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A
uxetic materials are materials with a
negative Poisson's ratio; they expand
laterally when stretched. This unu-

sual behavior was originally attributed to a
microstructure forming a reentrant net-
work.1�3 Meanwhile, additional mechan-
isms causing auxetic behavior andmaterials
with corresponding microstructures on mo-
lecular as well as macroscopic length scales
have been found,4�6 such as certain molec-
ular networks,3,7�9 networks of dilating
elastic elements,10�12 expanding chiral
honeycomb lattices,13,14 and rotating rigid
units.15�17 Nevertheless, auxetic materials
rarely occur naturally. Particular processing
steps are required for producing polymeric
materials with auxetic behavior such
as foams,1,18,19 microporous films and
fibers,20�24 and macroscopically perforated
sheets.25,26 Among the large class of semi-
crystalline polymers with a natural micro-
structure, auxetic behavior has not been
previously found. In these intrinsically na-
nostructured materials, 10 nm thick crystal-
line lamellae strengthen the material and
act as physical cross-links for the polymer
molecules. The spatial arrangement and
mechanical stability of crystalline regions
are important factors in determining the
mechanical properties of the material.27

Previous micromechanical studies focused
on averaged crystal orientation,28�37 crys-
tallinity during straining,34,36 and the study
of crazing,38,39 which is a common failure
mechanism of these materials. Here, we
report on unexpected locally auxetic beha-
vior in elastomeric polypropylene (ePP), a
semicrystalline polymer with a low degree
of crystallinity.40 Our results reveal a me-
chanism for auxetic behavior similar to the
stretchingmechanismproposed by Rothen-
burg et al.10 based on purely geometric
arguments. Its manifestation in ePP is re-
lated to the intrinsic properties of the ma-
terial on the nanometer scale.

RESULTS AND DISCUSSION

Figure 1a shows a scanning force micro-
scopy (SFM) phase image of the surface of
an ∼1 μm thick film of ePP before stretch-
ing. The 10 nm thick crystalline lamellae
appear as bright lines because they are
oriented perpendicular to the film surface.41

The polymer forms longmother lamellae on
which short epitaxial branches grow, form-
ing an angle of 80�between themother and
daughter lamellae.42�44 The lamellae are
straight before the film is stretched
(Figure 1a). Upon stretching the film in the
y-direction to ε = 40% (Figure 1b), the
lamellae deform in various ways: some
buckle, others bend, and others break up
into smaller fragments. The deformations
are not affine on the submicrometer scale.
On larger length scales (>1 μm), the defor-
mations follow the uniaxial stretching with
negligible lateral contraction as given by
the slit geometry. We compiled the series
of SFM phase images during stretching into
an animated image sequence (see Sup-
porting Information), which gives an im-
pression of the deformations that occur
on the 100 nm scale as the film is
stretched. Connection points between
large clusters of lamellae become obvious
as well as clusters of lamellae moving
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ABSTRACT We observe unexpected locally auxetic behavior in elastomeric polypropylene, a

semicrystalline polymer with a natural microstructure and a low degree of crystallinity. Our series of

scanning force microscopy images show the nanomechanical deformation processes that occur upon

stretching a thin film of elastomeric polypropylene. Upon uniaxial stretching, the angle between

epitaxially grown lamella branches remains constant and the lamellae elongate, resulting in locally

auxetic behavior (negative Poisson's ratio) on the 100-nanometer scale. This mechanism causing

auxetic behavior, which was previously proposed on the basis of geometric arguments, appears to be

an intrinsic property of certain semicrystalline polymers.

KEYWORDS: negative Poisson's ratio . nanomechanics . semicrystalline polymers .
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independently from each other. The deformation be-
havior of the crystal complex shown in Figure 1a and b
resembles a tree branch that is pulled through a highly
viscous liquid. This is plausible since the crystals
are solid with a Young's modulus of 40 GPa along
the chain direction,45 and the amorphous matrix is
viscoelastic at room temperature.40,46,47 Furthermore,
this mother lamella widens perpendicular to the
stretching direction from 631 nm at ε = 0% to
701 nm at ε = 40%.

We now address the deformation behavior of in-
dividual crystalline lamellae and their branchings dis-
playing locally auxetic behavior on the 100 nm length
scale. A striking feature is that the acute angles formed
between mother and daughter lamellae remain un-
changed up to global strains of ε = 40% (Figure 1c). The
scatter corresponds to the accuracy of the measure-
ment. The mean values are ∼80�, in accordance with
the epitaxial growth mechanism.42�44 At strains larger
than ε = 40%, some angles widen by ∼10� to 20�.
Figure 2 shows SFM phase images of lamellae that

are arranged in such a way that they form irregular
quadrilaterals with one diagonal oriented roughly
along the stretching direction with sizes from
∼100 nm (Figure 2a�c) to ∼1 μm (Figure 2d). The
lamellae elongate up to 1.5 times their initial length
(Figure 2). This large relative elongation of up to 50% is
unexpected considering that deformations of crystal-
line lattices upon straining are on the order of only a
few percent.48 On the 100 nm length scale, the quad-
rilaterals widen along the stretching direction aswell as
perpendicular to it. On the macroscopic scale, the
deformation of a material perpendicular to the strain
direction is described by Poisson's ratio. In analogy to
this concept, we describe the deformation behavior of
individual quadrilaterals by a local Poisson's ratio,
ν = �(Δd/d)/(Δl/l), where d and l are the width and
length of the quadrilateral perpendicular and parallel
to the stretching direction of the film, respectively,
and Δd and Δl are the corresponding changes.
ν = �0.68, �2.59, and 0.18 at ε = 60% for the cases
shown in Figure 2a, b, c, respectively. On the 1μmscale,
the quadrilateral shown in Figure 2d elongates only
along the stretching direction and keeps its width
perpendicular to the stretching direction, correspond-
ing to a local Poisson's ratio of ν = 0.0072.
Also the right-hand branch of the crystal complex

shown in Figure 1a widens perpendicularly to the
stretching direction from 631 nm at ε = 0% to
701 nm at ε = 40%. A local widening perpendicular
to the stretching direction is also visible in other
regions of the film (see Supporting Information). Al-
most all the lamellae elongate. Furthermore, there is no
correlation between the relative elongation of a lamel-
la and the fact that a lamella is a mother or daughter
lamella.
In addition to the lamella length, we measured the

angles of the quadrilaterals during stretching. The
angles of the ∼100 nm large quadrilaterals change
by less than 10� for ε < 40% (Figure 2a�c), whereas
those of the 1 μm large quadrilateral change up to 40�
(Figure 2d). On the basis of the results of the deforma-
tion behavior of the angles between mother and
daughter lamella (Figure 1), we conclude that angles
that do not or only slightly deform are formed by
epitaxially grown daughter lamellae; angles that
change significantly are unlikely to be formed by

Figure 1. SFM phase images of an ePP film before (a) and
after stretching the film in the y-direction to a global strain
of ε = 40% (b). Quadrilaterals A, B, and C are shown in Figure
2. D and E mark bending lamellae. (c) Angle j between
mother (M ) and daughter lamella (D ) as function of global
strain ε. For the branching numbered in (a) the average
anglejh over the interval from ε= 0% to ε=40% is given and
indicated with a solid line. The j-scale is the same for all
angles.
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epitaxially grown daughter lamellae. The deformation
behavior of quadrilaterals that do not deform perpen-
dicular to the stretching direction can be directly
derived from geometric relations (see the Materials
and Methods section) and is shown as solid lines in
Figure 2. The assumption of no deformations perpen-
dicular to the stretching direction is motivated by the
global constraints imposed on the film by the slit
geometry. The model describes the trend and the
magnitude of the measured relative lamella elonga-
tions for ε < 30% as well as the change of angles for the
quadrilaterals with a local Poisson's ratio ν = 0.18
(Figure 2c) and 0.0072 (Figure 2d). However, themodel
fails for the quadrilaterals with a negative local Pois-
son's ratio (Figure 2a,b). It predicts a change of angles
with increasing global strain ε. In contrast to this, the
measured angles are constant for ε < 40%, as is also
observed for other angles betweenmother and daugh-
ter lamellae (Figure 1). The local Poisson's ratio of the
quadrilateral shown in Figure 2b is ν=�2.59. This value
is smaller than �1, which indicates that this quadrilat-
eral widens more than it elongates. A behavior where

only the sides of the quadrilateral elongate while the
angles stay constant corresponds to a local Poisson's
ratio of ν = �1. On releasing the strain, the quadrilat-
erals shrink along the stretching direction. In contrast,

Figure 2. Deformation behavior of individual crystal complexes: (a�c) on the 100 nm scale, (d) on the 1 μm scale. SFM phase
images at ε = 0%, ε = 60%, and after releasing the strain to ε = 27%, relative elongation of crystalline lamellae marked in the
SFM images, and angles between these crystalline lamellae as a function of global strain ε (from top to bottom). The colors in
the SFM images correspond to the colors of the data points. The lines show the expected behavior assuming no expansion of
the quadrilaterals in the x-direction.

Figure 3. Sketches of the assumed deformation behavior of
a quadrilateral of crystalline lamellae (left) and an individual
crystalline lamella forming one side of the quadrilateral
(right, viewed perpendicular to the lamella side) upon
stretching the ePP film along the y-direction. The grain
structure of the lamella is indicated. (a) Initial state, (b) after
deformation. The lamella widthw is constant. The volume V
of the amorphous region enclosed by a quadrilateral is
marked in gray. It increases upon stretching the film:
V = V0(1 þ ε).
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their widths remain almost constant perpendicular to
the stretching direction. This is accompanied by a
shortening of the lamellae and changes of the angles
of the quadrilaterals (Figure 2). Since the maximum
global strain of ε= 61% is beyond the elastic limit of the
material,20 we attribute the relaxation behavior to
partially plastic deformations of the microstructure.
We now discuss possible explanations of the ob-

served deformation behavior during stretching. We
observe that many crystalline lamellae break into
smaller fragments, which supports the models of
Strobl49 and Sirota,50 who proposed that each lamella
is a mosaic of ∼10 nm large crystalline grains. Other
lamellae, in particular those forming the large crystal
complex shown in Figure 1 and the ∼100 nm large
quadrilateral shown in Figure 2a�c, elongate consid-
erably while retaining their continuous shape even at
large global strain. The elongation is an order of
magnitude larger than the elongation of the lattice
constant during straining.48 The apparent growth dur-
ing straining can be explained with the block model of
crystalline lamellae.49,50 One explanation is that the
growth of the lamellae occurs at the grain boundaries
between the small grains when they are pulled apart.
An alternative explanation is a rearrangement of grains
viamotionof grain boundarieswithin a lamella (Figure 3).
On length scales g 1 μm no deformations occur
along the x-direction (Figure 2d). This is in accordance
with the global constraints imposed on the film by the
slit geometry. This fact and the assumption that the
volume is conserved on length scales g 1 μm imply
that the thickness h of the film is reduced to h/(1 þ ε)
upon stretching the polymer film. We will show that
this is an important factor causing the locally auxetic
behavior. For ε = 60%, the film thickness should
decrease by 37.5%. This is corroborated by an observed
decrease of the height corrugation of the film surface.
We can only speculate about the internal rearrange-
ments of the crystalline lamellae during this change of
shape. Lamellae are oriented perpendicular to the film
surface and are known to extend throughout the entire
film.41 Since we do not observe individual lamellae
poking out of the film surface upon stretching the film,
we assume that the height of each lamella is reduced
by the factor (1 þ ε)�1 (Figure 3). This decrease in
lamella height is accompanied by the apparent growth
of the crystalline region along the long axis of the
lamella so as to conserve the volume of crystalline
material within each lamella since the width of lamel-
lae are known not to change during straining.29 The
entanglements of polymer chains prevent the increase
of the lamella width during deformations. This is the
same reason that limits the growth of lamella width
during crystallization.49 The local conservation of the
volume of the crystalline material implies that the
overall crystallinity of the sample does not change
during straining. This agrees with observations that

more than 300% strain is required for inducing addi-
tional crystallization of this material.34

The proposed deformation mechanism of quadrilat-
erals implies that the volume V of the amorphous
region enclosed by a quadrilateral increases by the
factor (1þ ε) upon stretching the polymer film in the y-
direction. The dilation of the volume V enclosed by a
quadrilateral validates identifying this deformation
behavior as locally auxetic deformation behavior.
Furthermore, if the number of atomswithin the volume
V = V0(1 þ ε) does not change, the increase in volume
corresponds to a reduction of the density by a factor
(1 þ ε)�1. This local density decrease is probably
accompanied by a compression of the amorphous
regions surrounding the expanding quadrilateral.
Due to this micromechanical deformation mechanism,
spatial density heterogeneities are expected to be
generated on the 100 nm length scale upon stretching
the polymer film. Sincewe do not observe a depression
of the film surface inside the quadrilaterals or a
squeeze-out of amorphous material in the vicinity of
those quadrilaterals, we conclude that if such density
heterogeneities are initially created by stretching the
film, they relax within the time required tomeasure the
SFM images (within an hour ormore). This time ismuch
larger than the time constant of stress relaxation in
ePP, which ranges between 10 s and 30min.46,47 Some
very interesting and open questions in this context are
the roles of molecular conformations within the amor-
phous phase, the topology of the network formed by
the entanglements and polymer chains anchored
in the crystalline regions, and the deformations of
the molecular network upon stretching the film.

Figure 4. Schematic diagram of the setup used in the
micromechanics experiment. (a) Silicon substrate with a
support frame and a polymer film (marked by a dashed line)
deposited across the slit. The slotted substrate was cut from
a siliconwafer with a water-jet-guided laser (Laser MicroJet,
SYNOVA, Lausanne, Switzerland). (b) The substrate with the
free-standing film is glued onto a piezoelectric-driven
symmetric stretching device (d-Drive, Piezosystem Jena,
Jena, Germany), and after the glue has hardened, the
support frame is removed. (c) The free-standing polymer
film is stretched and itsmicrostructure is observedwith SFM
at the surface of the film. The movement of the piezo drive
was calibrated using an optical microscope.
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Large-scale computer simulations based on molecular
dynamics and/or Monte Carlo methods are required to
resolve these questions.

CONCLUSIONS

The constant width of the crystalline lamellae and
the volume conservation of crystalline material cause

the elongation of lamellae along their long axis. The
epitaxial relationship between mother and daughter
lamellae explains the mechanical stability of their
connection during straining. As a result, the increase
in length combined with the fixed angles between
mother and daughter lamellae cause the locally auxetic
behavior on the 100 nm length scale. This is a
manifestation of the general, length-scale-indepen-
dent mechanism for auxetic behavior that was pro-
posed by Rothenburg et al.10 based on purely
geometric arguments. Our results show that locally
auxetic behavior is an intrinsic property of certain
semicrystalline polymers. More broadly, our results
demonstrate that a microstructure configuration of
elements that only elongate upon straining while
maintaining constant angles between them is a feasi-
ble route for the design of auxetic materials. An
example of such a material might be R-polypropylene,
where crystalline lamellae form a cross-hatch
structure,43,44 which is a continuous network of
∼100 nm large quadrilaterals, like that in our work.

MATERIALS AND METHODS
We developed a sample preparation technique and a tensile

straining setup that allow the deformations of individual crystal-
line lamellae at increasing degrees of strain to be imaged with
scanning force microscopy. We investigated elastomeric stere-
oblock polypropylene polymerized by metallocene catalysis40

with a weight-average molecular weight of 153 kg/mol, an
[mmmm] pentad content of 26%, which corresponds to 12%
crystallinity,36 and a glass transition temperature of 5 �C. An
approximately 1 μm thick film of ePP was prepared by drop
casting a 5 mg/mL ePP solution in decaline onto a NaCl crystal.
The dried film was floated onto a water surface and transferred
onto a slotted silicon substrate, as shown in Figure 4a. NaCl
residues were removed with distilled water. The film was
stepwise stretched in the y-direction to a maximum strain of
ε = 61%. Afterward, the strain was stepwise reduced to ε = 27%,
where ε is the global strain in the y-direction given by ε =
(L� L0)/L0, where L is the slit width and L0 = 150 μm is the initial
slit width. To prevent damage to the tip and film, the SFM tip
was retracted while varying the strain. After each stretching
step, the same area of the free-standing polymer film was
imaged with tapping mode SFM, as described previously.51 To
correct for global displacements of the specimen, the series of
images was registered by laterally shifting individual images to
achieve a best fit. Angles and lamella lengths were measured
using ImageJ.52 The relative elongation (l � l0)/l0 of the indivi-
dual lamellae was calculated from the initial length l0 of the
lamellae and their length l at global strain ε.
Figure 5a shows the deformations of a two-dimensional

quadrilateral upon uniaxial elongation along its diagonal. The
deformation of the left-hand side of the quadrilateral is shown in
Figure 5b,c. The relations between the initial length of the side l0
and the lengthsa andb and its length l at strain ε and the lengthsa
and b(1þ ε) are given by the Pythagorean formula. From this, the
relative elongation of a side of the quadrilateral is calculated to be

(l � l0)=l0 ¼ [1þ2ε(1þε=2)sin2(R0)]
1=2

The angle R0 is defined in Figure 5. The relation between the
angle (R þ β) at strain ε and the initial angle (R0 þ β0) at strain
ε = 0 can be easily derived from the geometric relations given in
Figure 5.
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