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Abstract

A new experimental setup designed to monitor by atomic force microscopy (AFM) the time evolution of a single micrometer-sized
polymer spherulite during crystallization at elevated temperatures is presented. For the case of blends of poly(aryl-ether–ether–ketone),
PEEK, with poly(ether–imide), PEI, it is shown how AFM can help visualizing the time sequence and space location of events occurring
during polymer crystallization, specifically growth, branching and thickening of lamellar stacks (fibrils). This method complements other
non-destructive techniques, e.g. optical microscopy, as it is able to examine the growth of very small crystals occurring for high degrees of
supercooling. In addition, not only the overall spherulitic growth rate but also the growth rates of individual fibrils could be evaluated. The
potential of the technique to evaluate crystallization near the surface by following the evolution of the surface roughness is briefly discussed.
q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Static and dynamic studies of the structure and the crys-
tallization of semi-crystalline polymers play an important
role in the understanding of solid-state properties of poly-
mers. Optical microscopy (OM) is one of the most common
non-destructive techniques for such studies. OM helps not
only to characterize spherulitic structure, but it can also
provide information on the dynamics of polymer crystal
growth [1–5]. However, the spatial resolution of OM and
optical-range techniques [6] strongly restricts their applica-
tion in the field of polymer morphology. Indeed, the size of
basic structural elements in semi-crystalline polymers (crys-
talline lamellae and lamellar bundles) falls in most cases
below the diffraction limits of these techniques [7]. Trans-
mission electron microscopy (TEM) is in this respect better
suited for detailed investigations on polymer microstructure
[8]. However, it suffers from the requirement of chemical or
physical modification of the sample (etching, staining, metal
or carbon sputtering) and from frequent damages to the sample
microstructure owing to electron irradiation. Therefore, TEM
is essentially limited to static studies on polymers.

As a consequence, in order to dynamically follow poly-
mer crystallization with a better resolution than OM, an
alternative non-destructive technique was selected: atomic
force microscopy (AFM). AFM recently proved its versati-
lity in a large number of morphological studies on polymers
[9–11]. In favorable instances, the AFM resolution is on par
with that of electron microscopy. In these cases, AFM
provides the possibility to examine semi-crystalline struc-
tures down to the level of lamellar and even molecular
organization [12–14]. In addition, the advantages of AFM
(high resolution and non-destructivity) offer a unique possi-
bility for the repetitive examination of individual elements
of the semi-crystalline structure. Such imaging performed
on a single polymer spherulite during its isothermal crystal-
lization and subsequent reheating to higher temperatures
was first reported elsewhere [15,16]. The main technical
difficulty of these measurements consists in the fact that
typical ambient AFM setups preclude heating samples in
situ to high temperatures (2008C or above), which was
necessary for our application. Consequently, the imaging
has to be performed under ambient conditions. To achieve
repetitive imaging of the same spherulite and fibrils during
crystallization at high temperature, a special setup was
designed. This setup allowed to repeatedly restore the
initial position and orientation of a sample (e.g., a thin
polymer film) with respect to the scanner, after having
performed thermal treatments on the samples ex situ. The
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reproducibility of sample positioning is in the range of a few
tens of nm’s, which is sufficient for our purposes.

The systems studied in this work are blends of PEEK with
PEI that were extensively investigated in the past [17–21].
PEEK is a semi-crystalline semi-rigid polymer possessing
several high performance properties, such as excellent ther-
mal and chemical stability and outstanding mechanical
properties, which are attractive for applications in fiber-rein-
forced composites [22,23] and automated device handling
equipment [24]. PEI is also a high performance polymer
[25,26], which is amorphous and fully miscible with
PEEK in the amorphous state over all temperature and
concentration ranges [17–19]. Upon crystallization, the
growth of PEEK crystals mainly occurs in bundles, or
lamellar stacks [27], consisting of several lamellae packed
parallel to each other. Although the spherulite remains the
major form of super-molecular organization in PEEK, this
type of growth is, however, different from what is typically
reported for flexible chain polymers, where growth, branch-
ing and splaying of isolated lamellae is often observed. In
PEEK/PEI blends, PEI is rejected from the crystals of PEEK
upon crystallization. Only a small amount of PEI is
entrapped in the amorphous regions located between
PEEK crystalline lamellae [18,28,29]. PEI is in fact rejected
into interfibrillar or interspherulitic spaces. Consequently,
PEI can be considered as an inert polymer diluent of PEEK.
This diluent can be used to ‘‘open up’’ the semi-crystalline
structure of PEEK, which is otherwise a puzzling object for
morphological examinations owing to its extreme compact-
ness. The addition of PEI to the PEEK/PEI blend increases
the spatial separation of stacks of PEEK lamellae (i.e.,
lamellar bundles, or fibrils), rendering the microstructure
more suitable for microscopic studies.

In the past, morphological studies on PEEK/PEI were
performed with the help of transmission electron (TEM)
[20,29,30] and polarized optical [19,20] microscopies. In
the present work, our main purpose is to assess the new
possibilities offered by the repetitive AFM imaging of the
same PEEK spherulite during crystallization.

2. Experimental section

2.1. Materials

PEEK, grade Victrex 150P, was obtained from ICI. PEI,
grade Ultem 1000, was received form General Electrics.
The Tg’s of the starting amorphous polymer (defined as
the maxima of the imaginary part of the dynamic mechan-
ical modulus at 1.0 Hz) were determined to be 1438C and
218.58C for PEEK and PEI, respectively. Thin films of
PEEK/PEI blend (55% (w/w) of PEEK) were used for the
AFM measurements. This blend composition was selected
for two reasons. On the one hand, the concentration of PEI
in this blend is sufficiently high to ‘‘open up’’ the PEEK
structure. On the other hand, theTg of the amorphous blend

remains low enough to provide a large temperature window
for crystallization.

2.2. Preparation of PEEK/PEI thin films

PEEK was dried overnight at 808C under vacuum. It was
dissolved in benzophenone near its boiling point (3058C)
during 10–15 min. at concentrations of about 0.1%. PEI
was then added to PEEK by solution blending in benzophe-
none, and the mixtures were cast on freshly cleaved mica.
The films were annealed during 10 min. at 4008C in order to
evaporate the solvent and melt the polymer. Subsequent
quenching to room temperature was performed by quickly
sliding the mica substrates from the hot plate onto a metallic
surface at room temperature. No traces of semi-crystalline
structure could be detected in the quenched films by AFM.
The continuous films possess flat surfaces with RMS rough-
ness ranging between 4 and 8 A˚ and thicknesses (d) in the
range 20–200 nm. The morphology of the thin PEEK/PEI
films satisfies the two-dimensionality condition asd/Ds ! 1,
whereDs is the typical spherulites diameter. The isothermal
crystallization of the blends was performed from the glassy
state at different crystallization temperatures (Tc).

2.3. Atomic force microscopy

AFM topography images of the surfaces of thin
PEEK/PEI films were obtained in contact mode (constant
force) with 0.6mm thick silicon nitride cantilevers
(kc , 0.3 Nm21), at ambient conditions with an Autoprobe
CP (Park Scientific Instruments, Sunnyvale, CA). The
appearance of a topographic contrast for the semi-crystalline
films could be because of the density difference between
amorphous and crystalline regions, and possibly also because
of the special edge-on orientation of PEEK lamellae grown in
thin films [31]. Based on the fact that thermal treatments
cannot be carried out in situ, it was necessary to establish a
special procedure in order to monitor the evolution of the
same single spherulite during crystallization. For this
purpose, copper grids for electron microscopy (Laborim-
pex) with 40× 40mm2 labeled cells were used. The grids
were glued on the backside of the mica substrate with a
temperature-resistant epoxy-based thermoset resin (Ciba).
These grids enabled the repetitive search of the same area
of the samples by means of a reflection optical microscope.
The further position refinement of the analyzed area was
performed by AFM imaging using the coordinates of the
centers of a few adjacent spherulites as references. Between
two successive AFM observations, the samples were placed
into an oven to perform the isothermal crystallization of the
sample. Surface modifications of the sample surface were
minimized by applying the smallest possible contact forces
sufficient to produce a stable image (,10 nN). In addition,
the amorphous regions of the blends are in the glassy state at
ambient conditions, which decreases the probability to
damage sample surface. The absence of artifacts owing to
repetitive imaging was specifically checked for each sample
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by comparing the appearance of the regions repetitively
imaged with nearby regions that were not previously imaged
by AFM.

2.4. Image analysis

The AFM image processing and analysis were performed
using home-built procedures written in Wavemetrics Igor
Pro (version 3.11). As topographic contrast resulting from
the presence of spherulites often spanned only over about
100 Å, background effects (e.g. slight variation of film’s
thickness or intrinsic curvature of baselines owing to the

bending motion of the scanner) could significantly perturb
the image. This required writing specific correction proce-
dures, based on an examination of the first and second deri-
vatives of the image, to flatten the images. Height
histograms and RMS roughness were then calculated on
the flattened images.

To analyze the evolution of semi-crystalline morphology
during crystallization, the image sequences corresponding
to the growth of one isolated spherulite was treated as
follows: The flattened images were first set to equal lateral
scales using a bilinear interpolation procedure [32]. Pre-
liminary superposition of images was then carried out by
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Fig. 1. AFM topographic images corresponding to the evolution of the same PEEK spherulite in a PEEK/PEI (55/45) thin film during crystallization at 1908C.
Crystallization times: (a): 70 min.; (b): 140 min.; (c): 210 min.; (d): 280 min. The full grayscale corresponds to 110 A˚ (a,b) and 130 A˚ (c,d).



hand. The refinement of the superposition of each image
with respect to the others was automatically performed by
maximizing the images product as a function of relative
translation and rotation of one image with respect to the
other. This numerical technique allowed to align successive
images within^20 nm and̂ 0.58 from each other.

3. Results and discussion

This section is organized as follows: In the first part, we
report on one of the sequences of images of the same spher-
ulite corresponding to the isothermal crystallization of a
PEEK/PEI (55/45) blend. In the second and third parts,
we discuss spherulitic evolution and, in particular, the possi-
bilities offered by the repetitive imaging technique.

3.1. Repetitive AFM imaging of the same PEEK spherulite
during crystallization

A typical sequence of AFM topography images corre-
sponding to the evolution of a single PEEK spherulite is
presented in Fig. 1(a)–(d). These images show the process
of isothermal cold-crystallization of PEEK in a PEEK/PEI
(55/45) thin film at aTc� 1908C. The time interval between
two successive measurements is equal to 70 min. The crys-
tallization kinetics is very slow at this temperature. This fact
can be explained by the close proximity ofTc to the glass
transition temperature of the blend. Indeed, theTg of amor-
phous PEEK/PEI blends is well described by the Fox equa-
tion [18]:

1
Tg
� vPEEK

Tg PEEK
1

1 2 vPEEK

Tg PEI
; �1�

wherevPEEK is the weight fraction of PEEK, andTg PEEKand
Tg PEI are the glass transition temperatures of both compo-
nents. In the case of PEEK/PEI(55/45), it givesTg� 1748C.
It should be noted that repetitive quenching of the sample
from this low crystallization temperature could not modify
the structure of the sample or produce additional crystal-
linity, because of the strongly increasing diffusional
constraints in the vicinity ofTg.

The very same spherulite easily recognized by its char-
acteristic pattern of dominant fibrils spreading out from a
central nucleus is imaged throughout the sequence. At the
spherulitic scale, the classical progressive outward growth is
observed. The growth is finally stopped by spherulitic
impingement after 210–280 min. of crystallization (the
somewhat smaller sizes of impinging peripheric spherulites
(Fig. 1(c) and (d)) result from their later nucleation). At the
sub-spherulitic scale, the radial growth and branching of
individual PEEK fibrils is clearly visualized. Two charac-
teristic features of this morphology can be pointed out:

(a) most of the PEEK fibrils are straight, only in some
cases a slight curvature can be detected;

(b) the thickness of the fibrils is almost independent of the
distance from the spherulites center.

This implies that fibril branching is an important mechan-
ism required for the efficient filling of space by such
structures.

At an early stage of crystallization, the immature PEEK
spherulite shows a strong asymmetry (Fig. 1(a)) probably
because of film thickness fluctuation near the seed. Upon
crystallization, asymmetry progressively decreases as a
result of branching. This evolution of spherulitic shape
with time is similar but not identical to what is observed
for pure polymers [8]. This is because of the fact that, in the
blend, the crystalline growth mainly occurs through bundles
separated by channels of amorphous PEI [27]. These
bundles (or fibrils) consist of several lamellae which are
packed parallel to one another [27].

The growth of several dominant fibrils was examined and
was found to be linear up to the impingement, with a slight
variation from one fibril to another. This means that the
concentration of PEI at the growing tips is invariant with
time. Hence, the rejected PEI does not escape ahead of the
growing spherulitic front but accumulates inside the spher-
ulites, between fibrils, as is typically observed for these
blends [18,29].

One could expect effects as a result of the increase in the
concentration of amorphous regions in PEI during crystal-
lization to be locally most noticeable after the passage of the
spherulitic growth front. In this case, the amorphous regions
remaining between the fibrils are strongly enriched with
PEI, resulting in a higher glass transition temperature
which in some cases can even approachTc leading to vitri-
fication of these regions [33]. In the present case, this
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Fig. 2. Contours of a single spherulite after 70 and 140 min. crystallization
at 1908C, superimposed on the image of the same spherulite after 210 min.
crystallization (from Fig. 1(a)–(c)).



phenomenon however does not preclude further crystalliza-
tion to occur in interfibrillar regions, as demonstrated in Fig.
2 where the images from Fig. 1 have been superimposed.
The spherulite’s contours corresponding to the crystalliza-
tion times of 70 and 140 min. are shown in white to facilitate
the comparison. In this figure, the growth of new fibrillar
branches between already formed fibrils can be observed.
This is particularly evident in the largest amorphous regions
left after the passage of the spherulitic front, as in the
regions marked A and D in Fig. 2, where new fibrils appear
only after 210 min. of crystallization. The new fibrils either
spread out from the central nucleus (B), or branch on
already existing dominant fibrils (A,D). Backward fibrillar
branching can also be observed on a slightly bowed fibril
growing toward the upper left corner (C). The backward
branching was described earlier for these systems by Lovin-
ger et al. [20].

Apart from the formation of new fibrils in the PEI
enriched regions, fibrillar thickening of previously formed
fibrils also occurs, as can be seen by comparing the fibrils of
the 70 min. spherulite to their more mature shape in the
140 min. spherulite (D), or in the 210 min. spherulite.

3.2. Roughness evolution during crystallization

The images shown in Fig. 1 can be analyzed in terms
of integral parameters (e.g., RMS roughness). The

correspondingheight histograms plotted in semi-logarith-
mic coordinates (Fig. 3) reveal a bimodal shape up to
210 min. crystallization time. The relatively sharp distribu-
tion centered close to zero corresponds to amorphous
regions, which are rather flat (RMS roughness,4 Å). The
progressive disappearance of this narrow distribution
reflects the fading of the amorphous regions in benefit of
growing spherulites. When the spherulites surface becomes
dominant, the peak corresponding to the flat amorphous
regions vanishes. Instead, a broader height distribution,
corresponding to spherulites is observed. The larger width
of this distribution mainly results from the density differ-
ence between crystalline and amorphous regions in spher-
ulite leading to a partial depletion of material, as is typically
observed in thin films [34]. The shoulder observed at larger
heights after 70–210 min. crystallization times corresponds
then to the fibril’ssurface,presenting a RMSroughness around
30 Å. The evolution of this shoulder could be used to follow
the processes ofcrystal reorganizationduringsubsequentheat-
ings of the sample. However, for our isothermal crystalliza-
tion, the shape of the crystal height histogram does not present
any time variation, as expected as crystal reorganization
should be negligible for such conditions [16]. It should be
noted that this technique to evaluate crystallization by follow-
ing the evolution of the surface roughness is not limited to
thin films but can also be applied in studies focused on the
transformations at the surface of bulk specimens.
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Fig. 3. Normalized height histograms corresponding to the images 1(a)–(d). Symbols: (a): solid line; (b): dashed line; (c): dashed-dotted line; (d): dashed-
dotted line with longer dashes.



3.3. Temperature dependence of crystal growth rate

The repetitive imaging by AFM can also be applied to
determine the temperature dependence of crystal growth
rate. The development of the PEEK/PEI morphology was
followed for three differentTc’s. Corresponding values of
the linear growth rates,G, were evaluated from these
measurements (Table 1).G rapidly changes in this tempera-
ture region owing to the proximity ofTg. Generally, the
growth of polymer crystals in this temperature range can
be expressed as:

G� G0 exp 2
U*

R Tc 2 T∞
ÿ � !

; �2�

where G0 is an overall constant factor depending on the
molecular weight,U* is a transport activation energy, and
T∞ is a hypothetical temperature where all movements asso-
ciated with viscous flow cease. In Eq. (2) we neglect ther-
modynamic terms that may be considered as constant in the
restricted temperature window of the present cold-crystal-
lization experiments [35]. The fitting of the experimental
data (Table 1) with Eq. (2) usingT∞ � Tg–51.68C, gives
U* � 1.55 kcal/mol. The calculatedU* appears reasonable
for PEEK, given the uncertainties about its exact value [36].
Hence, the determination of thermodynamic or kinetic para-
meters related to polymer crystal growth appears to be
achievable by the AFM technique. However, the heavier
implementation of our procedure as compared to OM
restricts its use to extreme cases (mainly very small spher-
ulites as obtained typically for crystallizations performed at
large degrees of supercooling).

4. Conclusions

We have presented a new application of AFM that,
provided a special sample preparation is carried out, allows
to follow the time dependence of polymer crystallization at
elevated temperatures. It was shown on a specific example
how AFM could help in visualizing the patterns of events
occurring during polymer crystallization, specifically
growth, branching and thickening of lamellar stacks (fibrils)
leading to the filling of space by the growing spherulites. As
with OM, the integral radial growth rate of the spherulite
can be determined, with the advantage that also the growth
rate of different fibrils can be measured. Another interest of

AFM is that its ability to determine the roughness of the
samples allows us to follow the crystallization quantita-
tively. This could pave the way for specific studies on crys-
tallization kinetics of polymers in the vicinity of free
interfaces. However, the AFM technique has the inconve-
nience that its implementation in this mode is not as easy as
that of OM. This, in practice, limits the application of this
technique to very small spherulites found for high degrees
of supercooling and not observable by OM.
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