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Abstract

Repeated scanning of biaxially oriented poly(ethylene terephthalate) (PET) film surfaces in contact mode scanning force microscopy leads
to sample wear. At low to moderate loads (<50 nN) well-defined ridges are formed. The dimensions and the separation of these ridges are
determined by the scan parameters. The ridge spacing and the root mean squared (rms) roughness of the surface increase with the load, and
appear to exhibit power law relationships. At low forces, material is not displaced from the scan area, but as the force is increased, increasing
amounts of material are displaced to the periphery of the worn area. At high forces the surface disruption is extensive. The evolution of
sample damage is not influenced by the scan rate, but is strongly influenced by changes in the number of scan lines, indicating that wear is a
cumulative process, accelerated when the spacing between scan lines is small compared to the tip radius. © 2001 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

Polymer tribology is of increasing technological rele-
vance as manufacturers design materials with carefully
tailored mechanical and chemical properties for specific
applications [1]. Although much progress has been made,
a complete mechanistic understanding of the molecular
processes which lead to the surface disruption has been
frustrated by a lack of knowledge of the real area of contact
and the fact that the modified area remains hidden during the
wear testing. Recently, the advent of scanning force micro-
scopy [2] and nanotribology [3-24] has provided a new
approach. Nanotribology is the study of the microscopic
surface properties and processes that contribute to material
wear and consequent degradation of desirable properties. In
a scanning force microscopy (SFM) experiment the tip can
act as a model single-asperity contact, combining careful
control of the applied force with in situ microscopic analysis
of the modified region. Polymers and other soft materials are
easily deformed during contact mode SFM imaging [25—
39]. A periodic ridged wear pattern can be formed perpen-
dicular to the direction of motion of the tip (the fast-scan
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axis) on repeat scanning of a wide variety of surfaces such
as polystyrene (PS) [26-29], poly(methylmethacrylate)
[30], poly(vinylchloride) [28], gelatin [31], poly(DL-lactide)
[30], polyacetylene [32], polycarbonate (PC) (see Ref. [8],
p- 280, [33,34]) and poly(ethylene terephthalate) (PET)
[35-38]. No clear picture has yet emerged regarding the
necessary conditions and mechanisms of ridge formation
and the significance of their spacing, in part, possibly due
to the contradictory findings reported in different studies.
Meyers and co-workers found a strong interdependence
between the orientation of the patterns formed by the tip
[27], the applied load and the molecular weight (MW) of
their amorphous PS samples. In contrast, Leung and Goh
reported no dependence on MW [26], and although Wood-
land and Unertl noted that the wear resistance of their films
increased with MW [29], they reported that the ridge
spacing was independent of the applied load in their experi-
ments. Elkaakour and co-workers observed that ridges
formed immediately on drop-cast polyacetylene films and
their spacing increased with applied load in the range 60—
250 nN [32]. Jing and co-workers have reported that
oriented patterns formed instantaneously on scanning the
surface of amorphous PET. In comparison, patterns formed
more slowly and were less clearly oriented perpendicular to
the scan direction on annealed PET films [37]. The authors
noted that the spacing between the ridges on the amorphous
PET increased approximately linearly with load at the very
low loads studied (0.1-1 nN).
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During our investigations into the frictional and adhesive
properties of commercial PET films [38—44], we have deter-
mined the conditions necessary for wear-free imaging.
Surface deformation on biaxially oriented PET film
occurred at applied loads as low as 2nN [38]. It was
found that ridged structures formed after scanning for five
cycles at applied loads as low as 10 nN. We have now
considerably extended the scope of the work, and report a
systematic investigation into the dependence and nature of
the wear process on the operating parameters: applied
load, cantilever stiffness, scan angle, scan speed, scan size
and sampling density (the number of scan lines per unit
area). We assess the various mechanistic models describing
the tip-induced wear process in the light of our findings
on the dependence of the wear pattern on the scanning
parameters.

2. Experimental

The poly(ethylene terephthalate) film used in this study
was Melinex ‘O’ obtained in sheet form with known proces-
sing conditions (ICI, Wilton, UK). It is a biaxially oriented
additive-free PET film of low surface roughness.

Nanotribological experiments on the film surface were
performed under ambient laboratory conditions with a
Nanoscope IIla MultiMode scanning probe microscope
(Digital Instruments, UK) operating in contact mode.
Imaging was performed using a range of silicon nitride canti-
levers of varying stiffness (nominal normal force constants
0.06-0.58 N m_l, NanoProbes from Digital Instruments)
or silicon cantilevers (typical resonant frequency 68 kHz;
nominal normal force constant ~2.8 N m~!, NanoProbes
from Digital Instruments). Force constants for individual
silicon nitride cantilevers have been determined from
measurements of their resonant frequency by a method
implemented in the microscope software and based on the
one originally reported by Cleveland et al. [45].

Tip-induced wear was performed by repeat scanning
of an area of the film surface (typically 1X 1 um) at
constant force. One scan cycle involves the acquisition of
a complete image. The scan rate is equal to the scan
frequency, and is related to the line-scan rate—i.e. it is
the frequency of completion of individual line scans
(where a single line scan involves a backwards—forwards
sweep along a single line). The extent of the surface modi-
fication was then determined by re-imaging at lower
imaging force and lower magnification (i.e. essentially
non-perturbative conditions).

Unless specifically mentioned otherwise in the text, the
parameters in a typical wear experiment were: 10 scan
cycles, scan rate 55 Hz, 1 X 1 pm region, 512 scan lines,
90° scan angle (i.e. the with the axis of symmetry of the
cantilever perpendicular to the fast scan axis), and the
samples were placed in the microscope so that the direction

(b)

Fig. 1. (a) Topographic 5.5 X 5.5 wm image after the repeat-scanning nine
1 X 1 um areas at different applied loads. Height range 0—25 nm. (b) Topo-
graphic 5.5 X 5.5 wm image after repeat-scanning nine 1 X 1 wm areas at
different applied loads. Height range 0—80 nm.

of the initial draw of the biaxially oriented film was parallel
to the fast-scan axis.

3. Results
3.1. Applied load

Fig. 1 shows the effect of the applied load on the morphol-
ogy developed during repeated scanning of specimens of
Melinex O. Fig. 1(a) shows a 5.5 X 5.5 pm region contain-
ing nine 1 X 1 wm regions each of which has been scanned
10 times at different applied loads. A standard silicon nitride
probe, with a cantilever spring constant of 0.13 N m ™' was
employed. A ridged morphology is evident in all nine
regions. Qualitatively, it may be seen that the ridges become
more pronounced (higher and wider) as the load increases:
after repeated scanning at a load of 6 nN, there are eight
ridges running from top to bottom across the damaged
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Fig. 2. Variation of ridge spacing with load.

region, and this number decreases to five at the highest load,
51 nN. In all cases, the direction of orientation of the ridges
is the same: perpendicular to the scan direction. Not only do
the heights of the ridge-tops increase with load, but the
bottoms of the trenches that separate them become deeper,
until at 51 nN they are significantly lower than the surround-
ing undamaged material. At the highest load, pronounced
raised features are formed along the edges of the damaged
region. These features most likely arise from the movement
of material from the damaged region to its periphery. The
size of these features decreases as the load decreases. They
are just evident around the edge of the region scanned at a
load of 15 nN, but are not evident after scanning at smaller
loads.

Fig. 1(b) shows a further 5.5 X 5.5 pm region containing
five 1 X 1 pm regions scanned 10 times at a range of loads.
A stiffer cantilever (0.26 N m ') was employed here, giving
access to a higher range of applied loads. It is clear that as
the load becomes larger, the definition of the ridge features
becomes reduced. While at the lowest loads they are very
sharply defined, at loads of 100 nN and above they are broad
and more poorly defined. When silicon probes with a canti-
lever force constant of 2.8 N m ™! were used, the loads were
still higher and under these conditions, it was not possible to
form ridged structures (although the surface disruption was
severe).

It is useful to attempt to formulate some kind of quanti-
tative measure of the extent of surface disruption due to
repeated scanning. Fig. 2 shows the variation in the average
ridge peak-to-peak separation as a function of load. It may
be seen that the separation increases monotonically with
load, in agreement with the qualitative conclusions drawn
from Fig. 1. The data in Fig. 2 have been fitted with the
relationship:

average ridge spacing = 98.79 + 0.07(load) + 0.04(load)’

Other workers have used the root mean square (rms)
roughness to quantify the surface damage in studies of
the repeated scanning of polystyrene [27-29]. In order to
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Fig. 3. (a) Variation in RMS surface roughness after 10 scan cycles with
applied load for three different sets (squares, circles, triangles) of wear
experiments with the same 0.13 Nm ™' probe tip. (b) Variation with the
applied load of the RMS surface roughness (at 1.8 X 1.8 pum scale) after 10
scan cycles of a 3 X3 wm area at 128 scan lines and 27.5 Hz, using a
~2.8 N m ! silicon cantilever.

facilitate comparison with the results of these studies we
have also measured the rms roughness of PET samples
subjected to repeated scanning. While roughness is a
simple measure of the surface topography, and does
not directly provide insight into the mechanism of poly-
mer modification, it is useful in the present context
because it gives an indication of the way in which the
undulation of the surface changes: it enables quantifica-
tion of the extent of surface modification. Fig. 3 shows
the relationship between rms roughness and the applied load
in two regimes. The roughness was calculated for the central
worn region but not for the surrounding region in which
the material accumulated. The data for loads between 0
and 50 nN were recorded using a contact mode probe,
with a cantilever stiffness of 0.13N m~'. These data
(shown in Fig. 3(a)) may be fitted to a quadratic expression.
The data in Fig. 3(b) were recorded using a stiffer probe,
with a cantilever force constant of 2.8 N m~'. At loads
greater than 200 nN, the data fit a power-law relationship
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Fig. 4. Development of root-mean-square surface roughness with continued
scanning at different applied loads. The applied loads were 6 nN, open
diamonds; 9 nN, open up-triangles; 15 nN, closed triangles; 21 nN, open
down-triangles; 27 nN, closed diamonds; 33 nN, open squares; 39 nN,
closed circles; 45 nN, open circles; 51 nN, closed squares.

of the form
rms roughness o< (applied load)®

The rate of increase in the roughness appears steeper than
that observed at lower loads, and the curve rises steeply
towards high roughness values at loads above 1 uN.
Although the rise in roughness appears to be unbounded
at high loads, this may be an artefact of the algorithm
used by the instrument software. Alternatively, it may be
that a limiting roughness is reached at loads beyond the
upper range accessible with our instrument. However, the
general trends observed in the roughness-load relationship
are clear.

Cantilevers with a wide range of force constants were
utilised and a large range of loads was investigated. All of
the findings were in agreement with the trends identified in
Figs. 1-3.

3.2. Number of scan cycles

The number of scan cycles influenced the nature of the
morphology after repeated scanning. The extent of surface
disruption increased with the number of scan cycles. This is
quantified in Fig. 4, which shows the rms roughness as a
function of the number of scan cycles at a range of different
loads. For all loads, the rms roughness increases monotoni-
cally with the number of scan cycles. Significantly, it is
possible to generate a given degree of surface disruption
with a variety of load-scan cycle combinations. For exam-
ple, a mean ridge spacing of 130 nm, corresponding to an
rms roughness of 4.5 nm, may be produced by scanning for
eight cycles at 33 nN, six cycles at 39 nN or four cycles at
45 nN. Hence many cycles at a low load may produce the
same surface structures that are generated by a much smaller
number of cycles at a higher load.

Fig. 5. Effect of scan angle on wear (a) Topographic 8 X 8 wm image after
the repeat-scanning nine 1 X 1 wm areas at three different applied loads and
scan angles. Image height contrast 0—20 nm. The arrow shows the machine
direction.

3.3. Scan parameters

3.3.1. Scan angle

The sensitivity of the surface modification process to the
direction of tip motion relative to the polymer draw direc-
tions during scanning was investigated. Fig. 5 shows nine
regions, each of which have been scanned 10 times at three
different loads and at angles of 0, 45 and 90° to the forwards
draw direction of the polymer, which runs from top to
bottom in the image. In all cases the result has been the
formation of ridged structures perpendicular to the fast
scan axis, and at all angles there is a tendency for material
to be displaced to the periphery of the modified region of the
surface. The image in Fig. 5 was recorded by imaging the
area containing the nine modified regions at low force (i.e.
notionally non-destructive conditions). However, the result
after only one scan has been some reorientation of material
in the regions worn at 45 and 90°. Generally, it was found
that if ridges were created, and the area scanned again at a
different angle, then the material in the ridges would be
displaced with new ridges forming, after repeated scan
cycles, orthogonal to the new scan direction. This indicates
that the ridges are composed of material that is easily
disrupted by the tip.

3.3.2. Scan size

For a given number of scan lines, the extent of wear was
found to depend on the size of the scan area. Fig. 6 shows
the results of an experiment where regions of differing size
have been scanned 10 times at the same applied load and
scan rate. The peak-to-peak separation of the ridges is
greatest for the smallest region. Some typical data are
given in Table 1, which shows roughness values for four
different samples modified at a constant scan speed and
fixed number of scan lines, but with different scan areas.
It can be seen that there is a substantial change in the rms
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Fig. 6. Effect of scan size on wear, after 10 scans at 55 Hz with a 0.13 N
m~! cantilever at an applied load of 21 nN. Image height scale 0—30 nm.

roughness, which is inversely proportional to the width of
the scan area.

3.3.3. Sampling density

The number of scan lines was varied for a fixed area.
Fig. 7 shows nine regions, the result of scanning at three
different loads with 128, 256 and 512 lines per image. It can
be seen that for a given load, the extent of disruption
decreases with the number of scan lines. At a load of
45 nN, the disruption is substantial at 512 lines per image,
but very much reduced at 128 lines per image.

3.3.4. Scan speed

The development of surface morphology was observed
over a range of scan speeds, from 1 to 110 pm s~ ', No effect
on the resulting surface morphology was observed, in agree-
ment with the work of others. When the sample was rotated
through 90°, so that the draw direction was rotated, and the
experiment repeated, no change was observed in the
morphology resulting from repeated scanning.

4. Discussion

Repeated scanning of Melinex O under a wide range of
conditions led to the formation of a surface morphology
composed of ridged structures separated by valleys. The

Table 1

Dependence of wear on scan area. Rms roughness after 10 scans with a
0.13 N'm ™' cantilever at an applied load of 45 nN. Rms roughness measure-
ments were taken over 400 X 400 nm areas

Scan area/nm Scan rate/Hz Rms roughness/nm

500 % 500 55 12.1
1000 x 1000 27.5 6.3
1500 x 1500 18.3 3.7
2500 x 2500 11 2.5

Unmodified surface 1.6 £0.2

Fig. 7. Effect of the number of scan lines on wear. Topographic 6 X 6 pm
image after the repeat-scanning of nine 1 X 1 wm areas at three different
applied loads and numbers of scan lines with a 0.13N m™! cantilever.
Image height scale 0-30 nm.

bottoms of these valleys were below the level of the
unmodified surface, and the peaks were raised above it.
The ridged structures formed on Melinex O, a highly crys-
talline, oriented material, were qualitatively very similar to
those observed on the surfaces of amorphous materials such
as polystyrene [26—34]. While there were some minor
differences between the structures of the features we
observed on PET surfaces and those observed by others in
studies of amorphous PS (in particular, those on PET are
less straight and less continuous), it appears that the essen-
tial characteristics are very similar. It seems likely that these
structures are a general feature of the interactions of AFM
tips with polymeric materials. The absence of any depen-
dence of the morphologies of the ridged structures on film
orientation, as reported here and in a previous study [38],
suggests that the mechanism of their formation is dependent
largely on the scan parameters and is relatively insensitive
to polymer surface microstructure.

Analysis of all of the data presented in the present
study confirms that during the process of damage forma-
tion by repeated scanning, material is displaced by the tip
to the peripheries of the scanned regions. In other words,
the damage process is a wear process. The extent of the
wear process may be gauged in a number of ways. Quali-
tatively, it is clear that increasing the load during scan-
ning, or reducing the spacing between scan lines (by
either reducing the scan area or increasing the number
of lines per image) increases the size of the ridges. The
spacing between the peaks of the ridges, and the depths of
the troughs that separate them, also increase. In agreement
with the suggestions of other workers [27,29], these
changes may be readily correlated with changes in the
rms roughness. In all cases, the amount of material
displaced to the periphery of the scanned region increases
with the measured parameter.
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The interaction of the tip with the PET surface causes
plastic deformation of the surface. The process of wear
formation is cumulative, and increasing the number of
scan lines per region, or the load, leads to a greater accu-
mulation of damage in a given number of scan cycles.
However, a given amount of wear may be induced in a
variety of ways: by using a high force and/or a small line
spacing for a small number of cycles, or by using a small
force and/or a larger line spacing for a larger number of
cycles. While there are conditions under which the amount
of wear is less than others, there does not appear to be a
threshold below which one may be sure that no wear occurs;
the best that can be hoped is to minimise the amount of
plastic deformation.

The data in Fig. 7 clearly indicate that the closeness of the
scan lines is a key parameter in the wear process. Successive
scan lines may overlap; the closer the lines, the greater the
overlap and hence the greater the degree of wear. Similar
suggestions have been made by other workers. Elkaakour
and co-workers made a similar observation during tip-
induced modification of poly(acetylene) [32]. Schmidt and
co-workers also found that the wear-induced features
observed for amorphous PS melts varied with the number
of scan lines [46,47]. Patterns became more closely aligned
with the fast scan direction when the number of scan lines
was increased. They suggested that portions of successive
scans overlap, with the first pass softening the polymer and
the second pass sweeping material towards the centre of the
scan. This resulted in the formation of a raised ridge down
the centre of the worn region. While overlapping of adjacent
scans seems to be important in the present work, the expla-
nation is probably different because the resulting wear-
induced morphology is different (no pronounced, central
ridge is observed). For the less mobile PET surface, sweep-
ing is perhaps less important than for the more mobile PS
surfaces studied by Schmidt et al.

The amount of wear (measured either by the spacing
between ridges or the rms roughness) is related to both the
load and the number of scan cycles by a power law, as
proposed by Meyers et al. in their study of PS [27]. Wood-
land and Unertl excluded the possibility of a power law
relationship in their study of PS, stating that in their work,
the load and the ridge spacing are independent [29].
However, they gave no explanation for the difference
between their findings and those of Meyers for nominally
the same material. Our data demonstrate unequivocally that
the ridge spacing and the load are related for PET, and lend
support to the conclusions of Meyers et al.

Small deviations from the power law behaviour were
observed at loads below 25 nN, when the rms roughness
of the surface changed only little with decreasing load.
The most likely explanation is that at these loads, the adhesive
interaction between the tip and the sample is a substantial
element of the resultant force acting at the surface. Measure-
ments of the adhesion force performed at random locations on
the surface revealed that it may be as great as 8 nN. The

adhesive contribution may be expected to vary little with the
applied load (it is thought that the capillary interaction is the
major adhesive force), so that for loads greater than 25 nN,
it becomes increasingly less significant. At low loads, this is
not the case. It has been shown elsewhere that operation
under water (thought to minimise adhesive interactions)
leads to a substantial reduction in wear for relatively low
loads when compared to the behaviour observed in ambient
conditions, in agreement with this explanation.

We were not able to distinguish different regimes of wear
behaviour, although there were substantial qualitative varia-
tions in the morphology resulting from wear. In their study
of PS, Meyers et al. identified ‘abrasion’ patterns and
‘oriented” patterns resulting from repeated scanning,
which they correlated with differences in polymer molecular
weight [27]. We observed structures similar to both types of
pattern identified by Meyers et al., but there were no clear
demarcation criteria that delineated conditions under which
they were observed. The pattern described by Meyers et al.
as an ‘oriented’ structure was generally observed under low
damage conditions (small numbers of scans and/or low
loads), consistent with their observation that such structures
also formed after wear of high molecular weight materials,
which were expected to be less easily disrupted. The pattern
described as ‘abrasion’ was observed under more severe
conditions (high loads and/or large numbers of scans, or
close scan lines), consistent with the observation of Meyers
et al. that such structures formed after wear of low molecu-
lar weight materials. The observation of a dependence of
these morphologies on the scan conditions casts doubt on
the interpretation presented by Meyers et al. that the
abrasion pattern was characteristic of polymers with
molecular weights less than the entanglement molecular
weight. The molecular weight is only significant in that
polymers with different molecular weights exhibit different
susceptibilities to tip-induced plastic deformation, with the
result that under specific conditions the wear induced may
be more or less extensive.

Because of the range of behaviours observed under
varying conditions in the present study, it would be erro-
neous to seek to define a characteristic or unique ridge
spacing for a given material, as has been done previously
by other workers. The surface roughness, ridge height and
spacing all increased with continued scanning. However,
there are nevertheless differences in behaviour between
materials with different properties. Studies of uniaxially
oriented PET specimens (not presented here) reveal a mate-
rial that is softer, and exhibits a higher coefficient of friction,
because of its lower level of crystallinity and orientation.
Moreover, for polystyrene, Schmidt et al. observe radically
different behaviour on heating the polymer above its glass
transition temperature [46,47]. There may be other ways to
quantify these changes. Given that the rms roughness and
the ridge spacing varied with the load according to a power
law, it may be possible to quantify the variation in these
parameters for a range of materials and make comparisons
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with their bulk mechanical properties and crystallinities.
Ultimately, therefore, systematic studies of relationships
between measures of the extent of damage and the loading
conditions may reveal a way of utilising tip-induced wear
data to reveal polymer tribological properties. The clear
advantage of such an approach when compared to conven-
tional, macroscopic tribological testing is that studies using
the AFM enable nanoscale spatial resolution, creating the
possibility of mapping tribological properties.

In the present study we found no dependence of the wear
behaviour on the scan speed. For the entire range of scan
frequencies accessible in an AFM, the speed of motion of
the tip is slow. At 54.9 Hz, the tip velocity was only
110 wm s~ '. This finding is in contrast to the report by
Woodland and Unertl [29], in which a linear relationship
was reported between ridge spacing and scan speed for PS.
However, the lowest scan speed used by these authors was
greater than 100 wm s~ ', and at 80 wm s~ ' they reported
that well-formed ridges were not observed. Vancso and co-
workers found no dependence of wear on scanning speed for
a nominally similar film material, in agreement with the
present study [28], and in studies of the tip-induced wear
of polycarbonate, Khurshudov and Kato also observed no
scan-speed dependence, albeit at higher loads [33].

5. Conclusions

Under a wide range of conditions the repeat scanning of
the polyester film surface with a scanning probe microscopy
tip led to the formation of a tip-induced wear pattern
comprising ridged structures and valleys, aligned perpendi-
cular to the fast-scan axis. The surface roughness, height of
the ridges and the spacing between them all increased with
continued scanning. Both the spacing between the ridges
and the rms roughness exhibited power law dependence
on the load. Well-defined ridges were formed only at low
to moderate load (below ~50 nN). Scanning at higher load
led to more extensive surface disruption and the removal of
much material to the periphery of the scan region.
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