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Scanning force microscopy of plasma polymerised hexane: information on
the mechanical properties of thin films from tip-induced wear
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Abstract

Scanning force microscopy has been used in contact mode to induce wear of thin plasma polymerised hexane (ppHex) films. The extent of
wear observed can be used to qualitatively assess the mechanical properties of such thin films. The wear-resistance of the ppHex films varies
greatly with the deposition power. They are harder than conventional polymers when deposited at high power and considerably softer when
deposited at low power. On continued scanning, the morphology of the ppHex films is modified, leading to the formation of two parallel
ridges that gradually merge into one larger central ridge. This behaviour differs significantly from that observed on tip-induced wear of
conventional polymer films where patterns of many ridges and troughs often form. Tip-induced wear was more extensive at higher applied
load, lower scan rate and at higher scan line densities. The scan speed dependence is different from that observed for conventional polymers
and may be explained in terms of the viscoelastic behaviour of the mat@i@®00 Elsevier Science Ltd. All rights reserved.
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1. Introduction in this report. Deposits from hexane are hydrocarbon with
typical compositions of [CE99 at.% and [Ok 1 at.%
Plasma polymerisation represents a method of synthesis{11]. Increasing the plasma power increases the cross-link
ing material at the same time as it is deposited as a coatingdensity of the deposit. Thus, coatings may be made which
onto a substrate. Plasma polymer (PP) coatings are typicallyexhibit a range of properties, characteristic of a spectrum of
pinhole free and can have a high adherence to a wide rangematerials from viscous liquids through to solids.
of solids [1]. There has been interest in the use of PPs as The characterisation of the mechanical properties of PP
adhesion-promoting coatings [2—4]. Recently, the applica- films represents a considerable challenge because they are
tion of chemically functionalised PP for adhesion promotion formed as thin coatings, 1-100 nm, that are usually well
has been explored [5—9]. These materials rely upon the useadhered to a substrate. Deposition for longer time periods,
of relatively mild deposition conditions to retain an organic to obtain microns of material, results in a deposit with very
monomer functionality, e.g. the carboxylic acid group from different mechanical properties to that of the thin films
acrylic acid [8,9]. because of degradation of the film by vacuum UV emitted
In the study of adhesion, the ability to obtain surfaces from the plasma [1]. Furthermore, the choice of substrate
with no functionalities is complementary to the ability to has been shown to alter the topography of the deposit,
produce oxygen functionalised surfaces; in combination suggesting that the properties of the coatings are influenced
with the conformal nature of PP deposition this offers a by interactions between the substrate and plasma [12].
means of delineating the contribution of surface roughnessHence, an in situ measurement of the mechanical properties
to bond strength [10]. It is in this role that we are interested of the coating is necessary. Measurement of the mechanical
in plasma polymerised hexane (ppHex), the PP investigatedproperties of such thin films is not possible using conven-
tional methods. Thus, here we investigate the effectiveness
of scanning force microscopy (SFM) tip-induced wear in
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the applied force with in situ microscopic analysis of modi- laboratory conditions. Tapping mode imaging was
fied surface regions and thin films. Polymers and other soft performed using a silicon cantilever (Nanosensors) driven
materials are easily deformed during contact mode SFM at its resonant frequency (280.5 kHz). Root-mean-square
imaging [13—18]. A periodic ridged wear pattern has been (RMS) roughness measurements were determined from
observed perpendicular to the direction of the motion of the 1 um X 1 um scan areas imaged at 1 Hz. The imaging in
tip on repeated scanning of a wide variety of surfaces tapping mode was carried out in the “light tapping” [19]
including: polystyrene (PS), poly(methyl methacrylate), regime: the free-amplitude of oscillation was 13—15 nm
poly(vinyl chloride), gelatin, polyfL-lactide), poly(acety- and the ratio of the set point oscillation to the amplitude
lene), polycarbonate and poly(ethylene terephthalate) [13]. of free oscillation was set to 0.9. It was determined that
No clear picture has yet emerged regarding the necessarypossible sample wear during the tapping cycle did not
conditions and mechanisms of ridge formation and the occur at these very low tapping forces.
significance of their spacing, in part, possibly due to the  Studies of tip-induced wear by SFM were performed in
contradictory findings reported in different studies. An contact mode using silicon nitride cantilevers. The force
early report by Meyers and co-workers found a strong constants for these cantilevers were determined from
interdependence between the orientation of the patternsmeasurements of their resonant frequencies by a method
formed by the tip, the applied load and the molecular weight implemented in the microscope software. All the cantilevers
(MW) of their amorphous PS samples, although less clear used were from the same wafer and had resonant frequen-
relationships were observed in other studies and systemscies between 16.8 and 16.9 kHz, and a force constant of
[18]. 0.040 Nmt. The applied loads for the wear experiments
Here, we have investigated the wear patterns induced bywere in the range of 2—20 nN and the scan rates were typi-
contact mode AFM scanning on a range of ppHex films of cally 11-18 Hz. Allimages were acquired with the fast scan
differing mechanical properties. We have observed how the direction perpendicular to the axis of symmetry of the canti-
development of the wear process is affected by the scanninglever. All figures in this paper are presented with the fast
conditions, such as applied load, number of scan cycles,scan direction oriented horizontally.
scan rate, scan size and the number of scan lines. From
the wear rates we are able to qualitatively rank the compli-
ance of the materials, finding agreement with the hypothesis3. Results
that higher plasma powers result in the formation of harder
materials. In addition, we have compared how the wear To assess the topography of the samples without surface
process on the ppHex films differs from tip-induced wear damage it was necessary to employ tapping mode SFM,
observed on conventional polymer films. which revealed that all deposits were flat and featureless
(not shown). However, the RMS roughness measurements
were observed to vary with deposit power, i.e. 0.49, 0.45,
0.38, 0.35 nm for the coatings deposite@at 100 50, 25,
12.5 W, respectively. These samples are analysed through-
out this paper and will be referred to by the power of the

The apparatus used to deposit the PPs has been describer()J""S_ma at which they were prodgced. .

in detail elsewhere [8]. A radio frequency power source was Fig. 1 shows how t'he' magnitude OT the applied load
coupled via copper bands to a deposition chamber evacuate&‘ﬁe(‘fteOI the extent of t|p-_|nduced wear in the range of PPs
to a base pressure of approximately 1 Pa. Freshly cIeavedStUd'ed' The Ioad_ was increased from 2.8 (top Ief_t) 0
mica was used as the substrate because of its flat and atoml.l'2 NN (bottom r|g.ht). n the four H.Lm X 1um areas n
ically smooth surface. Deposition was preceded by a 1-min Fig. 1(a)—(d). After individually wearing the;e four regions
argon etch (100 W). Four powers were used for deposition the resultant topograph.y.has been exammed by imaging
in this work; 12.5, 25, 50 and 100 W. Hexane (Aldrich) OVEr 4imx4pum (at minimal force). It is apparent that
monomer was degassed using a freeze—thaw cycle prior tothe extent of tip-induced wear increased with the applied

use. All PP samples used were produced at a hexane rovJ,oad' Wear was particularly pronounced on the films depos-
rate of 2.0 crdrpmin *and a pre-ignition pressure of 33 Pa ited at the lower plasma powei8 & 12.5 and 25 W). Mate-

(base pressure 1 Pa). Coatings were deposited to thick- rial was moved away from the edges of the scan, forming a

nesses greater than 30 nm as estimated by a vibrating quart%"’“s’ed feagure f"‘t the ceqtre gf the icanged area, bo;nd:ad by
crystal microbalance. epressed regions running down the edges perpendicular to

the fast scan direction. If the applied load was increased to

2.2. Scanning force microscopy beyond 15 nN on these two films, the coating surface was

disrupted more dramatically, and often suddenly, during a

All the PP samples were analysed by tapping mode andscan cycle. In contrast, there was virtually no tip-induced
contact mode SFM using a Digital Instruments Nanoscope wear for P = 100 W within the range of applied loads

llla scanning probe microscope operating under ambient studied. Some slight surface modification could be inferred

2. Experimental

2.1. Plasma polymer deposition
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P=125W P=25W
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Fig. 1. Contact mode AFM images frompn X 4 um areas (low force). The images includ@th X 1 wm areas previously scanned at 11 Hz (two passes)
using the applied loads annotated®r= 125 W for each sample.

from lateral force microscopy, which showed higher fric- and scan frequency on the wear process, we varied the scan
tional force over the four previously worn areas than the rate and the number of scan lines per cycle. The result for
surrounding polymer (Fig. 2). This frictional force image the softest sampld = 125 W, is shown in Fig. 4; all four
was determined from subtraction of trace- and retrace- worn regions were scanned at the same applied load. From
lateral force images. comparison of the regions worn at a constant scan rate
On the softest coatingP = 125 W), we have investi- (11 Hz), it can clearly be seen that the extent of tip-induced
gated the development of the wear morphology by scanningwear increases markedly with the number of scan lines.
for an extended number of cycles. Fig. 3 shows how a Comparison of the regions worn with the same number of
1 umXx 1 um area was progressively modified by scanning lines per scan (512) shows that the efficiency of material
for 10 cycles at 4.2 nN and 11 Hz. After 10 scan cycles the transfer is significantly greater at the slower scan rate of
area of the scan was increased tp.2x 2 um to allow 2 Hz.
comparison of the worn regions with the unmodified surface
as shown in Fig. 3(f).
Examination of Fig. 3(a) shows that the first scan has 4. Discussion
begun to move material towards the centre of the scanned
region. By the third (Fig. 3(b)) and fifth (Fig. 3(c)) scans, the  Tapping mode SFM showed that all the ppHex films were
transfer of material to form ridges running perpendicular to of very low roughness, as expected with the smooth mica
the fast scan axis is clear. These two ridges move graduallysubstrate. There was a small increase in the RMS roughness
towards the centre of the scan and begin to join up in Fig. of the ppHex films withP. This trend may be explained by
3(d). After the ninth scan (Fig. 3(e)) it is no longer possible an increase in the etching component of the plasma at higher
to distinguish discrete ridges. The RMS roughness may bepower causing disruption and hence roughening of the
used as a measure of the development of the wear featuressurface.
When calculated after each scan an approximately linear The clear variation in tribological characteristics between
relationship was observed between the RMS roughnessthe films in contact mode is evident in Fig. 1: samples
and the number of scans (not shown). deposited at 12.5 W plasma power exhibited severe disrup-
To determine the influence of the number of scan lines tion following just two scans at very modest loads, while
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(b)

Fig. 2. Topography (a) and friction (b) images of arh X 4 um area of thé> = 100 W ppHex sample. Image acquired at 2 Hz and 512 lines/scan. The images
include 1pm X 1 wm areas previously scanned at 11 Hz (two passes) using loads of 2.8, 5.8, 8.4 and 11.2 nN in the top left, top right, bottom left and bottom

right areas, respectively.

samples deposited at the highest power (100 W) exhibitedincreasing degree of wear resistance observed as the plasma
almost no signs of tip-induced disruption. These data power increases reflects a decreased susceptibility to plastic
provide us with a qualitative measure of the increasing hard- deformation. Loosely speaking, the materials deposited at
ness of the ppHex coatings &sincreases. If tip-induced low powers behave like soft materials, while those depos-
wear is due to plastic deformation of the sample, then the ited at high powers behave like harder materials. The ppHex

(e)

Fig. 3. Topographical images from first (a), third (b), fifth (c), seventh (d) and ninth (e) wear cyclesPHE25 W coating. Scan rate 11 Hz, applied
load= 4.2 nN and height range 0 nm (black) to 20 nm (white). The;2m X 2 wm area in (f) was acquired after 10 wear cycles, height ranfe-50 nm and

scan rate= 1 Hz.
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Fig. 4. Topographic low-force Bm x 8 wm contact mode image & = 125 W after three scans ofj2m x 2 um areas at different combinations of scan lines
per cycle and scan rate. Applied load is 64 nN for all four regions.

films have similar chemical composition (less than 1% O) SFM tip may provide a highly sensitive measure of varia-
irrespective of the deposition power, and hence they are alltions in their bonding and structure. By utilising suitable
very hydrophobic. The results shown in Fig. 1 reveal well-defined reference materials, it may be possible to
dramatic differences in wear-resistance despite the chemicaldevelop a qualitative test for film properties. More usefully,
similarities of the ppHex films. The best explanation for however, if the extent of disruption caused by repeated
these trends is that there are changes in bonding withinscanning could be quantified in absolute terms, a powerful
the PP layer as the power is reduced. It is most likely that characterisation method may result. However, in the present
the materials deposited at high power are extensively cross-study we have not been able to develop such a quantitative
linked, while those deposited at the lowest power are mini- measure. In a previous study [22] the RMS roughness was
mally cross-linked and also of low MW. A substantial varia- used to quantify disruption to polyester surfaces caused by
tion in their mechanical properties would thus be expected, repeated scanning. However, in the present study, the range
and the trends observed in Fig. 1 reflect this. The most of behaviour exhibited by the different materials was too
highly cross-linked material is the most resistant to tip- broad to enable a uniform approach to measurement of the
induced wear. results of wear. Future studies must address this problem.
While variations in the chemical composition of a mate- Nevertheless, the potential for probing the properties of
rial may lead to variations in the strength of tip—sample nanometre thick polymer films in the simple way shown
adhesive interactions, the molecular structure and organisa-here is substantial.
tion of chemically homogeneous materials may have a Itis of interest to compare how the rate and mechanism of
profound influence on the nature of the tip—sample interac- the wear process on the ppHex films differs from tip-induced
tion. The chain length of the adsorbates in a self-assembledwear observed on conventional thermoplastic polymers. It
monolayer of alkanethiols on a gold substrate influences thehas been shown previously that low load contact mode SFM
coefficient of friction measured. The degree of order in the imaging induces wear of conventional polymers within a
monolayer increases, from liquid-like short-chain SAMs few scan cycles [13]. Wear patterns on conventional poly-
containing thiols with up to six methylene groups in their mer films are often composed of several alternating ridges
alkyl chains up to crystalline monolayers of long-chain and troughs aligned perpendicular to the fast scan axis. On
thiols (greater than 12 carbon atoms). This gives rise to arepeated scanning, the number of ridges in the scanned
decrease in the coefficient of friction [20], probably as a region may decrease as lateral movement of material occurs.
result of the greater deformability of the shorter, disordered The rate and extent of wear observed on the ppHex films
layers and the concomitant increase in the tip—sample deposited at low power was significantly greater than that
contact area. We have recently reported that in mixed mono-observed on conventional polymer films under similar
layers of short and long chain thiols, there are also variations conditions in our laboratory. In contrast, the ppHex film
in mechanical behaviour that may be attributed to changesdeposited at 100 W showed no appreciable topographic
in the ordering of alkyl chains within the monolayer [21]. In  modification under the conditions of the experiment
the light of these earlier results, the present findings suggestshown in Fig. 1. However, a pattern composed of more
that studies of the nanotribological responses of PPs to thethan two ridges did not form on the ppHex films under
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any of the conditions employed in the present study. In smaller than that of the PS used by Schmidt et al. (110 000)
contrast with the behaviour observed during tip-induced and they thus exhibit even greater mobility, even at room
wear of conventional polymers, we observed the initial temperature. The similarity between the morphologies
formation of two parallel ridges, which subsequently reported in the present study and those described by
approached each other and combined to form a single Schmidt et al. is nevertheless significant, and supports the
central ridge. The development of ridged structures in the conclusion that mechanisms of tip-induced wear are
centre of the scanned region was accompanied by the forma-strongly dependent on the polymer mechanical properties.
tion of troughs along both of the edges of the scanned region It is significant that for a given number of scan lines, the
perpendicular to the fast scan direction. This implies that degree of disruption increases with decreasing scan speed
material is swept inward from the edges running parallel to for ppHex. This is in contrast with our previous observations
the fast scan direction, accumulating to form the ridged for PET surfaces. It is possibly due to an increase in the
structures. This is again in contrast with the behaviour effectiveness with which the tip picks material up as the
exhibited by conventional polymers, which do not exhibit scan speed decreases, although it is also possible that
the formation of such pronounced troughs and for which itis viscoelastic effects are relevant here, with the PP behaving
more difficult to unequivocally determine the origin of in an increasingly viscous fashion as the scan speed is
material that forms ridged features. decreased, with the result that tip-induced damage is
It is likely that the tip picks up material as its direction of increased. There are differing reports on the scan speed
motion is reversed, possibly due to a transitory increase in dependence of tip-induced wear on conventional polymer
load, or an increased lateral force. This material is draggedfilms. On PS for example, Woodland and Unertl [15] found
across the scan area. Continued accretion of material undethat the wear rate increased with scan speed, whilst Vansco
the moving tip would be expected to lead to a gradual and co-workers [14] found it independent of speed, and at
transfer of material to the periphery of the scanned region; temperatures above 14D (PS melt) Schmidt et al. [23]
the concentration of material at the centre of the scannedreported a similar dependence to that found here. In general,
area, as observed here, suggests that material is deposited dsr conventional polymers at moderate loads, the consensus
the tip traverses the scanned area. Deposition from opposingseems to be that there is little variation in the tip-induced
directions leads to the formation of the approximately wear behaviour as the scan speed varies. Woodland and
symmetrical structures observed here. Unertl utilised somewhat higher speeds and loads than
Fig. 4 reveals that the relaxation time for the perturbed have been used in many of the other studies, possibly
material is long compared to the time taken for the tip to explaining why they observed different behaviour [13].
complete a single scan line. As the numbers of scan linesSchmidt et al. explained the behaviour they observed in
increases, the extent of surface modification becomes moreterms of the viscoelasticity of their samples: they found
severe. An increasing number of scan lines means that thethat decreasing the scan rate or increasing the temperature
spacing between successive scans is decreasing. Consded to similar changes in the wear behaviour [23]. Qualita-
quently, the degree of overlap between the areas modifiedtively, higher temperatures or lower scan rates tended to
by the tip on successive sweeps of the scanned aregporoduce wear features (ridges) that were less sharp, and
increases, leading to cumulative effects. We have previouslycaused the orientation of the features to change from
observed similar relationships between wear and the separaperpendicular to parallel to the scan direction. In the present
tion between scan lines in studies of conventional polymers. study, it is possible that the more extensive disruption
To our knowledge, the kind of wear behaviour reported caused at lower scan speeds is also a result of increasingly
here has not been observed previously for conventional viscous liquid-like behaviour.
polymers, although similar behaviour has been reported
by Schmidt et al. in studies of PS melts at temperatures
above 140C (i.e. significantly above the glass transition 5. Conclusions
temperature) [23]. Below this temperature they observed
wear behaviour that was qualitatively similar to that SFM has been used in contact mode to induce wear of
observed at room temperature. However, there are differ- thin plasma polymerised hexane films. The extent of wear
ences between the morphologies created after wear in theobserved can be used to qualitatively assess the mechanical
present study and those reported by Schmidt et al. In parti- properties of such thin films. The wear-resistance of the
cular, they observed sharply defined ridges under someppHex films varies greatly with the deposition power.
conditions, and such features were not observed in theThey are harder than conventional polymers when deposited
present study. While the PPs deposited at high powers inat high power and considerably softer when deposited at low
the present study may be resistant to wear, those depositeghower. This is explained in terms of the increased level of
at low powers probably have low MWs and may be more cross-linking at higher power. The morphology induced by
similar in their mechanical properties to polystyrene above tip-induced wear is radically different from that observed on
its glass transition temperaturgy) than to glassy polymers  conventional polymers. As wear develops, two parallel
below T,. However, their MWs are possibly substantially ridges form, and as wear develops, gradually join up to
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form one larger central ridge. On the PP deposited at lower [5] Kettle AP, Jones FR, Alexander MR, Short RD, Wu W, Verpoest I,

powers, tip-induced wear was more extensive at higher
loads, lower scan rates and at higher scan line densities.

Stollenwerk M. Composites Part A 1998;29:241-50.
[6] Alexander MR, Payan S, Duc TM. Surface Interface Anal
1998;26(13):961-73.

The dependence on scan rate is different from that observed (7 ajexander MR, Duc T™. Polymer 1999:40(20):5479—88.

for conventional polymers and possibly indicates that
viscoelastic effects are important for these materials.
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