].

Before transformation, [I(s) - B] was extrapolated from the s
value where the corresponding IFF(s) has reached zero to s )
0.09 Å-1 using a Porod-type function:15

In eq 7, Q, represents the total scattering power, often referred
to as the invariant, which for ideal two-phase structures (i.e.,
structures without any transition layers between the phases)
can be written as15

with C a constant, RS the volume fraction of semicrystalline
regions, φL the (local) volume fraction crystallinity in the
semicrystalline regions, and dc and da the mass densities of
the crystalline and amorphous phase, respectively. Theoreti-
cally, electron densities should be used in eq 9, but as only
PE is present, it is correct to use mass densities provided a
scale factor is included in the constant C.

2.4. AFM. Atomic force microscopy (AFM) experiments were
performed with a Nanoscope IIIa scanning probe microscope
equipped with a J-scanner. AFM images were obtained under
ambient conditions while operating the instrument in the
tapping mode and using a commercial Si-cantilever. Height
and phase images were recorded simultaneously at the fun-
damental resonance frequency of the Si-cantilever (typically

Figure 1. Schematic of the sample holder used for the SAXS/
WAXD measurements. The perforated 1 mm thick brass disk
with a diameter of 2 cm was placed in the Mettler hot stage.
The sample is inserted by compression molding in the central
hole, which has a diameter of 0.5 cm and is sealed on both
sides with 15 µm thick aluminum foils (gray squares) that are
fixed to the brass disk using temperature resistant tape (not
shown). The arrow represents the X-ray beam.

Figure 2. Top: Experimental WAXD data after 90 min
pseudo-isothermal crystallization (dashed line) and baseline
(dotted line) subtracted from the 110 and 200 reflections. The
curves have been shifted along the ordinate axis for better
visualization. Bottom: Result of subtraction (open circles) and
fit by two Gaussians (full line).

∫0

∞
IFF(s) ds ) ∫0

∞
((I(s) - B)s4 - P) ds ) 0 (5)

IDF(x) ) -∫0

∞
IFF(s) cos(2πxs) ds (6)

CF(x) )
∫0

∞
[I(s) - B]s2 cos(2πxs) ds

Q
(7)

lim
sf∞

(I(s) - B) ) P
s4

(8)

Q ) ∫0

∞
[I(s)-B]s2 ds ) CRSφL(1-φL)(dc - da)

2 (9)

Dhkl ) λ
â0 cos θ
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299-364 kHz) and with the tip-sample force interactions
minimized. When operating in this “light-tapping regime” the
height image shows the sample topography and topographic
features are emphasized in the phase image.30,31 Images were
recorded with typical scan speeds of 0.5 lines/s. An LPE sample
was prepared by 150 min quasi-isothermal crystallization as
described above in the TA Instruments heat flux DSC 2920
followed by cooling to room temperature. The sample was
taken out of the DSC pan and its surface was investigated
without further treatment (i.e., no sectioning).

3. Results and Discussion
Figure 3 illustrates the (smoothed) total heat flow,

cpb and cpe extracted from the TMDSC experiment. The
increase of cpe qualitatively follows that of wc(t), repre-
sented by the full line in Figure 4, pointing to a
proportionality between cpe and the amount of crystals.
The ratio ∆wr/wc(t) beyond 80 min is fairly constant and
close to 0.01. At shorter times, it is of the same order of
magnitude but seems to be proportional to the overall
crystallization rate with a maximum of 0.013 at the
highest rate. A quantitative analysis of this phenom-
enon would, however, be very difficult since the overall
(irreversible) change of the crystallinity during a tem-
perature cycle is not negligible.4

To arrive at an estimate for the oscillation amplitude
in the 80-90 min time window of the WAXD crystal-
linity index (see Figure 4) a Marquardt-Levenberg
curve-fitting algorithm32 was used with a three-param-
eter (P1, P2 and P3) sinusoidal function

P1 being the amplitude of the oscillation. The period is
fixed at 2 and the x-shift at 79.95. These values were
obtained from a similar fit to the temperature profile,
leaving the period and x-shift as free parameters, but
with P2 and P3 fixed at 126 and 0 respectively.33 The
latter parameters account for the overall change of the
fitted quantity. The WAXD crystallinity index increases
more rapidly with time than the TMDSC-based crystal-
linity, most probably due to the slightly different tem-
perature programs.

The amplitude of the oscillation in the WAXD crystal-
linity index in the 80-90 min segment equals 0.011 (
0.002, based on a fit with eq 10, and is out of phase with
the temperature modulation (insert in Figure 4). This
corresponds to a WAXD-based ∆wr/wc(t) estimate of
0.021 ( 0.004, which is of the same order of magnitude
although higher than the TMDSC value. The higher
WAXD estimate may partially be due to the increase of

thermal motion with increasing temperature. This
diminishes the elastic Bragg intensity and introduces
some inelastic thermal diffuse scattering.34 Hence, both
a decrease in crystallinity and an increase of the
thermal motion tend to lower the intensity of the
isolated Bragg reflections with increasing temperature
and vice versa. The overall effect in this narrow tem-
perature range is, however, too large to be solely due to
changes in thermal motion. A change of temperature
also affects the samples thickness and absorption. At
constant crystallinity the associated relative change was
calculated to be only 0.0005, which is negligible. The
present WAXD data thus provide TMDSC-independent
proof for reversible melting and crystallization in poly-
mers. Unfortunately, the oscillation is too small to rise
above the statistical fluctuations at times shorter than
80 min.

In Figure 5 the WAXD-based crystalline density is
represented, which clearly oscillates out of phase with
the temperature perturbation. The amplitude of this
oscillation, obtained from a fit to the data in the 80-90
min segment using eq 10 (see insert in Figure 5), equals
0.36, which is close to the value of 0.35, predicted by
Swan.35 The density decreases slightly with time, which
is not as expected, since crystallites should become more
perfect and hence more dense upon annealing. Aston-
ishingly, there seems to be no data in the literature
concerning density changes during the initial state of

Figure 3. Illustration of the TMDSC-based |cp
/| (full line), cpb

(dotted line), and (smoothed) heat flow (dashed line). cpe can
be read from the difference between |cp

/| and cpb.

y ) P1 sin(π(x + 79.95)) + P2 + P3x (10)

Figure 4. TMDSC (full line) and SAXS (open circles) overall
mass fraction crystallinities and (normalized) WAXD crystal-
linity index (full circles) during quasi-isothermal crystalliza-
tion. In the insert: the temperature profile (right-hand axis)
and fit to the WAXD crystallinity index using eq 10 (full line).

Figure 5. Evolution of the WAXD crystalline density of LPE
during quasi-isothermal crystallization (full circles). The
events in the 80-90 min segment are highlighted in the insert,
which also includes the block like temperature profile (right-
hand axis) and a fit to the data using eq 10 (full line).
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crystallization. The observed decrease may point to
more perfect crystals being formed first. An overall
increase in density may occur once all crystals are
formed and after longer annealing times than studied
here.

The WAXD-based estimates for the lateral dimensions
of the crystals are illustrated in Figure 6. The statistical
noise is quite pronounced, and hence a fit with eq 10
would be meaningless. No direct conclusions can thus
be drawn at this stage about possible changes induced
by the temperature modulation.

The WAXD-based lateral dimensions of the crystals
do not change significantly with time and are too small
to be compatible with laterally extended lamellae. In
contrast, Figure 7 clearly shows the existence of such
morphology. In this AFM height image the crystals
appear as quite regularly stacked platelike structures
with lateral dimensions of several µm. This WAXD-
AFM discrepancy can be accounted for by assuming a
mosaic substructure, consisting of coherently scattering
entities with cross sections of about 400 Å.

The phase image in Figure 8, representing the fold
surface of these crystals at much higher magnification,
reveals grainlike entities similar to those observed
earlier for a number of synthetic polymers using
AFM.36,37 In the present case, their size resembles that
of the coherently scattering entities, pointing either to

a progression of the crystalline substructure into the
amorphous fold-surface layer or to the tapping being
sufficiently hard to probe crystalline features through
the amorphous layer.

At this point, the existence of active lateral surfaces
can be discussed. The most central part (the nucleus)
of a simple lozenge-shaped crystal with 110 growth faces
is depicted in Figure 9.38 Such a crystal may grow
according to the arrows by addition of rows consisting
of regularly folded PE, as observed after crystallization
from solution.

In general, the morphology may be more complicated
after crystallization from the melt; i.e., growth may
occur along other crystallographic planes and possibly
there is twinning.38 Taking such a simplified 240 Å thick
crystal (see SAXS results below) with 1 or 2 µm long
edges as a model one finds that, to have a ∆wr/wc(t) of
0.0213, a melting of, respectively, 12 or 24 rows is
needed at all edges. This corresponds to an inward
melting at all sides of, respectively, 55 or 105 Å, which
is rather drastic. In contrast, for a granular building
block with edges of about 400 Å an inward melting of
less than one layer is sufficient since in this case an
all-side-one-row inward melting already accounts for a

Figure 6. Estimates, based on a Scherrer type WAXD peak
width analysis, for the (lateral) dimension of the crystal in a
direction perpendicular to respectively the 110 and 200 reflect-
ing planes.

Figure 7. Illuminated side view of an AFM height image,
illustrating the lamellar stack morphology after quasi-
isothermal crystallization of the LPE at 126 °C.

Figure 8. Tapping mode AFM phase image at high magni-
fication of the LPE crystal fold surface after quasi-isothermal
crystallization from the melt at 126 °C, illustrating the
presence of small building blocks with a size comparable to
that estimated from a Scherrer peak width analysis of the
WAXD data.

Figure 9. Central area of a lozenge shaped PE crystal
(projection of the planar zizag chains on the ab plane). Growth
of such a crystal is assumed to proceed in the direction of the
arrows by addition of rows with adjacent folds along the 110
planes. The outer rows are filled in white in this image.

Macromolecules, Vol. 34, No. 6, 2001 Temperature Reversible Transitions 1783



∆wr/wc(t) of 0.046. For fold surface melting one can
easily calculate that a 2.53 Å inward melting on both
sides of a 240 Å thick lamellar crystal suffices to achieve
a ∆wr/wc(t) of 0.0213. This corresponds approximately
to a single PE unit cell in the chain direction (c-axis).
On the basis of the present experimental results and
calculations, two possible locations can thus be envis-
aged for temperature reversible melting and crystal-
lization of LPE lamellar crystals: inside the crystals
(possibly at the crystal grain boundaries) or at the
crystal fold surface. SAXS can distinguish between these
as discussed below.

Figure 10 illustrates the initial sharp increase of the
total SAXS scattering power, Q, which changes into a
slight decrease after 50 min. The superimposed oscil-
lation represents the direct response of Q to the tem-
perature perturbation and has time dependent charac-
teristics; i.e., the slope of Q in the 16-24 min segment
is lower at high temperatures but never becomes nega-
tive (upper left insert in Figure 10) whereas Q clearly
oscillates in phase with temperature in the 80-90 min
segment (lower right insert in Figure 10).

According to eq 9 Q depends on four variables and on
the constant C. The obvious in-phase oscillation of Q
with temperature because of the temperature depend-
ence of the density factor (dc - da)2 has a negligible
contribution to the observed amplitude of the Q oscil-
lation.35 Consequently, the response of Q to the tem-
perature perturbation must be related to changes of the
amorphous-crystalline volume fractions (involving RS
or φL or both) or changes of dc not caused by thermal
expansion. The latter refers to the option of having
active crystal grain boundaries. Such reversible melting
and crystallization would give rise to a decrease and
increase of dc respectively,39 which in combination with
a (nearly) constant da would result in an oscillation of
(dc - da)2, and hence of Q, that is out of phase with that
of the temperature. This hypothesis can be discarded
because an in-phase oscillation is actually observed in
the 80-90 min segment (the evolution of Q in some
earlier segments is different, which will be addressed
at the end of this “Results and Discussion” section). The
alternative of having active lateral surfaces may influ-
ence both RS and φL, whereas fold surface melting would

only affect φL. In the former case, the lateral dimensions
of the semicrystalline regions may decrease or increase
in favor of or at the expense of surrounding amorphous
material, which directly would act upon RS. This option
is, however, also unrealistic since it would result in an
out-of-phase oscillation of Q. Hence, only the factor φL(1
- φL) can be responsible for the oscillation of Q in-phase
with temperature and out-of-phase with the crystallin-
ity, implying that φL has to be larger than 0.5. In the
case of active lateral surfaces the periodic increase or
decrease of φL should go together with a decrease or
increase of the number-average long period, 〈LP〉, due
to the insertion or removal of lamellar parts between
existing crystalline layers. For fold surface activity the
crystalline lamellar thickness should decrease or in-
crease at the expense of the amorphous layer thickness
without significantly affecting the long period. The
shape of the SAXS patterns has to be investigated to
discriminate between both, which is most easily done
by considering the Fourier transforms, CF(x) and IDF(x).

In Figure 11 two sets of IDF(x) and CF(x) functions,
corresponding to 23 and 90 min respectively, are
displayed. The first two positive peaks in IDF(x) rep-
resent the thickness distribution of the amorphous and
crystalline layer respectively, whereas the first negative
contribution at higher x is related to the thickness
distribution of the long period.29 The maxima in these
distributions, which can be considered as most probable
values, are labeled Ta, Tc, and LP, respectively. For the
curve at 23 min, no LP could be assigned because the
long period distribution is too broad.

According to Babinet’s principle, it is impossible to
decide without additional information which distribu-
tion corresponds to the amorphous or crystalline layer

Figure 10. Total SAXS scattering power (Q) as a function of
time (connected filled circles). The upper left insert magnifies
the 16-24 min segment and highlights the relation with the
temperature modulation (dashed line). The lower right insert
is a similar magnification of the 80-90 min segment.

Figure 11. Extraction of the morphological parameters from
interface distribution functions, IDF(x) (dashed lines) and
correlation functions, CF(x) (full lines). The dash-dot line in
the 90 min part represents a linear regression to the auto-
correlation triangle of CF(x) which intersects the abscissa at
A and the horizontal full line at -(1 - φL)/φL yielding 〈Ta〉, the
average size of the amorphous layer thickness.
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thickness. Here, the labeling is based on a previous
isothermal (re)crystallization experiment at 125 °C on
this particular LPE sample in which the crystalline
layer thickness resembles that of the second thickness
distribution in the present experiment.16 This labeling
is also compatible with a φL value larger than 0.5. The
evolution of Tc and Ta with time is illustrated in Figure
12. Tc increases with time according to earlier observa-
tions,16,40,41 whereas Ta remains almost constant.

In addition, the Tc values of the 64-72 min segment
clearly display an oscillation out-of-phase with that of
the temperature, which is enlarged and fitted with eq
10 in Figure 13. The amplitude of the fitted curve equals
2.5 ( 0.5 Å and coincides with the model calculation
for fold surface melting (2.53 Å).

The oscillation of Tc in earlier segments is masked
by noise since the corresponding scattering patterns
from which the IDF(x) are derived, are less intense and
hence less suitable for high accuracy evaluation. The
(apparent) asymmetric crystalline layer thickness dis-
tribution at 90 min is indicative for an overlap of the
crystalline layer thickness distribution with the (nega-
tive) contribution of the long period. Most likely the
oscillation of Tc in the 80-90 min segment is less

manifest because of this overlap. Although the data in
Figure 13 provide direct evidence for reversible fold
surface melting they do not exclude the possibility of
concomitant activity at the lateral surfaces. This can
be evaluated from the number-average long period, 〈LP〉,
calculated below and which differs from the most
probable value, LP. According to the model of laterally
extended lamella φL can be written as 〈Tc〉/〈LP〉, with
〈Tc〉 the number-average crystalline layer thickness.
Judging from the IDF(x) in Figure 11, the crystalline
thickness distribution looks fairly symmetrical aside
from the overlap with the long period distribution of
opposite sign. Consequently, Tc is considered equal to
〈Tc〉. Equation 11 was used to calculate φL and 〈LP〉, the
latter being equal to 2/OS in the case of laterally
extended lamellae and with OS the specific inner
surface.15

The parameters A and 〈Tc〉 were used as input, A being
the intersection of the linear regression to the autocor-
relation triangle (LRAT) of CF(x) with the abscissa.15

The location of A is illustrated in Figure 11, and the
evolution of 〈LP〉 with time is depicted in Figure 12. The
latter data decrease asymptotically to a fairly constant
value beyond 60 min. Unfortunately, due to noise, it is
not possible to decide whether these data are truly
constant or whether a small oscillation is superimposed.
The data closely resemble the LPCF(x) data in Figure 12,
which are long period estimates based on the first side
maximum in CF(x) (see also Figure 11). Whether or not
LPCF(x) approximates 〈LP〉 depends on the applicability
of the one-dimensional lamellar stack model and on the
actual stacking statistics.42 The near match of these
parameters in the present casesat leastssupports the
use of the model and justifies the postulate Tc ) 〈Tc〉.
In addition, the LPCF(x) values are sufficiently constant
beyond 60 min to support the absence of lateral surface
effects.

It is of interest to investigate whether an oscillation
of Tc similar to that in the 64-72 min segment can cover
the oscillation of Q in the 80-90 min segment where
the oscillation of Tc is assumed to be hidden in IDF(x).
To do so, Q was scaled to φL(1 - φL) in this particular
segment using the average ratio between Q and φL(1 -
φL), after performing a (minor) correction for the thermal
expansion related changes in (dc - da)2 and assuming
space filling semicrystalline regions in this particular
time segment (i.e., RS ) 1).15 By this procedure the Q
values are made absolute since the scaling factor
represents the constant C in eq 9. Note that for this
evaluation φL was calculated from

yielding φL data that are not as noisy as those based on
eq 11. Finally, using these corrected and absolute Q
values, denoted as Qa, another set of φL data, denoted
as φL,Qa, was calculated by solving

The products 〈LP〉φL,Qa and 〈LP〉(1 - φL,Qa) are shown
in Figure 14, representing 〈Tc〉Qa and 〈Ta〉Qa values,

Figure 12. Morphological parameters as a function of time,
as explained in the legend, based on a lamellar stack model
and extracted from the IDF(x) and CF(x) functions. The thick,
oscillating full line through the 64-72 min Tc data is a fit using
eq 10 (see also Figure 13). The similar line through the 80-
90 min Tc data is not a fit through the displayed IDF(x)-based
values but represents a fit through the corresponding Qa-based
Tc data for comparison (see also Figure 15).

Figure 13. Tc as a function of time in the 64-72 min segment
(full circles). The thick full line represent a fit through these
data using eq 10 and the dashed line corresponds to the
temperature profile of which the ordinate is on the right-hand
side.

A ) φL(1 - φL) 2
OS

) φL(1 - φL)〈LP〉 ) (1 - φL)〈Tc〉
(11)

φL )
〈Tc〉

LPCF(x)
(12)

Qa ) φL,Qa(1 - φL,Qa) (13)
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respectively. To avoid the introduction of extra noise a
constant 〈LP〉 of 396 Å was used, which is the average
of LPCF(x) in the 80-90 min segment.

The amplitude of 〈Ta〉Qa based on a fit with eq 10
equals 2.8 ( 0.5 Å, whichstaking the error into accounts
equals previous estimates. Consequently, there are no
arguments for active lateral surface activity on top of
reversible fold surface melting since the observed Tc
oscillation entirely covers the oscillation in Q, at least
beyond 60 min. This statement, however, does not hold
for the oscillations in earlier segments, which have
different characteristics as pointed out in the discussion
related to Figure 10. The contribution of RS and φL to
the evolution of Q is discussed below over the entire
experiment. This involves the determination of RS and
the overall crystallinity RSφL.

The φL data based on eq 11 are shown in Figure 15
together with the product φL(1 - φL). Dividing Qa by
φL(1 - φL) yields RS, according to eq 9 and the definition
of Qa given above. The overall volume-fraction crystal-
linity, RSφL, was transformed into mass-fraction crystal-
linity using Swan’s density values for amorphous and
crystalline PE.35 This allows a direct comparison with
the DSC- and WAXD-based mass-fraction estimates in
Figure 4. The SAXS values are higher, in agreement
with earlier work.16 The qualitative evolution, however,
is comparable, pointing to a consistent data evaluation.
In the earliest segments RS increases from 0 to 1 with
a clear oscillation superimposed. At relatively long times
RS equals 1, except for some inevitable noise. In the two
earliest time segments the product φL(1 - φL) is not

sensitive to possible oscillations in φL since φL is very
close to 0.5. Consequently, the oscillations of Q (see
Figure 10) in these segments are entirely due to the
temperature response of RS, elucidating the difference
in behavior compared to that of later segments, whichs
in contrastsare caused by changes in φL. The stepwise
increase of Q and hence of RS in these segments reflects
the temperature dependence of the crystal growth rate,
i.e., at low temperature the rate (and hence the slope
of Q) is high whereas at high temperature it is low. It
is important to note that, in this case, no melting is
observed during a heating step (i.e., no decrease of Q
or RS) implying that the crystals formed at a lower
temperature are stable at least 2 °C above their crystal-
lization temperature. This observation supports the
view that the small temperature perturbations applied
here cannot induce reversible melting and crystalliza-
tion at the lateral surfaces (the growth faces) of lamellar
crystals. The growth rate is affected but never becomes
negative, which would imply melting. Reversible fold
surface melting, however, cannot be excluded even at
these early stages of crystallization. In principle, less
noisy IDF(x)-based Tc data could shed a light on this
matter.

Finally, some general remarks can be made on the
process of isothermal crystallization irrespective of the
temperature modulation. Apparently, lamellar stacks
are generated immediately from the beginning with an
internal crystallinity, φL, close to 0.5 (see Figure 15).
The fraction of these stacks, RS, increases to fill space
completely after 50 min. Concomitantly, φL increases
due a thickening of the crystallites (increase of 〈Tc〉 in
Figure 12) and by the insertion of new lamellae between
existing ones. Lamellar insertion is evidenced by a
decrease of 〈LP〉 and 〈Ta〉, the latter being calculated
from

Figure 12 displays the evolution of 〈Ta〉, the number-
average amorphous layer thickness, which differs sig-
nificantly from Ta, the most probable thickness. The
x-position of 〈Ta〉 is added in Figure 11 for comparison
with Ta. The former corresponds to the intersection of
the linear regression to the autocorrelation triangle
(LRAT) with a line at y ) -(1 - φL)/φL.15,43,44 Such a
difference is to be expected for skew or multimodal layer
thickness distributions. In the present case a multi-
modal distribution is most likely since, first, the amor-
phous peak around 80 Å in the IDF(x) functions is not
skew at all and, second, the area under the crystalline
peak is larger than under the amorphous one, whereas
theory predicts them to be identical.29 The latter obser-
vation is taken as evidence for a hidden very broad
second moment of the amorphous layer thickness dis-
tribution, which should be at higher distances than the
mode around 80 Å because 〈Ta〉 is larger than Ta. This
second mode can only be extracted from IDF(x) functions
by fitting according to an appropriate stacking model,
of which the details in the present case are unknown.
The single broad long period thickness distribution,
however, points to a fairly random alternation of the
crystalline layers with amorphous ones of variable
thickness. The area under the amorphous peak around
80 Å increases with time whereas its maximum (Ta)
remains constant. This supports the existence of a
(temperature dependent) characteristic amorphous layer
thickness as suggested by Strobl et al.14 Accordingly,

Figure 14. Qa-based 〈Tc〉 (open squares) and 〈Ta〉 (full circles)
values. The full lines are fits with eq 10 and the dashed line
displays the temperature profile of which the ordinate is
situated at the right-hand side. The fit through the 〈Tc〉 data
is included in Figure 12 for comparison with the IDF(x)-based
Tc data.

Figure 15. φL (open circles) and RS (full squares): left-hand
ordinate; φL(1 - φL) (open diamonds): right-hand ordinate.

〈Ta〉 ) LPCF(x) - 〈Tc〉 (14)
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the crystallinity in a stack only increases by the inser-
tion of new crystalline lamellae between already exist-
ing ones, provided amorphous layers are generated that
are not thinner than the mentioned characteristic one.13

Consequently, the fraction of amorphous layers with the
characteristic thickness is expected to increase at the
expense of amorphous layers that are at least as thick
as the sum of a crystalline layer and twice the charac-
teristic amorphous layer thickness. The increasing area
under the 80 Å peak in the amorphous layer thickness
distribution with time, most likely at the expense of the
(hidden) second moment in the amorphous thickness
distribution, supports secondary crystallization along
this line (see Figure 11).

4. Conclusions

The characteristics of temperature reversible phe-
nomena in the case of a linear polyethylene sample
during quasi-isothermal crystallization were studied
using TMDSC, AFM and synchrotron WAXD/SAXS.
TMDSC reveals reversible melting and crystallization,
which is confirmed independently by WAXD and SAXS.
The TMDSC estimate for the amount of the crystalline
fraction taking part in this process is, however, only half
that of the WAXD and SAXS estimates. The lower
TMDSC value may be due to a lower transition en-
thalpy, ∆h, associated with this reversible process (see
eq 3) compared to that applicable to nonreversible
melting; i.e., the transition from a crystalline ortho-
rhombic phase to a random melt. The reversible process
clearly is different in nature since it takes place at the
lamellar fold surface according to the SAXS results. The
lateral surfaces of the crystallites can be excluded as
potential sites for reversible melting based on calcula-
tions, the constancy of the long period and on the
nonreversible character of crystallization at the (lateral)
growth faces. Moreover, fold surface melting entirely
covers the reversible change of the SAXS invariant,
leaving no space for concomitant lateral surface activity.
There is no visible response to the temperature modula-
tion of defects in the crystals that possibly are situated
at the crystal grain boundaries. The grains in the
lamellar crystals observed by AFM are tentatively
associated with the coherently scattering entities of the
lamellae since they have a size comparable to that
estimated from a Scherrer peak width analysis of the
WAXD data.
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