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Transient current generation during wear of high-density polyethylene
by a stainless-steel stylus
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Contact electrification between metals and insulators lead to dramatic transient charge transfer
phenomena during sliding contact. We report simultaneous transient current and lateral force
measurements as a stainless-steel stylus is drawn across a high-density polyethylene surface in
vacuum. Stylus motion in this system is marked by unstable transitions between high and low
velocity modes, similar to stickslip. The high velocity events coincide with falling lateral forces and
high current signals. Scanning electron microscope images of the resulting wear tracks show
slip-related features at intervals consistent with the lateral force and current fluctuations. Although
average charge densities along the wear track ranged from10MC/n?, measurements at low
normal forces are consistent with higher charge densitipsto 3 mC/m) at isolated asperity
contacts. Current transients as short agu80wvere observed with total charges consistent with the
detachment of 4840,um? contact areas. €003 American Institute of Physics.
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I. INTRODUCTION is reflected in both the current and lateral force sigfiale
show that these currents are a sensitive time-resolved probe

Friction and wear of polymers involve the rapid making of conductor—polymer detachment during sliding.
and breaking of adhesive bonds between asperities, often ac-

companied by plastic deformation, material transfer, abrasive
cutting, and fatigué.We have shown previously that tran- !l EXPERIMENT
sient currents are often generated when metal—insulator con-

tacts are broken, e.g., during interfacial fracttipeeling®° The linear high-density polyethyler®iDPE) employed

o X . in this work was commercial material with a density of
or abras.|o .The_sg transient (gjrrents c_)ften reflect the m'°r°'0.959/cm3 and a crystallinity of approximately 85%. The
mechanics of sliding and weain previous work, we have aterial was machined into 3 mm thick sheets and affixed to

described transient currents generated during the abrasion BY {;ansiation apparatus with a rapid-curing epoxy. Before
conducting styli of single-crystal inorgani¢mcluding MgO  ¢4ch run, the HDPE surface was cleaned with acetone fol-

and NaCJ,” polymers[including polymethylmethacrylate  yeq by ethanol to remove any contaminants. This treat-
polycarbonate, polystyrene, and polyethylzhand metal  ment was also effective in neutralizing any residual surface
surfaces in the presence of perfluoropolyether lubricéis. charge on the surface. Separate experiments in our laboratory
variety of other electrical phenomena, including the emission, , exchange between liquids such as ethanol and charged

of charged particles f‘ﬂd light, are observed during sliding,,\ymer surfaces show that the charge readily moves into the
contact in a vacuunt=*In the case of high-density poly- liquid and can be carried off by flow.

ethylene', electron e_mission during gbr_asion ig many orders’ The experimental apparatus for current, charge, and
of magnitude more intense than emission during fracture of,rce measurements is shown in Fig. 1. Abrasion was per-
the polymer® This is consistent with the high charge densi- f5rmeq by translating the polymer substrate beneath a sta-
ties th_at can_be left on insu_lating surface_s when contact Wmi'ionary conducting stylugstainless steglin contact. The
other insulating or conducting surfaces is broken. conducting stylus was electrically isolated from the support

This work describes the use of triboelectric currents ©On5rqware and connected to an electrometer with coaxial
probe dynamic processes accompanying sliding contact at &pje The experiment was mounted in a vacuum system

metal—polymer interface. A polyethylene substrate and @pase pressure 0f21075 Pa) to minimize electrical break-
conducting metal stylus are instrumented to detect transienjqn. In the presence of a gaseous background, the strong
electrical purrents as the stylus moves across the substrate s.tric fields generated near the stylus—polymer contact due
well as simultaneous measurements of lateral and norma), \he charge transfer can ionize the surrounding atmosphere,
force. We probe this system over a range of stylus velocitieg,jtiating electrical discharge. Electrical discharges not only
and normal forces where stylus motion is unstable, alternats qyce unwanted electrical transients in our signals, they

ing between high and low velocities in a manner similar 0.5 requce the amplitude of the current measured between
stickslip. This instability yields a rich dynamic behavior that p .o akdown events by some orders of magnitude.

The current delivered to the conducting stylus was input
?Electronic mail: jtd@wse.edu directly to the 1 M) input of a LeCroy LC334AL 500 MHz
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(2) Apparatus for Transient Current, wherev is the average velocity imposed on the stylus and
Lateral Force, and Load Measurements k=3.3kN/m is the effective spring constant of the stylus.
To Oscill
Ut s 0 Applied Il RESULTS
Force .
Stylus A A. Low average stylus velocity
. Insulation —* — _
To Strain Strain Gauge __ (] o Contact charging between HDPE and a wide variety of
Transducer T~ . . f .
| Vertical conducting materialge.g., copper, stainless steel, and tung-
Horizontal —— Motion sten carbidgleaves a positive charge on the conducting ma-
Motion o~ Sample terial and a negative charge on the HDPE due to electrons
donated by the metal to the polymer. This is consistent with
Ig’n%;:fe:—/ Toma the position of polyethylene near the negative end of the
[ 1 cen C ] triboelectric serie$®!’ Charge is expected to be transferred
Vacuum System Wall = to the HDPE as electrons and quickly bind to trap sites.

Model calculations have shown these traps to be both con-
formational and bond scission defects with trap energies on
the order of 0.2 eW2 Although charge transfer occurs during
contact, this charge remains close to the interface and does
?fir'[?i;ﬁ;;; tion not produce detectable currents until contact is broken. When
portions of the contact separatéetach, charge remaining
R =200 pm on the conducting phase can then be detected as a current.
Sliding contact produces a more or less continuous
attachment/detachment cycle, and thus continuous currents
FIG. 1. (a) Schematic of experimental apparatus for lateral force and tran-are observed.
sient cu_rrent measurements during tribological loading @h@pproximate Typical current and lateral force signals produced at a
stylus dimensions. . .
normal force 68 N and velocity of 50 mm/s are shown in
Figs. 2a) and Zb). This normal force corresponds to a nomi-
nal stress(normal force/nominal contact aneaf about 20
MPa. As expected, sliding of the stylus yields a positive
digital oscilloscope via a vacuum feed through and coaxiaturrent, indicating that negative charge is transferred from
cables (inside and outside The time constant associated the metal stylus to the polymer. The total detected charge
with the input and cable impedances was less than 50 ns. THgme integral of currentdivided by the nominal area of the
stylus was machined from a stainless-steel rod 50 mm iwear track was typically 041 mC/n? (negativg. These
length with a rectangular cross section of A@&mn¥. The  densities were verified by scanning a calibrated charge probe
tip of the stylus was machined to a rounded p¢see Fig. across the wear track immediately after sliding.
1(b)] that was approximated as a cylinder with a radius Both the current and lateral force signals in Fig. 2 show
=200um, perpendicular to the direction of motion and dramatic fluctuations. Several of the current peaks in Fig.
thicknessw=700um parallel to the direction of motion; 2(a) are off scale. A plot of instantaneous velocity versus
both the front and rear edges in the thickness direction wertime determined from the lateral force measurements and Eq.
rounded with a~50um radius to avoid gouging. With this (1) is shown in Fig. Zc). The velocity estimates show a
stylus tip, we are clearly in the regime of multiasperity con-strong oscillation between high and low velocities, with no
tact. Strain gauges were attached to the stylus and calibrateign of zero-velocity stick events. The current signal also
to indicate the lateral force applied to the tip of the conduct+emains positive throughout the experiment, consistent with
ing stylus. The strain gauge outputs were fed into an operahe absenceof zero-velocity stick events; i.e., some detach-
tional amplifier (3 dB cutoff at 1 kHz and digitized. The ment is always occurring at all times during sliding.
frequency response of the amplifier was well above the me- A small portion of the current and velocity signals are
chanical resonance of the stylus-410Hz), ensuring that shown on an expanded scale in Fig. 3. The lateral force fluc-
the tip motion was accurately sampled. Normal forces werduations have a sawtooth form, building gradually over sev-
monitored with a Sensotek force transducer mounted beneagtal milliseconds and falling sharply, but not to zero, again
the polymer substrate. showing that the stylus moves continuously between the ve-
Images of the resulting wear tracks were acquired with docity and current maxima. On this time scale, it is clear that
JEOL JSM-6400 scanning electron microscoB&M). Pro-  the current peaks correspond closely to the velocity peaks,
filometer traces of selected wear tracks were acquired with &e., the current signal is proportional to the instantaneous

(b) Magnified View of Stylus

700 p.fm\‘ =
B 3°°

SPN Technologie$Goleta, California PHD Profilometer. stylus velocity. No evidence is observed for damped ringing
The instantaneous velocity of the stylus tig(t), was  stylus motion after the velocity peaks—the stylus motion is
determined from the lateral force sign&l, (t), using clearly overdamped which is consistent with motion through
a highly dissipative medium.
v(t)=vo— }ﬁ 1) Both the current and velocity signals fluctuate in be-
k dt’ tween the major slip events, although the significance of the
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Current, Lateral Force, and Estimated Velocity Current, Lateral Force, and Estimated Velocity
Average Stylus Velocity 50 mm/s—Normal Force 8 N Average Stylus Velocity 50 mm/s—Normal Force 8 N
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FIG. 3. Expanded view ofa) current,(b) lateral force, andc) estimated

FIG. 2. (a) Current,(b) lateral force, andc) stylus velocity[computed from  Stylus velocity from Fig. 2, showing the close correlation between current
Eq. (1)] during the first translation of a stainless-steel stylus over a fresh@nd velocity peaks.

HDPE surface at an applied normal fordeBd\ and average stylus velocity

of 50 mm/s. Many of the current fluctuations are off scale.

small fluctuations are due to small detachment events, likely

occuring at asperities, that individually have little affect on
smaller velocity fluctuations is clouded by noise in the lateralstylus motion. At a typical charge density of 1 mG/nthe
force signals. The smaller current fluctuations in Fi@) &re  sizes of these small fluctuations typically correspond to de-
well above background noise in the current signal and have t@ched areas o£500.m?.
frequency of roughly 1 kHz. Since the resonant frequency of ~ SEM micrographs of the wear tracks also show evidence
the stylus is only 410 Hz, the entire stylus would have diffi- for plowing in a stick-sliplike fashion. A micrograph of the
culty tracking such rapid motion. We hypothesize that thesérack for the single pass yielding the signals in Fig. 2 is
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Image and Profile of Wear Track Spectral Density of Current Signal and Profile Trace
Average Stylus Velocity 50 mm/s—Normal Force 8 N Average Stylus Velocity 50 mm/s—Normal Force 8 N
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] ] S ~ FIG. 5. Power spectra ofa) the current signal of Fig. (@ and (b) the
FIG. 4. (8) SEM micrograph of wear track showing quasiperiodic stick slip corresponding profilometer trace of Figlo#ion log—log scales.
patterns formed during the wear experiment of Fig(l8.A profilometer
trace along the wear track in the general region of the microgragé).in

the profile shows a dramatic series of peaks extending out to

shown in Fig. 4a). The arclike structures along the length of 100 mm * (corresponding to features with an average spac-
the wear track correspond to the high velocity portions of theéng of 10 wm). While the structure of the power spectrum of
stick-slip cycle, where the depth of the wear track decreaseshe current signal is more complex, corresponding features
A profilometer trace of the wear track in this general areacan be identified out to about 2000 Hz. The spacing between
appears in Fig. @). The peaks in the profilometer trace cor- the first few peaks is similar to the spacing of normal modes
respond to the arcs in the SEM image, and show similam a cantilever beam fixed at both endsdowever, the fre-
spacings. The average spacing between arcs along the entgeency of the lowest pealabout 130 Hgis well below the
wear track, determined from both SEM and profilometry, isexpected resonance of our stylus assuming it vibrates with
about 0.25 mm. The height change associated with the trarpoth ends fixedabout 410 Hz Thus, we conclude that the
sition from low to high velocity events is highly variable in low-frequency fluctuations in the current and profile data are
this profile, ranging from 3 to 2@m. due to the viscoelastic response of the polymer substrate.

Although the fluctuations in current and velocity are not ~ Both power spectra in Fig. 5 are quite broad, falling with
strictly periodic, power spectra of the current and profilome-frequency roughly as 17, which alone testifies to the rich
ter traces show broad peaks in the low frequencies at roughlstructure(complexity) of the observed signaf8:?* The broad
130 Hz and 3.4 mm?, respectively, as shown in Fig. 5. At low-frequency peaks in both spectra correspond to the
an average stylus velocity of 50 mm/s, the average distandeequency/spacing of the major slip events, which occur at a
between the spatial featuré3.3 mn) corresponds to a tem- frequency of 100—300 Hz in the current data of Fig. 2 and a
poral period of~6 ms, or a frequency-170Hz. This is in  spacing of 226 mm ! in the profilometer datéFig. 4). The
reasonable agreement with the frequency of the first peak ipower spectrum of the profilometer data, in particular, show
the power spectrum of the current sigriaB0 H2. The pe- a prominent series of peaks that are mirrored weakly in the
riodic features in the current and profile power spectra can bpower spectrum of the current data. The lack of distinct fea-
attributed to the same events, that is, periodic oscillations ittures in the power spectrum of the current is largely due to
the tip velocity. the fact that the current signal averages the detachment re-

Both the current and profile power spectra show weakesponse across the width of the stylus contact area, i.e., the
features at much higher frequencies. The power spectrum @&hntire width of the wear track. As shown in the SEM image
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of Fig. 4(@), many of the slip features extend only partially Current, Lateral Force, and Estimated Velocity
across the width of the wear track. Because the profilometer Average Stylus Velocity 110 mm/s—Normal Force 10 N
samples a single narrow line along the length of the track,

local fluctuations are emphasized. Further, one expects the 150 ' T ' ' ' J '
fluctuations along a line to be more correlated than fluctua- (a) Current
tions on opposite sides of the track. Because the current sig-
nal reflects the time average of these fluctuations, high-
frequency peaks in the power spectra will tend to be less
distinct. We propose that the current signals provide a more
faithful representation of this average behavior. By reducing
the size(and especially the widjtof the stylus, the sensitiv-

ity of the current fluctuations to local detachment could be
increased.

We attribute the observed velocity instability to the ve-
locity dependence of the viscoelastic response of HDPE. , , , ) \ . ,
Overlooking the large range of stresses and strains in the 0 10 20 30 40 50 60 70
polymer near the stylus, it is useful to simply define an av- Time (ms)
erage yield stress along the polymer—stylus interface that 1.5 T T T T T T LR
depends only on stylus velocity. At an average velocity of 50 (b) Lateral Force
mm/s and a normal force of 8 N, the stylus produces a wear
track about 70Qw.m wide[Fig. 4(a)]. The stylus itself is 700
um thick, so that the average stress along the polymer con-
tact (normal force/areais about 16 MPa. This falls comfort-
ably near the lower end of the typical range of yield stresses
(20—40 MPa reported for HDPE? consistent with the ob-
served plastic deformation during scratching.

100

Current (nA)

7]
[}
T

Lateral Force (N)
o
(—]

B. High average stylus velocity

Typical current and lateral force signals produced at a 03 0 10 20 30 40 50 60 70
normal force of 10 N and an average velocity of 110 mm/s Time (ms)
are shown in Fig. 6. Note that the average current signal 25 NS ' ' ' ’
(dg/dt) is higher than at slower stylus spedég. 2(a)]. At (c) Velocity
this velocity, the current and lateral force fluctuate continu- 20l

ously. Again, the current peaks correlate well with peaks in
the stylus velocity as shown in Fig(d®.

Even with an expanded vertical scale, two rapid positive
spikes go off scale. Their intensity, sign, and shape are con-
sistent with electrical breakdown. Gaseous breakdown is un-
likely in a vacuum. We therefore attribute these current
spikes tosurface breakdowrA more detailed study of these
breakdown events has been carried out and a manuscript is in
preparatiorf> et

A scanning electron micrograph of a portion of the wear 10 20 30 40 50 60 70
track associated with the higher stylus speed data in Fig. 6, Time (ms)
along with a cprre;pondmg pr.ofllometer trace alongl the WealI;IG. 6. (a) Current,(b) lateral force, andc) stylus velocity{computed from
track, appear in Fig. 7. The mlcrograph shows a series of arcéq. ()] during the first translation of a stainless-steel stylus over a fresh
appearing at intervals of about 2@0n. This corresponds t0 HDPE surface at an applied normal force of 10 N and average stylus veloc-
the distance between major features in the profilometer tracty of 110 mm/s. We attribute the two off-scale current fluctuations to elec-
in Fig. 7(b). The horizontal marks in the micrograph are due!fica! breakdown events.
to grooves created by asperities on the stylus.

The average normal stress along the stylus/polymer in-
terface during the production of the wear track in Fi¢a)7
was 32 MPa. This is well within the range of yield stressesfluctuations obtained at 50 mmj/3—20 wm in Fig. 7b)].
(20—40 MPa reported for room temperature HDPESince For both stylus velocities, we attribute the observed
the visible wear track consists of permanently deformed mastick-sliplike behavior to the strain-rate dependence of the
terial, we interpret this average stress as a yield stress. Atyeld stress in the polymer substrate. As the stylus velocity
stylus velocity of 110 mm/s, the range of height fluctuations(and thus, the yield stressncreases, the contact area re-
along the profile(1-7 wm) is considerably smaller than the quired to support the weight of the stylus decreases, allowing

Velocity (m/s)
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Image and Profile of Wear Track Spectral Density of Current Signal and Profile Trace
Average Stylus Velocity 110 mm/s—Normal Force 10 N Average Stylus Velocity 110 mm/s—Normal Force 10 N
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FIG. 7. (a) SEM micrograph of the quasiperiodic stick-slip patterns formed (% ”n
during the wear experiment of Fig. @) A profilometer trace along the wear 10-
track in the general region of the micrograph(a. R | R EEPENT.

1 10 100
Frequency (mm-1)

the tip to rise vertically an_d rgducmg the depth of the wear,; ¢ power spectra ofa) the current signal of Fig. @ and (b) the
track. Because less material is plowed from the wear track alorresponding profilometer trace from Figb¥on log—log scales.
higher velocities, the lateral forces applied to the tip drop as
the velocity increases. For instance, the average lateral force
on the stylus in Fig. 2 at 110 mm/s and 10 N is about 0.75 Nwe do not necessarily expect the current and profile spectra
while the average lateral force in Fig. 6 at 50 mm/s and 8 Nio have the same slope, any mechanical relaxation in the
is about 2.5 N. Because the lateral force applied to the stylupolymer could “erase” correlations; in particular, this would
decreaseswith increasing velocity, the stylus cannot move have a disproportionate effect on the smaller asperities and
stably at the imposed velocity. reduce the amplitude of high-frequency spatial fluctuations.

Power spectra of the current signal in Figa)and the Again, these broadband spectra show evidence for rich
corresponding profile trace in Fig(j appear in Fig. 8. The dynamic structures. In many casesf™Mbehavior in time
current and profile spectra show broad low-frequency bandseries data can be related to complex system dynamics with
of power at about 500 Hz and 5 mirh consistent with the an effective dimensio® =5/2— N/2.2* In this case, 1f be-
spacings of the major features in the current signal anthavior is consistent wittb=1 and thus normal, nonfractal
profilometer trace, respectively. Both sets of fluctuationsdynamics, whereas fi7 behavior is associated with a nonin-
correlate with the same wear events (500:Hzmm ! tegral dimensiorD, and thus is potentially fractal in charac-
=100 mm/s=110 mm/s, the stylus velocityagain confirm-  ter. Nonintegral responses are observed in one-dimensional
ing the relationship between the velocity fluctuations and theraces corresponding to Brownian motihyhich are asso-
slip-related features observed in SEM images. The currerdiated with chaotic processes. The results of a more detailed
signal shows additional peaks near 2250 and 4000 Hz. Cleainalysis of similar fluctuations in current signals generated
peaks in the power spectra of the current signals have beeturing peel of a pressure sensitive adhesive were consistent
observed at least to 10 kHz. As noted next, faster fluctuationgith chaotic charactét.
in the current signalgand thus detachment ratare ob-
served, but the contribution of any periodicity in these fluc-c Raid detach i "
tuations at higher frequencies in this work is obscured by™ apid detachment events
high-frequency nonperiodic fluctuations. Many experiments display one or more transient, step-

The power spectrum of the current signal in Figa)8 like increases in current that reflect localized detachment
shows a 1f? dependence, typical of our current data taken akevents involving failure along the stylus—HDPE interface.
stylus velocities above 60—70 mm/s. In contrast, the specthe two events in Fig. @) appear on a more compressed
trum of the profile dataand current data at lower stylus time scale in the current signals of Figag On this time
velocitieg falls much more rapidlyabout 11%). Although  scale, the current increases about 12 nA in less than a single
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Current Signals Accompanying Rapid Current, Lateral Force, and Wear Track Image
Detachment Events Average Stylus Velocity 130 mm/s—Normal Force 1.3 N
120 ey 30 c. t. . :
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© FIG. 10. (a) Current,(b) velocity, and(c) SEM micrographs from a scratch
experiment at a contact force of 1.3 N and velocity of 130 mm/s. At this
20 f < normal force, stylus—polymer contact is principally confined to asperities.
i ]
0 1 1 H 1 . . .
66 68 70 72 74 76 patches, e.g., fingers of material adhering to the stylus. The
Time (ms) total charge above the smooth baseline for the event of Fig.

FIG. 9. Steplike increases in current attributed to rapid transient detachmer%(a) is about 4 pg, ConSISFent with a detached surface area of

of polymer from the stylus. The transient events(@ are taken from the ~@bout 60<60um*. Assuming a square patch, an average de-

current signal in Fig. @). tachment or interfacial crack velocity on the order of 0.1 m/s
is implied by the 0.5 ms duration of the current peak; the
corresponding acceleration at the current step is on the order

o . of 10° m/$ —which is quite feasible for interfacial detach-
digitization interval(here, 4us). Figures 9a) and 9b) show ment of a cube of polymer 6@m on an edge initially at-

T, 22T ST hached o the syus and stined by achesve fores t
fresses somewhat below the yield stress.

few microseconds. These rise times are much slower than
rise times associated with electrical breakdown. Conversel
the mass of the stylus is far too great to permit acceleration
consistent with these steplike increases. Again, we attribute Figure 10 shows a typical current signal acquired at a
these jumps to rapid detachment involving small polymerow normal force of 1.3 N and average stylus velocity of 130

. Current at low contact forces
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Current and Charge Density versus Normal Force where arclike structures are first observed in the wear track.
We suggest that the mechanical instability responsible for the
50 T T v T T arcs leads to current fluctuations that yield considerable un-
(a) Current certainties in the average currents. The abrupt change in the
40 oo o slope of the current versusy curve is discussed next.
<
g 30 >
s ] IV. DISCUSSION
& * ] .
5 20 F . ] A. Origin of currents
© 10 b p No single mechanism of charge transfer between metals
and polymers is generally accepted for all metal—polymer
0 L L ) ] systems? The three principal alternatives af® bulk mate-
0 2 4 6 8 10 12 rial transfer,(2) ion transfer, and3) electron transfer, where
Force Normal (N) the latter alternatives may involve intrinsic material, defects,
and/or impurities®
102 T Material transfer is typically most rapid in the early
- (b) Charge Density stages of wear between clean contacts, and rapidly decreases
"g ° in importance?® A small amount of HDPE is transferred to
< ° the stylus in our work, and failure to remove this transferred
& Py material after each experiment does alter the observed cur-
§ 10-3 b rent. Nevertheless, if charge transfer were primarily due to
a . transferred material, we would expect high currents at the
%‘“ onset of a single scratch and lower currents theredfiost
8 material is transferred near the beginning of the wear tfack.
This behavior is not observed in our work, and is not ob-
104 served in contact charging experiments with similar metal—
0.01 0.1 1 10 100 6 :
Force Normal (N) polymer system$® Thus, we rule out material transfer as the
source of the observed currents.
FIG. 11. (a) Average current vs applied normal force, dbgicurrent density lon transfer has been implicated in polymer systems with

calculated from Eqs(5) and (6) vs normal force. We identify the break in : .
both curves at aba® N with thetransition from asperity-dominated contact reactive groupse.g., OH) that can release protons. For in

to plowing. stance, proton transfer has been implicated in the contact

charging of octadecanol-doped HDBRAIlthough the hydro-

gen bonds along the HDPE backbone are believed to be
mm/s, along with the instantaneo(rslative) velocity deter- stable with regard to proton transfer, there is concern that
mined from Eq.(1) and an SEM image of a small portion of impurities, perhaps oxidation products, may serve as proton
the wear track. At contact forces below about 2 N, a markedlonors or electron acceptors. The possible role of oxides is
change is observed in the nature of the stylus—polymer corfliscussed below.
tact as seen in the SEM images, which show that the passage Several measurements of charge transfer between metals
of the stylus has not significantly altered the polymer surfacénd polymers(including HDPE in a vacuum have shown
except at asperities. No signs of arclike structures are otgorrelations between the sign and amount of charge transfer
served in the wear track. The correlation between the currer@nd the metal work function. The relations are not always
and velocity signals is quite gogghowing a positive corre- simple, but they strongly implicate the electron as the mobile
lation) as seen by comparing Figs. @and 1Gb). Noting  charge?®~*° Contact charging of HDPE by steel in vacuum
that the dimensions of the stylus asperities are quite smahas recently been shown to increase subsequent photoelec-
relative to the morphological texture of the polymer surfacefron emission intensities at low photon energies3(eV) by
it is reasonable to suggest that the fluctuations at low normaome orders of magnitudé,also consistent with electron
force are dominated by the surface roughness. transfer from the stylus to the polymer. The fact that the
metal (essentially grounded through the oscilloscojsean
infinite supply of electrons explains why we can continue to
generate current by reciprocal motion of the stylus; the other

A plot of the average current generated by translatiorcharge transfer mechanisms would tend to be finite.

versus the normal force applied to the styl&g ) appears in Electron transfer to the polymer requires suitable elec-
Fig. 11(a). The stylus velocity in these measurements wagron states. The nature of these states has been debated ex-
110 mm/s. At contact forces below 2 N, the current risesgensively. The primary candidates include conformational de-
steadily with normal force with a slope of about 14 nA/N. As fects (e.g., strained carbon—carbon bonds associated with
the normal force increases further, the average currents bgauche defecis broken-chain induced defects, and
come more scattered and the rate of current incréslepe impurities®
decreases to an average of about 2 nA/N. The onset of erratic Several lines of evidence, including electron microscopy,
average currents corresponds closely to the normal forcedicate that the transferred charge is distributed in the near-

E. Variation in current with normal force
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surface bulk. Measurements of this depth range from a fewhere oy is the effective yield stress at velocity, « is a
nm? to several microns3~° suggesting that most of the constant, and* is a scale velocity chosen to ensure equality.
transferred charge ends up in bulk states, as opposed to stthe wear track widths and corresponding yield stress esti-
face states. Further, the dispersion of transferred charge amyates from Figs. @ and da) are consistent witha
celerates dramatically at temperatures where various molecu-20 MPa andv* ~23 mm/s. Equation(2) is valid only
lar motions along the HDPE backbone become acfive. whenv is significantly greater than*, to avoid the unphysi-
Thus, it is likely that intrinsic backbone structures, or com-cal prediction of zerdor negativé yield stress.
binations of these structures, serve to trap charge. The asso- The nature of the velocity instability is described by a
ciated energy levels are strong functions of local moleculasimple rigid-plastic model of polymer—stylus contact, where
environment, allowing for a significant range of trap ener-the polymer is rigid at applied stresses below the yield stress
gies. Further, states participating in initial charge transfeland displays ideal plastic behavior when the yield stress is
may not be the same as those responsible for long-term trapgxceeded. A similar model successfully accounted for the
ping. Transferred electrons would gradually accumulate invariation in lateral force with normal force and velocity dur-
the lowest lying traps, which may be distributed well into theing wear track formation in a soft particle compogiten
bulk. this case, the entire normal forde,;, must be supported by
Oxidation products can dramatically enhance chargea surface areécomponent parallel to the plane of the sur-
transfer between HDPE and various mef&f€ To test for  face), Ay, so that
possible oxide involvement, we performed a series of experi-
ments on fresh HDPE surfaces formed by smoothly gouging Fn=oyAn- )
the material in air and promptly mounting it in vacuum. The  Similarly, we estimate the lateral force exerted by the
scratched material yields significantly higher currents tharpolymer on the stylugplowing force by the product ofor,
as-received(and thus oxidized HDPE. This is consistent and the area of the stylus—polymer interface perpendicular to
with observations of enhanced contact charging on damagegle surfaceA, :
HDPE. For instance, electron emission induced by metal—
polymer detachment in a vacuum is much more intense from FL=oyAL. (4)

damaged HDPE than from undamaged HOPEimilarly,  The relationship betweeAy and A, is determined by the
damaged polytetrafluoroethylen€PTFE yields higher  stylus geometry. For small area contacts, our stylus geometry
charge densities in contact charging measurements than Ug-approximately described as the cross section of a cylinder
damaged PTFE, which is attributed to the generation of eleGjith radius R~0.27 mm perpendicular to the direction of
tron traps by bond breakiri. Through long exposure to the motion and thicknese/~0.7 mm parallel to the direction of

atmosphere, the material employed in our work is oxidizedotion as shown in Fig.(b). Assuming tha# is sufficient
We suggest that electron acceptor states generated durilﬁgsupport the stylus, the correspondiig is

wear track formation are more important in current genera-

tion than the oxide states responsible for charge transfer in A :R_Z 2 arcsi N_| _gin 2 arcsi Fn
significantly more gentle contact charging experiments. L2 2Rwo, 2Rwoy,

L (5)
B. Origin of stick slip 12RW3<T§,

Both the current and lateral force data indicate that thevhere the later relation applies in the limit of small contact
stylus velocity remains well above zero, despite the presencareas. Although this limit is not strictly met, the simplifica-
of a stick-sliplike velocity instability. In contrast, the velocity tion does not significantly affect our conclusions.
instability in the archetypical stick-slip system is driven by The resulting equations of motion are highly nonlinear,
the difference between the kinetic and static coefficients obut the necessary physical insight is obtained by examining a
friction and involves true, zero-velocity stick events betweensimplified form neglecting inertial effects. Equating the lat-
slip events. Zero-velocity stick events have been observedral force applied by the styliSee Eq(1)] to the viscous or
during the scratching of a styrene—acrylonitrile copolymer,yield force applied by the polymer gives:
for intance’ The origin of the velocity instability in our .
experiment thus deserves further explanation. FN = —K(X—vqt) 6)

As noted herein, we attribute the velocity instability in 12RW30§ o
this work to the strain-hardening behavior of HDPE. The =~ o _
yield stressg, , is a logarithmic function of strain rate over Simplifying and substituting the expression iey from Eq.

a wide range of strain rates for many polym&rincluding (6) yields

HDPE*2 Although the complex polymer flow at the stylus—

polymer contact would be difficult to model completely, it is Y __ k(x—vot), 7)
reasonable to assume that the strain rate in some nearby re- In*(vo/v*)

gion controlls the ove.rall behavior of the contgct, and that th'?/vhereyz Fﬁ/(lZasz?). Further simplification is obtained
strain rate is proportional to the stylus velocity. That is,

if we consider only deviations of the stylus from the “zero-
oy=o09taln(v/ve)=aln(v/v*), (2)  force” position,x=vyt/k. Settingy=(x—wvt), yields
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Deviation of Stylus from Equilibrium Position and Velocity minimum of v* ~23 mm/s. Further, this minimum is often
sustained for several hundred microseconds; in the context of

100 T — ~—T— T . .
the model, stylus motion has stayed on a low velocity branch
Force applied by stylus long enough to approach*. At higher imposed velocities,
balanced by polymer as in Fig. 6, the velocity and current signals show no evi-
50 b deformation forces here. | dence of a plateau between spikes and the minimum veloci-

ties are somewhat higher. At these imposed velocities, the
stylus does not remain on the low velocity branch of the

Deviation from v, (mm/s)

0 trajectory long enough to approach the minimum.
4—  Stylus unstable We note that experimental observations of the predicted
v* Limiting velocity against sn?all velocity instability require a sufficiently compliant
Y perturbations. stylus. Raising the stylus spring constant in this work
-1 -0.8 -0.6 -0.4 -0.2 0 by a few orders of magnitude, for instance, would ensure
Deviation from Zero Net Force Position (mm) that displacements from the equilibrium poiny

= — yI[k In?(vo/v*)] remain small and generally undetect-
FIG. 12. Diagram of stylus trajectory, showing how the instantaneous stylu%lb|e_ This accounts for the absence of an instability in

tip velocity dy/dt (measured relative to the imposed velocity) is ex- Bri S m rements during wear of lid rticl
pected to vary with tip positiog (measured relative toyXt). The stylus is scoes easurements during wear of a so partcie

unstable with respect to small deviations from the equilibrium position. Thecomp()s'te‘l-
low velocity branch of this curve displays an asymptote &t 23 mm/s.

C. Effect of instantaneous velocity and normal force

on current
Y _ —k (8) - .
dy/dt+uv, Y The rigid-plastic model of polymer contact can be ex-
nz(—*) tended to describe how the observed current depends on in-
v stantaneous velocity and normal force. At high contact

which has physical solutions only fgr0 and which satisfy ~ forces, where the stylus makes more or less uniform contact
) 1 with the polymer, the contact area is simply related to the
y -
—=—votv?* — |
dt oY ex%( k y)

9) geometry of the stylus. The magnitude of the observed cur-
A plot of dy/dt versusy is shown in Fig. 12. If the slope

rent, |, is then proportional to the product of the area de-
tached per unit time and instantaneous charge deagiyn
of this plot is negative where it crosses e 0 axis(where (e detached polymer:
the stylus moves at the imposed velogitthe corresponding I=Lv oy, (10)
velocity (dy/dt) will drive the stylus back toward the equi- d
librium position aty=0. The positive slope of thely/dt = whereL is the length of the contact zone where metal—
versusy plot implies that small perturbations about the equi-polymer detachment occurs. With the aforementioned tip ge-
librium pointy= — y/[k In®(vo/v*)] will grow rapidly. Hav- ~ ometry and ignoring asperities,
ing neglected inertial effects and practical limits on strain
hardening, perturbations in they direction grow without L=2Rarcsir(
bound. This corresponds to the high velocity portion of the
stick-sliplike instability. At some point, the stylus trajectory Throughout the experimental range of normal forces,
must leave the plotted curve and return to the slow velocity_ . . . .
branch asly/dt drops to negative values. Similar perturba- arcsin@)~6 so that the current is a linear function of the
. . N ' - .~ normal force and independent of stylus curvature:
tions in the —y direction grow and approach the limiting

velocity v* from above. In practice, the low velocity pertur- vogFy
bations are limited by the failure of the constitutive equation. |~
As the stylus velocity drops, the yield stress does not con-
tinue to drop but plateaus. Prior to this point, the lateral forceThis relation also applies in the limit of asperity contacts, as
applied by the stylus must exceed the lateral force requiretbng as the asperities are of fixed length parallel to the

to plow through the polymer, forcing the stylus trajectory off direction of motion. Other geometries for asperity contact are
the low velocity branch to the high velocity branchdag dt not supported by the data, which show a linear relation be-

rises to positive values. No physical solution incorporatesween current anéy at low normal forces.

) . (12)

2RW0'y

wo, (12

points corresponding tody/dt=—uvq (dx/dt=0). Thus The initial slope of the current versus normal force plot
zero-velocity stick is not expected within the limits of this in Fig. 11(a) provides an independent estimate of the local
model. charge density. Withv~110 mm/s, w~0.7 mm, ando,

The model predicts a minimum stylus velocity of ~32MPa, the initial slope of 14 nA/N corresponds to a de-
v* (dy/dt=—vy+v*). Data taken at the lower end of the posited charge density of about 2.8 m&/mwhile at higher
experimental velocity rangé-igs. 2c) and 3c)] show mini-  normal forces, the observed slope of 2 nA/N yields a surface
mum velocities of 25—-40 mm/s, comparable to the predictec¢harge density of about 0.4 mCInCharge density estimates
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using measured wear track widths at normal forces above ¥ CONCLUSIONS
few N (where the wear track contact area can be reasonably
estimatedi range from 0.4 to 1 mC/f

Due to the difficulty of accounting for the contribution
of asperity contact to the total contact area, it is convenien
to estimate this area frofy and the yield stress given by
Eq. (2). Solving Eq.(12) for the surface charge density then

The transient current signals generated during sliding
contact between a stainless-steel stylus and a polymer sub-
strate are strongly affected by local fluctuations in the rate of
&etachment. In this work, the principal fluctuations are
driven by an instability in the stylus—polymer contact. A
simple rigid-plastic model incorporating the dependence of

yields yield stress on velocity accounts for the instability and the
presence of a lower bound on the velocity that prevents true

lwa In(v/v*) stick: Neither the velocity nor the current drops to zero. The
o= (13 magnitude and frequency of these fluctuations is limited by

F .
vrN the frequency response of the stylus, which here amounts to

a few hundred Hz.
A log—log plot of the resulting charge density verdug is The high amplitude and time resolution of the current
shown in Fig. 11b). Again, a transition appears at normal measurements has easily resolved detachment events involv-
forces of 1-2 N, where we observe a transition betweerng 40xX40um? patches of polymer over submillisecond
asperity dominated contact and smooth contact along théme scales. The sensitivity of the instrumentation suggests
middle of the wear track. that much smaller€1 um?) and faster &1 MHz) detach-

We attribute the drop in charge density at high normalment events could be detected. Such small/rapid detachment
forces to charge recombination made possible by the formagvents would not be detected in conventional strain measure-
tion of a continuous patch of abraded material along thenents. These transient current signals thus provide a real-
length and width of the wear track. As the stylus movestime probe of the micromechanics of asperity/surface inter-
along the polymer surface, the charge left along the weaactions, with potentially submicrosecond time resolution. An
track is reduced by charge flowackto the stylus. In asperity area of potential importance of these studies is in systems
dominated contact, the lack of a smooth, horizontal pattwhere separated charges could make significant contributions
from recently exposed polymer to the stylus can reduce thed® adhesion, e.g., moving interfaces in microelectromechani-
currents, due to the low carrier densities in the trenches besal systems devices which involve small mass/surface area
tween asperities. In addition, uncharged material between agatios.
perities will reduced the average electric field along the wear
track and thus reduce the driving force for recombination ACKNOWLEDGMENTS

The importance of recombination at higher normal forces is The authors thank Mary Dawes for acquiring the SEM

indicated by the presence of occasional breakdown evemﬁhages. This work was supported by the National Science

These events reflect extremely large, but short lived, reCOM=o indation under Grant No. CMS-01-16196 an associated

2{333%” currents, which are the subject of an ONGOINGREU, and a subcontract with the University of Florida on a

KDI-NSF Collaboration, Grant No. DMR-99-80015.
D. Potential sensitivity of current measurements to

detachment events K. C. Ludema, inFriction, Lubrication, and Wear Technologgdited by

. Peter J. BlaiAmerican Society for Metals, Metals Park, OHI, 199%0l.
Isolated current transients as short asi80have been 15, 236,

observed in this work. The power spectra of the current sig-2k. A. zimmerman, S. C. Langford, and J. T. Dickinson, J. Appl. Pis.
nals show evidence for small fluctuations with similar dura- 34808(1_9k9_3>- _ .
tions. Standard electronics can easily detect transient currenti‘ dEeEICS::?S?'Zéfl]_r‘]()Cé szngs(r‘l‘gsgéLee' L. Scudiero, and S. C. Langford, J.
of 10 nA over ti_me scales of 100 ns. At the charge densitiesis | ee, L. C. Jensen, S. C. Langford, and J. T. Dickinson, J. Adhes. Sci.
observed in this work, such a current would be produced Technol.9, 1 (1995.
durlng detachment along a>ql Mmz patch Of |nterface at 5L SCUdierO, S. C. Langford, and J. T. Dickinson,F?mceedings of the
. . " i First International Congress on Adhesion Science and Technoéatied
|_nterfaC|aI crack V(?lOCItIeS on the ordgr Qf :!'0 m/S.' ThI.S rnse by Jr. W. J. Van Ooij and H. R. AndersdW'SP, Zeist, The Netherlands,
time for the detection of such signals is limited primarily by 1998, p. 597.
the input capacitance and resistance of the measuring devicél. Scudiero, S. C. Langford, and J. T. Dickinson,Rroceedings of the
From circuit analysis the decay time of transient signals can First International Congress on Adhesion Science and Techndgp,
be sianif tif th ! | it . t kept I Zeist, The Netherlands, 199&. 585.

€ significan I € Sample capacitance 'S_ not kept smail. In7, 1 Dickinson, S. C. Langford, S. Nakahara, L. Scudiero, M. W. Kim,
the aforementioned geometry, the decay time toward the endand N.-S. Park, iffractography of Glasses and Ceramics Biited by J.
of a wear track, where the capacitance is highest, approache®. Vamer, V. D. Frehette, and G. D. QuintAmerican Ceramic Society,
1 us. Therefore, both the rise and fall of transient signals canB\va?jtel_r(‘e’g'ei’n%fésli\?sigﬁhig“' d‘?t-etgs- L-H. LeaPlenum. New York
be accurately followed up to frequencies of 1 MHz. Improve- 1497 |, 1. & YR ' ’
ments in sample geometryincreased sample thickness, °M.-w. Kim, S. C. Langford, and J. T. Dickinson, Tribol. Lett, 147
shorter wear tragkand sensitivity could improve this signifi-  (1995. _ _
cantly. We are currently extending these measurements to#r iE'o P'E';'t?sgné;;%%"e’o' K. Yasuda, M.-W. Kim, and S. C. Langford,
probe transient asperity contact in insulator/metal systems on; T pickinson and E. E. Donaldson, J. Adh24, 199 (1987.

submicrosecond time scales. 127 -Y. Ma, J.-W. Fan, and J. T. Dickinson, J. Adh&s, 63 (1988.

Downloaded 11 Jan 2003 to 134.121.46.39. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



730 J. Appl. Phys., Vol. 93, No. 1, 1 January 2003

13E. E. Donaldson and J. T. Dickinson, J. Adh&e, 13 (1989.

143, T. Dickinson, inNon-Destructive Testing of Fibre-Reinforced Plastic
Compositesedited by J. Summerscalé&lsevier, London, 1990 p. 429.

15, T. Dickinson, L. C. Jensen, and R. P. Dion, J. Appl. PHg.3047
(1993.

163, Lowell and A. C. Rose-Innes, Adv. Phy29, 947 (1980.

17D, J. Montgomery, Solid State Phyg,. 139 (1959.

M. Meunier and N. Quirke, J. Chem. Phyil3 369 (2000.

193an J. TumaHandbook of Physical Calculationgnd ed.(McGraw—Hill,
New York, 1983.

20M. R. SchroederFractals, Chaos, Power Law8N. H. Freeman, New
York, 1991).

2lF, C. Moon,Chaotic and Fractal DynamicéWiley, New York, 1992.

223, E. Mark, A. Eisenberg, W. W. Graessely al., Physical Properties of
Polymers(American Chemical Society, Washington, DC, 1984

233, V. Wasem, S. C. Langford, and J. T. Dickinsémpublishegl

24B. B. Mandelbrot,The Fractal Geometry of Naturg-reeman, New York,
1983.

2| -H. Lee, J. Electrost32, 1 (1994.

263, Lowell, J. Phys. D17, L233 (1977).

273, Lowell, J. Phys. D12, 2217(1979.

Wasem et al.

28D, K. Davies, Brit. J. Appl. Phys. Ser. 2 1533(1969.

297, J. Fabish and C. B. Duke, J. Appl. Phy&, 4256(1977.

%0A. R. Akande and J. Lowell, J. Phys. D, 565 (1987).

31y, Murata and I. Hiyoshi, J. Electrost6, 143 (1999.

32W. J. Brennan, J. Lowell, M. C. O'Neill, and M. P. W. Wilson J. Phys. D
25 (10), 1513(1992.

337, J. Fabish, H. M. Saltsburg, and M. L. Hair, J. Appl. Ph¢3, 940
(1976.

34W. Possart and A. Rier, Phys. Status Solidi 84, 319 (1984).

35W. Possart, Internat. J. Adhesion Adhesige§7 (1988.

36R. H. Partridge, J. Polym. Sci. 8, 2817(1965.

%D, A. Hays, J. Chem. Phy$1, 1455(1974.

383, Lowell, J. Phys. DL0O, 65 (1977).

39A, Wahlin and G. Bakstran, J. Appl. Phys45, 2058(1974).

40K, Li, B. Y. Ni, and J. C. M. Li, J. Mater. Resl1, 1574(1996.

41c. Bauwens-Crowet, J. C. Bauwens, and G. Hsnde Polym. Sci. Part A
A-2 7, 735(1969.

42N. W. J. Brooks, R. A. Duckett, and I. M. Ward, J. Polym. Sci., Part B:
Polym. Phys36, 2177(1998.

43B. J. Briscoe, S. K. Biswas, S. K. Sinha, and S. S. Panesar TriboRént.
183(1993.

Downloaded 11 Jan 2003 to 134.121.46.39. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



