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ABSTRACT: Polyethylene single crystals were annealed on various kinds of substrates: a glass plate,
evaporated Pt/Pd, evaporated amorphous carbon, HOPG (highly organized pyrolytic graphite), and
uniaxially oriented isotactic polypropylene (iPP). Their morphological changes on these substrates by
annealing were observed in situ by AFM. On glass and Pt/Pd substrates, polyethylene single crystals
started reorganizing from the periphery, accompanying thickening of lamellae, and eventually became
molten. Polyethylene single crystals behaved quite differently between on amorphous carbon and on
HOPG, which both had the identical chemical constitution: on HOPG, fibrils were produced, extending
radially from the center of polyethylene single crystals, while on amorphous carbon, lamellae thickened
and melted down without forming any peculiar texture. This difference was caused by the difference in
atomic array between the surfaces of HOPG and amorphous carbon. On oriented iPP, a fibrillar texture,
with the long axis of fibrils oriented at an angle of 40° with the iPP fiber axis, was formed in the process
of slow heating. The oriented fibrillar textures that were produced on HOPG and iPP in the heating
process were formed under epitaxial control of the surface structure of substrate. The present work showed
that oriented crystallization occurred through partial melting in the process of annealing.

Introduction

Since solution-grown polyethylene single crystals
were first found, there has been much interest in the
phenomenon of the lamellar thickness of polymer crys-
tals increasing by annealing. A vast number of works
on annealing of polymer single crystals have been done,
although mainly on polyethylene single crystals, using
various methods, such as optical and electron micros-
copy, X-ray and neutron diffraction, infrared spectros-
copy, DSC, and NMR, as we can see from early papers,1,2

reviews,3 and monographs.4-6 Of the annealing behav-
iors, the dependence of lamellar thickness on annealing
temperature and annealing time was investigated in-
tensively and extensively not only from academic inter-
est but also from practical viewpoints, because heat
treatment is an important procedure to improve the
physical properties of polymer products. The time
dependence of lamellar thickness by annealing was first
theoretically treated by N. Hirai et al.,7 and the log t
law was established.7,8 Studies on morphological or
structural changes by annealing were also carried out
to understand its effect on the physical properties of
polymers. Transmission electron microscopy revealed
that morphological changes given rise to by heat treat-
ment depend on the annealing temperature9 and an-
nealing time.10 It is well-known, for example, that when
polymer single crystals are annealed on a substrate,
holes are produced all over the whole area, and their
formation accompanies lamellar thickening. However,
the following two points have not been paid attention
to in the annealing experiments done so far: (1) How
does the morphology of polymer crystals change with
annealing time?10 (2) How is the morphology of polymer
crystals influenced by the kind of substrate on anneal-
ing? For example, annealing of single crystals mats and

bulk materials corresponds to the case on or between
the substrates of the same kind of polymer.

Atomic force microscopy (AFM) is a very powerful tool
for investigating the morphology of polymer crystals,
although limited to the observation of surface morphol-
ogy. Using AFM, morphology and structure of polyeth-
ylene single crystals have been observed,11-20 even at
the molecular level.21 Their morphology and annealing
behavior have been further elucidated through the AFM
results, complementing the electron microscopic works.
Recently, AFM has been developed technically to enable
observing, in situ and in real time, the structural
changes in the transient processes, e.g., the crystalliza-
tion of polymers at high temperatures.22-26 In particu-
lar, an in situ AFM study at high temperatures on the
ultralong chain alkane C390H782 by Magonov et al.27

provides deep insight into the annealing behavior of
polyethylene crystals. Here, using the AFM method,
annealing behaviors of polyethylene single crystals were
followed in situ at high temperatures, focusing on the
morphological changes. Further, aiming to clarify the
effect of substrate on annealing behavior of polyethylene
single crystals, in situ experiments were carried out on
various kinds of substrates.

Experimental Section

Polyethylene single crystals were prepared by the self-
seeding method,28 using a fractionated polyethylene with Mn

) 32 000 (Mw/Mn ) 1.1) (No. 1483 product by NIST). Polyeth-
ylene was dissolved at a concentration of 0.05 wt % in p-xylene
in a test tube. After crystallization at 82 °C, the test tube
containing PE crystals in suspension was heated to 97 °C by
transferring to an oil bath, which was controlled at the
temperature. After keeping it at the temperature for a few
minutes, the test tube was returned to the oil bath at 82 °C to
crystallize. Polyethylene single crystals thus prepared were
examined without filtration as prepared.

Annealing of these crystals was carried out on the following
different kinds of substrates: a normal slide glass, evaporated
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Pt/Pd, evaporated carbon film, HOPG (highly organized py-
rolytic graphite) used for STM studies, and uniaxially oriented,
thin isotactic polypropylene (iPP) film. An amorphous carbon
film was prepared by the evaporation method, which is usually
used to make a thin supporting carbon film for electron
microscopy. A Pt/Pd substrate was also prepared by coating a
slide glass with Pt/Pd by the evaporation method. The oriented
iPP film was prepared using the Gohil and Petermann
method.29

Polyethylene single crystals were put on the various kinds
of substrates, and their morphology was observed in situ, by
changing annealing temperatures, with an AFM Nanoscope
IIIa, which was equipped with a heating module. It took about
5 min to take a frame of image.

Results
On annealing, the morphology of polyethylene single

crystals varied quite differently depending on the kind
of substrate. AFM recorded, in situ, their morphology
in height, amplitude, and phase modes, simultaneously,
during annealing. Only AFM images suitable to the
stressed points of discussion are selected here. The
annealing behaviors on various kinds of substrates are
detailed below using these image data, focusing on the
morphological changes.

A. On Normal Glass Plate. Figure 1 shows a series
of AFM height images of polyethylene single crystals,
taken in situ at various temperatures on annealing on
a normal glass plate (a slide glass for optical micros-
copy). Figure 1b shows the meandered rim. From the
height images, the thickness of polyethylene lamellae
was measured. Figure 2 shows the changes in thickness
at the rim of and inside a lamella as a function of
annealing temperature.17,26,27 In the narrow tempera-
ture range of about 120 to 126 °C, thickness is larger
at the periphery than inside. This can be explained by
that, in the narrow temperature range, lamellar thick-
ening progresses ahead at the periphery, where the

meandering morphological changes occurred. As a re-
sult, the single crystals changed morphologically, fea-
turing a framelike structure (Figure 1b), although its
feature was not as distinguished as in the case of
annealing in solution.1,2,10 It was reported that the
lamellar thickening begins at about 110 °C, depending
on initial thickness.30 In the present work, it seems that
observable thickening began at a rather high temper-
ature. It is to be stressed here that the morphological
changes initiate from the periphery, where thickening
occurs, and subsequently occur at random inside (see
also Figure 11a). Figure 1c shows that rather large holes
are formed randomly over the whole lamella, and that
the thickened lamella does not move out across the
lozenge rim of the original lamella. By heating further,

Figure 1. Landscape view of AFM height images taken in situ on annealing of polyethylene single crystals on glass plate at (a)
room temperature, (b) 126, (c) 128, (d) 136, and (e) 140 °C, and (f) room temperature after being cooled from 150 °C, respectively.
The inset images are the corresponding amplitude image, which show the projected patterns. All images were taken at 30 min
after the specimen was heated to each temperature.

Figure 2. Lamellar thickness against the annealing temper-
ature, i.e., the observation temperature. Marks 4 and 2 denote
the thickness at the periphery and inside of lamellae on a glass
plate, respectively, and 0 and 9 those on HOPG surface,
respectively. Here, data for glass (marks 4 and 2) are shifted
upward by 5 nm to avoid confusion.
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polyethylene lamellae were largely deformed morpho-
logically (Figure 1d), and eventually they were melted
into droplets (Figure 1e). It is found that the melt
droplets are on a thin lozenge layer, the rim of which
contours the original lozenge of single crystals. From
the height image, the height of the lozenge layer was
measured at about 1 nm. As there was no polyethylene
in the open area surrounding the original polyethylene
single crystals, it is certain the layer consisted of
polyethylene. When the specimen was cooled from the
molten state, lamellae grew within the droplets, and
small globules became more conspicuous on the thin
layer (see Figure 1f).

B. On Evaporated Pt/Pd Surface. Figure 3 shows
a series of AFM amplitude images of polyethylene single
crystals, which were taken in situ at various tempera-
tures in the cycle of heating and cooling on the Pt/Pd
substrate. In the heating process, the temperature was
increased stepwise. Here, the morphological changes
initiated again at the periphery. However, we see, from
Figure 3c, that thickening did not evenly take place
along the rim of lozenge-shaped single crystal, but that
the islands morphology was formed along the rim. The
islands morphology became marked with increasing
temperature up to about 138 °C. However, the original
lozenge shape can be retraced by contouring the rim of
a thicker layer, the rim of single crystals does not
meander, and the melt remains within the lozenge area
at temperatures above the melting point, without
condensing into droplets; compare Figure 1e and Figure
3d. The pockmarked surface with small holes in the
lamellar interior, as seen in Figure 3c, disappeared in
the heating process before melting, and as a result, the
lozenge surface was smooth. It is characteristic that, on
a Pt/Pd substrate, the molten polyethylene did not
spread away across the lozenge rim of the original
polyethylene single crystal.

Figure 3e shows the morphology that was formed by
crystallization on cooling from the melt. A treelike
coarse texture appeared along the rim of the lozenge
and the short axis (the b axis) of the original single
crystal. Even at the stage where such a coarse texture
formed, the inside area was still smooth. On further
cooling, small globules grew over the smooth inside area.

Parts a-c of Figure 4 show the AFM height images,
the amplitude images of which correspond to parts a,
d, and f of Figure 3, respectively. The corresponding
height profiles were obtained by scanning along the
lines in the height images. Figure 4a shows that the
thickness of the original single crystal was almost
uniform all over the lamella, except for the central pleat
with a thickness of 90 nm. In the height profile in Figure
4b, the periphery is high in the form of a bump, and
the height decreases gradually toward the inside.
Polyethylene melt condensed near the rim but did not
spread outward across there. It is to be noted that the
inside area is still higher than the substrate level. The
height is about 5 nm. In some cases, the polyethylene
melt evenly covered the substrate surface with no thick
edge, not spreading across the rim. Figure 4c shows a
rippled profile, which reflects the fine structure of
crystallized polyethylene on the Pt/Pd substrate (cf.
Figure 3f).

C. On Amorphous Carbon. Polyethylene single
crystals were annealed on the evaporated carbon film
by increasing the temperature stepwise. Figure 5 shows
a series of AFM amplitude images taken in situ at
various temperatures in the process. Polyethylene single
crystals were varied morphologically in the same way
as on the glass plate, exhibiting a framelike feature. In
contrast to a glass, the morphological changes proceeded
from the periphery in.

Wedgelike notches were generated along the periph-
ery and developed to carve into the lamellar interior,

Figure 3. AFM amplitude images taken in situ on annealing of polyethylene single crystals on evaporated Pt/Pd at (a) room
temperature, at (b) 132, (c) 134, and (d) 150 °C in the heating process, respectively, and at (e) 128 °C and (f) room temperature
in the cooling process from 150 °C. The images were taken at 30 min after the specimen was heated to each temperature.
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with increasing of the temperature (see arrows in Figure
5, parts b and c). The lozenge single crystals were
fragmented in patches into “islands and peninsulas” by
deeply carved notches, as seen in Figure 5d, and they
thickened as the notches were carved.10,27 The thickened
lamellae extended over the substrate surface, exceeding
the rim of the original single crystals; an amoeba-like
morphology resulted as seen on collodion.7,31 The molten
polyethylene droplets moved on the carbon substrate to
spread over the substrate across the rim of the original
lamellar lozenge (Figure 5, parts d and e). Thus, by heat

treatment, the polyethylene single crystals behaved in
a morphologically different manner from the behavior
on a glass plate and Pt/Pd. Figure 5f shows the
morphology formed in cooling from the molten state.
Rodlike and globular crystallites were formed. In images
of Figure 5, parts d-f, there is a thin base of lozenge
shape with the thickness of about 1 nm, on which
polyethylene crystals and melt stayed. The structural
features of the thin base sheet are unclear.

D. On HOPG. Figure 6 shows a series of phase AFM
images that were taken in situ at various temperatures

Figure 4. AFM height images taken in situ at various temperatures on annealing polyethylene single crystals on evaporated
Pt/Pd at (a) room temperature, (b) 150 °C, and (c) room temperature after being cooled from 150 °C. Height profiles were obtained
by scanning along the lines in the AFM images.

Figure 5. AFM amplitude images taken in situ at various temperatures on annealing of polyethylene single crystals on an
evaporated carbon film: (a) room temperature, (b) 132, (c) 134, (d) 136, and (e) 150 °C and (f) room temperature after being
cooled from 150 °C. Inset height profiles in parts d-f were obtained by scanning along the white lines in the images. Upper and
lower arrows in the profile correspond to the left and right arrows in the corresponding image, which are put at the edges of the
lozenge of original single crystal, respectively. The profile in part d is higher by about 1 nm from the substrate on both sides (note
parts marked with a brace). This indicates the thickness of the underlying sheet layer.
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during heat treatment of polyethylene single crystals
on an HOPG substrate. At about 120 °C (Figure 6b),
fine fibrils formed on the crystal surface running
roughly perpendicular to the single-crystal edge. Similar
fine fibrils were formed when polyethylene single crys-
tals were annealed on Si substrate26,27 and when normal
alkane C60H122

24 and ultralong alkane C390H782
27 were

heated on HOPG. Fine fibrils become ordered in these
alkane crystals on annealing, encountering with an
angle of 120 or 60°. Here, a texture like a vein of a leaf
was formed. Fibrils are oriented in the texture in a
different way among the different sectors. However, the
orientational relationship of fibrils with respect to the
lateral edge is almost identical independently of the
sector. With further heating, the fibrils became longer
and extended, exceeding the lozenge edge of the original
single crystal, which can be outlined with a lozenge
(Figure 6e). As the temperature increased, the fibrils
became longer, more ordered, and they were radially
closely packed with an axis of 6-fold rotational sym-
metry about the perpendicular at the center of lozenge
single crystal (Figure 6f). On close inspection, it is found
that the fibrils are arrayed with a different angle with
respect to the sector boundary axes: They encounter
at the a axis sector boundary at an angle of 120°. The
original crystals in Figure 1a differ from those in Figure
5 in that they have the narrow {100} sectors. However,
as the 6-fold symmetry holds overall a single crystal,
the vein-like texture is not caused by the hexagonal
morphological symmetry of truncated lamella at the
central part. Of course, single crystals without the {100}
sectors exhibited the 6-fold symmetric arrangement of
fibrils.

We see from Figure 6 that fibrils extend longer and
longer with increasing temperature. Figure 7 shows
more clearly the fibrillar-developing phenomena with
annealing time. At the beginning, when polyethylene
single crystals were brought up at 132 °C (Figure 7a),
a vein-like fibrillar texture formed. After the single
crystals were kept for 20 min at the temperature, finer
fibrils grew out over the edge from the tips of the thus
formed fibrils. When the single crystales were kept
longer at the temperature, the newly grown fine fibrils
extended further. Similarly, fine fibrils were developed
from the edge of ultralong alkane C390H782 single
crystals on annealing.27 It is noteworthy here that the
fine fibrils do not always extend in the same direction
as that of long axes of parent fibrils in the original
polyethylene lamella.

E. On Uniaxially Oriented Isotactic Polypropyl-
ene. Polyethylene single crystals were rather rapidly
heated to a temperature above the melting point on an
uniaxially oriented iPP film. Figure 8a shows an AFM
phase image, which was taken in situ at 145 °C after
polyethylene single crystals were heated at the temper-
ature. Polyethylene single crystals were melted down
into droplets. When the sample was cooled to 140 °C,
fibrils or lamellae on edge were formed in the droplets
of molten polyethylene. By cooling further, more fibrils
were grown in the droplets. The fibrils are arrayed in
an ordered way, making an inclination angle of about
40° with respect to the iPP fiber (molecular) axis (Figure
8b). There are previous reports33-37 that, when poly-
ethylene is crystallized from the melt on oriented iPP,
a crosshatched texture is formed, in which edge-on
lamellae are arrayed making an orientational angle of
40° with the iPP axis. Judging from the growth of

Figure 6. AFM phase images taken in situ on annealing of polyethylene single crystals on HOPG at (a) room temperature and
at (b) 120, (c) 124, (d) 132, (e) 134, and (f) 138 °C. The {100} sectors are seen in part a, narrowing toward the tip along the a axis.
Nuclei formed by self-seeding at a high temperature of 90 °C may be truncated. When crystals grow further from such truncated
nuclei under the different conditions, e.g. at a lower temperature as 85 °C1 or in the different solvent from the solvent in which
nuclei were formed,32 the truncated morphology transforms into a lozenge as the {100} sectors become narrower along the a axis.
Insets in parts b, e, and f are the magnified images of the corresponding enclosed square. Lines in the insets of parts b and e
denote the edge of the original lozenge crystal.
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present fibrils from the melt, we see that their morphol-
ogy is basically similar to the crosshatched structure;
lamellae grew edge-on but were singly oriented. Figure
8c shows an AFM image taken in situ at 136 °C during
cooling. Flat-on lamellae also grew with a thickness of
40 nm. The whole morphology of Figure 8c did not
change on cooling to room temperature.

Figure 9 shows a series of AFM amplitude images
that were taken in situ at the described temperatures
while the temperature was increased stepwise. That is,

an image was recorded at a temperature in the tem-
perature range of 120-146 °Csit took about 5 min per
imagesand subsequently, the temperature was in-
creased by 2 °C. This process was repeated until 146
°C was reached. In Figure 9b, the rim of a single-layered
but not overlapping lamellar single crystal is serrated.
The morphological changes again occurred at the pe-
riphery. The growth of fine fibrils started at about 130
°C within single crystals, but not within the overlapping
lamella whose original shape was still retained (see the

Figure 7. AFM phase images taken in situ on annealing polyethylene single crystals on HOPG at 132 °C at different annealing
times: (a) 5, (b) 20, and (c) 60 min. The width of fibrils in the enclosed area ranges from 45 to 50 nm, and from 35 to 40 nm
around the central area where fibrils are packed compactly in part c. Fibrils in the enclosed area with the ellipse extend from
about 180 to 200 nm, as an average, with increasing time of 5 (a) to 60 min (c).

Figure 8. AFM amplitude images taken in situ at (a) 145, (b) 140, and (c) 136 °C on cooling of polyethylene melt on the uniaxially
oriented iPP film. The molecular axis of iPP is vertical. The height profile in part c was scanned along a white line. The thickness
of the flat-on crystal is 40 nm.

Figure 9. AFM amplitude images taken at various temperatures on annealing of polyethylene single crystals on the uniaxially
oriented iPP film: (a) room temperature, (b) 125 °C, and (c) 146 °C. These images were recorded after 40 min since being heated
to the temperatures. The iPP molecular axis is vertical. The profiles were obtained by scanning along the line of corresponding
image. In the profile in part c, the thickness of “the melt” of stacked lamellae is identical to that of the single-layered lamella.38
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enclosed area in Figure 9c).10,17 With increasing the
temperature, a fine textural structure was developed.
Fine fibrils were oriented in two directions with the
same inclination angle and maybe woven into a cross-
hatched texture. In the texture, fibrils are preferentially
oriented at an angle of about 40° with respect to the
fiber axis of iPP (discussed in detail later). When
polyethylene single crystals were heated rather quickly
to a temperature above the melting point as in Figure
8, droplets of melt were caused. In contrast, as shown
in Figure 9c, the crosshatched morphology of the
“polyethylene melt” was still retained when polyethyl-
ene crystals were heated stepwise above the melting
point. In comparing the morphological changes in
Figures 8 and 9, it is found that the melt morphology
produced on the substrate depends on the rate of
heating.

Discussion

We see above that the polyethylene melt behaves
differently on different kinds of substrates. From the
height profile as in Figure 4b, the contact angle of
polyethylene melt on Pt/Pd can be measured. (Since the
profile goes up steeply to the substrate at the edge, it
seems the contact angle should be large; however, note
that the axis units of the ordinate and abscissa are
largely different.) The contact angles thus measured for
various substrates with the polyethylene melt are listed
in Table 1. Since molten polyethylene does not expand
over the Pd/Pt substrate surface, it is considered that
the interfacial free energy should be large. In fact, the
contact angle is small. However, the contact angle on
glass plate, i.e., another inorganic substance, is large.
Although evaporated carbon and HOPG have a chemi-
cally identical constitution, the contact angle largely
differs between the two substrates. Evaporated carbon
is amorphous and consists of mosaics. In contrast,
HOPG has a smooth surface in which carbon atoms are
arranged regularly. Considering these results, we notice
the following: “evaporated” substances, which are mo-
saic or polycrystalline, have a smaller contact angle,
while in contrast, a continuous surface, e.g. glass plate
and HOPG, has a larger contact angle. However, the
contact angle on iPP is large, although polycrystalline.

During annealing, thickening initiated at the periph-
ery of single crystals. The periphery is more unstable
due to the excess of lateral surface free energy, thinner
or with more defects, and hence partial melting takes
place there when polyethylene single crystals are
heated: the “molten state” could be produced tran-
siently. The transiently molten polyethylene cannot flow
away on the substrate because it might be still highly
viscous at the annealing temperature. The transiently
produced polyethylene melt could stay there and soon
recrystallize with a larger thickness. Thus, a framelike
feature can result. The thicker crystallites remain stable
in some range of temperature above the recrystallization
temperature, and hence reorganization followed inside
the framed lamella with further heating. This explains
the temperature dependence of lamellar thickness at the
periphery and inside lamellae on annealing on a glass
plate, as shown in Figure 2. Of course, since the
morphology depends on the annealing time, the thick-

ness become uniform over the whole lamellae when they
are left longer at a fixed temperature.

Before single crystals melt on glass plate and amor-
phous carbon, notches are generated at the periphery
and extended with a raised edge, to carve into the
interior of lozenge crystal. On Pt/Pd, polyethylene single
crystals behave in a morphologically different way by
annealing. When polyethylene crystals, which normally
have a hollow pyramidal shape in solution, are dried
up on a substrate, they collapse. It is unlikely that the
collapsed morphology differs among the different kinds
of substrates. Thus, it is unlikely that the different
morphological behaviors of polyethylene single crystals
observed by annealing could be due to the morphological
difference in collapsed lamellae at room temperature.
The affinities between polyethylene crystals and sub-
strate should be different at high temperatures.

The polyethylene melt forms semisphere droplets on
both evaporated carbon and HOPG. However, in the
heating process until polyethylene single crystals melt
out, they behave quite differently between the two
substrates. Though consisting of only carbon, the two
have different surface structures: Since evaporated
carbon film is amorphous and consists of mosaic blocks,
carbon atoms are randomly arranged on its surface, and
in contrast, HOPG comprises stacked layers, on the
exposed surface of which carbon atoms are ordered
hexagonally. It is clear that the difference in annealing
behavior between the two kinds of substrates should be
caused by the difference in their surface structure: On
HOPG, epitaxial adjustment of polyethylene crystals to
substrate can be performed.

Figure 10 shows a deformed appearance of polyeth-
ylene lamella at an early stage of annealing on HOPG.
Thickness decreases around the lamellar edge by growth
and extension of fine fibrils from there. Reorganization
occurs at a low temperature of 100 °C. However, no
fibrils are formed in the lamellar interior. Figure 2
shows that the thickness decreases at the edge. In
contrast, thickening takes place at the periphery on
evaporated carbon (Figure 5c).

As seen in Figure 6, a texture like a leaf vein,
consisting of fibrils, is organized in the single crystals
by annealing on HOPG. In the annealing process, order
increases with increasing annealing temperature, and
eventually the fibrils are arrayed radially from the
center of polyethylene single crystal and packed with
an axis of 6-fold rotational symmetry at the center
(Figure 6f). The dexterously assembled fibrillar texture
within single crystals is characteristic of annealing on
HOPG: fibrils in the sectors on both sides of the a-axis
sector boundary encounter one another at an angle of
120° at the boundary, but they do not always impinge
against the boundary at a half of the encounter angle,
i.e., 60°. When polyethylene single crystals were an-
nealed in suspension in an inert media, holes were
formed and extended almost perpendicular to the {110}
lateral surfaces, and notches initiated at the periphery
were also extended toward the interior of lamella in the
same direction.10 As a result, fibrils perpendicularly
oriented to the {110} surfaces were formed. It seems to
be essential that fibrils should be produced on annealing
polyethylene single crystals without the effect of sub-

Table 1. Contact Angle of Polyethylene Melt on Various Substrates

substrate glass amorphous carbon evaporated Pt/Pd HOPG uniaxially oriented iPP
contact angle (deg) 15-31 3-8 5-10 12-22 18-24
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strate and oriented perpendicularly to the side surface.
The orientational relationship of fibrils to the lamellar
side surface appears to hold in present annealing on
HOPG. It is thus considered that when the thus
perpendicularly oriented fibrils extend toward the a axis
sector boundary in the adjacent sectors, they could
encounter at the boundary at about 120°. In other
words, it is suggested that the hexagonal rotational
symmetric array of fibrils at the center of lamella could
be induced in this way, irrespective of the orientational
relationship between single crystal and the substrate.
However, some observations demonstrate that the 120°
orientational relationship among fibrils is performed on
HOPG: alkane crystals epitaxially grow;39 melt-grown
polyethylene lamellae were aligned with their long axis
parallel to the HOPG surface and oriented at every
120°;40,41 the long chain alkane ribbons or fibrils were
formed and aligned in three main directions on anneal-
ing, showing an overall hexagonal ordering.24,27 On the
other hand, fibrils are not arrayed orderly on the Si
substrate.24,27 On the basis of these observations, it is
properly concluded that the veinlike texture should be
induced under epitaxial influence by the HOPG surface.
So far, there have been reported a large number of
epitaxial systems concerning polymers, which occurred
from melt and from the solution on various organic and
inorganic substances.42-43 Here, it is emphasized that
the epitaxial orientation can be also performed through
partial melting in the annealing process before melting.
The extension of finer fibrils, which are grown at the
periphery, could be driven by the epitaxial mechanism.
Here, there are three important inquiries about the
fibrils: (1) How do fibrils form in the single crystals?
(2) What is the fibrillar structure? (3) Why do the fibrils
orient differently among sectors? As for the last, it is

suspected that the folding direction of chains differs
among sectors.

Figure 7 shows that the morphology of polyethylene
single crystals changes with time during annealing on
HOPG at a given temperature. It is well-known from
previous reports that when polyethylene single crystals
are annealed, many small holes are formed over the
whole area. No small holes are seen in Figure 1c. At an
early stage of annealing, small holes are, in fact,
observed in the present annealing on the glass plate (see
Figure 11a). Small holes were also formed at the initial
annealing on amorphous carbon substrate.9,17,26 On
further annealing, a lamella is carved deeply along the
b axis as seen in Figure 11b with raised edges.17,27 On
annealing in inert medias, holes extend in the 〈130〉
direction even in the lamellar interior.10 Holes produced
at the initial stage of annealing are combined, and
small, separated crystalline domains are fused into a
continuous lamella, leaving a small number of large
holes; it is the same phenomenon as small water
droplets condensing into larger ones with time. This
may be the basic mechanism of the so-called amoeba-
like motion.7,31 Figure 12 shows another process in
which the morphology changed with time during an-
nealing: A net texture is developed by longer annealing.

On the oriented iPP film, fine fibrils grew in the
process of stepwise annealing, preferentially oriented
with a fixed inclination angle in one direction or in the
crossed way, as seen in Figure 9. When polyethylene is
crystallized from the melt on the oriented iPP film, the
crosshatched texture is organized, as seen in Figure 13.
In Figure 13, the lamellae on edge make an angle of
40° with the iPP fiber axis. The textural formation is
well-understood by the epitaxial mechanism;33-36 (100)PE//
(010)iPP, [001]PE//[101]iPP. (name mode I). In Figure 9c,
the long axes of fibrils are also oriented at an angle of
about 40° with the iPP fiber axis. In Figure 12, we can
see that, during annealing, fibrils are formed and are
in the process where they are arrayed in the above
orientation although poorly ordered. Figure 14 shows
the electron diffraction pattern of a specimen in which
polyethylene exhibited a networklike polyethylene tex-
ture like that in Figure 12c. The electron diffraction

Figure 10. AFM height image taken in situ on annealing
polyethylene single crystals on HOPG at 100 °C, and height
profile corresponding to a line in the image. Fine fibrils grow
from the periphery.

Figure 11. AFM phase images taken in situ at an early stage
of annealing of polyethylene single crystal: (a) after 5 min at
120 °C on a glass plate and (b) after 5 min at 122 °C on
evaporated carbon.
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pattern from polyethylene crystals is not the fiber
pattern given rise to by the melt-grown, crosshatched
texture,36 but like that of a single-crystal pattern.

The electron diffraction pattern from polyethylene in
Figure 14 is surely similar to an hk0 net pattern of
single crystal. It is characteristic that the 110 diffraction
spot of polyethylene is coincident with the 111 reflection
of iPP fiber pattern. The electron diffraction pattern
resembles quite well that of Figure 5a in ref 44; alkane
single crystals grow flat-on from the melt, giving an hk0
net pattern in which the 110 spot coincides with the iPP
111 reflection. This implies that the molecular orienta-
tion in Figure 14 should be understood based on the
same epitaxial model as described in ref 44. However,
the coincidence of the PE 110 reflection and iPP 111
one is an apparent event in the diffraction phenomenon
and not essential for the overgrowth mechanism. In
reality, as seen from the mechanism of PE/iPP epitaxy
resolved by Wittmann and Lotz,34,35 the iPP (010) plane
is also attributed to the oriented overgrowth of alkane
on iPP substrate. According to the overgrowth mecha-
nism proposed by them,35 three modes are possible for
the epitaxy of alkane on iPP and that of PE on iPP: (1)
(001)para//(010)iPP, [1h10]para//[1h01]iPP, (2) (001)para//(010)iPP,
[110]para//[1h01]iPP, and (3) (001)para//(010)iPP, [100]para//
[101]iPP, where the suffix para stands for alkane or
polyethylene. Modes 1 and 2 are in the twin relation
with respect to the (110) plane of alkane and polyeth-
ylene. In Figure 14, the PE 020 reflection is observed
at an angle of about 17° with the iPP fiber axis
anticlockwise and the 110 reflection at about 13°
clockwise. (In the case of epitaxy of alkane on iPP (cf.
Figure 5 in ref 44), the angular relationship of 020 and
110 reflections hold also). The orientational relationship
of the PE 020 and 110 reflections proves that the
epitaxial mode of 1 actually occurs (named mode II). (In
ref 44, the epitaxial mode is expressed as (001)para//
(010)iPP, [110]para 50° [001]iPP. It is crystallographically
preferable to define it as above.) Polyethylene chains
stand on the iPP surface in mode II while PE chains
lay down on it in the mode I, aligning parallel to the
[101] direction. In the process of heating, polyethylene
single crystals undergo a “transiently molten state,” in
which molecular chains are not so activated as to be
disordered, as in the isotropic melt, i.e., partial melting.
Keeping their original position within the single crystals
in partial melting, molecular chains could be reoriented
around their axis, moving through flip-flop motion and/
or slide diffusion along their axis. Through the reorga-
nization process, molecular chains are recrystallized to
adjust the PE (110) plane with the iPP (101) plane at
the in-contact plane.

Figure 12. AFM amplitude images taken in situ at 130 °C at (a) 5, (b) 20, and (c) 60 min on annealing on iPP substrate. The iPP
molecular axis is vertical.

Figure 13. AFM height image of polyethylene crystallized
from the melt on the uniaxially drawn iPP film. The iPP
molecular axis is horizontal.

Figure 14. Electron diffraction pattern of the uniaxially
drawn, thin iPP film on which polyethylene single crystal was
annealed at 132 °C for 60 min. The iPP molecular axis is
vertical.
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Concluding Remarks
It was found, from AFM studies, that on annealing,

the morphology of polyethylene single crystals changes
with increasing time as well as temperature. The melt
behavior and morphological features by annealing de-
pend on the kind of substrate, as follows.

(1) The contact angle is smaller on the mosaic and
polycrystalline surface, i.e., on evaporated polycrystal-
line Pt/Pd and evaporated mosaic carbon, than on the
continuous, smooth surface such as a glass plate and
HOPG, i.e., mosaic and/or polycrystalline surface.

(2) Carbon atoms are arrayed randomly on evaporated
carbon, and in a perfectly ordered way on HOPG. The
difference in the atomic arrangement on the substrate
surface causes the different morphological behaviors
during annealing; an epitaxial orientation is induced on
HOPG.

(3) The textures were formed within polyethylene
single crystals on HOPG and uniaxially oriented iPP
in the annealing process: In the partial melting caused
by annealing, the single crystals can be reorganized, to
give a texture under the influence of the substrate
surface, i.e., epitaxial ordering through partial melting.

To understand profoundly the annealing behaviors of
polymer crystals, it is necessary to study further by
taking account of accompanying changes in molecular
alignment and orientation.
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