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Periodic surface instabilities in stressed polymer solids
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The surface morphology of isothermally grown polymer single crystals of polypropylene is observed
by atomic force microscopy. The distinguishing features of the polymer single crystals studied are
periodic undulations and transverse fractures (cracks) across the single crystal laths. Up to 20 wrinkles
are observed near the edges of the cracks. The periodicity of these surface perturbations is 400+100 nm
and the amplitude is 63 nm. The formation of the periodic modulations and transverse fractures is at-
tributed to surface stress relief caused by the uniaxial thermal contraction of polymer solids.

INTRODUCTION

Surface and interface stability of growing solid films is
a vital issue for many technological applications. Forma-
tion of various perturbations of growing thin films under
stressed conditions has been observed for various poly-
mers.? Periodic surface perturbations and fractures
have been very recently observed by electron microscopy
in isothermally grown polymer single crystals of syn-
diotactic polypropylene (sPP) and associated with aniso-
tropic thermal expansion.>* The sPP single crystals are
good objects to investigate the stability for several
reasons.’~® First, the lathlike habits of sPP single crystals
provide the possibility of unambiguous identification of
surface features and their arrangement with respect to
the crystal edges and the crystal lattice (Fig. 1). Second,
x-ray data reveal a high anisotropy of thermal expansion
coefficient. The thermal expansion coefficient, K, along
the b axis of the unit cell is about 1 order of magnitude
higher than along the a axes. Third, the surface of an un-
stressed polymer single crystal is very smooth, with a mi-
croroughness in the range 0.3-0.5 nm®. From experi-
mental observations, undulation profiles should be ob-
tained along with the widths of cracks, surface profiles
close to the crack edges, and the period and amplitude of
the undulations to characterize perturbed morphology.
Atomic force microscopy (AFM) was selected as a pri-
mary method to investigate surface morphology in great
detail. > 1°

EXPERIMENT

Single crystals of sPP were prepared by isothermal
crystallization of ultrathin films by Lovinger, AT&T, ac-
cording to a procedure described earlier>* [see sketch of
the process in Figs. 1(a)-1(d)]. Cast polymer film was
melted at high temperature (150°C-170°C is the melting
range, T,,) and cooled to 130°C-145°C. Single crystals
were grown during a definite period of time (3-24h) at
this temperature, then rapidly cooled to room tempera-
ture. AFM images of the surfaces were obtained with an
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atomic force microscope, the Nanoscope II according to
known procedures.” 10 Heads J, D, and A4 were used for
scanning with applied forces of 1078 N in air and 107° N
under water. Gold-coated optical grating with 1 pum
spacing and grids with 10 um cell size were used for cali-
bration.

RESULTS AND DISCUSSION

Polymer single-crystals growing from a unique nucleus
are usually formed by several lathlike single crystals up to
40 pm length of main axes and up to 15 um across [Fig.
2(a)]. The height of these lamellar single crystal of sPP is
in the range of 10.51+1 nm. Detailed discussion of the
observed surface morphology will be published else-
where.!!

Distinguishing features of the single-crystal surface are
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FIG. 1. A general scheme of growth of a sPP single crystal:
(a) formation of the undulations for growing single crystal ex-
posed to modest thermal contraction at a low degree of super-
cooling; (b) formation of fracture caused by differential con-
tracting during cooling process; (c) “top-view” of a sPP single
crystal showing the orientation of the crystal lattice, the trans-
verse crack, and undulations.
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FIG. 2. AFM images of sPP single crystals: (a) five single
crystals grown from one nucleus, 50 um X 40 um; (b) cracks and
wrinkles on crystal surface, 17 um X 17 pm.

periodic patterns which include many periods of wrinkles
with straight microcracks running across the total width
of crystals [Fig. 2(b)]. Periodic surface perturbations and
microcracks run across the main axis of the lath crystals,
that is transversely to the b axes of the crystalline lattice
[Fig. 1(c)]. Three or four cracks were detected in a lath-
like single crystal that was up to 40 um long. Up to 30
periodic wrinkles running parallel to the microcracks
were observed. Examples of the sinusoid-like profiles of
the undulations are presented in Fig. 3(a). Presence of
one intense peak on the corresponding 1D Fourier spec-
trum confirms the periodic nature of the undulations
[Fig. 3(c)]. The periodicity, A, and the amplitude, A4, of
these perturbations were obtained from images and 1D
Fourier-transforms. Averaging over 10 crystals gives
A=400%100 nm and 4 =613 nm. The half-width of the
microcracks is 90130 nm.

It is known that regular surface modulations can be
created on a polymer surface by the AFM tip due to a
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FIG. 3. Cross sections of single-crystal surface perpendicular
to the undulations at various magnifications. (a) The numbers
on the graph correspond to the horizontal distances between the
nearest markers; (b) the numbers correspond to the vertical dis-
tances between the markers; (c) 1D Fourier spectrum of the
cross section of an undulation with a period, d, of 411 nm.

stick-slip instability.!? To eliminate this possibility, we
checked known features of this kind of process (see, for
example, Ref. 13) and observed that: (a) the observed sur-
face undulations do not depend upon scanning direction;
(b) the periodicity and amplitude of the undulations are
very stable and do not depend upon number of scans,
scanning rate, or scanning direction; (c) imaging at a very
low load (in water) reveals the same characteristic surface
features. Thus, we can conclude that the observed undu-
lations are real surface features and not an artifact pro-
duced by the AFM tip. The polymer crystal surface is
much more stable under normal scanning conditions than
surface of the amorphous polymers analyzed in Refs. 12
and 13.

The periodic surface pattern is very similar to those
detected and discussed for polymerized diacetylene single
crystals, for which surface instability mechanism was pro-
posed.* We compare the AFM data with the results of
nonlinear analysis of crack formation process in materials
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controlled by stress-driven surface instabilities.!>!¢ Re-
cently, Grinfeld and Srolovitz!®~!7 considered stressed
growing solids and predicted that surface diffusion can
lead to relaxation of stress via formation of periodic sur-
face perturbations with characteristics wavelength A_,,.
This could result in the formation of a periodic cracklike
pattern with microcracks forming on the minima of
periodic modulations. Experimental evidences of this
process have been very recently observed for various
compressed solids.!* 1618

Many features of surface undulations observed on sPP
crystals agree with these theoretical predictions. The fact
that all wrinkles run perpendicular to the direction of the
b axes, along which the uniaxial stress is produced is as
expected in the model. Several other features of the per-
turbed surface morphology are the shape of the surface
profile across the crack edges p(x ); the wavelength of the
surface undulations, A,,,; the temperature variation of
Amax; and the conditions for crack nucleation and propa-
gation, that is the critical size /*.

Surface profile. According to the theoretical predic-
tions, the surface profile across crack edges has a few
characteristic features which are attributed to diffusion
controlled evolution of the surface. This includes the de-
velopment of the bumps adjacent to the groove in which
material diffusing out of the groove accumulate. In addi-
tion, the cracks should form and propagate at the posi-
tions of minima of surface profiles, this is at the bottom
of the wrinkles. Our observations confirm both these
features. First, the accumulated ridges of material can be
seen in the cross section [Fig. 3(b)]. Second, the vast ma-
jority of the cracks on the surface actually occur at the
minima of the undulations.

Period of undulations. According to the present
theory,!>16 the surface of a stressed growing solid is un-
stable for stresses higher than the critical stress:

oZo,=[myE/(1—v)A]?, Y

where y is surface free energy, E is elastic modulus, v is
Poisson’s coefficient, and A is the wavelength of the sur-
face perturbations. At a given stress, o, the elastically
deformed surface becomes unstable for perturbations
with a wavelength:

Apax =m(1—v?)y /E€?, (2)

The quantities used in Eq. (2) are rarely available from
very limited experimental data for sPP and must be es-
timated from available data for isotactic PP. For estima-
tion of A,,,, we used the following set of parameters: for
the elastic modulus along the b axes of the crystal lattice
E ~3X10° Pa'’; for the surface energy y of the axb face
of the crystal lattice, A=50 N /m? for sPP from Ref 20;
for the Poisson coefficient, a common approximation
v=1; for the strain along the b axis, e=8b /b, where 8b
is a variation of the edge of the unit cell and b, is the ini-
tial length of the edge of the unit cell.

To calculate strain resulting from thermal contraction,
we used e=Kd8T, where K=28b /(bydT) is the thermal
expansion coefficient and =T —T,, is the degree of su-
percooling. From x-ray data®* K is 1.6 X10™* K~ ! for

the b axis. Thermal strain for the various degrees of su-
percooling was calculated by using this thermal expan-
sion coefficient. The actual process of polymer
solidification can be considered as occurring in two
succeeding stages (Fig. 1): a steady single-crystal growth
at low supercooling and fast cooling to room tempera-
ture. For these two different regimes strain levels associ-
ated with thermal contracting are €,~5X 1073 for the
growth stage at 130°C-140°C and €,~2.2X 1072 after
cooling to 25°C. Respectively, stress along the b axes is
o,;~16 MPa for the first stage, and much higher for the
cooling stage o,~66 MPa. From Eq. (2) we estimate the
expected wavelength of the surface undulations as
A,;=1700 nm and A,=100 nm for two degrees of super-
cooling, respectively. These estimates fit very fair to the
experimentally observed period of surface undulations
within the range 600—-200 nm.

The existing theory also predicts the dependence
AMe)~e~ 2 In the case of thermally induced stress one
could expect the relationship A~(8T)"2. We tried to
verify this prediction by analyzing the period of surface
undulations for polymer crystals grown at different de-
grees of supercooling. Unfortunately, the range of super-
cooling where flat lathlike single crystals can be grown
and surface undulations observed is very narrow, only
about 20°C. Growth temperatures out of this range yield
a spectrum of morphologies, from lathlike habits to
spherulites. Variations of the period A within the narrow
accessible range of supercooling cannot be measured ac-
curately enough to verify the expected relationship. Nev-
ertheless, we observed that the periodicity of surface un-
dulations increases for lower degrees of supercooling as
expected.

Crack propagation. In the framework of brittle frac-
ture mechanisms, newly created cracks are able to propa-
gate through a material only if their depth exceeds a criti-
cal length /*. In Griffith theory, for estimation of propa-
gation, a simple relationship ! >[*=2Ey /m(o)? can be
used. Estimated lead to significantly different critical
lengths at two different degrees of supercooling: /T =400
nm and /5 =22 nm. This difference is caused by the
difference in stress levels. The probability of nucleation
and propagation of the cracks caused by compressive
stress at low supercooling (T'=140°C) is very low be-
cause the compressive stress is low. The probability of
nucleation and propagation of the cracks is much higher
for the second stage of single-crystal formation. We can
make a crude estimate of the probability of crack propa-
gation at different stages using following simple argu-
ments. Consider every minimum of the undulations as a
“prospective crack nucleus” with the depth equal to the
amplitude 4 (/=6 nm). Let us assume Gaussian distri-
bution for the probability p of crack propagation in the
form p =1—exp[ —(I /1*)*] with [*=22 nm. For the ob-
served amplitudes of the undulations and the critical
lengths, the probability of propagation of the cracks
caused by compressive stress developing during iso-
thermal growth is only 2X1072%. Contrarily, during
second stage of cooling the probability of crack propaga-
tion is about 7%. As can be concluded from the AFM
data, only one of 15 to 20 surface undulations contains
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crack. This is fairly close to the above estimate. Thus,
we suggest that the thinner regions of the undulations
formed during crystal growth tend to crack during cool-
ing to room temperature.

Occasionally we observed some other surface features.
For example, the cracks sometimes run along the top of
the surface undulations or an irregular crack propagates
along the long axis of the lathlike crystals. High, period-
ic ridges than can be attributed to material pushed away
from the crystal during growth are occasionally observed
on top of the single crystals. For some specimens the un-
dulations tend to concentrate along the edge of the single
crystals. These features cannot be understood now and
require further detailed investigations.

CONCLUSIONS

We observed several intriguing features of the periodic
undulations and fracture surface of isothermally grown
single crystals of syndiotactic polypropylene. The com-
plex pattern of formation of the undulations and fracture
surface in the polymer studied can be briefly described as
follows. The Grinfeld-Srolovitz mechanism can account
for the undulations of grown single crystal at low super-
coolings. Within this approach, the undulations are
formed by surface diffusion and provide stress relief for
compressed interface. The source of the stress in this
case may be the contraction of the lathlike crystal at
lower supercooling. As the temperature falls as the sam-
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ple is cooled to room temperature, the forces increase,
but the diffusion coefficient of the polymer along the sur-
face falls even faster. If the diffusion cannot keep up with
the increasing stress, the Grinfeld-Srolovitz mechanism,
which would eventually form cracks, may be overtaken
by ordinary cracking. Because the lathlike crystals have
a high thermal expansion coefficient along its long axis
and are attached to an amorphous substrate with a much
lower thermal expansion coefficient, the contraction of
the crystals as it cools will be greater than the contrac-
tion of the substrate. This differential contraction pro-
duces high tensile forces in the lathlike crystals cooled to
room temperature and the cracks form across its thinnest
sections. These sections are at the minima of the undula-
tions that formed during crystal growth. Since the cracks
are narrow, it seems likely that ordinary cracks formed at
the weakest sections during fast cooling.

ACKNOWLEDGMENTS

Funding for this research (for V. V. Tsukruk) from a
Faculty Research and Creative Activities Support Grant
and The Petroleum Research Fund, administered by the
American Chemical Society, is gratefully acknowledged.
The authors are very grateful to Dr. A. Lovinger for sam-
ples of sPP single crystals, unpublished manuscripts, and
helpful discussions, and to Dr. B. Lotz for useful com-
ments.

1p. H. Geil, Polymer Single Crystals (Interscience, New York,
1963); B. Wunderlich, Macromolecular Physics (Academic,
New York, 1976).

2D. H. Reneker and P. H. Geil, J. Appl. Phys. 31, 1916 (1960).

3A. Lovinger, D. Davis, and B. Lotz (unpublished).

4A. J. Lovinger, B. Lotz, B. D. Davis, and M. Schumacher (un-
published).

5Z. Bu and S. Cheng (unpublished).

SA. J. Lovinger, B. Lotz, D. Davis, and F. J. Padden, Macro-
molecules 26, 3494 (1993).

7A. J. Lovinger, D. Davis, and B. Lotz, Macromolecules 24, 552
(1991).

8D. W. van Krevelen, Properties of Polymers (Elsevier, Amster-
dam, 1980).

9D. H. Reneker, R. Patil, S.-J. Kim, and V. V. Tsukruk, in Poly-
mer Crystallization, Vol. C-405 of NATO Advanced Study In-
stitute, edited by M. Doisere (Kluwer Academic, London,

1993), p. 357.

10G, Binnig, C. F. Quate, and Ch. Gerber, Phys. Rev. Lett. 12,
930 (1986).

11y, V. Tsukruk and D. H. Reneker, Macromolecules 27, 1152
(1995).

120, M. Leung and M. G. Goh, Science 255, 64 (1992).

13y, V. Tsukruk et al., Macromolecules 27, 1274 (1994).

143, Berrehar, C. Caroli, C. Lapersonne-Meyer, and M. Schott,
Phys. Rev. B 46, 13487 (1992).

I5M. A. Grinfeld, Sov. Phys. Dokl. 31, 831 (1986).

16w. H. Yang and D. J. Srolovitz, Phys. Rev. Lett. 71, 1593
(1993).

17D, J. Srolovitz, Acta Metall. 37, 621 (1988).

18R, N. Torii and S. Balibar, Low Temp. Phys. 89, 391 (1992).

19A. Sakurada, Makromol. Chem. 75, 1 (1964).

20E, J. Clark and J. D. Hoffman, Macromolecules 17, 878
(1984).



FIG. 2. AFM images of sPP single crystals: (a) five single
crystals grown from one nucleus, 50 pmX40 pm; (b) cracks and
wrinkles on crystal surface, 17 pum X 17 pm.



