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Transitions from nanoscale to microscale dynamic friction mechanisms
on polyethylene and silicon surfaces
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The dynamic friction mechanisms of polyethylene and silicon were investigated for apparent contact
pressures and contact areas in the ranges of 8 MPa–18 GPa and 17 nm2–9500mm2, respectively.
Friction force measurements were obtained with a friction force microscope, scanning force
microscope, and pin-on-disk tribometer. Silicon and diamond tips with a nominal radius of
curvature between 100 nm and 1.2 mm were slid against low- and high-density polyethylene and
Si~100! substrates under contact loads in the range of 5 nN–0.27 N. The low friction coefficients
obtained with all material systems at low contact pressures indicated that deformation at the sliding
interface was primarily elastic. Alternatively, the significantly higher friction coefficients at higher
contact pressures suggested that plastic deformation was the principal mode of deformation. The
high friction coefficients of polyethylene observed with large apparent contact areas are interpreted
in terms of the microstructure evolution involving the rearrangement of crystalline regions
~lamellae! nearly parallel to the sliding direction, which reduces the surface resistance to plastic
shearing. Such differences in the friction behavior of polyethylene resulting from stress-induced
microstructural changes were found to occur over a relatively large range of the apparent contact
area. The friction behavior of silicon was strongly affected by the presence of a native oxide film.
Results are presented to demonstrate the effect of the scale of deformation at the contact interface
on the dynamic friction behavior and the significance of contact parameters on the friction
measurements obtained with different instruments. ©2000 American Institute of Physics.
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I. INTRODUCTION

Friction force measurements can be obtained with v
ous instruments, such as friction force microscope~FFM!,1–3

scanning force microscope~SFM!,4,5 and classical pin-on-
disk ~POD! tribometer.6 All of these instruments operate i
totally different load and contact area regimes. The m
objective in FFM studies has been the examination of lo
friction properties,3,7 whereas the focus in investigations u
ing the POD has been the study of the evolution of wea8,9

the analysis of the effects of operating conditions,9–11and the
role of blends and additives on the tribological properties.8,12

The FFM is used to apply loads in the nanoNewton ran
with silicon or silicon nitride tips with a radius of curvatur
of 20–100 nm. This instrument is the workhorse of nano
bology, a rapidly growing field dealing with tribology sc
ence and technology problems encountered at the nanos
The SFM is a modified FFM that uses diamond tips of int
mediate radius of curvature~typically from about 50 nm up
to 20 mm! and is capable of applying loads in the micr
Newton range. This instrument is well suited to bridge t

a!Electronic mail: kyriakos@euler.berkeley.edu
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gap between nanotribology and traditional tribology. Final
the POD can be used with a variety of tips, with blunt sphe
cal pins having a radius of curvature of the order of a f
millimeters being the most common. Although sensiti
POD instruments can apply loads in the milliNewton rang
loads of the order of 1 N or higher can be applied with mor
rigid POD instruments.

The ranges of normal load and contact area obtai
with the above-mentioned instruments may yield differe
types of interactions between contacting surfaces. Spe
cally, at very low contact pressures elastic forces are do
nant and surface adhesion plays a significant role. Alter
tively, at high contact pressures the hard tip penetrates
flat sample surface and, thus, the contribution of the plow
friction mechanism to the overall friction increases.6,13,14Mi-
croprobe instruments provide the means for distinguish
differences in surface properties at scales of several
crometers down to atomic dimensions. Due to the profoun
different material behavior at submicron scales, tribologi
properties measured with microprobe instruments~e.g.,
FFM! may differ significantly from those obtained with tra
ditional equipment that cause deformation over a mu
3 © 2000 American Institute of Physics
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larger volume of the test specimen~e.g., POD!. In addition,
the transition from nanoscopic to microscopic deformat
may promote the dominance of different mechanisms,
pending on the microstructure sensitivity of the mater
~e.g., pressure dependence of shear strength of polym
materials! on the resulting contact conditions~i.e., contact
pressure and real contact area!. Hence, the objectives of th
present investigation were to perform friction experiments
low-density polyethylene~LDP!, high-density polyethylene
~HDP!, and silicon with all three instruments~FFM, SFM,
and POD! using loads and apparent contact areas varying
approximately eight orders of magnitude. Another purpo
of this study was to analyze the results obtained in tota
different load ranges and to investigate possible trends
may have predictive value.

II. EXPERIMENTAL PROCEDURES

A. Specimen preparation

In order to avoid the effect of topography variations
the friction measurements, pure granulates of low- and h
density polyethylene~Aldrich Chemical Co.! were melted
and pressed against a smooth glass plate for an hour to
duce flat disk specimens with smooth surfaces. The poly
specimens were cooled to room temperature in about 20
Table I gives some important properties of the produc
polymers.15 Round disks of about 1.27 cm in diameter we
cut from commercially available Si~100! wafers. From 10
mm310 mm surface area images, the rms roughness of
polyethylene and silicon disks was found equal to 30 an
nm, respectively. Apart from significant interest on the na
and microtribological properties of silicon~the main struc-
tural material in microelectronics!, the microstructure of sili-
con is insensitive to contact pressure variations. Therefor
can be used as a reference material to study whether tr
tions in the friction behavior of polymers due to pressu
induced microstructure changes can be probed with the
struments used in this study. In view of profound differenc
in the microstructure and mechanical properties of polye
ylene and silicon, increasing the contact load~or mean con-
tact pressure and apparent contact area! may yield remark-
ably different sliding friction mechanisms.

TABLE I. Properties of polymer samples.a

Property

Polymer material

LDP HDP

Density ~g/cm3! 0.92 0.95
Melting temperature~°C! 115 131
Molecular weight~g/mol! ¯ 1253103

Crystallinityb~%! ;23 ;65

aSee Ref. 15.
bDetermined by measuring heats of fusion after molding of the sam
using differential scanning calorimetry.
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B. Instrumentation and testing techniques

1. Friction force microscope

A commercially available friction force microscop
~FFM! ~Park Scientific Instruments, Autoprobe MN5! was
used to perform friction testing at the nanoscale. A laser
a position-sensitive photodiode were used to determine
tip deflection during surface probing. Friction was measu
by obtaining line scans at several predetermined repul
loads. Silicon probes of different spring constants and
radius equal to 150 and 200 nm were used to apply nor
loads in the range of 5–700 nN. The sliding speed in all
FFM tests was fixed at 520 nm/s. The tip radius was e
mated by scanning each tip over the very sharp wedges
strontium titanate (SrTiO3) surface. Since the produce
traces were self-images of the scanning tips, the tip radi
curvature were found by fitting a parabola to the apex
each feature. To determine the magnitude of the frict
force, the FFM was calibrated for each tip according to
technique of Ogletree, Carpick, and Salmeron.16 The depen-
dence of the lateral signal on the vertical signal was de
mined from friction and topographic images obtained on t
well-defined tilted planes@the ~101! and ~103! planes of
SrTiO3# at different loads. Calibration of the friction forc
for tips with radius of curvature equal to about 150 and 2
nm involves some error because this method is ideal
much smaller tips having a radius of curvature equal to;50
nm. This error was taken into account in the calculation
the friction data.

2. Scanning force microscope

Friction testing at the microscale was performed with
scanning force microscope5 ~SFM! consisting of an atomic
force microscope~Digital Instruments, Nanoscope II! retro-
fitted with a capacitive force transducer~Triboscope, Hys-
itron Inc.!. The vertical and lateral~friction! forces were de-
termined by two independent capacitor plates that w
previously calibrated for each tip. A detailed description
the SFM tip calibration procedure can be found elsewhe5

Friction testing at the microscale was performed by slidin
90° three-sided pyramidal diamond tip or a 60° conical d
mond tip with radii of curvature equal to 100 nm and 16mm,
respectively, on the disk surfaces at a constant speed of
nm/s and loads in the range of 2–1000mN.

3. Pin-on-disk apparatus

Friction testing at the millimeter scale was perform
with a pin-on-disk~POD! apparatus. A cantilever beam hold
ing a pin with a blunt, diamond-coated tip of radius 1.2 m
was wired with four strain gauges in a Wheatstone brid
configuration. The normal force~in the range of 17–270
mN! was applied directly to the pin as a dead weight, and
friction force was measured by the strain gauges. A defl
tion constant of 12.3 mN/V was determined from seve
calibration measurements. The strain-gauge output volt
was passed through an amplifier and was subsequently
lected by a data acquisition system. The sliding speed in
the POD tests was fixed at 4.2 mm/s. Friction coefficient d
were recorded continuously at a rate of 1.5 Hz.
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The experimental parameters for each instrument
given in Table II. All the experiments were performed in
clean-air laboratory environment at room temperature
relative humidity of approximately 40%.

4. Surface imaging

To determine the prevailing deformation mode at t
tip–substrate interface, disk surface images were obta
before and after testing with each instrument. Since the F
and SFM have both scratching andin situ imaging capabili-
ties, surface imaging was performed with the same tip
rectly after testing at much lighter loads~of the order of a
few nanoNewtons!. The wear tracks generated by the PO
tester were examined with an optical microscope.

III. RESULTS AND DISCUSSION

The apparent contact area and corresponding mean
tact pressure were determined in terms of the tip radius,
plied normal load, and elastic properties of the surfaces u
the classical Hertz theory.17 The elastic modulus of LDP an
HDP was assumed to be equal to 0.6 and 0.9 G
respectively,18 and that of Si~100! equal to 98 GPa. A Pois
son’s ratio of 0.3 was assumed for all materials. Where
penetration depth was sufficiently large for the contact a
to be affected by the global tip geometry~e.g., SFM pyrami-
dal and conical tips!, the apparent contact pressure was

TABLE II. Testing parameters for different instruments.

Instrument Sliding speed Sliding tip Normal load

FFM 520 nm/s Silicon
~radius5150 nm!

5–20 nN

Silicon
~radius5200 nm!

20–700 nN

SFM 400 nm/s Diamond
~radius5100 nm!

2–100mN

Diamond
~radius516 mm!

2–1000mN

POD 4.2 mm/s Diamond
~radius51.2 mm!

27–270 mN
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termined by dividing the normal load by the projected co
tact area, obtained from the tip geometry and measured w
track depth. The steady-state dynamic friction coefficients
all material systems are given in Table III in terms of rang
of applied normal load and calculated apparent contact a
and mean contact pressure.

Figure 1 shows the steady-state friction force as a fu
tion of normal load for LDP obtained from sliding exper
ments performed with different instruments. Within ea
load range, all measurements reveal a linear dependenc
the friction force on normal load. Since the ratio of the fri
tion force to the normal load is, by definition, equal to t
coefficient of frictionm, the slope of the lines fitted throug
the data shown in Fig. 1~as well as in subsequent simila
figures! represent the steady-state friction coefficient in ea
load range. A transition in the coefficient of friction within
load range is reflected by the change of the slope of the fi
line. Assuming that a similar coefficient of friction is a
indication of the same active friction mechanism and tha
significant change in the coefficient of friction is due to t
occurrence of different mechanism~s!, three distinct friction
regimes can be identified in Fig. 1. The low-load range of
FFM results@Fig. 1~a!# shows a very low coefficient of fric-
tion ~m'0.06!. The high-load range of the FFM results b
ginning at;200 nN@Fig. 1~a!# and the results obtained wit
SFM tips of radius of curvature equal to 100 nm and 16mm
@Figs. 1~b! and 1~c!, respectively# and contact loads appre
ciably higher than those in the FFM tests reveal much hig
friction coefficients ~m'0.13–0.18!. A remarkably higher
friction coefficient ~m'0.41! was observed in the POD ex
periments with significantly higher contact loads@Fig. 1~d!#
that resulted in much larger apparent contact areas.

Figure 1 and Table III show that the coefficient of fric
tion is strongly affected by the magnitudes of the appl
normal load and apparent contact area. The transition in f
tion observed in Fig. 1~a! occurs at a load of;200 nN,
corresponding to a mean contact pressure of 70 MPa.
further study the observed transition, LDP surfaces were
aged with the FFM before and after testing at much ligh
rent

ficient
TABLE III. Friction coefficients of high- and low-density polyethylene and silicon vs normal load, appa
contact area, and mean contact pressure obtained with different instruments.

Material Instrument Normal load Apparent contact area Mean contact pressure Friction coef

LDP FFM 5–200 nN 200–2800 nm2 25–70 MPa 0.06
200–700 nN 2800–6700 nm2 70–105 MPa 0.17

SFM 2–80mN 1300 nm2–1.9mm2 42–1625 MPa 0.18
2–1000mN 0.25–15mm2 8–67 MPa 0.13

POD 17–85 mN 1900–5300mm2 9–16 MPa 0.41
HDP FFM 5–200 nN 200–2800 nm2 25–70 MPa 0.06

200–700 nN 2800–6700 nm2 70–105 MPa 0.13
SFM 2–30mN 260 nm2–0.059mm2 0.51–7.7 GPa 0.20

30–80mN 0.059–0.42mm2 0.19–0.51 GPa 0.39
2–1000mN 0.25–15mm2 8–67 MPa 0.11

POD 17–210 mN 1900–9500mm2 9–22 MPa 0.17
Si FFM 5–700 nN 17–450 nm2 0.3–1.54 GPa 0.03

SFM 10–70mN 1060–3900 nm2 9.4–18 GPa 0.25
2–1000mN 0.011–0.66mm2 0.19–1.51 GPa 0.11

POD 17–270 mN 81–500mm2 210–540 MPa 0.08
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FIG. 1. Friction force vs load for LDP obtained with
~a! FFM ~150 nm tip radius!, ~b! SFM ~100 nm tip
radius!, ~c! SFM ~16 mm tip radius!, and~d! POD ~1.2
mm pin radius!.
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loads in order to examine the surface condition. Sin
changes in the surface topography after sliding under nor
loads less than 200 nN could not be revealed, at least wi
the instrument resolution, it may be argued that in this ra
of contact loads~i.e., pressure range of 25–70 MPa! the de-
formation of LDP was essentially elastic. Consequently,
low friction in this regime is considered to be a manifestat
of surface adhesion forces and roughness effects. The
shallow scratches produced on LDP surfaces at loads gre
than 200 nN indicated that plastic deformation was domin
and that the higher friction in this regime was mainly due
plowing and microcutting processes occurring at the na
meter scale. FFM surface images obtained before and
scratching the LDP surfaces with the same tip under a l
of 700 nN confirmed the formation of shallow plowin
grooves.

The fact that a transition in friction is not shown in Fig
1~b! and 1~c! and the corresponding friction coefficients a
similar to that of the high-friction regime in Fig. 1~a! sug-
gests that plastic deformation was mainly due to plowing a
cutting processes occurring at the nanometer and microm
scales. To ensure that plasticity was significant in the lo
range of 2–1000mN, indentations were performed with th

FIG. 2. Indentation force vs penetration depth curves for LDP obtained
a 90° three-sided pyramidal diamond SFM tip having a radius of curva
equal to 100 nm for a maximum indentation load of about 5, 12, and 27mN.
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SFM instrument using a 90° three-sided pyramidal diamo
tip of radius;100 nm and maximum load ranges similar
those in Figs. 1~b! and 1~c!. Figure 2 shows three represe
tative indentation curves from these experiments for a ma
mum normal load approximately equal to 5, 12, and 27mN.
The force hysteresis and residual penetration depths sh
in Fig. 2 indicate that plastic deformation occurred even w
loads as low as 5mN. The good agreement between the thr
loading paths illustrates the instrument’s capability to re
ably probe the mechanical behavior of LDP. Unloading p
duces a highly nonlinear force response characteristic o
viscoelastic material. The results shown in Fig. 2 confi
that significant plastic deformation occurred even in t
light-load range of Figs. 1~b! and 1~c!. It should be noted tha
because the geometry of the SFM tip is pyramidal or conic
the produced contact pressures are higher than those
tained with spherical tips of the same radius of curvatu
Surface topography images obtained after friction test
provided additional evidence for the occurrence of plas
deformation. Figure 3 shows an image of a wear groove o
LDP surface generated by sliding a 150 nm radius FFM s
con tip under a mean contact pressure of;150 MPa. The

h
re

FIG. 3. Wear scar on a LDP surface produced by sliding a FFM silicon
of radius of curvature equal to 150 nm under a mean contact pressu
about 150 MPa.
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FIG. 4. Friction force vs load for HDP obtained with
~a! FFM ~150 nm tip radius!, ~b! SFM ~100 nm tip
radius!, ~c! SFM ~16 mm tip radius!, and~d! POD ~1.2
mm pin radius!.
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groove length corresponds to the duration of sliding betw
the loading and unloading operations.

From the penetration depths in the SFM experiments
is apparent that the real contact area and plastic flow be
ior were mostly affected by the overall tip shape rather th
its radius of curvature. The specific SFM tip shape and
approximately linear dependence of load on penetra
depth~due to the occurrence of plastic deformation! yield a
pressure proportional to the reciprocal of the applied lo
which is different from the other setups where the press
increases with the normal load due to the different con
geometry. Thus, a higher pressure was produced in the
load SFM tests~Table III!. Considering the approximatel
linear loading paths shown in Fig. 2 and the dependenc
the resulting mean pressure on the SFM tip shape, it ma
interpreted that the mean contact pressure in the tests
formed with the sharper tip@Fig. 1~b!# was higher than tha
in the tests involving the relatively blunt tip@Fig. 1~c!# and,
presumably, it was of the same order of magnitude with t
in the FFM experiments@Fig. 1~a!#. This view is also sup-
ported by the similar values of the friction coefficient in Fi
1~b! and the high-friction regime in Fig. 1~a!, and the slightly
lower friction produced with the blunt tip@Fig. 1~c!#. The
latter may be associated with the relatively smaller pene
tion depths yielding a less contributing plowing frictio
mechanism,6,13,14 and the reduced surface resistance aga
plowing and adhesive shearing due to the decrease of
strength of LDP with decreasing pressure.15

Figure 4 shows friction results for HDP obtained wi
different instruments. As with LDP, all measurements sh
linearity between friction force and normal load within
given load range. Figure 4~a! shows a transition from rela
tively low ~m'0.06! to high ~m'0.13! coefficient of friction,
similar to what was observed with LDP at a load of;200
nN @Fig. 1~a!#. The experimental results obtained with th
sharp SFM tip reveal a second transition in the friction b
havior of HDP at a load of;30 mN. Figure 4~b! shows that
although the coefficient of friction in the load range of 2–
n
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mN is similar to that of Fig. 1~b! a significantly higher coef-
ficient of friction ~m'0.39! was obtained at loads greate
than 30mN. Despite the higher loads used in the SFM te
performed with the relatively blunt tip@Fig. 4~c!#, a remark-
ably lower friction coefficient was produced~m'0.11!. Sig-
nificant differences in the friction behavior of HDP and LD
were observed in the POD experiments. A comparison
Figs. 1~d! and 4~d! indicates that HDP yields much lowe
friction coefficients~m'0.17! in the load range of 17–210
mN.

Although the FFM experiments showed a transition ve
similar to that of LDP, a relatively lower coefficient of fric
tion was obtained with HDP at loads greater than 200
@Fig. 4~a!#. In view of the similarity of the FFM results
shown in Figs. 1~a! and 4~a!, it may be inferred that the
dominant nanoscale friction mechanisms of HDP are
same as those of LDP. The transition in friction observed
the SFM experiments with the sharp tip and a load of;30
mN @Fig. 4~b!# may be associated with the enhancement
plowing due to the greater penetration depths produce
higher loads. Considering the inverse dependence of pres
on normal load in the SFM tests discussed previously, it m
be interpreted that the low friction in the low-load/high
pressure range is due to surface plowing, whereas the hi
friction in the high-load/low-pressure range is indicative
the bulk friction behavior@Fig. 4~b!#. This is supported by
the results presented in Fig. 4~c! for the relatively blunt tip
where a much lower friction coefficient was produced d
spite the higher loads used in these tests. The contact p
sure in Fig. 4~c! is in the range of the FFM measuremen
~Table III!, and the friction coefficient is close to that corr
sponding to the high-friction regime in Fig. 4~a!.

The results shown in Fig. 4 demonstrate a pronoun
difference between surface and bulk friction properti
Since HDP is more susceptible to oxidation than LDP, it
likely that the friction behavior observed with the FFM an
the SFM with the blunt tip@i.e., pressure range of 8–10
MPa ~Table III!# was affected by the presence of an oxi
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layer, whereas the results obtained with the sharp SFM
especially at high loads in the range of 30–80mN ~i.e., pres-
sure range of 0.19–0.51 GPa! and the POD tester~i.e., large
apparent contact area! are due to the combined effects of th
surface and bulk friction behaviors. It is apparent, therefo
that in order to isolate the effect of the crystalline phase
HDP on the tribological behavior, surface oxidation duri
sample preparation must be controlled.

Even though the apparent contact pressure in the P
tests of LDP and HDP was relatively low~Table III!, micros-
copy studies showed that plastic flow was the dominant
formation process. These observations suggest that, a
from asperities plowing through the material due to the
cally higher contact pressures, an additional friction mec
nism was also operative. It has been reported that the sli
process promotes the reorientation of crystalline plate
~lamella! in polyethylene parallel to the direction of sliding
thus reducing the shear strength of the polym
surface.14,19,20Because the typical lamella size is 50 nm
less, it is not likely that the very sharp tips~i.e., radius of
curvature equal to 150 and 200 nm! used in the FFM and
SFM instruments induced lamella alignment. However
much blunter tip yields a significantly larger real conta

FIG. 5. Cross-section TEM micrograph of HDP obtained after sliding in
POD tester under a mean contact pressure of about 59 MPa.
p,
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area, which promotes the process of lamella alignment. F
ure 5 shows a representative cross-section transmission
tron microscopy~TEM! micrograph of HDP obtained afte
sliding in the POD tester under a mean contact pressur
;59 MPa. A remarkable lamellae alignment almost para
to the direction of sliding occurred to a depth of seve
nanometers below the sliding interface. Thus, the domin
friction mechanisms in the POD experiments were the plo
ing and cutting of the LDP and HDP surfaces by the har
asperities on the diamond-coated pin surface and wear
ticles trapped at the contact interface,6,13,14 accompanied by
plastic shearing adjacent to the sliding interface leading
lamellae alignment which, in turn, reduced the polymer s
face resistance to plastic shearing.19,20

Results demonstrating the effect of the normal load a
apparent contact pressure on the friction behavior of silic
are presented in Fig. 6 and Table III. Three distinct fricti
regimes with significantly different coefficients of frictio
can be observed. The FFM measurements show a very
coefficient of friction ~m'0.03! throughout the entire load
range@Fig. 6~a!#. A significantly higher coefficient of friction
~m'0.25! was found in the SFM experiments with a tip o
100 nm radius@Fig. 6~b!#. However, in the SFM experiment
with the relatively blunt tip of 16mm in radius of curvature
@Fig. 6~c!# the coefficient of friction was much lower~m
'0.11!. A low friction coefficient~m'0.08! was also found
in the POD experiments performed with the very blu
diamond-coated pin@Fig. 6~d!#.

Despite the appreciably high contact pressures in
FFM experiments@in the range of 0.3–1.54 GPa~Table III!#,
a transition from elastic to plastic deformation did not occ
in the load range 5–700 nN because silicon is much ha
than polyethylene. Surface imaging of silicon surfaces tes
with the FFM did not reveal any discernible changes in
surface topography due to sliding, confirming the absenc
plowing scratches. The very low coefficient of friction ob
tained throughout this load range@Fig. 6~a!# is attributed to

e

FIG. 6. Friction force vs load for Si~100! obtained with
~a! FFM ~150 nm tip radius!, ~b! SFM ~100 nm tip
radius!, ~c! SFM ~16 mm tip radius!, and~d! POD ~1.2
mm pin radius!.
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the presence of a low surface energy, thin oxide film and
negligible roughness effect due to the smoothness of the
con substrate. However, Fig. 6~b! shows that a significantly
higher friction coefficient was produced with the sharp SF
tip at loads ranging from 10 to 70mN, i.e., mean contac
pressures between 9.4 and 18 GPa~Table III!. Surface imag-
ing with the same tip at very light loads~of the order of 0.5
mN! produced conclusive evidence about the dominant
of plowing under these contact conditions. Figure 7 show
characteristic atomic force microscope~AFM! image of a
plowing groove generated on a silicon surface by slidin
100 nm radius diamond tip under a load of 70mN. Since the
measured groove depth is;1 nm, it may be concluded tha
plowing occurred within the oxide film. Thus, the prima
friction mechanism in the 9.4–18 GPa pressure range is
plowing of the native oxide film on the silicon surface. Fi
ure 6~c! shows that an appreciably lower friction coefficie
was obtained with the blunt SFM tip at loads ranging from
to 1000mN, i.e., 0.19–1.51 GPa~Table III!, apparently be-
cause of the less severe plowing effect at lower contact p
sures. However, the fact that the friction coefficient is not
low as in Fig. 6~a! suggests that the work dissipated due
plowing through the oxide film is greater than that due
surface adhesion. Compared to polyethylene, much lo
friction was obtained in the POD experiments@Fig. 6~d!#.
This is again attributed to the dominance of surface adhe
and the minimal contribution of plowing due to the signi
cantly lower contact pressures@i.e., 210–540 MPa~Table
III !# and the higher yield strength of silicon.

In summary, the FFM yields the lowest coefficients
friction for all three materials. This is attributed to the pr
dominantly elastic deformation dominating the friction pr
cess. However, above a critical load, wear-dominated frict
and a profound increase of the coefficient of friction we
observed. Even at light loads the contact pressure produ
with the sharp tips in the FFM tests can be extremely hi
Increasing the load in the SFM and POD experiments p
moted the occurrence of wear processes and the sim
neous increase of the coefficient of friction. Both LDP a
HDP not only exhibited pressure-controlled friction tran

FIG. 7. AFM image showing a shallow scratch on a smooth Si~100! sub-
strate produced by sliding a 100 nm radius SFM diamond tip under a loa
70 mN.
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tions, but also transitions associated with the microstruct
evolution during sliding, observed only with relatively larg
apparent contact areas. The average lamellae size of poly
ylene is dictated by crystallization thermodynamics and
approximately 20–50 nm, depending on the processing t
perature, pressure, and level of undercooling. Hence, the
found role of lamellae alignment parallel to the direction
sliding can only occur with relatively blunt tips producin
contact areas significantly larger than the lamellae aver
size. The results shown in Figs. 1, 4, and 5 provide evide
for the effect of stress-induced lamellae alignment on
dynamic friction characteristics of polyethylene. Thus, a s
nificant change in the friction behavior can occur, even
contact pressures of similar order of magnitude, by incre
ing the apparent contact area. This is supported by the
tion results for LDP and HDP obtained from the SFM a
POD tests for contact pressures in the range of 8–67 M
~Table III!. In addition, increasing the contact load witho
changing appreciably the real contact area leads to a tra
tion from elastic to plastic surface deformation characteriz
by the dominance of surface adhesion and plowing frict
mechanisms, respectively.

The results for silicon do not show a dependence of fr
tion on contact area. This is expected because silicon p
sesses a very different microstructure. However, a transi
from elastic to plastic deformation accompanied by a cha
from adhesion to plowing friction mechanisms was observ
at contact pressures sufficiently high to cause rupture of
native oxide film. A second transition occurred when t
pressure at asperity microcontacts was further increase
the point of promoting plowing of bulk silicon.

This study demonstrated the sufficient sensitivity of t
instruments used to probe the dependence of dynamic
tion on the dominant deformation mode and near-surface
crostructure changes at normal loads and apparent co
areas varying by several orders of magnitude. The relativ
small differences in the friction coefficients of LDP and HD
obtained with silicon and diamond tips indicate that the
fects of the surface chemistry and mechanical propertie
the two tips were secondary. Thus, the friction process w
dominated by the polymer deformation and was independ
of the chemical nature of the rigid tips. Future studies w
concentrate on the characterization of polyethylene and
con surfaces before and after testing to obtain detailed in
mation about the near-surface microstructure and chem
state in order to further elucidate the variation of frictio
over a wide range of loads and contact areas.

IV. CONCLUSIONS

An experimental investigation of the dynamic frictio
behavior of LDP, HDP, and Si~100! was performed with
different instruments at normal loads in the range of 5 nN
0.27 N. All materials revealed different friction regimes.
transition from elastic to plastic deformation accompanied
a change of the dominant friction mechanism from adhes
to plowing was observed with increasing load~or contact
pressure! in all tests. In addition, a dependence of friction o
the apparent contact area was found for polyethylene. T
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was associated with the strong effect of pressure on the s
strength of polyethylene and the modification of the mic
structure adjacent to the sliding interface through the ali
ment of microcrystalline phases~lamellae! parallel to the
sliding direction. The lamellae alignment reduces the sh
strength of the polymer surface and, hence, increases
contribution of the plowing friction mechanism to the over
friction. Such a change of the polymer microstructure w
not observed with relatively sharp tips producing real cont
areas of the order of the average lamellae size or less. C
trary to LDP, the coefficient of friction of HDP was found t
strongly depend on the scratch depth, presumably due to
presence of a slightly oxidized surface layer. Although s
con did not show a structure-sensitive friction behavior
dependence of friction on scratch depth was also obse
and was related to the intrinsic tribological behavior of a th
silicon oxide film. The results of the present study illustra
that significantly different friction properties can occur
different scales and provide new insight into frictional tra
sitions commencing over a wide range of loads~or mean
contact pressures! and apparent contact areas.
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