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Elastic and inelastic deformations of ethylene-passivated tenfold decagonal Al-Ni-Co
quasicrystal surfaces
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The adhesion and friction force properties between a tenfold Al-Ni-Co decagonal quasicrystal and a titanium
nitride (TiN)-coated tip were investigated using an atomic force microscope in ultrahigh vacuum. To suppress
the strong chemical adhesion found in the clean quasicrystal surfaces, the sample was exposed to ethylene that
formed a protective passivating layer. We show that the deformation mechanism of the tip-substrate junction
changes from elastic to inelastic at a threshold pressure of 3.8 to 4.0 GPa. Images of the indentation marks left
above the threshold pressure indicate the absence of new steps, and indicate that surface damage is not
accompanied by formation of slippage planes or dislocations, as found in plastically deforming crystalline
materials. This is consistent with the lack of translational periodicity of quasicrystals. The work of adhesion in
the inelastic regime is five times larger than in the elastic one, plausibly as a result of the displacement of the
passivating layer. In the elastic regime, the friction dependence on load is accurately described by the
Derjaguin-Muller-Toporov(DMT) model, consistent with the high hardness of both the TiN tip and the
quasicrystal sample. Above the threshold pressure, the friction versus load curve deviates from the DMT
model, indicating that chemical bond formation and rupture contribute to the energy dissipation.
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[. INTRODUCTION relation between friction force and contact area can be de-
scribed by the Derjaguin-Miiller-Topord¥ (DMT) or the
At high loads, the friction and adhesion between two con-Johnson-Kendall-RobertSKR) modeli®!'depending on the
tacting solid surfaces are often accompanied by wear as adhesion energy and on the hardness of the contacting mate-
result of irreversible deformation of the bodies. This defor-rials. These two models have been developed as approxima-
mation is of plastic or brittle character depending on thetions for the elastic behavior in two opposite extremes, one
material. At sufficiently low load, friction and adhesion phe- for soft and adhesive materials, and the other for hard and
nomena can occur in the absence of irreversible deformatiororly adhesive ones. Any real situation is, of course, inter-
in the bulk, near the surface region, i.e., under conditiongnediate between these two extrerie¥ To decide whether
where only elastic deformation occurs. It is of considerablghe behavior will be closer to that predicted by DMT or JKR,
interest to understand the crossover between the regimes @h empirical nondimensional Tabor parameter
elastic and inelastic deformation, and the ways that informa=(16Ry?/9K?z3)*/3* is found to be appropriate. In this for-
tion obtained in one regime can be applied to the other. Howmula, R is the tip radius,y is the work of adhesiorg, is the
ever, to avoid masking these effects by the occurrence cdquilibrium spacing of two surfacésoughly an atomic dis-
strong chemical bonds at the interface, which always taketance, and K is the combined elastic modulus of the two
place when clean and chemically active surfaces come intmaterials, given by K:(4/3)[(1—v§)/E1+(1—vﬁ)/Ez]‘l,
contact, it is necessary to chemically passivate the interfacevhereE; and E, are their Young moduli and, and v, are
In this paper we present an experimental study that probethe Poisson ratios. Empirically, it is found that the JKR
the changes in nanoscale structure and behavior of the comodel is a good approximation whet5, while the DMT
tacting surfaces, and the applicability of contact mechanicg&s more appropriate whenis less than 0.1.
models in the regimes of elastic and inelastic deformation. A quasicrystal surface was chosen for investigation. Tri-
Atomic force microscopy(AFM) is particularly suited for bological properties are of particular interest in quasicrystals,
this investigation, since it makes possible both the measurenaterials with atoms arranged in patterns with rotational
ment of tribological properties and surface visualization atsymmetry but no translational periodici§/pecause low co-
the nanometer scale? One can thus detect the onset of sur-efficients of friction and low adhesion to polar liquids have
face damage—inelastic deformation—with atomic-scalebeen reported for surfaces in &ir'® and also in vacuum
precision>-8 studies?®-23 The relationship between these anomalous sur-
Previous experiments with well characterized surfacesace properties and the surface atomic structure, however, is
carried out in ultrahigh vacuutUHV) have shown that the unclear. One basic issue is the relative importance of elastic
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versus inelastic deformation processes to the relatively low (a)
friction coefficient, because of the high intrinsic hardness of
quasicrystals. The present study is a necessary step toward
addressing that issue, as it clearly reveals experimental con-
ditions under which the elastic and inelastic regimes can be {
separated by use of chemical passivation, thus facilitating
measurement of friction forces without perturbation of the
quasicrystalline atomic structure.

In previous work® we have shown that contacts between
W,C-coated AFM tips and the clean surface of a decagonal
quasicrystal, Al-Ni-Co, were strongly adhesive, giving rise
to pull-off forces as large as 10N. This large adhesion
produced damage to the quasicrystal surface as a result of
rupturing strong chemical bonds formed upon contact, thus
making it impossible to probe the clean surface without in-
elastic deformation. In this study a passivation strategy was
implemented, consisting of the chemisorption of a small hy-
drocarbon molecule, ethylene. Ethylene is expected to satu-
rate after formation of a chemisorbed layer, which produces
a relatively small perturbation to the atomic structure of the

substrate. This_ passivati_on_ stra_tegy _successfull_y allqwed US F|G. 1. (a) A LEED pattern of the clean surface at an electron
to probe adhesion and friction either in the elastic regime, Ogpergy of 75 eV. The inset is a schematic representation of the
in the inelastic regime, depending on applied load. LEED pattern, showing two rings of tenfold spots and satellite spots
in-between(b) 100 nmx 100 nm STM image of a tenfold decago-
nal Al-Ni-Co quasicrystal surfacé/s=1.0 V, 1=0.1 nA. Height
profile in the inset along the line between A and B shows the ter-
Sample preparation and characterization were performef@ces with average width of 50—100 nm separated by single steps
in a UHV chamber with a base pressure of .007° Torr. 0.2 nm high.
The UHV atomic force microscopy system consists of a
commercial RHK AFM unit mounted on a 6 in. flange. The right after the first contact, with no subsequent changes dur-
sample can be transferred from the AFM head to a manipuing contact measurement.
lator in another area of the chamber for surface preparation The tenfold decagonal sample had dimensions of 1 cm
and characterization. Heating was accomplished by electronx 1 cmx 1.5 mm and was cut from a large single grain
beam bombardment, Aion sputtering was used for sample Al;, Ni; 40,7, quasicrystal grown at the Ames Laboratory,
cleaning, and low-energy electron diffractidnEED)/Auger  in lowa State University. The chemical composition was de-
electron spectroscopy for surface analydiSamples and termined by energy dispersive x-ray analysis in a scanning
cantilevers could be transferred from air through a load-loclelectron microscope. After degreasing by ultrasonic agitation
without breaking vacuum, thus allowing convenient ex-in acetone and methyl alcohol, the sample was introduced
change of cantilevers with different spring constants andnto the UHV chamber. The situ cleaning process consists
coatings. By using conductive cantilevers, the current beef cycles of Af ion beam sputtering with 1 keV ion energy,
tween the tip and the sample could be measured and used ffmllowed by heating for 1-2 h at a temperature up to
feedback control in the scanning tunneling microscopyl150 K. After cooling, the sample was characterized by
(STM) mode. Alternatively or simultaneously, the bending of LEED/Auger electron spectroscopy and transferred to the
the cantilever was used to determine the interaction forceample stage for AFM/STM measurement.
between tip and surface. For normal load calibration we used
the spring constant value provided by the manufacturer. Lat-
eral forces were calibrated by the method described in Ref. . RESULTS
24. We used cantilevers coated with approximately
20-30 nm of TiN, with spring constants of 3.0 N/m for con-
tact mode or 48 N/m for tunneling mode. The high stiffness Earlier studies of tenfold decagonal Al-Ni-Co
of the latter cantilevers suppresses the jump to contact instauasicrystak 26 indicate that the structure consists of two
bility found with soft cantilevers, thus ensuring stable tun-types of atomic layers stacked in an alternating sequence
neling. With a field-emission scanning electron microscopealong the tenfold direction with an interlayer spacing of
the radius of the metal-coated cantilever was found to b®.204 nm. Each layer has local pentagonal symmetry, and
30-50 nm before contact with the surface. After contact, theneighboring layers are related by inversion symmetry. Figure
radius was measured to be 80—120 nm. Since the measuréth) shows a LEED pattern of the clean surface acquired at
friction force does not change while at constant load andan electron energy of 75 eV. The inset in the right is a sche-
does not show time-dependent behavior in the elastic regimenatic representation of the LEED pattern, which consists of
it is fair to assume that the changes in tip radius took placéwo rings of spots arranged with tenfold symmetry and con-

Il. EXPERIMENT

A. Preparation and passivation of the quasicrystal surface
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taining satellite spots in between. The ratio of the radii of the
two concentric rings is 1.63, close to the expected value of
the Golden Mean(1+5Y%)/2=1.618, within the error of
measurement.

Figure 1b) shows a 100 nnx 100 nm STM image of the
clean surface taken with a sample bias of 1 V and tunneling
current of 0.1 nA. ATiN-coated cantilever with a spring con-
stant of 48 N/m was used. As shown by line profiles across ‘
steps in the inset, the height of single and double steps are (€)15

0.20 nm and 0.41 nm, respectively. The surface corrugation = 9t
on the terrace is less than 0.02 nm and the terrace average < 05 L single
width is 50—100 nm. Y step
Ethylene exposure was performed by backfilling the 0 0 200 400
chamber to a pressure of 4007 Torr at room tempera- X (nm}

ture. After a 20 L exposure, the LEED pattern disappeared

completely, suggesting that no ordered superstructures are FIG. 2. (a) 500 nmX 290 nm contact mode topographic afl
formed after ethylene adsorption. The ethylene exposure rdriction images acquired with an applied load of 400 n(¢)
quired to cause the disappearance of the pentagonal diffraB00 nmx 200 nm topographic ant)) friction images at a load of
tion pattern(20 L) is twice as large as that found when using 750 nN.(e) Height profile through the broken line if@). The step
oxygen (10 L) in our previous experimen@. The carbon height and width of'terr_aces is similar as that pbsewed with STM
uptake from ethylene adsorption was monitored by Auge,although the respluﬂon |silower. lic) and(d), the |mages.sh(.)w the
spectroscopy. The peak-to-peak ratio of the carbon 252 e\t?ffect of stlck-sllp,_producmg th_e dgrk bands at the beglnnlng of the
peak to the Al 68 eV peak reached a value of 5 after 100 scan_(top), suggesting that at this higher load the chemical nature of
exposure and remained constant thereafter, indicating thar'Ee tip-sample contact has been changed.
adsorption of ethylene saturated at 100 L.

213
_ 213
B. Confirmation of passivation A= 77( KZIS)(L L™,

On the clean surface we obtain a tip-sample adhesion
force of 530+100 nN, using the value of 3.0 N/m for the
spring constant provided by the manufacturer. A 30% uncerwhere L. is the adhesion force. Usind..=13 nN, R
tainty is estimated for this value of the spring constant. The=100 nm, and a combined elastic modul(#9 of 171 GPa,
100 nN error is the standard deviation of multiple measurefEry=600 GPa,Eqc=200 GPa,vriy=0.25, voc=0.38 (see
ments of the force-distance curves. This large error reflectRef. 27] we find A=158 nnt. TheP (pressurgis then easily
possible changes in radius and chemical composition. Thealculated as F, (applied loag/A=600 nN/158 nm
adhesion force of 530 nN is about half the 108 value =3.8 GPa.
found previously with TiN-coated tips on stiffer levers  Figure 2 shows contact mode images at increasing loads:
(48 N/m), and two thirds of the 850 nN value found with (a) topography andb) friction at a load of 400 nN, ancc)
W,C-coated tips on 11.5 N/m cantileveéfsAgain, this topography andd) friction at 750 nN. In comparison with
variation is likely associated with differences in tip radiusthe STM mode imagefFig. 1(b)], the AFM resolution is
and cleanliness, as well as the uncertainties in the sprinpwer, since it is limited by the tip radius of100 nm, as
constant value. shown in the line profile of Fig.@). The step heights, how-

After a 300 L exposure of ethylene at room temperatureever, are the same in STM and AFM images, with single
the adhesion force was reduced to a value of 13+2 nN; i.esteps 0.21+£0.03 nm high and double steps 0.41+0.04 nm
about two orders of magnitude smaller. Images acquired aftdrigh.
these contact experiments revealed that the surface topogra- When the load reached 750 nN, corresponding to
phy remained unchanged within the angstrom scale. Thugl.1 GPa, damage finally occurred, with the tip exhibiting
ethylene adsorption made it possible to perform reproduciblstrong static friction, which produced the dark bands in the
contact experiments at low loads. All data reported in themages at the start of the scan in Fig$c)2and Zd). The
remainder of this paper were obtained after ethylene passstick-slip due to the strong increase in adhesion and the re-
vation. sulting damage prevented reproducible imaging at this point.
This was confirmed by subsequently scanning a larger area
(0.95 um x 1.0 um), which included the area in Fig. 2. Fig-
ures 3a) and 3b) are topographic and friction AFM images

Experiments as a function of load show that the surfaceacquired at a load of 150 nN. The surface shows a trench in
topography is unmodified up to loads of 600 nN, correspondthe previously scanned area with a depth of 1.0+0.2 nm, and
ing to an estimated pressure of 3.8 GPa. The pressure waswidth of approximately 500 nix 200 nm with debris ac-
calculated using the contact aréd) given by the DMT cumulated at the edges. The volume of the hole~i3
model312 X 10° nm?, approximately equal to that of the mounds within

C. Elastic and inelastic deformation
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FIG. 3. (a) 0.95 um X 1.0 um topographic AFM image and cor- Two representative force-distance curves in these two re-
responding friction imagegb), acquired at an applied load of gimes are shown as insets. We interpret the increase in ad-
150 nN. A central area, previously scanned with a load of 750 nNesion force in the inelastic regime as a result of the forma-
(corresponding to a pressure of 4.1 GRa inelastically deformed,  tion of chemical bonds between the tip and the surface due to
showing a trench with a depth of 1.0 nm, and debris at the edgahe displacement of protective hydrocarbon molecules. The
Height (c) and friction (d) profiles across the trench show that the adhesion force of 70 nN is, however, still much smaller than
friction force inside the trench is 74 nN+13 nN, higher than that of , 5+ measured on the clean surf4680 nN), suggesting that
outside(14 nN+4 nN by a factor of 5. only a fraction of the passivating molecules have been re-

_ _ . . ' _ moved.
the error of AFM imaging. Since the image resolution did not

change, we can assume that there is little damage in the tip
and that most of the damage occurred in the sample side of E. Friction versus load experiments
the junction.

Topographic and friction line profiles are also shown in  Figure 5 shows friction versus load measurements be-
Figs. 3¢) and 3d). The friction profiles in the two scanning tween a TiN-coated cantilever and the passivated quasicrys-
directions show that the friction fordgap between two fric- tal surface. DMT and JKR fittings satisfying the condition of
tion curves inside the trench is 74 nN+13 nN, higher than
that of outside(14 nN+4 nN by a factor of 5. This result

can be explained by assuming that some of the protective 250 _

hydrocarbon layer has been removed and that the clean sur- SRR

face is exposed in the deformed region. 208 T friction data . .
Another interesting observation is the unmodified step % 150 Inelastic

structure of the surface, which was only interrupted by the  °Z | * contribution

trench. No additional steps were created by the deformation, -.g 106 | "

indicating that no dislocation or slippage planes have been £ oo

created. This is in contrast to the case of nanoindentation 50 | pwmT i

experiments with gold single crystals, where new steps or JKR fitting

dislocations were created by emerging slippage pl&hes, . e : : :

as expected in plastic deformation processes. The damage in 0 500 1000 1500 2000 2500

our quasicrystals is therefore of a brittle nature, mostly due Load (nN)

to rupture of localized metal-metal bonds. o _ )
FIG. 5. Plot of the friction force as a function of applied load.

D. Indentation experiments The Iipes are DMT and JKR fittings using the constraint qf an
adhesion forcdL.) of 13 nN. The DMT curve fits very well with
Figure 4 shows a plot of adhesion force as a function ofhe experimental data in the elastic regime, consistent with contact
maximum applied load. In the elastic regime, which extendsf two hard materials, TiN and the passivated quasicrystal. Open
up to loads of 600 nN, the adhesion force is constant atircles represents the inelastic contribution to the friction force and
13+2.0 nN. Adhesion increases rapidly to 70+9.0 nN uporenergy dissipation, which is the difference between the experimen-
crossing the threshold for plastic deformation near 700 nNtal friction and the extrapolated DMT values.
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13 nN adhesion force are shown for comparison. It is clear In our quasicrystalline material surface damage was not
that the DMT fit is in good agreement with the experimentalaccompanied by formation of slippage planes or dislocations,
data in the elastic regime and consistent with the fact that thas observed previously on a crystalline surface such as
two contacting materials, TiN and quasicrystal, are veryAu,?®2° where formation of dislocations is a prevalent
hard. The Tabor parameter, using a tip radius of 100 zm, mechanism of plastic deformation. In the quasicrystals, how-
=2 A, is 7=0.056, effectively indicating that the DMT model ever, the lack of translational symmetry prevents the forma-
is the appropriate model for this case. The DMT fit providestion of easy slippage planes and is likely one of the reasons
a value for the work of adhesion of 20.7 m¥ and an elas- for the high hardness of these materials. Because of the lack
tic shear stress of 243 MPa. of evidence of concerted motion, we attribute the damage
The rapid increase in friction force above 600 nN isobserved here to localized bond rupture, giving rise to
clearly related to the inelastic processes resulting from bondtomic scale wear. The present results are fully in line with
formation and rupture. The contribution of these processes tthis mechanism.
friction dissipation is given by the difference between the Another AFM study of adhesion forces on a clean metal
experimental curve and the DMT fitting above 600 nN, assurface, namely, on Pit11), has been reported previoush,
shown in the figure by the open circles. although such studies of nonmetallic surfaces are much more
common. For a WC tip and P{l11), it was also found that
the adhesion force was strong—in fact, about an order of
magnitude stronger than for the clean quasicrystalline Al
We have seen that the transition from elastic to inelastic Ni-Co surface. This suggests that the adhesion on the clean
deformation occurs rather abruptly at 3.8 to 4.0 GPa. Théluasicrystal, while strong in an absolute sense, may still be
absolute value of transition pressure, however, has a signifiveak in comparison with clean transition metals. The strong
cant error bar(~50%), due partially to uncertainties of adhesion on R111) could be circumvented by carbon and
spring constan{>30%), and partially to the scattering of OXygen contamination, although the regimes of elastic and
multiple measurements with different tigs 20%). inelastic deformation were not delineated as in the present
The transition in the nature of the mechanical contact prostudy.
duces two related changes in the tribological properties. One
is the change in adhesion energy from a constant value in the
elastic regime, to a value in the inelastic regime that is about V. CONCLUSIONS
five times higher. Second, the friction force, which is well
described by the DMT model in the elastic regime, cannot b?a
extrapolated to the inelastic regime. In other words, there is &
concomitant change in the shear stress, from a constant val

in the elastic regime to a high and variable value in th_eloads of 600 nNor 3.8 GPawithout damaging the tip or the

m_elastu_: regime. We anfumpate th_at _these two differences Iurface. We found that the adhesion remained constant in this
trlbolpglcal properties will be quahtauvgly observed on Ot.herre ime, but increased by a factor of five after crossing into
passivated metal surfaces, upon crossing between elastic inélastic regime. We explained this as due to strong

inelastic regimes, and are nqt unique to the quas'cryStal_chemical interactions between tip atoms and exposed atoms
although, of course, the quantitative aspects, such as the tra

" ; ; Of the substrate where the passivating hydrocarbon mol-
fS:(':Zn pressure, will depend both upon the tip and the SUlecules had been displaced. The wear mechanism in the in-

. . . elastic regime appears to be the result of bond rupture and
It is interesting to notice that the DMT model developed g PP P

. ) . ~~ displacement of substrate atoms. No slippage planes or dis-
for elast'lc.: deformamon of hard .and poorly adhesive mate”al?ocations were observed to emerge at the surface, as is typi-
(a condition satisfied by our tip and surface mateyjadp- ’

i Il below 3.8 GP hile th ¢ terials fol cally the case in normal crystalline metals.
plies Well below 2.6 T5ra, whiie the Same two materials 1ol- -ty friction force is well described by the DMT model in
low the JKR model in the absence of a passivating layer,

This is mainly because the high adhesion force in the abthe elastic regime, consistent with the hard nature of TiN and

IV. DISCUSSION

We have investigated the tribological properties of con-
cts between a TiN-coated tip and an ethylene passivated
nfold Al-Ni-Co quasicrystal. Monolayer passivation al-
Y¥wed us to explore the elastic deformation regime up to

guasicrystal materials. In the inelastic regime, the measured
Miction force shows a significant departure from the DMT

eter from a Iow.value(<0.1-) to a high va_llue above 5. . fitting, indicating that chemical bond formation and rupture
It is worthwhile to mention that our tip-sample mechani- contribute largely to the energy dissipation

cal contact shows an intermediate regime at applied loads
between 600 and 700 nN, with both elastic and inelastic con-
tributions. We observed a time-dependent change of friction
force in this regime, which may be associated with the accu-
mulation of atomic defects in the cont&€tThe abruptness This work was supported by the Director, Office of En-
in the elastic to inelastic response in a quasicrystal has alsergy Research, Office of Basic Energy Sciences, Materials
been observed in previous nanoindentation experintérts. Sciences Division, of the U.S. Department of Energy through
was attributed to a local transformation to a crystalline phasé¢he Ames Laboratory, Contract No. W-405-Eng-82, and
in the quasicrystai? which has also been observed in friction through the Lawrence Berkeley National Laboratory, Con-
experiments. tract No. DE-AC03-76SF00098.
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