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ABSTRACT: The periodical striped contrast is observed in the single crystals of isotactic polystyrene
and poly(oxymethylene) by transmission electron microscopy. The contrast is attributed to a periodical
tilting of the chain stem around the axis normal to the crystal growth plane; the tilting accompanies the
surface undulation, which is observed by atomic force microscopy. The wavelength of the undulation
increases with the lamellar thickness. In situ observation of the growing crystal by transmission electron
microscopy shows that this undulation is introduced during the growth and not through the cooling process
of the crystal. It is proposed that the stress of fold surfaces makes a flat lamellar crystal elastically unstable
to cause the buckling deformation during the crystal growth.

1. Introduction

The direct observation of isotactic polystyrene (it-PS)
single crystals by transmission electron microscopy
(TEM) has shown black and white stripe contrast with
each stripe line perpendicular to the facets.1,2 Similar
stripe contrasts have been observed also in the single
crystals of poly(p-xylylene) (PPX),3 poly(4-methyl-1-
pentene) (P4MP), and poly(oxymethylene) (POM).4 It is
to be noted that the stripes have been observed on the
surface of lamellar crystals as revealed by atomic force
microscopy (AFM) for it-PS1 and for syndiotactic polypro-
pylene (sPP)5,6 or by TEM with surface replica for it-
PS,7 cellulose triacetate,8 and xylan.9

It has been suggested that the bands in the stripe
contrast correspond to crystal domains; the chain stems
in neighboring bands tilt in the growth plane alter-
nately. For the solution-grown POM and P4MP crystals,
Bassett et al. have attributed this tilting to the hollow-
pyramidal shape of these lamellae in solution as in the
case of PE;4 nonplanar pyramidal lamellae are sheared
to flatten on a substrate when they are deposited from
their suspension. However, the same are observed even
in the it-PS crystals grown from the melt;1 no sheared
deformation is expected in this case. As such we need
to search for another structure and origins for the stripe
pattern.

In this paper are reported the details of the stripe
contrasts in TEM images and the surface topography
examined with AFM of melt-grown it-PS crystals. TEM
observation of solution-grown POM and in situ observa-
tion of the growth of it-PS crystals from melt are also
reported. On the basis of these observations, we propose
a new structure for the stripe pattern and discuss its
origin.

2. Experimental Section

The samples used for this study were it-PS purchased from
Polymer Laboratory (Mw ) 590 000, Mw/Mn ) 3.4, tacticity:
97% isotactic triad) and POM (Derlin 500 NC-10).

Thin films of it-PS (ca. 10 nm thick) were prepared by spin
coating a 0.4-0.7 wt % cyclohexanone solution at 4000 rpm
on a carbon-evaporated mica.10,11 The films were melted at 250
°C for a few minutes, quenched to room temperature in order
to increase crystal nuclei, and immediately elevated to a
crystallization temperature, 210, 195, or 180 °C in a hot stage
(Mettler FP800). The films crystallized isothermally were
again quenched to room temperature. These samples were
investigated at room temperature by TEM (JEOL 1200EX II)
operated at 120 kV and by AFM (SHIMADZU SPM-9500 J)
in the contact mode. In situ observation of the growth of it-PS
crystals by TEM was performed at 210 °C. POM single crystals
were grown from 0.1 wt % bromobenzene solution by slow
cooling (1 °C/min) from the boiling temperature (156 °C) to
room temperature. The POM single crystals deposited on a
carbon film were observed by TEM at -120 °C to minimize
the radiation damage by electrons.

3. Results
Figures 1 and 2 show the dark field images of it-PS

single crystals grown from the melt at 210 °C and a
solution-grown POM single crystal, respectively. The
electron diffraction shows that both the crystals have
the single crystalline orientation with chain axis almost
perpendicular to the lamellar surface. However, the
dark field images indicate the crystals are not really
single crystals but consist of six triangle sectors with
many parallel bands. The bands in a sector are nearly
normal to the growth face {110} for it-PS and {100} for
POM and aligned with an almost constant spacing. The
bands are visible in four sectors of six but not in the
other two sectors with growth faces parallel to the
diffracting plane, while in the bright field images they
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Figure 1. TEM dark field image with the 220 reflection (left)
and the electron diffraction pattern (middle) of an it-PS single-
crystal grown from the melt at 210 °C. Right: Schematic
picture of the stripe contrast and reflection vector, g, displace-
ment vector, dB, in each sector.
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are visible in all sectors.1 Hence the displacement
vectors, dB, which contribute to the diffraction contrast
have only the component parallel to the growth face in
each sector but not parallel to the c-axis. A band
occasionally splits into two as shown in Figure 3, and
the contrast of the band is not uniform but shows fine
structure.

Crystals of it-PS grown in ultrathin films (ca. 10 nm)
form dendrites with curved growth faces.l0 Figure 4 a
shows the TEM images of a dendritic lamella grown at
195 °C in a 10 nm ultrathin film. Although the stripe
contrast similar to those in the faceted crystals appear
in the dendrite, they are not perpendicular to the
crystallographic {110} plane but curve so as to be
normal to the growth faces of the dendrite; the bands
advance along the growth direction. The bands can be

here observed in the noncontrast sectors of the faceted
crystal, indicating that dB is no longer parallel to the
{110} planes but is always parallel to the growth face.
The splitting of a band is also frequently observed at
195 °C as shown in Figure 4b.

Figure 5 shows an in situ TEM image of an it-PS
crystal growing at 210 °C. Since the stripe pattern is
clearly observed in the image, the bands have been
already introduced during crystal growth, and hence,
we can discard the possibility that those are formed in
the quenching process.

To determine the lattice distortion which gives the
stripe contrast in the TEM image, the variation of the
contrast with the tilt of a crystal around the [1h10] axis
has been investigated. Figure 6 shows the successive
dark field images of an it-PS crystal of Figure 1 with
an interval of a tilting angle of 2° around the [1h10] axis,
which is normal to the reflecting vector as shown in the
figure. The bands shift the positions gradually and
reverse the contrast at about 6° of tilt (Figure 6, parts
b and e); the bright bands in part b turn into the dark
ones in part e and vice versa. The bright band in part a
grows broader gradually through part b to part c and
then splits into two narrower bands in part d, and
finally, in part e, those split bands join together to give
the contrast reverse to part a; the boundaries of bands
move with crystal tilt, and each bright band splits before
the contrast is reversed. The process does not occur
simultaneously in all bands, and the width and spacing
of those bands change inhomogeneously during the
tilt: The similar process in tilting has been also
observed in POM single crystals.

Figures 7 and 8 show the surface topography obtained
by AFM for it-PS crystals grown in the ultrathin filmsl0

at 210 and 195 °C, respectively. The stripes perpen-
dicular to the growth face are clearly observed in all
the six sectors of both the crystals. The height profile
in Figure 7b shows that the lamellar crystal has a wavy,
undulated surface with a height amplitude of about 1
nm. In Table 1 are shown the mean spacing of the bands
in TEM images λt and that in AFM images λa at three
crystallization temperatures, Tx (180, 195, and 210 °C).
The two spacings agree well each other at those tem-
peratures. Therefore, we conclude that the lattice
distortions observed by the dark field image accompany
the surface undulation. The spacing λ decreases with
lowering Tx. In Figure 9, the spacing is plotted against
1/∆T, where ∆T ) Tm - Tx represents the supercoolings
of the crystal growth (Tm is melting temperature, 242
°C).12 Since the lamellar thickness l depends on the
supercooling of crystal growth ∆T as l ) (R/∆T) + δl,13

Figure 2. TEM dark field image and electron diffraction
pattern of a POM single-crystal grown from the solution. The
diffraction spot, 100, used for this image is shown by the arrow.

Figure 3. Details of stripe contrast of Figure 1. The bound-
aries of each band are not clear and are not straight lines
either. Fine streaks can be found in a band. Some bands split
off toward growth face as shown by an arrow.

Figure 4. TEM 220 (shown by arrow) dark-field image of an
it-PS dendritic crystal grown at 195 °C in an ultrathin film
10 nm thick: (a) a whole crystal; (b) a magnified view of the
upper part of image a.

Figure 5. In situ dark field image with 220 reflection of an
it-PS crystal growing at 210° in TEM.
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where R and δl are constants, the spacing of the bands
increases with the lamellar thickness, neglecting δl of
the small value.

4. Discussion
The undulation of a lamellar crystal, i.e., the origin

of the stripe pattern in TEM, should be caused by the

tilt of chain stems in the lateral growth planes as has
been discussed by several authors;l,2,4 the tilt alternates
its direction in neighboring bands. The inhomogeneous
contrast observed within a band indicates that the tilt
is not uniform even in one band. The stripe contrast has
been also observed in the TEM images of solution-grown
PE crystals, where the contrast corresponds to the
domain structure, which is caused by collapse of the
hollow pyramidal crystal, and the stems tilt homoge-
neously in one domain as shown schematically in Figure
10a. Such a domain structure give the stripe pattern in
TEM, however, it cannot cause the displacement of the
boundaries of stripe contrast during the crystal tilting
as shown in Figure 6. The displacement of the contrast
indicates that the stem tilting should be gradual and
continuous in the lateral growth faces, and hence, the
boundaries of domains cannot be defined. The structural
model of the undulated lamellar crystal is shown in
Figure 10b. The lamella is deformed sinusoidally keep-
ing the chain directions perpendicular to the lamellar
surface; the chain axis tilts accordingly. Because of finite
thickness of the crystal the reciprocal lattice point (hk0)
elongates along the c* axis. The intensity of the dif-
fracted beam is accordingly appreciable over ∼2° of
crystal tilting in the present case.14 This undulated
lamellar crystal gives the “split and reversal” of the
stripe contrast (Figure 11); hatched areas represent the
regions where the reflection condition is not satisfied,
and hence the striped contrast show the “split and
reversal” with the tilting of crystals.

For the undulated lamella formed in the crystal
growth, we propose “buckling” model. A well-developed
polymer lamellar crystal could be regarded as a very
thin crystal sandwiched between fold layers as shown
in Figure 12a. Because of the disordered molecular
packing, the density of the fold layers is lower than that
of the crystal part. The fold layers are therefore under
substantial compressive stress through the crystal part
due to the chain connectivity. The system of the stressed
thin fold layer and crystal becomes mechanically un-
stable and buckle sinusoidally when the magnitude of
the stress becomes larger than a critical value deter-

Figure 6. Variation of stripe contrast of an it-PS crystal of
Figure 1 with increasing tilt angle every 2° from part a to part
e. The magnified image of sector A is shown in right-hand side
of each image. A vertical arrow at left side of part a represents
the axis of the tilt, [1h10], and a horizontal one the 220 reflection
vector.

Figure 7. (a) AFM image of the lamellar surface of an it-PS crystal grown in ultrathin films at 210 °C and (b) the magnified
image with surface height profile of line A-B.

Table 1. Growth Temperature Tx, vs Spacing of Bands λt
by TEM and λa by AFM

Tx (°C) λt (102 nm) λa (102 nm)

210 2.6 ( 0.4 2.6 ( 0.5
195 1.9 ( 0.3 1.8 ( 0.2
180 1.4 ( 0.2 1.4 ( 0.2
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mined by the size, form and elastic moduli of the
lamella. For a thin square plate with b in length and l
in thickness, sandwiched between compressed layers of
thickness t on both sides, the critical stress needed to
initiate buckling is given by15

where k is 4 for a square plate, E is the Young modulus,
ν is the Poisson ratio and D ) El3/12(1 - ν2) represents
the flexural rigidity of the plate. This expression of

critical surface stress corresponds to the one which was
already estimated for the lamellar twisting by Hoffman
and Lauritzen.16 In the crystal growth, the value of b
of a lamella in eq 1 becomes larger and larger, and hence
the critical stress, Pcr, becomes eventually smaller than
a fold surface stress Pe. The lamella should buckle
accordingly. Here exists a critical width, bcr, at which
the Pcr is equal to the Pe. After the lamella has buckled,
each crystallizing chain should attach parallel to the
tilted stem at the growth face and the tilts of stems
remain almost constant along the growth direction
keeping the bands normal to the growth face. We here
assume that this bcr corresponds to the wavelength of

Figure 8. AFM image of the lamellar surface of an it-PS
dendritic crystal grown in ultrathin films at 195 °C.

Figure 9. Spacing of the bands λ vs inverse of supercooling
1/∆T ) 1/(Tm - Tx), where Tm is the melting temperature, 242
°C,l2 and Tx the crystallization temperature, 180, 195, and 210
°C.

Figure 10. Schematic illustrations of lamellar structure
viewed from the lateral growth face. The short lines represents
the chain stems. (a) Domain structure model of chain tilt in
the case of collapsed nonplanar lamellae. The chain stems are
tilted against the lamellar normal. (b) Undulated lamellar
model. The lamella are deformed sinusoidally with chain stems
normal to the local lamellar surface and tilted periodically.

Pcr ∼ kπ2D
b2(2t)

) kπ2

12(1- ν2)( El3

2b2t) (1)

Figure 11. Schematic representation of the variation in the
stripe contrast with the tilt of the undulated lamella from part
a to part c, which are the cross section viewed from the [1h10]
tilting axis. The diffracting region with stems nearly parallel
to electron beam are represented by bright contrast in both
cross-sectional views (left) and top views (right); short lines
in the lamella represents chain molecules and the traces of
the reflecting plane. The reversal of the stripe contrast between
parts a and c, and the split of each band in part b are shown.

Figure 12. Schematic illustration of buckling deformation
and relaxation after it. (a) Cross-sectional view of the lamella
crystal sandwiched between stressed fold layers (Pe). (b)
Lamella deformed elastically into sinusoidal form after buck-
ling with periodical tilts of stems. (c) Lamella with parallel
stems after the rearrangement of folds by chain sliding.
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buckling λ, i.e., the band spacing observed. Accordingly,
at the critical width

hence

If Pe and t of compressed fold layers are assumed to be
almost constant irrespective of lamellar thickness, this
equation indicates a positive dependence of λ on l, which
is observed in Figure 9. The wavelength in the pattern
of buckling deformation of such a thin plate with
compressed surface layer is generally to be proportional
to its thickness, as observed in thin films of metals
supported on an elastomeric polymer.17 Furthermore,
the Pcr, calculated roughly from the values observed, l
and λ (∼b), and appropriate constants, E and v,18 is in
fact of the same order of magnitude, several hundred
megapascals, as the compressive stress of the fold layer
estimated from the E and the density difference between
amorphous and crystal phases. Since the folding char-
acteristic of polymer crystals is believed to occur mainly
along the each lateral growth face,13 in particular for
faceted single crystals, the undulations observed along
each growth face indicates that the stress causing the
buckling deformation could be originated from the folds
of chain molecules at both the surfaces of lamella. It
also has been proposed that lamellar twisting in banded
spherulites are caused by the stresses within the fold
layers; internal stresses on both sides of such a thin
plate could make itself mechanically unstable and
twist16,19 or cause spiral dislocations with same sense.20,21

For the lamellar twisting, a kind of chirality is required,
and hence for polyethylene, nonchiral molecules, uni-
form chain tilting to the lamellar normal was proposed
to result in the shear stress at opposite fold surfaces,
together with the strain at sector boundary.19,22 It has
been pointed out by Keith and Padden that in the
absence of chain tilt to lamellar normal, such surface
stress would be of small consequence to twisting of
lamellae, except perhaps that unmatched fluctuations
might cause wrinkling in otherwise flat crystal.19 It
should instead be noted here that it-PS crystals have
no chain tilting. It means that the main part of the
stress is uniaxial, along the growth face and hence
induces the undulated lamellae by buckling. In fact, the
spherulites of it-PS and P4MP are usually known to be
nonbanded.23

Since the buckling deformation should occur in the
direction of the maximum stress, the undulation parallel
to growth face in Figures 1, 2, and 4 indicate that the
direction of the maximum stress in the fold layer is
parallel to the growth face. Therefore, it can be con-
cluded that the molecular chains would principally fold
back in the lateral growth face, whether it is faceted
(Figures 1 and 2) or not (Figure 4). Although the fold
surface stress was assumed to be uniform and parallel
to growth face and equal at opposite fold surfaces so far,
there should be inhomogeneity in both the magnitude

and the direction due to the fluctuation of folding during
the growth. This inhomogeneity in fold surface stresses
causes inhomogeneous buckling deformation, and hence,
the contrast within a band is not uniform and bound-
aries are not straight as observed in Figure 3. The split
of a band near the growth face in Figure 3 can be due
to a twisting of the lamella by a few degrees toward the
growth face as depicted in Figure 13; the direction of
the lamellar normal changes gradually along the growth
direction and hence the diffracting regions represented
by hatched area show the split of a band. This twist
might also be attributed to differences in stress at
opposite fold surfaces.19,22,24

If the molecular rearrangement could be easy in the
crystal and the fold surface, there would disappear the
periodical tilt of stems as schematically shown in Figure
12, parts b and c. The polymers reported so far to show
the stripe contrast in the single crystals are it-PS, PPX,
POM, P4MP, cellulose triacetate, and xylan. These
polymers are rather stiff polymers with a large char-
acteristic ratio, C∞, and hence are difficult to slide along
the chain directions and to rearrange within the crystal.
Among those polymers, it-PS and P4MP form non-
banded spherulites23 and have little chain tilts against
the lamellar normal. Therefore the lamellar single
crystals of those polymers forming nonbanded spheru-
lites tend to buckle and form the undulated lamellae.

5. Conclusion

In this paper, we have found that the stripe contrast
in the TEM images of it-PS and POM single crystals
are due to the undulated lamella; the stems in the
crystal tilt in the growth face sinusoidally during crystal
growth. The wavelength of the undulation increase with
the lamellar thickness. We propose that the stressed
surface fold layers, which are characteristic of polymer
crystals, make the thin flat lamella elastically unstable
and cause the buckling deformation, leading to the
undulated lamellar structure along the growth face. The
direction of this buckling deformation along the growth
face suggests that the molecular chains mainly fold back
in the growth face even in the melt-grown crystals
without facets. This buckling deformation should occur
only for the polymer single crystals which have sym-
metrical fold surface stress in both sides, while for the
crystals with unsymmetrical fold stresses at opposite
sides due to a kind of chiral factor such as chain tilt to
lamella normal, the lamellar should twist as has been
observed in banded spherulites.
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Figure 13. Schematic 3-D illustrations of the undulated
lamella tilted to the electron beam (a) without twisting and
(b) with twisting toward growth face as shown by the 13
arrows, lamellar normals. The hatched areas represent dif-
fracting regions, producing the split band in part b.
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