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2. Measurements under water
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SUMMARY

Atomic force microscopy studies of drawn ultra high molecular weight
polyethylene tapes were conducted under water, where the operating re-
pulsive forces andthe contact areabetween probe and sample are smaller
thanin ambient conditions measurements. In this way a higherimage resolu-
tion allowstoidentify nanofibrils with widths of 15-25nm, which are formed du-
ring stretching. Numetous linear features with separation of 5-8 nm were re-
solved on the surfaces of nanofibrils in a tape with draw ratio 70. Periodical
contrast variations along the stretching direction with a repeat distance of
ca. 25 nm - jong period - were found on drawn tapes only at stronger ope-
ration forces, Thisfinding indicates that these features are related not to the
surface topography but to differencesin surface hardness, Fromthe molecular
scale images it is evident that the harder parts of nanofikiils consist of
crystaline domains of extended polymer chains, while no ordered features
were found between the elevated image patterns,

INTRODUCTION

Atomicforce microscopy (AFM), which islbbased on probing the repuisive
interatomic force between atiny probe and asurface, is the new technique
applied to study polymer surfaces (1). First it was demonstrated that the sur-
face morphology of crystalline polymers and amorphous block copolymers
can be recorded in the AFM images (2). Than the AFM ability to reveal the
periodical surface structures with the molecular resolution, which is known
from studies of organic and inorganic crystals, was demonstrated also on
polymer samples, Periodicalmolecularscale features were registeredin the
imagesof polydiacetylene single crystals, oriented polyethylene, polytetrafiuo-
roethylene and other polymer samples (3). These images correlate well to
the expected packing of surfface molecular groups and extended polymer
chains. It is more difficult to reliably record surface features in the scale from
1 to 100 nm because in this range the tip shape artefacts screen the actual
sample morphology. This effect haslimited the AFM access to nanostructure
of polymers, which is responsible for many of their-properties.
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In the preceeding paper we showed that in the experiments with
selected sharp tips and in the appropriate scanning force microscopy (SFM)
mode one can improve the AFM resolution and unambiguously detect the
long period features in drawn ulfrahigh molecular welght polyethylene -
UHMW PE - tapes (4). Another problem of AFM applications o polymers is
related o destructive surface modification, whichis caused by the tip (5). To
avoid this difficulty new SEFM modes, such as tapping mode - TM - are deve-
loped. Inthe contact AFM tip-surface force interactions detemine the con-
tact areaand, conseguently, theimage resclution, Inthe ambient condition
experiments these forces are in the range of 107 - 10° N. At an applied force
of 10°N a contact area between a ceramic tip and an organic surface was
estimated as 2 nm (6). This value gives the limif of the AFM resolution in air.
Thereisno contradiction betweenthisresult andthe experimental observation
of surface atomic or molecular iattices achieved in AFM. Periodical image
contrast variations, which are consistent with a surface lattice, can be
expected even in the case of a mulfiatom contact (7). Indeed, the atomic-
scale defects - such assingle atom vacancies - which might be regarded as
indication on a one-atom contact, were not observed in AFM. In operation
in airlinear dislocations - atleast severainmin length - are the smallest surface
imperfectionsfoundintheimages(8). By loweringthe interactingforcesand,
correspondingly, by diminishing the contact area one may expect that the
image resolution willbe improved. This situation isredlized in measurements
under liquid, where the interacting forces are much lower than in air. AFM
imaging in liquid becomes a routine procedure in studies of soft biological
samples (9). The lateral resolution on bioclogical objects varies in the range
from 1 to 60 nm, depending on the sample. Also on hard samples the
operationunderliquid might be usefulforthe registration of localimperfections.
Surface steps, separating the terraces with atomically resolved structures,
and molecular vacancies within a surface laftice were recenily registered in
studies conducted under water (10). Thus, the measurements in liquid with
selected sharp tips should provide AFM images with a better resolution. This
circumstance motivated us to re-examine the surfaces of the drawn UHMW
PEtapesunder water. Because of the hydrophobic character of this polymer
no surfaces changes occur.

EXPERIMENTAL

Inour experiments UHMW PE tapes with draw ratioh =10, 30 and 70 were
used. These tapeswere prepared asdescribed earlier (11). AFMstudieswere
conducted in air and in the liquid cell, which was filled with bidistilled water.
Scanning probe microscope "Nanoscepe III" (Digital Instruments Inc., Santa
Barbara, USA) wasused in the experiments. Measurements were performed
with the simultaneous registration of height, normal force (normal deflection
of a cantilever) or lateral force (cantilever torsion) images, which will be
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named HT, NF, LFimages, respectively. In a opticalleverregistrationscheme
alaser beam, which is reflected from the back side cantilever surface, is di-
rected to a quadrant protodetector. A differential signal of the horizontal
segments is determined by the cantilever torsion and that of the vertical
segmentsby the normal cantilever deflections. When an examined surface
is flat and the geometry between a scanning direction and position of hori-
zontal detectors is optimal (rotation angle - 90° ) then the cantilever torsion
is related to the variations of local friction between a probe and a surface.
On corrugated surfaces of drawn PE tapes the best resolved images are re-
corded at a rotation angle + 45°, which determines the orientation of the
tape with respect to scanning directions. Insuch a case the response of the
horizontal detectorsis difficult to intepret. However, LF images, as well as NF
images, provide more resolved details than HT pictures. Thus, they can be
useful in surface characterization,

For the experiments we have selected those of the commercially
available Siprobes ("Nanoprobes") thatreproduced best the vertical profile
of the calibration gauge (12). This procedure allows us to choose sharp
probes with an apex radius smaller that 10 nm.

RESULTS

Uniaxialstretching of UHMW PEtapesisaccompanied by drasticalstruc-
tural rearrangements, with a formation of a nanofibrillar structure. The am-
bient condition AFM studies of these films with selected sharp probesshowed
that the transverse size of such nanofibrils is 30 - 50 nm (4). A striking difference
is seen between the AFM images, which were obtained on the surface of

Figures 1a - 1b: NF images of drawn UHMW PE tape (A = 70) - (a) - in air and
- (b) -in water. Stretching direction indicated by an arrow., An area of 1.69 x
1.69 u? ispresented in both images. A gray-scale contrast showsnormalcan-
tilever deflections within 10 nm.
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highly drawn PE tape in air anain wa-
ter with the same tip, Fig. 1a - 1b. The
width of the linear AFM patternsrecor-
dedinwaterisca. 15-25nmor 2times
smaller than that of nanofibrils registe-
redin air, These features can be assig-
nedtoindividualfibrilsbecauseinsome
places such patterns resemble 'pull-
out' or broken nanofibrils. In addition,
elongated features with a width 5 - 8
nm werefound onsurface of nanofibrils
in NF and LFimages. They mightbe re-
lated to the surface structure of nano-
fibrils, and can be considered as the
precursors of splitting to even smaller fi-
brils upon further stretching. The exis-
tence of fibers with width of 5 - 20 nm
was detected in ultrahigh drawn gel-
spun Spectra 900 and 1000 PE fibers
with synchrotron X ray diffraction (13).

These results clearly indicate the
influence of the forces between tip
and sample on the image resolution,
When the tip and the sample are im-
mersed completely in a liquid, the
appliedforceisreduced 1 -2 orders of
magnitude as compared with that in
air (9a). According to the macroscopi-
cal indentation theory, the diameter
of the contact zone between a ball-
shape indentor and a flat surface is
proportional to p”S, where p is the
force of indentation (6). Thus, during
the operation in liquid a smaller con-
tactareaisthereason oftheimproved
resolution. Consequently, AFMimages
obtained in water provide the more
precise dimensions of the nanofibrilsin
PEtapesandrevealtheirsub-structure.

Figures 2a - 2¢: LFimages of drawn UHMW PE tapes with A = 10 - () - in air -
A =70-(b) - in airand (c) - in water, Scanning areas in aliimages 400 x 400
nm?2. Stretching direction is indicated by arrow. The conftrast in LF images

indicates the variations in the differential signal of the horizontal detectors.
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In the preceeding paper (4) we showed that the periodical 'stripes’ per-
pendicularto the stretching direction were foundinthe NF, LFand TMimages,
recorded at ambient conditions with the sharp fips, Fig. 2a - 2b. The periodi-
city of these contrast variations around 25 nm correlates with the long period
values, which were found on gel-drawn UHMW PE by other techniques.
These features are seen in the necked material (A = 10), and they are dis-
tinguished on surface of nanofibrils of highly drawn tapes (A = 30, 70). The
appearance of longperiodfeaturesinthe necked materialmay be explained
by breaking off lamellae, which are lying flat within the initialtape, into blocks
and their subsequent rotation. In such a way molecular chains become
oriented along the stretching direction. During further drawing these blocks,
which are connected by tie molecules, tfransform into nanofibrils (14).

In the analysis of AFM images a crucial question is related to the origin
of contrast. Topography andlocalvariatitions of surfface hardnessmay bere-
sponsible for the appearance of elevied (brighter) and depressed (darker)
image patterns. The measurements uder water appeared 1o be extremely
useful for a deeper understanding of the contrast variations assigned to the
long period. First, we have observed that these variations were not always
foundintheimagesrecordedin water, Fig. 2c. Then by applying different for-
cesduringimaging PEtape (A = 10) wereqa-lized that the long periodfeatures
appeared only after an increase of the operating force, Fig. 3a - 3b. In the
measurements in air the long period contrast variations also increased with
higher forces. The reproducibility of the results, however, was poor. These
findings unambiquously indicates that the contrast variations are related to
the surface regions with different localhardness but not to surface topography.
Thus, the respective images might be considered asmaps of nanohardness.

Figures 3a - 3b: NFimages of drawn UHMW PE (A = 10) - (@) at lower and (b)
at higher force. Stretching direction indicated by an arrow. Scanning area
1.0x1.0u2 Agray-scale showsthe normalcantilever deflections within 10nm.
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The relation between nanomechanical features and polymer structure
wasfoundinthe molecularscaleimages. Itisrecognized that the improvement
of the AFM resolution achieved in water may be useful for the detection of
the molecular and atomic-scale impeifections, which are not found by
experimentsin air (10). Earlier only well-ordered arrays of the chain patterns
with separation of 0.5 and 0.7 nm, assigned to extended polymer molecules,
were found in images of cold-extruded PE (3b) and of UHWM PE tapes (11).
During measurements in water the simultaneously recorded HT and LF ima-
ges (Fig. 4a - 4b) show that the arrays of linear features separated by 0.5 nm
are seen on the elevated spots. This observation is also confirmed by the
image in Fig. 4c, where PE chains are seen on pattemns separated by 25 nm;
the periodical image features are absent between these patterns. This fin-
ding shows that PE crystallne domains, which are periodically arranged
along nanofibrils, are the places with a higher hardness. Consequently, they
are seen asthe brighter AFM patterns. These crystalline domains are separa-
ted by softer amorphous regions. Thus, AFM results confirm the structural
model of highly drawn polyethylene, introduced by Peterlin (14).
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= Figures4q-4c: - (a-b)-Simultaneously
. recorded HT and LF images of drawn
= UHMW PE tape (h = 30) in water. In
! both images the presented areq is
48.6 x48.6nm>. - (¢)-LFimage onthe
other place of the same sample asin
| (o-b). Scanning area 55 x 55 nm?.
| Stretching direction indicated by an
arrow, The gray-scale contrast vari-
ation in the HT image indicate the
® profile of constant force. The mea-
: ning of contrast in LF image is the
same asin fig. 2a - 2c¢.
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CONCLUSIONS

In conclusion, the presented results demonstrate that AFM experiments
under water offer the optimal conditions for a precise and unambiguous
registration of surface featuresinnanometer scale andfor theirfurther assign-
ment to topographical or mechanical details. In such a way the diameter of
the PE nanofibrils in ultradrawn tapes was determined, and the observed
fong periodfeatures were explained by periodical variations of localhardness,
associated with the crystalline domains.
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