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Triboelectric charging of a perfluoropolyether lubricant
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PerfluoropolyetheréPFPE are used extensively to lubricate hard disks for high density information
storage. Some PFPE lubricants have been shown to be vulnerable to dissociative electron
attachment as well as electron bombardment. Triboelectric charges generated during sliding contact
may generate quasi-free electrons capable of degrading the lubricant. We describe measurements of
triboelectric charging in a model polymer-metal system with and without a PFPE lubricant and show
that negative charge accumulates on the substrate polymer surface, both with and without the
lubricant. In the presence of the lubricant, some of this charge moves through and becomes bound
to the lubricant. Electron and positive ion emission from PTFE-lubricated surfaces during contact
sliding again indicate motion of charge through the lubricant. lon emission in particular suggests
possible degradation of the lubricant. D03 American Institute of Physics.
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1. INTRODUCTION cial fracture!® peeling!® and abrasioR® Previous work has
shown that a surface charge is created during such tribologi-
PerfluoropolyethersPFPE are used extensively to lu- cal loading on the order of 1 mCAnand in the case of
bricate hard disks for high density information storage. Anpolymers such as high density polyethylefldDPE) or
extremely thin, 5-20 A layer of lubricant can provide sub-PTFE, this charge is negati¢&This work also showed that
stantial protection against damage due to slider-disk contactlectrons are spontaneously emitted from the surface at en-
Because so little lubricant is actually on the hard disk, theergies significantly less than 100 eV. Such energies are in a
chemical stability of the lubricant can be a major limiting range similar to those found to cause the degradation of
factor in media stability and longevity. As pseudo and full PFPE lubricants by both electron attachment and electron
contact recording become implemented, any contact induceichpact ionization, implying possible mechanisms for degra-
degradation is of concern.Several PFPE degradation dation of such lubricants under conditions found in the
mechanisms have been observed, including thermdalider-disk contact of magnetic storage media.
decompositiorf;® chemical degradatiofi;® electron impact This work describes a probe of the currents generated by
dissociation & 14 eV) > and dissociative electron attach- stainless steel and glass styli on PTFE surfaces lubricated
ment following low energy <€10eV) electron with Fomblin ZDOL PFPE lubricant. We show that both with
bombardmerit'**2or charge injectiot® Matuzunumaet al.  and without the lubricant, negative charg@eost likely elec-
have used molecular orbital calculations to show that PFPEong leave the metal styli. We provide evidence that charge
oligomers have significant electron affinitiésequired for is flowing into the lubricant and that a fraction of the charge
electron attachmeptthe resulting anions have low activa- remains in the PFPE. Finally, single particle detection mea-
tion energies for dissociation at multiple bonds, consistensurements performed in vacuum with lubricated PTFE indi-
with unzipping* We propose that contact charging due tocate the ejection of both negatively chargéelectrons/
slider-disk contact is a potential source of low-energy elechegative ionsand positively chargetpositive iong particles
trons for dissociative electron attachment. In this work, weduring tribological loading, strongly suggesting breakdown
explore the generation of triboelectric charge and triboelecef the Fomblin.
tric currents due to contact charging between conducting and
insulating sliders and a polytetrafluoroethye(@fTFE—a  |I. EXPERIMENT
common perfluorinated polymesubstrate, with and without

a protective layer of Fomblin-ZDOL. In previous work we Commercial Teflon®, polytetrafluoroethylen®TFE),

showed that this same lubricant could act as an electrolyte iW'th a density of 2'2_4 g/ml, was e_mployed for the substrates
corrosive electrochemical reactiofistt In this work. Fomblin ZDOL lubricant, average molecular
: weight 4000 amu, was obtained from Ausimont, Morristown,

Triboelectric currents can be generated during the con : :
tact sliding between two materials. We have shown previ-N‘]' ZDOL is a random copolymer of perfluorinated ethylene

ously that such stimulation can lead to transfer of charge to gxulje. and perfluorinated methylene oxide, with chemical for-
fluid phase(e.g., flowing gases'’ In polymers, charging can mufa.

occur when metal—insulator or insulator—insulator contacts H F F F F F H
are broken by one of several mechanisms including interfa- ony_C_-C—0-| C—0O C-C-0| -C-C-0H,

H F F F F , FH
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Apparatus for Transient Current Measurements Current Generated by Drawing a Stainless Steel Stylus across a Teflon Substrate
with and without Fomblin—Single Pass
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FIG. 1. Schematic of experimental apparatus for contact sliding of a stylus © 4 -40
on a polymer surface and measurement of triboelectric current generation.
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wherem/n~=2/3. FIG. 2. (a) Overall current generated on a single pass by a stainless steel

The stainless steel stylus was machined to a roundegylus Witho_ut ZDOL Iubricatipn andb) With ZDOL Iubrication_. (c) An
point with a radius of curvature-500,um. Prior o each  c.oanded Ve of e chrent ) along wib ) n expanded view of b
experiment the PTFE substrate was cleaned with ethanol tgboL in (d).
remove surface contaminants and to neutralize any residual
surface charge. Any ZDOL on the styl@Bom a previous
run) was removed witlinonafluorobutyimethyletheNovec ~ Model 9301 Fast Preamplifier (¥0amplification and then
Engineered Fluid HFE-7100, 3M Cojpand rinsed in ac- an Ortec 574 Timing Amplifier £ 2X amplification. The
etone. The latter removed any adhering substrate material @&nplified signal was then directed to an EG&G Princeton
well lubricant from the previous wear experiments. MostApplied Research Model 914P Multi-Channel ScdMICS)
measurements employed a stainless steel stylus. Some exith an associated computer. Placed in front of the Channel-
periments with a soda-lime glass stylus were performed téron were two wire mesh grids to shield the rest of the
see if insulating contacts yielded similar effects. The glasyacuum systentand samplgfrom the high voltage on the
stylus was constructed by melting a soda lime glass tub&hanneltron. The particle detection experiments were per-
around a metal rod, which extended to within about 1 mm oformed in vacuum at a pressure of ToPa.
the end of the stylus. Currents induced in the metal rod
probed charge separation along the glass—polymer interfacgl. RESULTS
The radius of curvature of the glass stylus wa%.6 mm.

Unless otherwise stated, all experiments were performe
in room air at 1 atm. The experiment consisted of translating  Typical currents delivered to the stainless steel stylus
the PTFE sample relative to a stationary stylus while apply-during a single pass of the stylus across the PTFE substrate
ing a fixed load, as shown in Fig. 1. The stylus was electriwith and without Fomblin ZDOL are shown in Fig. 2. The
cally isolated from the supporting cantilever, while the metalpresence of ZDOL has little effect on the magnitude of the
support beneath the PTFE sample was electrically groundedesulting current. Positive currents with an average magni-
The current delivered to the stylus was directed through @ude of 4—6 nA(delivered to the stylysare observed in each
coaxial cable to the input of a LeCroy LC584AXL 1 GHz case and correspond to negative charge leaving the stylus.
Digital Oscilloscope with an input resistance of 0MThe  However, the current signals during and immediately after
time constant associated with the Mnput resistance and the stylus slows to a stop show significant differences. On
the internal capacitance of the oscilloscope limited the timehe expanded scales of FiggcRand 2d), the current decays
response of the detection circuit to40 ns. The normal slowly from positive values over several hundred millisec-
force was measured using a Sensotek force transducends in the absence of ZDOL, while in the presence of
mounted beneath the polymer substrate platform. ThroughZDOL, the current shows a sharp negative spike and a slow
out the experiments the normal force was kept constant atecay from these negative values. The slow decay from posi-
5 N. We call the path of sliding contact the “wear track,” tive values in the absence of ZDOL is due to continued tri-
although little evidence of wear was seen at these normdlocharging as the stylus slows to a stop, i.e., negative charge
forces due to the relatively large radii of curvature for thecontinues to be deposited on the PTFE, resulting in a net
two styli. Sliding velocities were-20 cm/s. positive charge delivered to the stylus. The negative current

Electron and positive ion emissions were detected with &pike in the presence of ZDOL is due to the transport of
Galileo 4800 Series Channeltron electron multiplier biased ategative charge formerly deposited on or near the PTFE sur-
+2500 V for electrons and-2500 V for positive ions. The face back toward the stylu@ recombination currents it
signal output of the Channeltron was input to an Ortecslows to a stop. This negative signal suggests that the mag-

é. Transient current to stainless steel stylus
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Current Generated Py DrawipgaStainless.Steel Sty.]us across a Teflon Substrate In the absence of ZDOL' every pass of the St}(mept the
with and without Fomblin—Multiple Passes . . . . .
first) along the wear track begins with a negative transient
'3[ Without Fomblin &1 (b) With Fomblin "] current in coincidence with the beginning of slidifigigs.
= 10 R 3(a) and 3c)]. The data in Fig. &) have been smoothed to
§ § 4 ] show this negative current more clearly. In contrast, currents
£ S 5 2 from the ZDOL coated surfaces rise toward the positive di-
S 0 | § . rection from the beginning of each pass along the wear track
7| [Figs. 3b) and 3d)]. Between passes, negative recombina-
ST 04 08 12 T 0 o8 12 tion currents are observed. In the presence of ZDOL, the
Time (5) Time () PTFE surface is not able to retain its full negative charge.
02 Wihout Fombiim [T 11 0 &) Wieh Fombiin. The presence of ZDOL promotes discharge of the wear track
00 m 0.0 as evidenced from the fact that stylus motion over the previ-
] ff, ously charged track yields positive current to the stylus. In
g2 g contrast, without ZDOL, the wear track on the PTFE surface
5_0'4 S .04 retains its full negative charge and induces strong negative
currents in subsequent passes of the stylus.
06— o4 08 12 U6 04 08 12 The negative current due to negative charge returning to
Time (s) Time (s)

the stylus from ZDOL coated surfaces during the pauses in
FIG. 3. (a) Current generated during multiple passes of a stainless stee‘i"tylus motion Is Clearly seen in Flg(da. Th_e magthde Of_ )
stylus without ZDOL Ilubrication andb) with ZDOL lubrication. The ex-  this reverse current depends on the magnitude of the positive
panded current ofa) is in (c) while that of(b) is in (d). Notice the presence  current of the preceding pass and hence depends on the total
of negative current prior to each pass following the first(@h and the surface charge. This is evidenced by the magnitudes of the
presence of negative current after each pags)inAlso notice the negative . . . . .
dip in the current ind) that correlates with an increasing surface potential. altematmg peaks of the negative current in correlation with
those of Fig. &). Higher positive currents imply higher

charge densities in the wear track which means a higher driv-

nitude of this recombination current is greater than the smafi’d force for charge to return to the stylus. Transport of
positive triboelectric current generated as the stylus slow<harge away from the wear track in either case means charge
resulting in a net negative current; importantly, all of this fansport through the ZDOL and thus an opportunity for at-
current travels through the ZDOL. The sharp drop off in thet@chment of electrons onto PFPE molecules.
current when the bent stylus is stopped in ZDOL is attributed
to the increase in lubrication which permits the stylus to
come to equilibrium much more quickly. Conversely, in Fig.
2(c) the bent stylus does not have lubrication and therefor
takes longer to reach equilibrium, thus the current does not The total charge delivered to the ZDOL fluid during
die away as quickly. wear was estimated by machining a groove in the PTFE

The current signals of Fig. 2 can be integrated over thesubstrate which was then filled with ZDOL. After a wear
appropriate time intervals to determine the net charge tranexperiment, the ZDOL was carefully removed with an insu-
ferred. The total charge transferred to the PTFE substratiated hypodermic needle; the total charge contained in the
during a single pass of the stylus is on the order of hundredeemoved oil was then measured with an electrometer. In ex-
of pC. The decay currerffig. 2(d)] constitutes tens of pC periments involving many passes of the stylus through the
and requires the presence of ZDOL. Estimates of the thicktrough, the charge associated with the ZDOL ranged from
ness of the ZDOL layer based on elastohydrodynamic lubri2.4 to 8.5 pC, corresponding to a charge per unit volume of
cation of the PTFE surfaceassuming a geometry of edge- 14-50 pC/ml. Experiments in which the stylus passed only
to-edge disk contagtyields a minimum lubricant thickness once along the trough yielded an average of 3 pC or approxi-
of 10 um. Thus, charge transport intimately associated withmately 18 pC/ml. By way of comparison, the total negative
the ZDOL has occurred either as charge moving through theharge delivered to a ZDOL coated PTFE substrate in a
fluid phase or with fluid displacement. In either case, duringsingle pass is typically 150 pC. Typical recombination charge
this transport negative charge has presumably attached to thnsfer(estimated by integrating only the negative portions
lubricant molecules. of the currentsare on the order of tens of pC, typically twice

If the stylus is drawn across charged substrate materiaghe total charge measured on ZDOL removed from the
(e.g., charged negatively during a previous pass of the stylusough. These results show that for repeated passes of the
across the substratenegative charge is frequently delivered stylus over the PTFE surface, a portion of the original charge
back to the stylus, either induced by bound negative charges transported through the ZDOL and the ZDOL hangs on to
on the substrate or transferred to the stylus in the form of fre@ portion. In both cases, opportunity for attachment occurs.
negative charge. A net positive charge may be delivered tdVe point out that it was impossible to draw all of the oil
the stylus if the stylus encounters fren not fully chargedd  from the PTFE and one would expect charged ZDOL to have
PTFE material along the sides of the wear track. Currenthigh adhesion to the dielectric surface. We therefore doubt
generated during six successive passes of the stylus along ttieat we are collecting all of the charge transferred to the oil
same wear track, with and without ZDOL, appear in Fig. 3.by this simple method.

g. Charge uptake by lubricant
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Electron and Positive lon Emission During Current Generated by Drawing a Glass Stylus across a Teflon Surface
Wear with a Stainless Steel Stylus with and without Fomblin—Single Pass
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A FIG. 5. Overall current with a glass stylga) with and (b) without ZDOL

0 20 40 60 80 100 lubricant showing smaller magnitude current. Expanded \igvwith and
Time (s) (d) without ZDOL lubricant showing the presence of the negative decay
current with a magnitude similar to that found with a stainless steel stylus.
FIG. 4. Presence @B) electrons andb) positive ions during contact sliding
of PTFE with ZDOL by a stainless steel stylus. The duration of sliding

contact is indicated by the vertical dotted lines. — .
y electron emission by a factor of 1.5. Experiments were

also conducted where the stylus was moved through a pool
C. Electron and ion emission of ZDOL _but was not toughing or abrading the surfagg in any
way. During these experiments no electrons or positive ions

Interfacial failure and polymer abrasion often yield sig- were detected above noise levels. Therefore the emission of
nificant electron and positive ion emissitii® Using a  electrons and positive ions is only associated with moving
Channeltron electron multipliefCEM) in vacuum we can contact of the stylus along the PTFE substrate and the gen-
detect charged particle emission accompanying contact sliceration of charge on the surface.
ing. Figure 4a) shows the detection of electrons from lubri- Our estimate of oil thickness of 10 um suggests a
cated PTFE with multicycle sliding occurring between 25|ayer that is sufficient to prevent the direct escape of both
and 50 s(The voltages applied to the grids in front of the low energy electrons and ions from the coated surface. Thus,
CEM were +30 V on the front and+200 V on the back. these emissions require charge to be transported to the sur-
Once sliding is stopped the count rate drops almost immediface.(Compared to dry PTFE, the emissions from the lubri-
ately back to the noise level. In accompanying work, wecated surface are 20% of the emissions from the dry sub-
have shown that emission accompanying triboinduced brealstrate) We envision that the charge carriers moving to the
down has a long tail of several secoriéThus, the negative surface are in fact electrons pushed up by the remaining
charge emissioriprobably electron emissiprdoes not ap- negative charge on the PTFE. A portion of these electrons
pear to be due to breakdown but to direct emission from th@scape into the vacuum to be detected. Some of the electrons
surface. near the free surface generate positive ions through collisions

With grid voltages of 0 V on the front and 30 V onthe  with the ZDOL; thesetions are also ejected which requires
back, the electron count rate during contact sliding droppeghat the ionizing collisions are in regions of electric potential
to noise level and remained there during sliding. In the pres~0 or positive, thus permitting the ions to escape. If the
ence of this repelling electric field, this lack of signal indi- detected positive ions during contact sliding are indeed from
cates that the vast majority of the electrons emitted havéhe ZDOL, then they serve as a clear indication of the deg-
energies below 30 eV. This energy range is on the same ordesdation of the ZDOL. Rather than electron attachment dis-

as that which previous studies have shown is most likely taociation, this route to decomposition is due to electron im-
induce degradation of the ZDOL by electron attachniéfit.  pact ionization.

Figure 4b) shows the detection of positive ions from
sliding on the lubricated surface; the grid voltages used wer% Gl »
—30 V on the front grid and-200 V on the back grid. Since — ass stylus
the electrons have energies less than 30 eV, these grid volt- To test if nonconductors would result in charge separa-
ages would repel any electrons. Thus, we can safely attributiion, we replaced the stainless steel stylus with nonconduct-
this CEM signal to the emission of positive ions. Contacting soda lime glass, sensing the charge by the induced cur-
sliding occurred between the times of 25 and 50 s, in coinvent in a nearby electrode. Figure 5 shows this induced
cidence with the larger count rates well above the backeurrent generated by sliding the glass stylus on PT&E
ground noise level. The total ion emission is smaller than thevithout any ZDOL lubricant an¢b) with ZDOL lubricant. In

Downloaded 02 Feb 2003 to 134.121.46.39. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



2206 J. Appl. Phys., Vol. 93, No. 4, 15 February 2003 Wasem et al.

both cases, the sign of the current corresponds to negative Electron and Positive Ion Signals
charge going to the PTFE from the glass stylus, similar to the During Wear with a Glass Stylus
metal. This also agrees with measurements of the charge re- 700 @) Electron Signal
maining on the PTFE after the glass stylus is removed. The 2 6007 ,

induced currents measured with the glass stylus were almost £ 5001

an order of magnitude lower than the currents observed with S 400}

the stainless steel stylus. This is almost certainly due to using 2 300f

induced current versus direct current to the stainless steel. In § 200}

the absence of a conducting path through the glass, the po- =

tential developed on the stylus relative to nearby grounds 0 AL ‘
depends principally on the capacitance between the enclosed 0 e (63 80 100

metal probe and the metal ground plate beneath the stylus.
With capacitances on the order of tens of fF, we estimate the
observed charge generated by a single pass is still tens of pC,
perhaps an order of magnitude smaller than what we mea-
sured with the stainless steel stylus.

250 - r . .
(b) Positive Ion Signal
200+ i

150

Positive Ions (Counts/s)

x3
The glass stylus yielded somewhat smaller induced cur- 100¢ \</\/\ 1
rents in the presence of the PFPE lubricant than without. 50 F ]
Again, substantial recombination currents are observed in the VV"VV"V\

presence of the PFPE lubricant, as shown in Fig);5.e., a %20 40 e 80 100

significant negative induced current is observed after the mo- Time ()
tion of the stylus ceases. The decay of this negative-goingic. 6. (a) Electron andb) positive ion emission during contact sliding of
recombination current is significantly faster than that ob-a glass stylus on PTFE with ZDOL lubrication. The duration of sliding
served with the stainless steel stylus, possibly due to thg™ is indicated by the vertical dotted lines. The upper lin@jrshows
reduced RC time constatgmaller G for charge flow in the the smoothed positive ion signal vertically magnified by a factor of three.
case of the glass stylus.

The S|m|lqr|ty beltwee'n the two styh regarding decay IV. DISCUSSION AND CONCLUSIONS
currents, despite having different magnitude overall currents,
can be attributed to a limiting current at high voltages. Spada  During contact sliding with a stainless steel or glass sty-
and Basov, showed that the current through ZDOL betweelus, a PTFE substrate develops a negative charge due to tri-
two plates held at a given voltage difference levels off forbocharging. The negative charge is consistent with previous
voltages above-10 V.* In other work, we found that the observations of contact charging on PTFE with a variety of
potential along a polymer surface during sliding approachedlean metalg® A discussion of contact charging mechanisms
thousands of volts and was proportional to the overall averinvolving polymers can be found in several publicatié?is?
age current>?* This would be well above the point where The basic concepts center on bringing electron free energies
the current through the ZDOL would level off. into equilibrium, and having simultaneously available charge

In addition to similar decay currents, the glass stylus als@arriers and unoccupied states.
placed charge into the ZDOL in amounts similar to that = We note that the fluid state itself is no barrier to contact
placed by the stainless steel stylus. By removing the oil aftecharging and transport; i.e., charge transfer and transport in-
sliding stimulation, the range of charges in the ZDOL wentvolving fluids is responsible for serious electrostatic hazards
from 1.3 to 6.1 pC with an average of 3 pC. This correspondsn refueling and painting operations. Our measurements here
to charge densities of 8—36 pC/ml with an average of 18ndicate that the negative charge generated on the PTFE sur-
pC/ml. The similar charges placed by both the glass and thtace is relatively immobile in the absence of a lubricant, but
stainless steel styluses can be explained by the similar decalysplays significant mobility in the presence of a PFPE lubri-
currents found with both types of stylus. The similar decaycant. This is in contrast to work by Oetelagral. who found
currents would push approximately the same amount ofhat a silicon carbide-coated slider on carbon-coated hard
charge through the ZDOL during a given run with approxi- disk media delivered a positive charge to the media, and that
mately the same probability to interact with and attach to thehe decay of surface charge was reduced in the presence of
ZDOL. Hence, the amount of charge in the ZDOL would bemonolayer lubricant coatings. The contrasting charge is
approximately the same for each stylus. likely due to the different material couple in contact. Oet-

Finally, we show in Fig. @) the electron emission dur- elaaret al. attributed the decay of surface charge to a reac-
ing contact sliding with a glass stylus and grid voltages oftion with atmospheric @, perhaps accelerated by,® va-
+30V on the front andt-200 V on the back. The average por.
number of counts per second above background observed In this study charge transfer to the lubricant from the
during sliding is comparable to those seen in Fig) 4vith charged interface and significant mobility are observed; these
the stainless steel stylus. Positive ions are also seen duriqocesses cannot be attributed to reactions with atmospheric
contact sliding with the glass styl{isig. 6(b)], however the species. In this context, the thickness of the lubricant layer
count rate is only~5% of that observed with the stainless and the negative sign of the surface charge are significant.
steel stylus. This work shows through direct measurements that the oil is
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