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Transitions from nanoscale to microscale dynamic friction mechanisms
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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-19500um?, 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
(lamellag 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. 2@0 American Institute of Physics.
[S0021-897€00)06305-2

I. INTRODUCTION gap between nanotribology and traditional tribology. Finally,

Friction force measurements can be obtained with vari-the POD can be used with a variety of tips, with blunt spheri-

ous instruments, such as friction force microscepeM),1=2 cgl .pins having a radius of curvature of the order of a_f_ew
scanning force microscopéSFM),*S and classical pin-on- m|II|m_eters being the most common. Althgugh sensitive
disk (POD) tribometer® All of these instruments operate in POD instruments can apply loads in the milliNewton range,
totally different load and contact area regimes. The mairl0@ds of the orderfol N or higher can be applied with more
objective in FFM studies has been the examination of localigid POD instruments.

friction properties’” whereas the focus in investigations us- ~ The ranges of normal load and contact area obtained
ing the POD has been the study of the evolution of viéar, with the above-mentioned instruments may vyield different
the analysis of the effects of operating conditidns,and the ~ types of interactions between contacting surfaces. Specifi-
role of blends and additives on the tribological propefi&s. cally, at very low contact pressures elastic forces are domi-
The FFM is used to apply loads in the nanoNewton rangeant and surface adhesion plays a significant role. Alterna-
with silicon or silicon nitride tips with a radius of curvature tively, at high contact pressures the hard tip penetrates the
of 20—100 nm. This instrument is the workhorse of nanotri-flat sample surface and, thus, the contribution of the plowing
bology, a rapidly growing field dealing with tribology sci- friction mechanism to the overall friction increases:**Mi-
ence and technology problems encountered at the nanoscai@oprobe instruments provide the means for distinguishing
The SFM is a modified FFM that uses diamond tips of inter-differences in surface properties at scales of several mi-
mediate radius of curvaturgypically from about 50 nm up  crometers down to atomic dimensions. Due to the profoundly
to 20 um) and is capable of applying loads in the micro- gifferent material behavior at submicron scales, tribological
Newton range. This instrument is well suited to bridge theproperties measured with microprobe instrumerésg.,
FFM) may differ significantly from those obtained with tra-
dElectronic mail: kyriakos@euler.berkeley.edu ditional equipment that cause deformation over a much
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TABLE |. Properties of polymer samplés. B. Instrumentation and testing techniques
Polymer material 1. Friction force microscope
Property LDP HDP A commercially available friction force microscope
- (FFM) (Park Scientific Instruments, Autoprobe MN@as
Density (g/cnt) 0.92 0.95 d f fricti . h e Al d
Melting temperaturé“C) 115 131 used to perform friction testing at the nanoscale. A laser an
Molecular weight(g/mol) 125x 168 a position-sensitive photodiode were used to determine the
Crystallinity’(%) ~23 ~65 tip deflection during surface probing. Friction was measured
by obtaining line scans at several predetermined repulsive
aSee Ref. 15.

PDetermined by measuring heats of fusion after molding of the sampleéoa(_js' Silicon probes of different spring constants and tip
using differential scanning calorimetry. radius equal to 150 and 200 nm were used to apply normal

loads in the range of 5700 nN. The sliding speed in all the

FFM tests was fixed at 520 nm/s. The tip radius was esti-

mated by scanning each tip over the very sharp wedges of a

) N strontium titanate (SrTig) surface. Since the produced

larger volume of the test speciméa.g., POD. In addition,  {races were self-images of the scanning tips, the tip radii of
the transition from nanoscopic to microscopic deformations ,rvature were found by fitting a parabola to the apex of
may promote the dominance of different mechanisms, deaach feature. To determine the magnitude of the friction
pending on the microstructure sensitivity of the materialorce, the FFM was calibrated for each tip according to the
(e.g., pressure dependence of shear strength of polymefigchnique of Ogletree, Carpick, and Saimetbithe depen-
material$ on the resulting contact conditiorige., contact gence of the lateral signal on the vertical signal was deter-
pressure and real contact aredlence, the objectives of the mined from friction and topographic images obtained on two
present investigation were to perform friction experiments onye||-defined tilted planegthe (101) and (103 planes of
low-density polyethylendLDP), high-density polyethylene sTi0,] at different loads. Calibration of the friction force
(HDP), and silicon with all three instrument&FM, SFM,  for tips with radius of curvature equal to about 150 and 200
and POD using loads and apparent contact areas varying bym involves some error because this method is ideal for
approximately eight orders of magnitude. Another purposenuch smaller tips having a radius of curvature equat-&0

of this study was to analyze the results obtained in totallhm. This error was taken into account in the calculation of
different load ranges and to investigate possible trends thake friction data.

may have predictive value.
2. Scanning force microscope

Friction testing at the microscale was performed with a
scanning force microscopéSFM) consisting of an atomic
force microscopéDigital Instruments, Nanoscope) lietro-
fitted with a capacitive force transducéFriboscope, Hys-

A. Specimen preparation itron Inc.). The vertical and laterdFriction) forces were de-

In order to avoid the effect of topography variations ont€rmined by two independent capacitor plates that were
the friction measurements, pure granulates of low- and highprewously_ callb_ratec_JI for each tip. A detailed description of
density polyethylengAldrich Chemical Co. were melted th_e $FM tlp_ calibration _procedure can be found elsev_vﬁ_ere.
and pressed against a smooth glass plate for an hour to pr!ction testing at the microscale was performe:j by sliding a
duce flat disk specimens with smooth surfaces. The polym 0 thf,ee's_'ded P_Yfam'da' diamond tip or a 60° conical dia-
specimens were cooled to room temperature in about 20 mif?oNd tip with radii of curvature equal to 100 nm and A,
Table | gives some important properties of the producedrespectwely, on .the disk surfaces at a constant speed of 400
polymerst® Round disks of about 1.27 cm in diameter were"M/s @nd loads in the range of 2-10081.
cut from commercially available @00 wafers. From 10 ] ]
umx10 um surface area images, the rms roughness of thd- Pin-on-disk apparatus
polyethylene and silicon disks was found equal to 30 and 4  Friction testing at the millimeter scale was performed
nm, respectively. Apart from significant interest on the nano-with a pin-on-diskPOD) apparatus. A cantilever beam hold-
and microtribological properties of silicofthe main struc- ing a pin with a blunt, diamond-coated tip of radius 1.2 mm
tural material in microelectronigsthe microstructure of sili- was wired with four strain gauges in a Wheatstone bridge
con is insensitive to contact pressure variations. Therefore, tonfiguration. The normal forcéin the range of 17-270
can be used as a reference material to study whether transiN) was applied directly to the pin as a dead weight, and the
tions in the friction behavior of polymers due to pressure-friction force was measured by the strain gauges. A deflec-
induced microstructure changes can be probed with the irion constant of 12.3 mN/V was determined from several
struments used in this study. In view of profound differencescalibration measurements. The strain-gauge output voltage
in the microstructure and mechanical properties of polyethwas passed through an amplifier and was subsequently col-
ylene and silicon, increasing the contact Iqad mean con- lected by a data acquisition system. The sliding speed in all
tact pressure and apparent contact areay yield remark- the POD tests was fixed at 4.2 mm/s. Friction coefficient data
ably different sliding friction mechanisms. were recorded continuously at a rate of 1.5 Hz.

Il. EXPERIMENTAL PROCEDURES
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TABLE II. Testing parameters for different instruments. termined by dividing the normal load by the projected con-
tact area, obtained from the tip geometry and measured wear
track depth. The steady-state dynamic friction coefficients of

Instrument Sliding speed Sliding tip Normal load

FFM 520 nm/s (radiusii‘l:gg . 5-20nN all material systems are given in Table Il in terms of ranges
Silicon 20-700 nn  Of applied normal load and calculated apparent contact area
(radius=200 nm and mean contact pressure.
SFM 400 nm/s _Diamond 2-100uN Figure 1 shows the steady-state friction force as a func-
(radllDui::gr?dnm 5 1000,y N of normal load for LDP obtained from sliding experi-
- w . . . e
(radius=16 um) ments performed with different instruments. Within each
POD 4.2 mm/s Diamond 27-270 mN  load range, all measurements reveal a linear dependence of
(radius=1.2 mm the friction force on normal load. Since the ratio of the fric-

tion force to the normal load is, by definition, equal to the
coefficient of frictionu, the slope of the lines fitted through
The experimental parameters for each instrument aréhe data shown in Fig. {as well as in subsequent similar
given in Table Il. All the experiments were performed in afigures represent the steady-state friction coefficient in each
clean-air laboratory environment at room temperature antbad range. A transition in the coefficient of friction within a

relative humidity of approximately 40%. load range is reflected by the change of the slope of the fitted
line. Assuming that a similar coefficient of friction is an
4. Surface imaging indication of the same active friction mechanism and that a

To determine the prevailing deformation mode at thesignificant change in the coefficient of friction is due to the
tip—substrate interface, disk surface images were obtaine@ccurrence of different mechanissh three distinct friction
before and after testing with each instrument. Since the FFMegimes can be identified in Fig. 1. The low-load range of the
and SFM have both scratching aimdsitu imaging capabili- FFM results[Fig. 1(a)] shows a very low coefficient of fric-
ties, surface imaging was performed with the same tip dition (u~0.06. The high-load range of the FFM results be-
rectly after testing at much lighter loadsf the order of a ginning at~200 nN[Fig. 1(a)] and the results obtained with
few nanoNewtons The wear tracks generated by the PODSFM tips of radius of curvature equal to 100 nm andif

tester were examined with an optical microscope. [Figs. 1b) and Xc), respectively and contact loads appre-
ciably higher than those in the FFM tests reveal much higher
Ill. RESULTS AND DISCUSSION friction coefficients (u~0.13-0.18. A remarkably higher

The apparent contact area and corresponding mean coffiction coefficient(4~0.41) was observed in the POD ex-
tact pressure were determined in terms of the tip radius, ag2€"iments with significantly higher contact loadsg. 1(d)]
plied normal load, and elastic properties of the surfaces usin§'at resulted in much larger apparent contact areas.
the classical Hertz theoryf. The elastic modulus of LDP and Figure 1 and Table Il show that the coefficient of fric-
HDP was assumed to be equal to 0.6 and 0.9 GP4dion is strongly affected by the magnitudes of the applied
respectively!® and that of S{100) equal to 98 GPa. A Pois- normal load and apparent contact area. The transition in fric-
son’s ratio of 0.3 was assumed for all materials. Where thdion observed in Fig. (8 occurs at a load of~200 nN,
penetration depth was sufficiently large for the contact aregorresponding to a mean contact pressure of 70 MPa. To
to be affected by the global tip geomets.g., SFM pyrami-  further study the observed transition, LDP surfaces were im-
dal and conical tips the apparent contact pressure was de-aged with the FFM before and after testing at much lighter

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

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

LDP FFM 5-200 nN 200-2800 fm  25-70 MPa 0.06
200-700 nN 2800—6700 rfm 70-105 MPa 0.17

SFM 2-80uN 1300 nnf-1.9 um? 42-1625 MPa 0.18
2-1000uN 0.25-15um? 8-67 MPa 0.13

POD 17-85 mN 1900-5300m? 9-16 MPa 0.41

HDP FFM 5-200 nN 200-2800 fm  25-70 MPa 0.06
200-700 nN 2800-6700 fm  70-105 MPa 0.13

SFM 2-30uN 260 nnf-0.059um?>  0.51-7.7 GPa 0.20
30-80uN 0.059-0.42um?>  0.19-0.51 GPa 0.39

2-1000uN 0.25-15um? 8-67 MPa 0.11

POD 17-210 mN 1900-9500m? 9-22 MPa 0.17

Si FFM 5-700 nN 17-450 nfn 0.3-1.54 GPa 0.03
SFM 10—70uN 1060-3900 nrh 9.4-18 GPa 0.25
2-1000uN 0.011-0.66um? 0.19-1.51 GPa 0.11

POD 17-270 mN 81-50Qm? 210-540 MPa 0.08
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loads in order to examine the surface condition. SinceSFM instrument using a 90° three-sided pyramidal diamond
changes in the surface topography after sliding under normadip of radius~100 nm and maximum load ranges similar to
loads less than 200 nN could not be revealed, at least withithose in Figs. () and Xc). Figure 2 shows three represen-
the instrument resolution, it may be argued that in this rangeative indentation curves from these experiments for a maxi-
of contact loaddi.e., pressure range of 25—-70 MRhe de- mum normal load approximately equal to 5, 12, andu2\.
formation of LDP was essentially elastic. Consequently, thelhe force hysteresis and residual penetration depths shown
low friction in this regime is considered to be a manifestationin Fig. 2 indicate that plastic deformation occurred even with
of surface adhesion forces and roughness effects. The vetgads as low as pN. The good agreement between the three
shallow scratches produced on LDP surfaces at loads greatleading paths illustrates the instrument’s capability to reli-
than 200 nN indicated that plastic deformation was dominanably probe the mechanical behavior of LDP. Unloading pro-
and that the higher friction in this regime was mainly due toduces a highly nonlinear force response characteristic of a
plowing and microcutting processes occurring at the nanoviscoelastic material. The results shown in Fig. 2 confirm
meter scale. FFM surface images obtained before and aftéhat significant plastic deformation occurred even in the
scratching the LDP surfaces with the same tip under a loatight-load range of Figs.(b) and Xc). It should be noted that
of 700 nN confirmed the formation of shallow plowing because the geometry of the SFM tip is pyramidal or conical,
grooves. the produced contact pressures are higher than those ob-
The fact that a transition in friction is not shown in Figs. tained with spherical tips of the same radius of curvature.
1(b) and Xc) and the corresponding friction coefficients are Surface topography images obtained after friction testing
similar to that of the high-friction regime in Fig.(d sug- provided additional evidence for the occurrence of plastic
gests that plastic deformation was mainly due to plowing andleformation. Figure 3 shows an image of a wear groove on a
cutting processes occurring at the nanometer and micrometeDP surface generated by sliding a 150 nm radius FFM sili-
scales. To ensure that plasticity was significant in the loadon tip under a mean contact pressure~df50 MPa. The
range of 2—100Q«N, indentations were performed with the
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FIG. 2. Indentation force vs penetration depth curves for LDP obtained withFIG. 3. Wear scar on a LDP surface produced by sliding a FFM silicon tip
a 90° three-sided pyramidal diamond SFM tip having a radius of curvatureof radius of curvature equal to 150 nm under a mean contact pressure of
equal to 100 nm for a maximum indentation load of about 5, 12, and\27  about 150 MPa.
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groove length corresponds to the duration of sliding betweemN is similar to that of Fig. (b) a significantly higher coef-
the loading and unloading operations. ficient of friction (u~0.39 was obtained at loads greater
From the penetration depths in the SFM experiments, ithan 30uN. Despite the higher loads used in the SFM tests
is apparent that the real contact area and plastic flow behayerformed with the relatively blunt tiF=ig. 4(c)], a remark-
ior were mostly affected by the overall tip shape rather tharably lower friction coefficient was producd@~0.11). Sig-
its radius of curvature. The specific SFM tip shape and thaificant differences in the friction behavior of HDP and LDP
approximately linear dependence of load on penetrationvere observed in the POD experiments. A comparison of
depth(due to the occurrence of plastic deformajigield a  Figs. Xd) and 4d) indicates that HDP yields much lower
pressure proportional to the reciprocal of the applied loadfriction coefficients(u~0.17) in the load range of 17-210
which is different from the other setups where the pressurenN.
increases with the normal load due to the different contact Although the FFM experiments showed a transition very
geometry. Thus, a higher pressure was produced in the lowsimilar to that of LDP, a relatively lower coefficient of fric-
load SFM testgTable Ill). Considering the approximately tion was obtained with HDP at loads greater than 200 nN
linear loading paths shown in Fig. 2 and the dependence dFig. 4a)]. In view of the similarity of the FFM results
the resulting mean pressure on the SFM tip shape, it may behown in Figs. 1@ and 4a), it may be inferred that the
interpreted that the mean contact pressure in the tests pateminant nanoscale friction mechanisms of HDP are the
formed with the sharper tipFig. 1(b)] was higher than that same as those of LDP. The transition in friction observed in
in the tests involving the relatively blunt tif-ig. 1(c)] and, = the SFM experiments with the sharp tip and a load~&0
presumably, it was of the same order of magnitude with thauN [Fig. 4(b)] may be associated with the enhancement of
in the FFM experiment$§Fig. 1(a)]. This view is also sup- plowing due to the greater penetration depths produced at
ported by the similar values of the friction coefficient in Fig. higher loads. Considering the inverse dependence of pressure
1(b) and the high-friction regime in Fig.(8), and the slightly on normal load in the SFM tests discussed previously, it may
lower friction produced with the blunt tipFig. 1(c)]. The be interpreted that the low friction in the low-load/high-
latter may be associated with the relatively smaller penetrapressure range is due to surface plowing, whereas the higher
tion depths yielding a less contributing plowing friction friction in the high-load/low-pressure range is indicative of
mechanisni**14and the reduced surface resistance againshe bulk friction behaviofFig. 4(b)]. This is supported by
plowing and adhesive shearing due to the decrease of thbe results presented in Fig(ch for the relatively blunt tip
strength of LDP with decreasing presstite. where a much lower friction coefficient was produced de-
Figure 4 shows friction results for HDP obtained with spite the higher loads used in these tests. The contact pres-
different instruments. As with LDP, all measurements showsure in Fig. 4c) is in the range of the FFM measurements
linearity between friction force and normal load within a (Table Ill), and the friction coefficient is close to that corre-
given load range. Figure(d) shows a transition from rela- sponding to the high-friction regime in Fig(a}.
tively low (u~0.06) to high (u~0.13 coefficient of friction, The results shown in Fig. 4 demonstrate a pronounced
similar to what was observed with LDP at a load-e200  difference between surface and bulk friction properties.
nN [Fig. 1(a@)]. The experimental results obtained with the Since HDP is more susceptible to oxidation than LDP, it is
sharp SFM tip reveal a second transition in the friction bedikely that the friction behavior observed with the FFM and
havior of HDP at a load 0f~30 uN. Figure 4b) shows that the SFM with the blunt tigli.e., pressure range of 8—105
although the coefficient of friction in the load range of 2—-30MPa (Table II)] was affected by the presence of an oxide
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area, which promotes the process of lamella alignment. Fig-
ure 5 shows a representative cross-section transmission elec-
tron microscopy(TEM) micrograph of HDP obtained after
sliding in the POD tester under a mean contact pressure of
~59 MPa. A remarkable lamellae alignment almost parallel
to the direction of sliding occurred to a depth of several
nanometers below the sliding interface. Thus, the dominant
friction mechanisms in the POD experiments were the plow-
ing and cutting of the LDP and HDP surfaces by the harder
asperities on the diamond-coated pin surface and wear par-
ticles trapped at the contact interfdt¥;**accompanied by
FIG. 5. Cross-section TEM micrograph of HDP obtained after sliding in theplastic shearing adjacent to the sliding interface leading to
POD tester under a mean contact pressure of about 59 MPa. lamellae a“gnment Which’ in turn, reduced the p0|ymer sur-
face resistance to plastic sheariig°

layer, whereas the results obtained with the sharp SFM tip Resuilts demonstrating the effec.t qf the normal Ioad_ _and
: . . : apparent contact pressure on the friction behavior of silicon
especially at high loads in the range of 30429 (i.e., pres- L L -
. are presented in Fig. 6 and Table Ill. Three distinct friction
sure range of 0.19-0.51 GPand the POD testdt.e., large regimes with significantly different coefficients of friction
apparent contact argare due to the combined effects of the 9 9 y

surface and bulk friction behaviors. It is apparent, therefore?an be observed. The FFM measurements show a very low

that in order to isolate the effect of the crystalline phase incoefficient of friction (#~0.03 throughout the entire load

HDP on the tribological behavior, surface oxidation duringrange[':ig' 6@]. A significantly higher coefficient of friction
sample preparation must be controlled. u~0.25 was fqund in the SFM e_xpenments with a tip of
Even though the apparent contact pressure in the POBO0 M radiugFig. 6(b)]. However, in the SFM experiments
tests of LDP and HDP was relatively lof¥able I11), micros- Wl_th the relatively blgr_n tip of 16um in radius of curvature
copy studies showed that plastic flow was the dominant delFig- 6(C)] the coefficient of friction was much lowefu
formation process. These observations suggest that, apﬁp-lD- A low friction coeff|C|ent(,u,~0.08)' was also found
from asperities plowing through the material due to the lo-n the POD experiments performed with the very blunt
cally higher contact pressures, an additional friction mechadiamond-coated pifiFig. 6(d)].
nism was also operative. It has been reported that the sliding Despite the appreciably high contact pressures in the
process promotes the reorientation of crystalline platelet§FM experimentsin the range of 0.3—1.54 GRaable I11)],
(lamellg in polyethylene parallel to the direction of sliding, @ transition from elastic to plastic deformation did not occur
thus reducing the shear strength of the polymerin the load range 5-700 nN because silicon is much harder
surface***?°Because the typical lamella size is 50 nm or than polyethylene. Surface imaging of silicon surfaces tested
less, it is not likely that the very sharp tigse., radius of  with the FFM did not reveal any discernible changes in the
curvature equal to 150 and 200 hmsed in the FFM and surface topography due to sliding, confirming the absence of
SFM instruments induced lamella alignment. However, gplowing scratches. The very low coefficient of friction ob-
much blunter tip yields a significantly larger real contacttained throughout this load randEig. 6(a)] is attributed to
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tions, but also transitions associated with the microstructure
evolution during sliding, observed only with relatively large
apparent contact areas. The average lamellae size of polyeth-
ylene is dictated by crystallization thermodynamics and is
approximately 20—-50 nm, depending on the processing tem-
perature, pressure, and level of undercooling. Hence, the pro-
found role of lamellae alignment parallel to the direction of
sliding can only occur with relatively blunt tips producing
contact areas significantly larger than the lamellae average
size. The results shown in Figs. 1, 4, and 5 provide evidence
for the effect of stress-induced lamellae alignment on the
dynamic friction characteristics of polyethylene. Thus, a sig-
nificant change in the friction behavior can occur, even for
contact pressures of similar order of magnitude, by increas-
ing the apparent contact area. This is supported by the fric-
FIG. 7. AFM image showing a shallow scratch on a smoot@) sub-  tion results for LDP and HDP obtained from the SFM and
strate produced by sliding a 100 nm radius SFM diamond tip under a load oPQOD tests for contact pressures in the range of 8—67 MPa
70 puN. (Table Ill). In addition, increasing the contact load without
changing appreciably the real contact area leads to a transi-

the presence of a low surface energy, thin oxide film and thdon from elqstic to plastic surface de_formation chgractgriged
negligible roughness effect due to the smoothness of the silfY the dominance of surface adhesion and plowing friction
con substrate. However, Fig(ts shows that a significantly Mechanisms, respectively. ,
higher friction coefficient was produced with the sharp SFM _ 1he results for silicon do not show a dependence of fric-
tip at loads ranging from 10 to 7@N, i.e., mean contact tion on contact area. Th|§ is expected because silicon pos-
pressures between 9.4 and 18 GPable IIl). Surface imag- S€SS€S a very dlffer'ent mlcrost'ructure. Howeyer, a transition
ing with the same tip at very light loadsf the order of 0.5 from elastlc_ to plastic c_;leforma_ltlon accompanled by a change
uN) produced conclusive evidence about the dominant rold'om adhesion to plowing friction mechanisms was observed
of plowing under these contact conditions. Figure 7 shows &t contact pressures sufficiently high to cause rupture of the
characteristic atomic force microsco@FM) image of a native oxide film. _A se_cond transition occurred_ when the
plowing groove generated on a silicon surface by sliding d°ressure at aspenty mlcroqontacts was further increased to
100 nm radius diamond tip under a load of Z8. Since the  the point of promoting plowing of bulk silicon.
measured groove depth is1 nm, it may be concluded that This study demonstrated the sufficient sensitivity o_f thfa
plowing occurred within the oxide film. Thus, the primary INstruments used to probe the dependence of dynamic fric-
friction mechanism in the 9.4—18 GPa pressure range is thion on the dominant deformation mode and near-surface mi-
plowing of the native oxide film on the silicon surface. Fig- crostructure changes at normal loads and apparent contact
ure Gc) shows that an appreciably lower friction coefficient 27€as varying by several orders of magnitude. The relatively
was obtained with the blunt SFM tip at loads ranging from 2Small differences in the friction coefficients of LDP and HDP
to 1000uN, i.e., 0.19-1.51 GP&Table Ill), apparently be- obtained with silicon and Q|amond tips |nd|(_:ate that thg ef-
cause of the less severe plowing effect at lower contact pred€Cts of the surface chemistry and mechanical properties of
sures. However, the fact that the friction coefficient is not agn€ two tips were secondary. Thus, the friction process was
low as in Fig. 6a) suggests that the work dissipated due todominated by the polymer deformation and was independent
plowing through the oxide film is greater than that due to0f the chemical nature of thg rlgld tips. Future studies WI.||'
surface adhesion. Compared to polyethylene, much lowefoncentrate on the characterlzathn of polye'thylene. anq sili-
friction was obtained in the POD experimer&ig. 6(d)]. con.surfaces before and after test[ng to obtain detailed mfpr-
This is again attributed to the dominance of surface adhesioffation about the near-surface microstructure and chemical
and the minimal contribution of plowing due to the signifi- state in _order to further elucidate the variation of friction
cantly lower contact pressurdse., 210-540 MPgTable ~©Ver & wide range of loads and contact areas.
[11)] and the higher yield strength of silicon.

_ _In summary, the FFM_ yields _th_e Iowgst coefficients of IV. CONCLUSIONS
friction for all three materials. This is attributed to the pre-
dominantly elastic deformation dominating the friction pro- An experimental investigation of the dynamic friction
cess. However, above a critical load, wear-dominated frictiorbehavior of LDP, HDP, and &i00 was performed with
and a profound increase of the coefficient of friction weredifferent instruments at normal loads in the range of 5 nN—
observed. Even at light loads the contact pressure produced27 N. All materials revealed different friction regimes. A
with the sharp tips in the FFM tests can be extremely hightransition from elastic to plastic deformation accompanied by
Increasing the load in the SFM and POD experiments proa change of the dominant friction mechanism from adhesion
moted the occurrence of wear processes and the simulté® plowing was observed with increasing loéor contact
neous increase of the coefficient of friction. Both LDP andpressurgin all tests. In addition, a dependence of friction on
HDP not only exhibited pressure-controlled friction transi-the apparent contact area was found for polyethylene. This
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was associated with the strong effect of pressure on the sheand the Materials Department of ETH, Switzerland, for the
strength of polyethylene and the modification of the micro-scholarship awarded to partially support the studies of the
structure adjacent to the sliding interface through the alignfirst author at the University of California at Berkeley.
ment of microcrystalline phasedamellag parallel to the .
sliding direction. The lamellae alignment reduces the sheari(l'gg(g"o’ J. Hu, D. H. Charych, and M. Salmeron, Langmi, 235
strength _of the polymgr su_rfape and, he'nce, increases the) g p_Green, M. T. McDermott, M. D. Porter, and L. M. Siperko, J.
contribution of the plowing friction mechanism to the overall Pphys. Chem99, 10960(1995.
friction. Such a change of the polymer microstructure Wasjgalcf}mhzr:(ar&d G.J. Velmcsg, #ﬂ_aljcrﬁl);ﬁgolggg?lisgg%9l(l99?).
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