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ABSTRACT: High-temperature atomic force microscopy (AFM) was used for in-situ monitoring of melt—
crystallization of poly(ethylene terephthalate) (PET) at 233 °C. The observed evolution of the lamellar
structure allowed identification of the stack thickening process at the secondary crystallization stage.
This finding explains the puzzling decrease of the small-angle X-ray scattering (SAXS) long period observed
during isothermal annealing of PET. The quantitative analysis of high-temperature AFM images provides
statistically meaningful parameters for the semicrystalline structure and an accurate choice of a structural

model for the interpretation of SAXS data.

Introduction

The semicrystalline structure of the typical aromatic
polyester, poly(ethylene terephthalate) (PET), has been
extensively studied for about 40 years. A significant
amount of data has been obtained on the structure and
crystallization behavior of PET by various experimental
techniques such as small- and wide-angle X-ray scat-
tering (SAXS and WAXS),12 electron diffraction,? trans-
mission electron microscopy (TEM),245 small-angle light
scattering,® differential scanning calorimetry,” and IR/
Raman spectroscopy.® However, detailed knowledge of
the organization of PET at the nanometer scale and the
evolution of its microstructure during crystallization is
essentially lacking. This can be partly explained by the
fact that pure PET presents a difficult object for TEM
studies.® As far as the time evolution of the microstruc-
ture is concerned, the only conventional technique
capable of probing it in real time, i.e., SAXS, is a purely
reciprocal space technique, and mathematical modeling
is required to extract morphological parameters of the
semicrystalline structure from the SAXS data. The
results of such modeling can be ambiguous and critically
depend on the validity of the structural model adopted.
Even for the simplest one-dimensional model, consisting
of alternating crystalline and amorphous layers (infinite
stack model), the SAXS correlation function analysis
leads to an ambiguity in the assignment of the two main
distances of the semicrystalline structure: the crystal-
line lamellae thickness (L¢) and the interlamellar amor-
phous layer thickness (Lg).

The development of atomic force microscopy (AFM)
made it possible to visualize the spherulitic and sub-
spherulitic features of PET.® However, AFM imaging
of PET in tapping mode at ambient conditions normally
does not provide sufficient contrast between the crystal-
line and amorphous regions, as will be explained in
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detail in a subsequent paper.l® To achieve better
discrimination between different elements of the semi-
crystalline morphology of PET, one would need to apply
high-temperature tapping mode AFM,° allowing imag-
ing at temperatures above the glass transition (Tg). The
use of the latter technique is also the only way to
perform in-situ studies of PET crystallization, which,
for kinetic reasons, is impossible at room temperature.
It should be noted that a number of studies have already
been dedicated to the in-situ monitoring of crystalliza-
tion of different polymers at elevated temperatures with
AFM.1112 However, to the best of our knowledge, the
heating stage setups used previously did not allow for
correct temperature control during imaging. The main
problem in these heating accessories consisted in the
fact that, despite the control of the sample and/or
sample surface temperature, the tip temperature re-
mained uncontrolled and unknown. However, it is clear
that the tip temperature can be extremely important
in polymer crystallization studies, where an additional
supercooling of the quiescent polymer melt within the
tip—sample contact area can result in significant varia-
tion of the crystallization conditions and formation of
artificial morphological features. In the present paper,
we report the first time-resolved studies of isothermal
melt crystallization of PET conducted with a precise
control of both the sample and tip temperature. Also,
the recently developed AFM heating stage accessory
used in these studies allows imaging at crystallization
temperatures up to 250 °C, which are much higher than
those used previously for similar studies. Apart from
this pure instrumental improvement, the potential of
AFM in the quantitative analysis of the semicrystalline
structure is explored. The morphological parameters
computed from AFM images are compared with those
obtained from SAXS, and it is shown that the direct
space AFM information can help in choosing an ap-
propriate model for the interpretation of SAXS data. By
combining results of these complementary characteriza-
tion techniques, more detailed knowledge of the semi-
crystalline structure of PET is obtained.
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Experimental Section

Materials. PET was obtained from ICI (grade E47) and was
used in experiments without further purification. Size exclu-
sion chromatography measurements of Haubruge et al.'3
performed with a mixture of 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP) and chloroform (2/98 HFIP/CHCI;) as solvent gave the
absolute weight- and number-average molecular weights of
42 000 and 19 000, respectively. The samples for AFM studies
were prepared by casting PET solutions in HFIP (10 mg/mL)
on freshly cleaved mica. The amount of solution deposited on
the substrate was chosen to produce films with several microns
thickness. The films were dried at room temperature for 30
min, melted for 3 min at 280 °C, and then immediately brought
to the temperature of crystallization, T..

Methods. The thermal treatments of PET films were
performed in situ with a commercial AFM (MultiMode, Nano-
scope IlIA, Digital Instruments/ Veeco Metrology Group)
equipped with a high-temperature heating stage accessory
operated in an atmosphere of He. The design of the heating
stage includes a plug-in sample heater and a resistive heater
for the probe integrated into the probe holder. To reach the
conditions of thermal equilibrium and ensure stable imaging
in tapping mode, the temperatures of the sample and the probe
were adjusted to be the same. The sample temperature was
monitored with a thermocouple positioned in the vicinity of
the sample puck, whereas the temperature of the probe was
determined from its fundamental resonant frequency. The
angular resonant frequency of a rectangular lever without a
concentrated load in a vacuum is given by'#

wo=(1 +ﬁ)|12, /i )

where t, I, pev, and E are the thickness, length, mass density,
and elastic modulus of the lever material and § is a constant
approximately equal to 1.498 x 1072. From eq 1 it can be seen
that the change of wo with temperature can be accounted for
by the variation of the elastic modulus of the lever material
and the change in the lever dimensions. The latter effect can
be expressed in terms of the linear thermal expansion coef-
ficient o(T) as

T
I(T) = (Ty)(L + fr DoL(T) dT) (2)

Rearranging egs 1 and 2, one readily obtains
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where wo(T), E(T) and wo(To), E(To) denote the angular
frequency and elastic modulus at temperatures T and Ty,
respectively. It can be seen that the decrease of the elastic
modulus with temperature and the corresponding increase of
the lever dimensions have opposite effects on the resonant
frequency. It should be emphasized, however, that the
formulas!—2 are only valid for the case of the cantilever
oscillation in a vacuum, without any damping effects. To
account for the effectively added mass due to the interaction
of the cantilever with the medium, as well as for the cantilever
damping due to the medium viscosity, the viscous model in
the limit of small dissipative effects can be used.'® In this
case, the resonant frequency of the cantilever immersed in a
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Figure 1. Temperature dependence of the fundamental
resonance frequency of a rectangular cantilever used for
imaging in tapping mode. Symbols: circles are the data
obtained by direct temperature calibration of the resonance
frequency by performing frequency sweeps during heating of
the head of an AFM; diamonds are the data recomputed from
the temperature dependence of the elastic modulus of single
crystalline Si in (001) orientation.'® Solid line is a linear fit to
both sets of data.
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where pmeq IS the mass density of the medium and b is the
lever width. The T, in eq 4 is a hydrodynamic function®®
depending upon the cantilever geometry and the Reynold’s
number, Re, which is defined as

_ pmedwb2

Re 2 (5)

The increase of viscosity, 7, diminishes the Reynold’'s number
and results in broadening and low-frequency shift of the
relaxation peak. Typical Reynold’'s numbers corresponding to
the real conditions of high-temperature AFM in He atmosphere
vary from 3.5 at room temperature and approximately 1.5 at
250 °C. This decrease of Re could bring about a small decrease
of the resonant frequency through the function I'.. However,
the increase of temperature leads to the decrease of pmes and
thus to the increase of the resonant frequency. Both effects
depend on the choice of the gas atmosphere and are normally
small as compared to the temperature variation of the elastic
modulus, so that one can write

wO,med(T) ~ wO(T)
@omed(To)  @o(To)

E(M
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Experimentally, the dependence wo(T) was measured within
a limited temperature range by placing the head of an AFM
in an oven and by performing frequency sweeps at different
temperatures. The results of this experiment, shown in Figure
1 in circles, are compared with the resonance frequencies
recomputed from the literature data on the temperature-
dependent elastic modulus and thermal expansion coefficient
of single crystalline Si in (001) orientation'® (diamonds). It is
clear that in the explored temperature range both sets of data
superpose and can be approximated by linear dependence. In
addition, it was found that the term in eq 6 responsible for
the thermal expansion can be neglected for single crystalline
Si since it is much smaller than the variation of the elastic
modulus. The good agreement between the results indicates
that our direct calibration of the probe temperature can be
safely extrapolated to a somewhat broader temperature in-
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terval. More details on the temperature calibration procedure
for this heating stage accessory can be found elsewhere.’

SAXS experiments were performed using a rotating anode
generator and an evacuated compact Kratky camera equipped
with a position-sensitive proportional counter.

Data Processing. The AFM image treatment was per-
formed with home-built routines allowing morphological analy-
sis in both direct and reciprocal space.'’® The images were
background corrected by performing the morphological opera-
tion of erosion with a small structural element, which ef-
fectively removes objects having small size in at least one
dimension, such as the crystalline lamellae. The resulting
eroded images served as background estimates and were
subtracted from the raw images. This flattening procedure is
found superior to other types of background corrections since
it does not require any a priori assumption about the shape of
the background. The analysis of the semicrystalline structure
in direct space was performed by automatic analysis of
particles encircled by contour lines traced at a certain thresh-
old value of the signal. The threshold was selected using an
entropy function to measure the contour line's “fuzziness”
(Shannon's entropy function®®). The thickness was computed
for each particle (i.e., crystalline lamellae) as 2S/P, where S
is the surface and P the perimeter of the particle. This
expression provides sufficient precision for long lamellar-like
objects with a high persistence length (curvature radius) of
the contours. To keep certain precision in the thickness
determination (AL/L. < €) for shorter objects, the latter were
sorted with regard to their circularity parameter defined as
Pcirc = P?/47S, and the fraction of objects with P < (1 + €)/
e was excluded from consideration. The output of the direct-
space analysis was a surface-weighted distribution of lamellar
thickness.

The analysis of the semicrystalline structure in reciprocal
space was performed with the help of a SAXS-type correlation
function. The latter was calculated as follows: First, the two-
dimensional power spectral density function (Px(s)) was com-
puted from the images (u(r)) up to the critical, or Nyquist,
frequency determined either by the experimental sampling
distance or the instrumental resolution:

P(s) = 51 u(D) exp(2ris-r)d?r] %

where A denotes the image surface area and the reciprocal
space vector. The P»(s) function was subsequently converted
to the one-dimensional form:

PL(S) = 55 [ PASIO(S| = 5) oS ®)

Second, the spectral density was corrected for the presence of
the crystal/amorphous transition layers (e.g., sigmoidal-gradi-
ent layers?) by fitting the large-s tails of P1(s) to generalized
Porod’s law modified for the case of two dimensions:

K
P.(s) — —; exp(—4n°s°0?) ©)
S—o g

In eq 9, Kp and o denote Porod's constant and the thickness of
transition layers, respectively. Third, the Pi(s) function was
corrected by a two-dimensional Lorentz factor s, which takes
into account the isotropic lamellar orientation. Finally, the
SAXS-type one-dimensional correlation function y(I)aem was
calculated as a real part of the Fourier transform of the
corrected P4(s) function:

y()aem = Re[ f P,(s) exp(4n°s?0® + 2misl)s ds]  (10)

The raw SAXS intensity (I(s)) was corrected for absorption,
parasitic scattering, detector dead time, and the fluidlike
background. The diffraction curves were subsequently de-
smeared with a variant of Glatter’s algorithm?! and corrected
for the electron density transition layers by fitting them to an
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expression similar to (9) containing the standard three-
dimensional scaling law. The SAXS correlation function was
then computed as

YDsaxs = Rel [1(s) exp(4n’s’o” + 2aisl)s’ds]  (11)

where s? is a three-dimensional Lorentz factor. The SAXS
morphological parameters of the lamellar structure of PET,
the long period and lamellar thickness, were obtained from
y(I) using standard approximate relationships:??

Pein(l = @epin)ls = o (12)
Lc = (pc,linLB (13)

In egs 12 and 13, ¢cin stands for linear crystallinity, Lg is
determined from the location of the first subsidiary maximum
of y(I), and rq is the first intercept of the tangent to the linear
part of the correlation function in the self-correlation triangle
with the abscissa.

Results and Discussion

This section is organized as follows: in the beginning
the real-time high-temperature AFM images of the melt
crystallization of PET are presented. These observations
are further compared with the known models of iso-
thermal crystallization of semirigid chain polymers, and
a stack thickening model of the secondary crystallization
of PET is put forward. Next, a quantitative comparison
between the morphological parameters obtained from
SAXS and AFM is performed. In this context, interpre-
tation of SAXS data based on the simple correlation
function analysis is specifically addressed. Finally, the
problems of quantitative AFM image analysis related
to the resolution limitations of the technique and to the
3D to 2D conversion are considered.

Real-Time Isothermal Melt Crystallization of
PET. The melt crystallization of PET was conducted at
the highest temperature (T, = 233 °C) that provided a
reasonable rate of crystallization. The AFM experiment
was performed by continuously scanning the same
surface region at T, for 2.5 h; several selected images
of this sequence are given in Figure 2. These micro-
graphs display the time evolution of an area with almost
edge-on oriented crystalline lamellae. The crystals ap-
pear in the phase images as thin white stripes signifying
higher phase signal in the adopted color code, which is
in accord with some predictions of the phase response
as a function of the set-point amplitude ratio and the
elastic modulus of material.?® An interesting feature in
the presented snapshots of crystallization is that the
crystalline lamellae manifest a strong tendency to form
stacks: Apart from their progressive linear growth,
which is typically observed in such experiments, the
image sequence in Figure 2 specifically illustrates the
stack thickening mechanism of crystallization. The
numbers and arrows in the figure help the reader to
identify the same lamellar stacks and the same spots
on the sample surface. It can be seen that crystallization
mainly proceeds by adding crystals parallel to the
borders of already existing lamellar stacks, thereby
increasing the average number of lamellae per stack (cf.
stacks 1 and 2 in Figure 2A—D). Since this mechanism
operates after the passage of the main crystallization
front (not shown here), it can be referred to as the
secondary crystallization.

Models of Isothermal Crystallization. The ob-
served stack thickening mechanism can be important
in understanding the results of real-time SAXS experi-
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Figure 2. AFM phase images (1 um?) recorded in hard tapping during crystallization of PET from the melt at 233 °C; elapsed
times are 72 (A), 80 (B), 96 (C), and 112 min (D). Thin white stripes correspond to the crystalline lamellae in almost edge-on
orientation. The arrows help the reader to identify the lamellar stacks and the same spots on the sample surface where the

crystal growth proceeds via the stack thickening mechanism.

ments. Indeed, one of the puzzling observations made
early is the decrease of the SAXS long period during
isothermal annealing of PET.? The authors! suggested
that this decrease might be due to the variation of the
crystal surface corrugation (Figure 3A), the effect of
which on the scattering curves was analyzed by Vonk.24
Subsequently, two other explanations for this decreasing
trend of long period were proposed that are schemati-
cally depicted in Figure 3B,C [cf. ref 25 and references
therein]. Both explanations are based on the hypothesis
of a dual lamellar population, which was designed to
rationalize, on one hand, the primary and secondary
crystallization stages typically observed during isother-
mal crystallization of PET and some other semirigid
chain polymers and, on the other hand, the well-
documented multiple melting behavior. In the first
model (Figure 3B) two types of lamellae, the thick and
the thin ones, are organized in separate stacks, whereas
in the second model (Figure 3C) mixed stacks compris-
ing both types of lamellae are supposed to exist. The
advocates of the dual lamellar population suggest that
the decrease of the SAXS long period is brought about
by the formation of the secondary population of thinner,
or more defective, crystals. The latter either insert in
between the already existing thick lamellae (Figure 3B)

or fill in the not-yet-crystallized, i.e., interstack, regions
(Figure 3C).2% In both cases, the appearance of the
secondary, highly imperfect and unstable crystal popu-
lation is supposed to result from the topological con-
straints exerted on the amorphous regions by nearby
crystals. It is worth noting that, in order to explain the
existence of thick crystals, the attribution of SAXS
distances obtained from the simple correlation function
analysis has to be inverted,?>2” so that the crystal
thickness needs to be associated with the larger of the
two distances (L. > Lj). For low and moderate crystal-
lization temperatures, this choice of the crystal thick-
ness causes the L. distance to become about twice as
large as L,. Evidently, this inverted distance attribution
poses a problem for linear SAXS crystallinity which, in
this case, significantly exceeds (approximately by a
factor of 2) the bulk crystallinity, as determined by
standard techniques such as DSC or WAXS. To cope
with this problem, the existence of large noncrystallized
amorphous regions was also claimed, with the size of
these regions estimated to be 200 nm.2> However, to our
knowledge, the existence of either a dual lamellar
population or large amorphous gaps persisting in the
semicrystalline structure after the completion of crys-
tallization has not been verified experimentally yet.
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Figure 3. Schematic diagrams of the lamellar microstructure
evolution during isothermal crystallization: (A) Model with
varying lamellar corrugation;! see text for details. (B, C) Dual
lamellar population model [ref 25 and references therein]
containing separate stacks of thick and thin lamellae (B) and
mixed stacks comprising both types of lamellae (C). In this
model the linear crystallinity in the stack is significantly
higher than the bulk crystallinity. To account for this differ-
ence, large amorphous gaps are supposed to exist in the
structure. (D) Stack thickening model proposed in the present
work. The crystal growth generates a fully space-filling semi-
crystalline structure, where the value of linear crystallinity
matches the bulk crystallinity.

Stack Thickening Model of PET Crystallization.
On the basis of our high-temperature AFM results, a
fourth, stack thickening, model of secondary crystal-
lization (Figure 3D) can be put forward to explain the
described evolution of the SAXS long period. As is
generally known, the lamellar microstructure of semi-
crystalline polymers can contain many stacking defects,
which give rise to poor diffraction patterns displaying
only one order of diffraction. A simple structure factor
calculation for the finite stack model shows that in the
presence of the second-order defects in the structure,
i.e., paracrystallinity, the SAXS long period can be
affected by the number of lamellae per stack.?® In this
case, the effective value of long period obtained from
the classical correlation function analysis clearly shows
a decreasing trend with the increase of the number of
lamellae per stack,?® which is in qualitative agreement
with results of real-time SAXS experiments. To decide
whether the proposed stack-thickening model should
incorporate one, two, or more crystal populations, the
time evolution of the crystal thickness distribution
should, in principle, be found. Such information was
gained from a detailed direct-space analysis of AFM
images, the results of which are summarized in Figure
4. It is seen that the apparent crystal thickness distri-
butions?® do not make it possible to detect the formation
of a second crystal population. Moreover, no systematic
time evolution of the shape of these functions can be
seen: All distributions are monomodal, the standard
deviations being less than approximately 1 nm (Figure
4). The average value of the lamellar thickness, which
is about 10 nm, stays almost constant with crystalliza-
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Figure 4. Evolution of the apparent crystal thickness distri-
bution (A) and the average crystal thickness (B) computed from
the images given in Figure 2. The error bars in (B) indicate
the standard deviations of the distributions.

tion time in the time scale of the experiment (Figure
4). It should be noted, however, that the fraction of the
secondary crystals is a priori unknown. Thus, to exclude
the possibility that the secondary lamellar population
was overlooked in this analysis due to insufficiency of
the counting statistics, further analyses were performed.
To detect this possibly missing crystal population, it was
decided, first, to increase the number of analyzed PET
crystals and, second, to inspect the semicrystalline
morphologies formed after long-time crystallization at
the studied temperature.

A representative space-filling semicrystalline mor-
phology of PET corresponding to the completion of
crystallization at 233 °C is shown in Figure 5A. A part
of this image (boxed area in Figure 5A) with a clearly
resolved lamellar structure (Figure 5B) was used for the
computations. In Figure 5c¢ the distribution of the
apparent crystal thickness for this image is compared
to the one corresponding to the last image of the real-
time study (Figure 2D). It is clear that the shape and
positions of the maxima of both functions are close.
Similar results were obtained on other images of a
completely crystallized PET sample. Concluding, the
hypothesis of the secondary crystallization of PET
producing more defective (thinner) crystals has not
found support in our experiments. However, we cannot
completely rule out that the melt crystallization of PET
conducted at such high temperature is not paralleled
by segregation of chains containing, for example, some
structural defects; these segregated chains could crys-
tallize at a slower pace to form thinner crystals.
However, if this hypothetical fraction of thinner crystals
were mainly responsible for the low-temperature melt-
ing endotherm, it would have been detected in our
analysis since the amplitude of this endotherm steadily
increasing with crystallization temperature becomes
significant for crystallization at 233 °C. It is worth
mentioning that, for the case of the cold crystallization
of PET, the decrease of the SAXS long period! and
appearance of the low-temperature endothermic peak
cannot be produced by segregation due to the sluggish
chain mobility.

Comparison of AFM and SAXS: Attribution of
the Two SAXS Distances. To go a step further and
address the problem of the assignment of the two SAXS
distances resulting from the correlation function analy-
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Figure 5. (A, B) Semicrystalline morphology of PET after completion of crystallization at 233 °C. AFM phase images measured
at the temperature of crystallization: 9.0 um? (A) and 1.0 um? (B). Image (B) gives a closer view of the boxed region in (A). (C, D)
Quantitative analysis of the semicrystalline morphology of PET. (C) Distributions of apparent lamellar thickness corresponding
to the images 2d (upper histogram) and (B) (lower histogram). (D) One-dimensional correlation functions computed from AFM

and SAXS data; the curves are vertically offset for clarity.

sis, a reciprocal space treatment of high-temperature
AFM images has been done. The one-dimensional cor-
relation function obtained from the AFM image of a
completely crystallized sample (Figure 5B) is shown in
Figure 5D. The SAXS correlation function corresponding
to a sample crystallized in the same conditions is given
for the sake of comparison. It can be seen that the values
of long period (Lg = L. + L,) determined from the
location of the first subsidiary maximum of the correla-
tion function show a reasonable agreement between
SAXS and AFM: The AFM and SAXS values are found
to be 19.2 and 15.5 nm, respectively. This fact ensures
that the morphological parameters of the semicrystal-
line structure determined by these two very different
techniques are comparable.20 It is instructive to calcu-
late the AFM linear crystallinity, which can be used to
choose an appropriate structural model for the inter-
pretation of SAXS. Using the results of the direct space
analysis described above, one obtains:¢c jin = 10/19.2 =
0.52; the corresponding SAXS values are equal to either

0.39 or 0.61. Itis clear that the AFM linear crystallinity
is intermediate between the two possible SAXS values,
which would formally render the choice impossible.
However, as will be shown later, the AFM linear
crystallinity can be somewhat overestimated, which will
leave out the choice of the inverted SAXS distance
attribution (i.e., L, > Ly). It is also clear that, at this
very high crystallization temperature, the bulk and
linear crystallinities should be close to the highest
values attainable for PET.3! By considering the AFM
value as the upper bound for the linear crystallinity,
one can conclude that for all other crystallization
temperatures the linear crystallinity of PET should
always be less than 0.5. This is, indeed, what was found
in high-temperature AFM studies performed on PET
samples crystallized at lower temperature (data not
reported here). Thus, it would be possible to reconcile
the bulk of high-temperature AFM results only with the
choice of crystal thickness as the smallest distance, i.e.,
L. < La.
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The discrepancy between the SAXS and AFM values
of the morphological parameters needs to be commented
on further. While the possibilities and limitations of
SAXS in studies of polymers are well-known,32 similar
analysis has not yet been done for the quantitative
interpretation of AFM images of the semicrystalline
structure. In this respect, two important issues have to
be discussed: the first concerns the limited spatial
resolution of AFM and its influence on morphology, and
the second concerns the problem of the 3D to 2D
conversion in the quantitative analysis of AFM images.
Both issues, also raised by the referees, will be ad-
dressed in the following sections of the paper.

Imaging Resolution for AFM and Its Impact on
the Morphological Parameters of the Semicrys-
talline Structure. The questions related to the spatial
resolution for AFM were studied in detail by a number
of authors.3334 Briefly, the resolution limitations stem
from (i) the discretization and limited size of images,
represented by two-dimensional arrays of pixels, (ii) the
finite probe size resulting in the dilation of topographi-
cal features, and (iii) the contact mechanics of imaging
leading to the deformation of the sample (and probe)
and formation of a finite contact area.

The first problem is trivial and would not need to be
discussed here in detail. It should only be noted that,
for image treatment in reciprocal space, correct win-
dowing has to be applied, and the critical frequency
should be respected to avoid aliasing.

The second problem, however, cannot be circumvented
as simply as the first one, i.e., by changing the image
size or sampling frequency. The steep topographical
features would be distorted irrespective of the pixel size
employed in the experiment. In the approximation of a
hard surface and a hard spherical tip (i.e., absence of
indentation), a feature with height h will appear dilated

by about v2Rh, where R is the tip curvature radius
and h < R. Thus, it is clear that the objects delimited
by steep slopes such as the crystalline lamellae can
appear in the images larger than they really are.
Since the structure periodicity (e.g., long period) is not
affected by this tip-induced dilation, the AFM linear
crystallinity can be artificially increased if the crystals
protrude from the sample surface. For the high-tem-
perature AFM images reported in this work, the topo-
graphical undulations associated with the PET lamellar
structure are insignificant. Taking a typical tip apex
diameter for etched Si probes in the range of 10 < 2R
<17 nm, which can be simply checked by measuring
some known standards, the resulting dilation is esti-
mated to lie in the 2—2.5 nm range. Therefore, the
described dilation effect could result in the overestima-
tion of the linear crystallinity by about 0.1, which would
explain the difference between the SAXS and AFM
values.

The third source of resolution limitation was analyzed
in detail in ref 33. On the basis of Hertzian mechanics,
the smallest tip—sample contact area for AFM operation
in contact mode was predicted to be about 2—3 nm. The
formation of a finite contact area is expected to decrease
the sharpness and resolution of structural features. In
the image treatment procedure employed in the present
work, this effect is largely eliminated by correcting the
spectral density function for the presence of transition
layers. Thus, as long as the radius of the contact area
remains reasonably small (i.e., much smaller than the
size of the examined surface features), it is not expected
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to modify the morphological parameters of the semi-
crystalline structure.

Generally, the utility of working at high resolution
in tapping mode AFM is proved by the fact that
structures of a few nanometers in size are commonly
seen in AFM images. For example, the clusters of 4—5
resolved particles corresponding to single starburst
macromolecules were reported in ref 35. Other examples
including images of closely packed nanometer-scale
objects can be found in a recent review.3* Finally, the
agreement between the dimensions of crystalline fea-
tures lying flat-on (height measurement) and standing
edge-on (lateral measurement) testifies to the reliability
of the quantitative estimation of the parameters of a
semicrystalline structure.

The 3D to 2D Conversion Problem in the Quan-
titative Analysis of AFM Images of the Semicrys-
talline Morphology. The problem of the structure
factor modification in AFM images due to the 3D to 2D
conversion was addressed in a recent publication,36
where the authors compared the kinetics of spinodal
decomposition of a polymer blend obtained with a 2D
(AFM) vs 3D (light scattering) technique. A similar
problem arises in comparative studies conducted with
AFM and SAXS. Therefore, analyzing the difference
between the AFM and SAXS values of long period
(SAXS Lg is about 24% smaller than the corresponding
AFM value), one could question the possible inclination
of PET crystals with respect to the image plane. Indeed,
while SAXS naturally probes the distances along the
normal to the basal planes of the stacked lamellae, the
orientation of crystals visualized by AFM can be ran-
dom. Therefore, for all nonzero inclination angles the
apparent distances between the adjacent crystals cal-
culated from AFM images are overestimated:

Lg

LB,apparent = cos ¢

(14)

where ¢ is the angle between the normal to the crystal
plane and the plane of the image. For totally isotropic
crystal orientation the distribution of long periods found
from AFM images will be asymmetrically broadened,
with the average distance being shifted toward higher
values. The AFM technique obviously does not offer the
possibility of directly measuring the tilt of the lamellar
crystals in the images; however, discrimination between
the stacks oriented close to the edge-on orientation and
those inclined at significant angles can easily be made.
The image of the semicrystalline structure of PET
shown in Figure 6 presents an example of mixed crystal
orientation, where both flat-on and edge-on grown
crystals are visible. The arrows in the figure point at
lamellar stacks with different inclination; the directions
of arrows are perpendicular to that of the lamellar
stacking, and their lengths are roughly proportional to
the apparent crystal periodicity. It can be seen that for
lamellar stacks inclined at considerable angles (cf.
oblique stack no. 3 with almost flat-on (no. 2) and edge-
on (no. 1) oriented stacks in Figure 6) the crystal
appearance is radically changing. In this case the details
of the crystal habit, i.e., the crystalline facets or the
growth front curvature, become visible, indicating the
crystal inclination. Therefore, the inspection of lamellar
shapes makes it possible to rapidly sort out the stacks
inclined at large angles. The discrimination of remain-
ing stacks can be made based on determination of the
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Figure 6. AFM image showing PET semicrystalline structure
with mixed orientation of lamellar stacks (room-temperature
measurement). The arrows in the figure point at the stacks
inclined at different angles; the directions of arrows are
perpendicular to that of the lamellar stacking, and their
lengths approximately proportional to the apparent crystal
periodicity.

long period for each stack. For this purpose one or more
AFM images can be divided into fragments and treated
separately in order to find the minimum apparent
intrastack periodicity, which would be pertinent to a
stack with an edge-on orientation. The morphological
parameters found from this analysis are supposed to be
comparable to the values found from SAXS, assuming
the resolution limitation of AFM imaging does not
prevail (see the above discussion).

Summarizing, further studies are required to inves-
tigate the discrepancies between the morphological
parameters of the semicrystalline structure determined
by AFM and SAXS. At the present stage, these discrep-
ancies are tentatively attributed to the resolution
limitation for AFM, to uncertainties related to the
calibration procedures utilized by each of these tech-
niques, and to possible differences in the sample prepa-
ration.3”

Conclusion

High-temperature atomic force microscopy was used
to monitor the melt crystallization of poly(ethylene
terephthalate) at 233 °C. The observed evolution of the
lamellar structure allowed identification of the stack
thickening process at the secondary crystallization
stage. This finding explains the puzzling decrease of the
SAXS long period observed during isothermal annealing
of PET. Generally, it is shown that the quantitative
analysis of high-temperature AFM images provides
meaningful parameters for the semicrystalline structure
and an accurate choice of a structural model for the
interpretation of SAXS data. Some discrepancies be-
tween the morphological values found from SAXS and
AFM are tentatively attributed to the resolution limita-
tion for AFM, to uncertainties related to the calibration
procedures utilized by each of these techniques, and to
possible differences in the sample preparation.
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