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ABSTRACT: Scanning probe microscopy was used to simultaneously determine the molecular chain
structure and intrinsic mechanical properties, including anisotropic elastic modulus and friction, for
lamellae of highly oriented high-density polyethylene (HDPE) obtained by the melt-drawn method. The
molecular-scale image of the highly oriented lamellae by friction force microscopy (FFM) clearly shows
that the molecular chains are aligned parallel to the drawing direction, and the periodicities along and
perpendicular to the drawing direction are 0.26 and 0.50 nm, respectively. The results indicate that the
exposed planes of the lamellae resulting from the melt-drawn method are (200), which is consistent with
results of transmission electron microscopy and electron diffraction. Because of the high degree of
anisotropy in the sample, coming from alignment of the molecular chains along the drawing direction,
the measured friction force, F, determined by FFM is strongly dependent on the angle, 6, between the
scanning direction and the chain axis. The force increases as 0 is increased from 0° (i.e., parallel to the
chain axis) to 90° (i.e., perpendicular to the chain axis). The structural anisotropy was also found to
strongly influence the measurements of the transverse chain modulus of the polymer by the nanoinden-
tation technique. The measured value of 13.8 GPa with transverse modulus was larger than the value
4.3 GPa determined by wide-angle X-ray diffraction, which we attributed to anisotropic deformation of
the lamellae during nanoindentation measurements that was not accounted for by the elastic treatment
we adopted from Oliver and Pharr. The present approach using scanning probe microscopy has the
advantage that direct correlations between the nanostructure, nanotribology, and nanomechanical
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properties of oriented samples can be determined simultaneously and simply.

Introduction

Polymers are used in a variety of engineering ap-
plications nowadays. For a large number of these
applications, the mechanical properties dictate a poly-
mer’s suitability for the intended usage. In the past, the
isotropically averaged parameters would be sufficient
for the consideration, even when the polymer is aniso-
tropic as the domain size of an ordered polymer is
usually ~um. However, as engineering applications are
approaching nanometer scales, anisotropy in the physi-
cal properties will have to be considered. Traditional
methods used to determine the mechanical properties
of polymers, such as tensile testing techniques, are
macroscopic and provide an average measurement due
to contributions of many molecular chains with random
orientations. To determine the intrinsic mechanical
properties of ordered polymer chains along different
directions, such as chain modulus along and perpen-
dicular to the chain axis, indirect probes such as laser
Raman spectroscopy,! elastic neutron scattering,?2 and
wide-angle X-ray diffraction® have been used. A main
disadvantage of these techniques is the complex and
tedious calculations that must be carried out to deal
with the data. The major difficulty preventing the direct
mechanical approach from being usable comes from the
lack of samples with well-organized structures that are
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big enough for studies with conventional mechanical
testing methods.

With the invention of scanning probe microscopy
(SPM),* it is now possible to make characterization of
surface morphology, mechanical, and other physical
properties from ~10% um down to ~1 nm over a broad
range of fundamental and applied science.>® For in-
stance, SPM has been used to observe the nanostruc-
tures of polymer single crystals”® and to measure the
nanomechanical properties, such as hardness,® elastic-
ity,10 and viscoelasticity,'12 of polymer thin films. In
this work, we used SPM to study the mechanical
properties of polymer chains in a single domain within
an oriented high-density polyethylene lamellae by direct
mechanical means. By simultaneously recording the
morphology of the polymer, a more precise structure—
property relationship can be obtained. Briefly, highly
oriented lamellae of high-density polyethylene with
chain axis parallel to the supporting substrate were
obtained by the melt-drawn method. The morphology
and nanostructure of the highly oriented lamellae were
observed by transmission electron microscopy (TEM)
and SPM. Then the anisotropic friction and transverse
elastic modulus (perpendicular to the polyethylene chain
axis) were measured by friction force microscopy (FFM)
and nanoindentation, respectively, while the longitudi-
nal elastic modulus (along the chain axis) of polyethyl-
ene is already known from a previous study by us.'® On
the basis of the structure of the highly oriented lamellae,
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we shall discuss the anisotropy we found in the me-
chanical properties measured.

Experimental Section

Sample Preparation. The high-density polyethylene
(HDPE) utilized in this work is Marlex 6003 with a weight-
average molecular weight of 2 x 10° Da. Highly oriented thin
films of HDPE with lamellar structure were prepared accord-
ing to the method by Petermann and Gohil** using very high
longitudinal flow rate on the order of 10* s%. A solution of
HDPE in xylene (0.5 wt %) was uniformly spread on a
preheated glass plate, and the solvent was allowed to evapo-
rate at the preset temperature (128 °C). A thin supercooled
polyethylene film was then quickly drawn vertically from the
melt. The drawing speed was 4 cm s~%. This procedure yields
films that are 50 to 100 nm thick. A small piece would then
be taken out from the film and put onto a copper grid if it was
to be studied by TEM but would be put onto a freshly cleaved
mica if it was to be investigated by SPM. Before TEM or SPM
studies, the thin films were annealed in a vacuum oven at 128
°C for 2 h.

Instrumentation. The morphology of the films were ob-
served by a JEOL 2010 TEM with an accelerating voltage 200
kV. The thin films were shadowed by Pt for better contrast. A
gold sample was used for the calibration of the electron
diffraction (ED) spacing.

The nanostructure and friction properties of the lamellae
were investigated using FFM with a silicon nitride tipped
cantilever of spring constant 0.06 N/m*5 (Digital Instruments).
Imaging was carried out in constant force mode.

The elastic modulus of polyethylene chains perpendicular
to the chain axis was measured by nanoindentation on the
highly oriented lamellae prepared as described above. Nanoin-
dentation was performed using a Digital Instruments Multi-
mode NanoScope Illa SPM with a diamond tip mounted on a
stainless steel cantilever from the same manufacturer. The
diamond tip is a Berkovich-like three-sided pyramid with an
apex angle of about 60°, yielding an included half-angle a of
about 21.6°% (manufacturer’s specification). The nominal
spring constant of the stainless steel cantilever is 186 N/m,
and the angle of the cantilever to the horizontal was 12°. The
cantilever sensitivity was measured using a sapphire sample
before and after the indentation. For all SPM indentation
studies, the indentation rate was 4 Hz and the lateral
compensation angle was 25°. These values for the indentation
rate and lateral compensation angle were optimized using
methods detailed in refs 13 and 17.

Data Analysis of the Nanoindentation. Before nanoin-
dentation measurements, the sample was imaged using the
“tapping mode” to locate the area of interest. During nanoin-
dentation measurements, the probe oscillates as it is lowered
onto the surface in a manner similar to the last stage of the
tip engagement process. When the probe detects the sample
surface, the probe oscillation was stopped and the indentation
process was “triggered”, and a force—distance curve was
acquired. The indented sample was then imaged again using
“tapping mode” for comparison with the image taken before
nanoindentation. During indentation, the cantilever is driven
down toward the sample surface by a piezoelectric actuator,
resulting in both probe tip deflection and sample indentation.
The amount of sample indentation is dependent on the relative
stiffness of the sample and the cantilever probe. In the extreme
case where the sample is infinitely stiff compared to the probe
tip, no indentation will occur. The relationship between the
displacement of the piezoelectric actuator (Azp), the tip deflec-
tion (Az), and sample indentation, i.e., surface deformation
of the sample (Azy), is simply?819

Azy = Az, — Az, cos(12°) 1)

where the cos(12°) factor corrects for the fact that the
cantilever has a built-in 12° inclination to the horizontal. The
indentation force applied to the sample, P, can be obtained
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Figure 1. A typical nanoindentation curve on highly oriented
lamellae of HDPE with ca. 2.3 uN. hs is the permanent
indentation depth of the contact impression after unloading,
ho is the contact depth that would have been made by a flat
indentor, and hmax is the maximum indentation depth at peak
indentation force, Pmax. The dotted line is the expected unload-
ing curve of a flat indentor. The slope of the dotted line is equal
to that of the unloading curve at Pnax, Which is the measured
value of the sample stiffness, S.

directly from P = k.Az; cos(12°), where k. is the spring constant
of the cantilever. In the force—distance curves measured by
us, the ordinate is the indentation force, P, and the abscissa
is the sample deformation, h (=Azs). A typical nanoindentation
curve on the highly oriented lamellae of HDPE is shown in
Figure 1, where h¢ is the permanent deformation of the sample
after complete unloading, hmax the maximum deformation at
the peak indentation force Pmax, and hg the contact depth that
would be made in the sample if the indentor were a flat punch.
(For conical indentors such as the one used in this experiment,
the contact depth is ~0.72h,.2°) We analyzed the load-deforma-
tion curves we acquired by the method Oliver and Pharr
proposed,?° in which the hardness impression of the sample
produced by nanoindentation was considered. As pointed out
by these authors, the effective elastic modulus Eg of the
sample is generally related to the stiffness of the sample at
unloading, S = dP/dh(hmax), and the projected contact area at
the maximum indentation, A: 2°

S 0
A

1
B

where j is a geometrical factor dependent on the shape of the
indentor. For the Berkovich-like indentation tip used here,
is assumed as 1.034.2° The effective modulus E takes into
account the elastic deformation occurring in both the sample
and the indentation tip and is related to the Young's modulus
of the sample, E;, and that of the tip, E;, by

Eeff =

NG

2 2
1—v, +1—vt

1 _

S

where vs and v¢ are the Poisson’s ratio of the sample and the
tip, respectively. In this work, a diamond tip was used; hence,
E: = 1141 GPa and v; = 0.07.

It has been reported that the roundness of the indentation
tip might have influence over the resultant nanoindentation
measurements. Assuming a perfect indentation tip will result
in an underestimation for the projected contact area and hence
an overestimate of the elastic modulus for the sample (see eq
2). Since the tip used in this work is not perfectly sharp, the
influence of roundness of the tip on the projected contact area
should be considered. Sawa et al.?! calculated a correction for
the projected contact area, A, to account for the effect of
roundness of a tip. For a three-sided pyramidal indentation
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tip used in the present study, the corrected A by Sawa et al.
is given by

A = 3 +/3(tan” a)(h, + Ah;)? (4)
where the correction factor Aht is
Ah; = (R/8) cot’ o (5)

Here, R and o are respectively the tip radius and the half-
including angle of the three-sided pyramidal indentation tip.
The tip radius, R, and correction factor, Ah+, can be deduced
from indentation measurements on a standard sample of fused
silica using egs 2—5 (Valley Design Corp. Westford, MA). It is
used because it is elastically isotropic, its modulus of 72 GPa
is well-known, and its modulus is independent of the indenta-
tion depth.?°) On the basis of five indentation measurements
on a fused silica sample, we found that the tip radius, R, and
the correction factor, Ahy, were 45 +£ 5 nm and 36 + 4 nm,
respectively.

The unloading stiffness, S = dP/dh at h = hpmay, i.e., the
initial slope of the unloading curve, can be determined from
the empirically found relation for the indentation—deformation
curve:

P =B(h—h)" (6)
where B and m are fitting parameters. Combining egs 2—6,

the Young's modulus of the sample, E, can be determined from
the indentation—deformation curve by

E = (1 - VSZ)S
S 1.053(h, + 36) — 0.001S

(in GPa) @)

Results and Discussion

Morphology of Highly Oriented Lamellae. Figure
2 shows a typical bright field TEM micrograph obtained
from the melt-drawn HDPE films, in which the crystal-
line regions appear dark and the amorphous regions
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appear bright. The arrow indicates the film drawing
direction. As seen, our sample is consisting of highly
oriented lamellar crystals with growth direction per-
pendicular to the film drawing direction and lamellar
longitudinal length ranging from a few tenths of nan-
ometers to a few micrometers, consistent with previous
results.?? The average thickness of the lamellae is about
36 nm. According to the electron diffraction pattern of
the same sample (inset of Figure 2), the lamellar
crystals display a (200) surface plane texture with the
c axis, i.e., the chain axis, parallel to the drawing
direction and the a axis perpendicular to the plane of
film. This uniplanar texture is likely a result of the
oriented nucleation in the thin film with the preference
in PE to have the b axis as the fast growth direction.??

To examine the (200) surface plane texture of the
highly oriented lamellae further, FFM is employed. The
morphological features of corrugated surfaces can some-
times be enhanced in FFM images since the torsion
signal contains the derivative information on the surface
topography.8 In Figure 3a is shown the FFM topographi-
cal image of the melt-drawn HDPE thin film. The arrow
indicates the drawing direction. The highly oriented
crystalline lamellae are clearly evident, with the fast
growth direction being perpendicular to the drawing
direction. The average thickness of the lamellae mea-
sured by FFM is about 48 nm, which is ~30% larger
than the value found by TEM mentioned above. We
believe that this is because in FFM, the tip cannot
distinguish the amorphous regions from the lamellae.
Hence, the lamellar thickness 48 nm obtained by FFM
indeed corresponds to the period of the oriented lamel-
lae, which includes both the amorphous and the crystal-
line regions. To obtain a molecular-scale FFM image of
the lamellae, a smaller area in the crystalline region in
Figure 3a (5.27 nm x 5.27 nm) was selectively scanned.
The main panel of Figure 3b displays the resultant
image, where 2D fast Fourier transformation filtering

Figure 2. TEM image of a melt-drawn HDPE film. The electron diffraction pattern is shown in the inset. The arrow indicates

the drawing direction.
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Figure 3. (a) Topographical FFM image of a melt-drawn
HDPE film, which clearly reveals that the film consists of
highly oriented lamellae with the fast growth direction per-
pendicular to the draw direction shown by the arrow. The Z
range is 150 nm. (b) Molecular-scale FFM image of the highly
oriented lamellae is shown in (a). The Z range is 0.03 V. The
scan rate was set as 17.4 Hz to minimize noise. The 2D fast
Fourier spectrum is given in the inset. The arrow indicates
the drawing direction.

had been performed to remove the high-frequency noise.
The scan rate was chosen to be 17.4 Hz to minimize the
amount of noise produced in the image. The arrow in
the figure indicates the drawing direction. Consistent
with results depicted above, molecular chains of the
lamellae are oriented along the drawing direction. The
inset of Figure 3b shows the 2D fast Fourier spectrum
for the image shown in the main panel. Four intense
diffraction spots could be clearly seen, based on which
the spectral periodicity along and perpendicular to the
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drawing direction are determined as 0.26 and 0.50 nm,
respectively. As is well-known, the identity periodicity
of the zigzag molecular chain (—CH,— units) of HDPE
is 0.253 nm. The orthorhombic unit cell parameters of
HDPE crystals are 0.742, 0.495, and 0.253 nm along the
a, b, and c axis, respectively. From the above TEM and
ED results, the sample displays a (200) surface plane
texture of the lamellae, with the ¢ and b axes being
along and perpendicular to the drawing direction,
respectively. In a (200) plane of HDPE, we expect the
distance between two neighboring chains to be 0.495
nm, i.e., the periodicity along the b axis. Accordingly,
we may identify the spectral periodicity of 0.50 nm
perpendicular to the draw direction in the molecular-
scale FFM image (Figure 3b) with the distance between
two neighboring chains and the spectral periodicity of
0.26 nm along the draw direction in the same image
with the identity periodicity of the zigzag molecular
chains of HDPE. Therefore, all our TEM, ED, and FFM
results are consistent with the conclusion that the
exposed plane of the highly oriented HDPE lamellae is
(200), with the chain axis being parallel to the drawing
direction.

Anisotropic Friction Property of Highly Ori-
ented Lamellae. When a tip scans over the surface of
a sample in FFM, deformation in the sample surface
occurs because of mechanical interactions between the
tip and the surface, giving rise to the necessity of a
minimum work to initiate or sustain tip scanning. This
critical work accounts for the friction force between the
tip and the surface. To monitor friction forces in this
work, the line direction was set to retrace for the
recording of FFM images. In this scheme, bright regions
correspond to small friction forces and dark regions to
high friction forces in the resultant images.*

As the above results show, the melt-drawn HDPE
films consist of highly oriented lamellae, with (200)
exposed planes and high degree of molecular chain
alignment in the lamellar surface. It is interesting to
investigate how the friction property of this sample may
depend, if it does, on the scanning angle, 0, between the
scanning direction of the FFM tip and the chain axis.
Shown in Figure 4a—d are the friction images of the
sample at scanning angles 90°, 60°, 30°, and 0°, respec-
tively. (The topographical image can be found in Figure
3a.) The arrow indicates the drawing direction (|| to the
¢ axis). Evidently, the friction image gets brighter (lower
friction) as the scanning angle is decreased from 90° to
0°. Therefore, the friction force, which acts on the FFM
tip as it traverses the surface of the highly oriented
lamellae, decreases as the tip scanning direction is
increasingly aligned with the chains.

To quantitatively determine the friction force, friction
hysteresis loops are acquired. Basically, the slow scan
axis of FFM is first disabled, and then the tip is scanned
back and forth repeatedly along the same path on the
surface of the sample. Figure 5 shows the data obtained
this way at different scanning angles. The friction force
is determined by halving the difference between the
line-averaged lateral forces along each scanning direc-
tion in the friction loop. The fact that the shapes of the
forward and backward leg of the hysteresis loop look
alike indicates that the friction force is independent of
the scanning direction. However, there is an offset
between the two, which reveals the amount of dissipa-
tion in mechanical energy. We further note that there
is no observable change in the shape of the hysteresis
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Figure 4. FFM images of highly oriented lamellae (the same sample used in Figure 3a) with various scanning angles, 0, of (a)
90°, (b) 60°, (c) 30°, and (d) 0°. The Z range is 0.2 V. The scanning angle is the angle between the scanning direction of the FFM
tip and the chain axis (c axis) of highly oriented lamellae. The arrow in (a) indicates the drawing direction. The line direction of
the FFM was set as retrace (right to left) for recording the images in the present experiments.
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Figure 5. Tip—surface friction force on highly oriented
lamellae as the sample is moved back and forth along the same
line on the sample. Four sequential loops of friction versus
position with scanning angles of 90°, 60°, 30°, and 0° are
shown, offset vertically with respect to one another. The solid
lines represent the left-to-right scans, and the dashed lines,
the right-to-left scans.

loops obtained in consecutive scans (not shown). This
suggests that the sample is not damaged during the

course of tip scanning; hence, variations in the friction
curve truly reflect the local variation in the friction of
the sample. The friction forces of the sample normalized
to the value measured at 6 = 0° are plotted versus the
scanning angle, 6, in Figure 6 (open squares), which
guantitatively shows the anisotropy in the friction of
the lamellae. As seen, the highest friction force between
the tip and the lamellae occurs when the scanning angle
is 90°. In other words, the friction is the highest when
the tip is scanning perpendicular to the chain axis. As
mentioned above, the lamellae are consisting of parallel
arrays of polymer chains lying along the c axis, each
containing molecular units (—CH,—) that are arranged
in a zigzag manner along the length of the chain. When
the tip scans perpendicular to the chain axis, i.e., 0 =
90°, the tip will necessarily bump into the chains and
likely produce acoustic excitations by which dissipation
occurs. When the tip scans along the chain axis, i.e.,
6 = 0° on the other hand, molecular-scale position
shifting of the tip may occur during scanning to avoid
crossing the chains, which causes dissipations. This may
allow for a smaller friction force. When 6 is between 0°
and 90°, consider the friction force as composed of two
parts: one perpendicular to the chain axis and one
parallel to the chain axis. If the two parts combine
simply like independent vector components, one will ex-
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Figure 6. Relationship between the friction force normalized
to the value measured at 0° and the scanning angle, which
indicates that the friction force increased as the angle between
the chain axes and the scanning direction increased from 0°
to 90°.

pect the normalized friction, F(6)/F(0), to be v/{cos? 6 +
[F(90°)/F(0)]? sin? 6}. This expression is plotted as
dashed line in Figure 6, with F(90°)/F(0) = 8.2 being
used. Clearly, this simple model overestimates the
friction force for 6§ < ~60°. Probably, small adjustments
of the tip position occur continually, during scanning,
to lower dissipation. This will naturally happen if the
tip shifts toward a direction with scanning angle <6.
However, this shift in the direction will have to be
corrected when the torsion in the tip can no longer be
sustained by the friction force of the sample, and
slippage of the tip back to the imposed scanning
direction 6 will occur. This forseeable zigzag behavior
in the friction force during the course of scanning seems
evident in all friciton hysteresis loops displayed in
Figure 5. Assuming that for the majority of the time
the tip samples the lower friction force of the smaller
scanning angle = (6 — 10°), the measured average
friction force will then be closer to F(6 — 10°). The solid
line in Figure 6 shows the model form for F(6 — 10°)/
F(0), which clearly demonstrates excellent agreement
with the data. The interpretation for the anisotropic
friction measurements based on the simple picture
proposed here seems to work quite well. A word needs
to be said about the accuracy in the measurement of 6
since an error of 10° in & may also explain the data.
However, an inspection on the relative orientations of
the lamellae in the FFM images of Figure 4a,b (where
the relative bearing is nominally 30°) showed that the
accuracy in 0 is much better than 10°.

Chain Modulus of Highly Oriented Lamellae. In
the above section, it is clearly shown that anisotropy in
the structure of the oriented lamellae causes the mea-
sured friction to depend on the scanning direction. In
this section, we shall examine how the mechanical
properties may differ along and perpendicular to the
chain axis of the lamellae. Previously we carried out
direct measurements of the longitudinal elastic modulus
(along the chain axis) on single crystals of polyethylene
with the chain axis perpendicular to the supporting
substrate using the nanoindentation technique.'® For
the polyethylene samples examined in the present work,
the chain axis of the oriented lamellae is parallel to the
supporting substrate; therefore, these samples are suit-
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Table 1. Elastic Modulus Measured by Nanoindentation
on Highly Oriented Lamellae with Indentation Forces of
11,17, 23, and 4.5 gN

Pmax (uN) hs (nm) Nmax (NM) h#/Nmax Es (GPa)
11 20+0.2 4.7+0.2 0.43 141+19
17 29+0.2 6.1+£0.2 0.48 13.8+ 1.6
2.3 38+04 8.4+0.5 0.45 135+ 1.9
4.5 7.4+04 13.2+0.2 0.56 17.2+04

able for direct measurements of the transverse elastic
modulus (perpendicular to the chain axis). In the
following, the transverse elastic modulus of oriented
polyethylene will be measured by nanoindentation and
be related to the structure of the lamellae.

It has been reported that when the indentation depth
exceeds 10—25% of the thickness of the sample, the
effect of the substrate on nanoindentation measure-
ments should be considered.?? Since the thickness of the
HDPE thin films we prepared for nanoindentation
measurements is 50—100 nm, the appropriate indenta-
tion depth should be in the range 5—10 nm. The typical
indentation force of our instrument ranges from 1 to 100
uN with a resolution of 0.5 «N.® Three indentation
forces, P, of 1.1, 1.7, and 2.3 uN were selected for the
present indentation studies. For example, for the in-
dentation curve shown in Figure 1, P was 2.3 uN, and
the maximum indentation depth (hmax) was ca. 8.4 nm
with a permanent indentation depth (hs) of ca. 3.8 nm.
On the other hand, the ratio hi/hmax determines how
accurately one can determine the elastic modulus of a
sample using the Oliver—Pharr method.?* It was found
that when hi/hpnax is < 0.7, the measured value by the
Oliver—Pharr method matches well with that obtained
from the finite element analyses. But when hi{hmax is
>0.7, the Oliver—Pharr method will lead to large
errors.?* With the three values of P stated above, the
hi/hmax ratios were about 0.4—0.5 (Table 1). Therefore,
the Oliver—Pharr method (eq 7) was used in the present
study to evaluate the transverse elastic modulus, Es, of
highly oriented HDPE. The values we obtained for Es
of the sample based on 10 measurements at three
different indentation forces are shown in Table 1, where
the Possion’s ratio of polyethylene has been assumed
to be 0.41.25 As seen in Table 1, the values of Es
determined by nanoindentation, 13.8 GPa, agree with
one another but are ~3 times larger than 4.3 GPa
measured by wide-angle X-ray diffraction.® In highly
oriented lamellae, the chain axis of polyethylene is
parallel to the film surface. Thus, when indentation
takes place in the sample, the elastic displacements are
primarily transverse to the chains. However, since the
formation of the hardness impression produced by the
tip on the sample surface involves deformation in all
directions, it is foreseeable that the measured modulus
will be an average quantity due to elastic modulus along
all directions. The chain modulus along the chain axis
is about 240 GPa for polyethylene.? Using the result
determined by wide-angle X-ray diffraction, namely 4.3
GPa for the transverse elastic modulus, the elastic
anisotropy in the material is 56. Such a large value of
anisotropy may explain the substantial enhancement
in Es found here by the nanoindentation technique.
Clearly, modifications to the analysis to incorporate
effects of elastic anisotropy on the elastic modulus
measurement by indentation methods are needed for
reliable quantitative measurements.

A further point of interest from Table 1 is that, for
the lowest three indentation forces used, the measured
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Figure 7. Topographical SPM images of highly oriented
lamellae of HDPE (a) before and (b) after indentation with
indentation force of ca. 4.5 uN. The Z range is 150 nm. The
arrow indicates the drawing direction. The arrow in (b) points
at the impression produced by the indentation of the tip into
the lamellae.

values of Es agree within experimental uncertainties.
This shows that these measurements were acquired in
the linear response regime of the sample. The measured
Es becomes substantially larger (~25% increment) when
the maximum load was increased to 4.5 uN. To inves-
tigate this observation, we examined the morphology
of the sample before and after the application of the
(Pmax = 4.5 uN) indentation force by SPM (Figure 7, a
and b, respectively). The images clearly show that the
indentation did occur within areas where the lamellae
were found. This excludes the possibility that the
measurements may be due to the amorphous region. We
further note that the indentation depth is ca. 13.2 nm
(see Table 1). This is more than 10—25% of the sample
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Figure 8. Relationship between the elastic modulus Es and
the indentation force Pmax 0N @ highly oriented film of HDPE.

thickness. As mentioned above, the mechanical response
of the hard substrate will also contribute to the me-
chanical response of the lamellae. Furthermore, a large
indentation will necessarily include a larger portion of
the elastic response along the chain direction. Hence,
an increase in the measured elastic modulus is reason-
able. To further confirm the enhancement in Es ob-
served, we repeated the measurements at values of Pyax
from 1.1 uN up to 5.0 uN. The results are shown in
Figure 8. As seen, the elastic modulus appears to
plateau near an indentation force of 2.3 uN, being
relatively constant at 13.8 GPa below this indentation
force, within experimental uncertainties. The enhance-
ment in the measured Es from Pmax = 2.3 uN up to 5.0
uN indeed signifies the onset of a growing contribution
of the elastic anisotropy to the mechanical response of
the sample with increasing indentation load. Studies on
films with different thicknesses are currently under way
to determine whether the increases shown in Figure 8
at large indentation forces come from the effect of the
substrate or the exaggerated influence of the longitu-
dinal chain modulus.

Conclusions

Scanning probe microscopy was used to characterize,
simultaneously, the nanostructure and the mechanical
properties of highly oriented lamellae of HDPE obtained
by the melt-draw method. The molecular-scale FFM
image of a lamellar surface clearly shows that the
molecular chains in lamellae are aligned parallel to the
drawing direction. The periodicities along and perpen-
dicular to the drawing direction are 0.26 and 0.50 nm,
respectively, corresponding to the lattice parameters in
the (200) plane of the oriented lamellae of HDPE. These
dimensions are consistent with measurements obtained
independently by transmission electron microscopy and
electron diffraction. Besides the microstructure, friction
force microscopy was also able to observe the anisotropy
in the friction force of the highly oriented HDPE film.
The friction force increased as the scanning angle was
increased from 0° (parallel to the chain axis) to 90°
(perpendicular to the chain axis). The transverse elastic
modulus, Es, of HDPE was determined, using the
nanoindentation technique. Es was 13.8 GPa, which was
substantially larger than the value (4.3 GPa) obtained
by wide-angle X-ray diffraction. We attribute the dif-
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ference to contributions from the (higher) anisotropic
stiffness along all other directions to the sample defor-
mation that occurred during nanoindentation. Our
results show that while it is convenient to use the
indentation technique to measure an elastic modulus
of a material, the anisotropy in the material, if sub-
stantial, may interfere with the measurements.
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