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Friction of ice measured using lateral force microscopy

Hendrik Bluhm, Takahito Inoue,* and Miquel Salmeron†

Materials Sciences Division, Lawrence Berkeley National Laboratory, University of California, Berkeley, California 94720
~Received 16 June 1999!

The friction of nanometer thin ice films grown on mica substrates is investigated using atomic force mi-
croscopy~AFM!. Friction was found to be of similar magnitude as the static friction of ice reported in
macroscopic experiments. The possible existence of a lubricating film of water due to pressure melting,
frictional heating, and surface premelting is discussed based on the experimental results using noncontact,
contact, and lateral force microscopy. We conclude that AFM measures the dry friction of ice due to the low
scan speed and the squeezing out of the water layer between the sharp AFM tip and the ice surface.
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I. INTRODUCTION

Because of its importance in everyday life, the friction
ice has been investigated systematically for about a cen
already.1 It is now widely accepted that a thin water lay
between the slider and the ice surface causes the excep
ally low friction of ice at temperatures close to the melti
point. However, the mechanism for the generation of
liquid layer was controversial in the past. Reynolds su
gested in 1901 that the layer is formed by pressure melt
which is caused by the higher density of water with resp
to ice.2

Bowden and Hughes recognized in the 1930s that
pressure melting effect in the case of skiing and skating
not sufficiently strong to cause melting of ice at temperatu
below20.5 °C.3 They performed a series of experiments th
proved that the main contribution to the generation of a w
ter layer comes from frictional heating. These results h
been confirmed in many other subsequent investigations,
today frictional heating is the accepted explanation.4,5,6,7

A third explanation for the existence of a water film is t
premelting of ice, which leads to the presence of a so-ca
‘‘liquid-like’’ layer ~LLL ! at the surface.8 The thickness of
the LLL has been measured using various methods,
these measurements have yielded divergent results.9 In dis-
cussions of the low friction of the ice surface, the existen
and role of the LLL has been mostly neglected up to now

For the investigation of the frictional properties of su
faces at a microscopic scale, two methods have proven t
the most effective: the surface forces apparatus10,11 ~SFA!
and the atomic force microscope12 ~AFM! operated in the
lateral force mode.13 Both methods provide a single asperi
contact between the surfaces in contact and thus enable
determine the real contact area.

AFM has already been shown to be suitable for the m
surement of the properties of bulk ice surfaces14,15,16,17,18and
molecularly thin ice films.19 In order to reliably measure th
frictional properties on a microscopic scale, the surface
to be atomically flat over tens of nanometers.20 This is diffi-
cult to achieve for polycrystalline ice surfaces with their u
known local surface orientation. Even for single crystalli
ice, the high dynamic nature of the surface at temperatu
close to the melting point~rate of evaporation and conden
PRB 610163-1829/2000/61~11!/7760~6!/$15.00
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sation! leads to faceting and fluctuations in the surfa
topography.21

As we have shown in a previous paper,19 thin ice films
~thickness,3 nm! grown on a mica substrate are remarkab
smooth ~atomically flat over micrometers! and possess a
stable morphology as long as the thermodynamic conditi
in the experiment are kept constant. These surfaces are th
fore promising candidates for the study of the friction of i
using AFM.

In addition to providing a well-defined contact area b
tween tip and surface, the AFM technique is also well sui
for the investigation of the three explanations for the ex
tence of a liquid layer at the interface between tip and i
Since the contact area can be calculated from the kno
parameters of the system—tip radius, normal force, and e
tic properties of tip and ice—thepressure meltingeffect can
be measured. The effect offrictional heatingcan be deter-
mined from the known contact area, scanning speed
thermal conductivity of the materials in contact during sca
ning. Finally, the role ofsurface premeltingcan be investi-
gated due to the ability of AFM to operate both in conta
and non-contact modes. The thickness and distribution of
LLL on the ice surface can in fact be mapped by operat
the AFM in the noncontact scanning polarization force m
croscopy mode~SPFM!,22 as we have shown in a previou
paper.19

Here we will describe AFM investigations on the frictio
of ice performed on molecularly thin ice films grown o
mica substrates. We will compare our results with those
tained in previous experiments using macroscopic metho

II. EXPERIMENT

The experiments were performed using a homebuilt AF
housed in a vacuum chamber. The experimental setup
been described in a previous paper.23 The ice films were
grown on mica substrates cleavedin situ. The experiments
were carried out in the temperature range from224 to
240 °C. Distilled water with a specific resistivity of 18.
MV cm was used as source for the water vapor. The w
was purified in three successive pump-freeze cycles. The
ter vapor pressure in the chamber was measured with
accuracy of 0.02 torr using a capacitance sensor pres
gauge.
7760 ©2000 The American Physical Society
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At the beginning of the experiments, the chamber w
evacuated to its base pressure (;1026 torr). Afterwards, wa-
ter vapor (p,0.5 torr) was introduced into the chamber, a
the sample was cooled. While cooling, the sample was k
undersaturated with respect to the vapor pressure in ord
avoid macroscopic ice growth. At a given fixed vapor pre
sure ~in the range from 0.5 to 0.1 torr for temperatures
224 to 240 °C, respectively!, the sample temperature wa
briefly decreased to oversaturation values with respect to
vapor, thus initiating ice growth on the substrate. Then
sample temperature was increased again to a value that
responds to 85% relative humidity~RH! at the given water
vapor pressure. At this RH value, ice films with a thickne
of several bilayers are stable on the mica surface.19

Our AFM is controlled by commercial feedbac
electronics.24 Triangularly shaped silicon cantilevers with
spring constant of 0.4 N/m were used.25 These are boron
doped and have a resistivity of 1023 V cm, which is suffi-
cient for use in SPFM measurements. SPFM images w
taken with a tip-to-sample distance of;40 nm and at a tip-
to-sample bias of65 V. Details of SPFM imaging of ice are
described in Ref. 19.

Care has to be taken in the experiments to exclude
damage of the ice films due to possible temperature dif
ences between the tip and the surface. We have estimate
tip temperature by employing the bimorph properties of
cantilever~silicon body with gold coating!. The bending of
the cantilever when it is in close proximity of the co
sample surface provides a measure for its temperature.
tip-to-sample distance of 20 nm and at a sample tempera
of 220 °C, the tip temperature was estimated to be215 °C.
The tip temperature will be even closer to that of the sam
when the tip is in contact. We also left the tip in contact w
the ice surface for as much as half an hour without observ
any changes in the surface morphology. Therefore damag
the sample surface due to heating by the tip is highly
likely. Details of the measurement of the cantilever tempe
ture can be found in Ref. 19.

In the contact operation mode of the microscope, the c
tilever bending~normal force! and twisting ~lateral force!
were measured simultaneously. Normal forces were ca
lated from the known normal spring constant of the cant
ver. Values for the lateral deflection of the cantilever~as a
consequence of the lateral force acting on the tip! were ob-
tained according to a standard procedure described in
26. These values were then converted into a friction fo
using a lateral spring constant, which was calculated fr
the known dimensions of the cantilevers.27

The normal force in the contact images varied in the ra
from 10 nN to 350 nN for pressure-melting experimen
Typical scan speeds were;5 mm/s. The radius of the tip
used in our experiments was 200 nm, as determined usi
SrTiO3 grating.28,29

III. RESULTS AND DISCUSSION

A. Structure and properties of the ice films

Figure 1~a! shows an SPFM~noncontact! image that was
taken after a thin ice layer was grown on the mica subst
in the way described in Sec. II. The sample temperatur
224 °C, and the relative humidity 85%. The surface is co
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ered with droplets, which have a maximum height of 15 n
and a maximum diameter of 1.5mm at the base. Figure 1~b!
shows a topographical image acquired in contact mode w
a normal force of 30 nN at the same location, just af
acquisition of the SPFM image. The pressure and temp
ture are the same as in Fig. 1~a!. Large, flat ice platelets with
a height of 2 to 3 nm relative to the substrate can be see

A comparison of the images in Figs. 1~a! and 1~b! indi-
cates that the position of the ice platelets coincides with t
of the droplets imaged using noncontact SPFM. In Fig. 1~d!
cross sections along the lines shown in Figs. 1~a! and 1~b!
are given. While the height of the droplet in the SPFM ima
is 10 nm, the measured height in contact is only 2 nm. T
points to the existence of a liquid layer with a thickness o
nm, covering the ice platelet.30 The liquid nature of the drop-
lets is supported by the increased adhesion observed in
approach part of force vs distance curves, as compare
areas that are not covered by the droplets.

FIG. 1. ~a! Noncontact SPFM image taken after condensation
water on the mica substrate following a brief temperature excurs
to supersaturation conditions. The image was taken atTsample5
224 °C and a relative humidity of 85%. The maximum height
the droplets is 15 nm and the maximum diameter at their base
mm. ~b! Contact mode image acquired at the same location as in~a!
after the SPFM image was taken. Flat ice platelets are obse
with a height of 2 to 3 nm relative to the substrate. The platelets
positioned at the same locations as the droplets shown in~a!. ~c!
Lateral force image taken simultaneously with the contact m
image. A brighter contrast means a higher lateral force. The lat
force is highest on the ice platelets.~d! Comparison of cross sec
tions along the lines indicated in~a! and ~b!. The droplet is sitting
on an ice platelet. From the height difference between SPFM
contact mode images, the thickness of the liquid layer is estima
to be 8 nm.~e! Friction loop taken along the line indicated in~c!,
i.e., at the same position as the cross sections for the topograp
images. The width of the friction loop is a measure for the late
force. The lateral force is higher on ice than on mica.
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B. Frictional properties of ice films

A lateral force image acquired simultaneously with t
contact topography image is presented in Fig. 1~c!. A
brighter contrast means a higher lateral force. The tip ex
riences a higher lateral force on the ice platelets than it d
on the mica substrate. The friction force measured in
forward and backward directions~i.e., the ‘‘friction loop’’ 20!
on the platelet for which cross sections are given in Fig. 1~d!
is shown in Fig. 1~e!. The width of the friction loop is a
measure for the lateral force. The friction loop is wider f
ice than for mica.

After taking this measurement, we performed lateral fo
vs load measurements on ice. A flat ice island was cho
and the lateral force was measured as a function of nor
force, according to the method described in Ref. 26. T
result is shown in Fig. 2. The lateral force is shown for bo
increasing and decreasing normal force~see arrows in Fig.
2!. The adhesion between tip and surface is 25 nN, as ca
deduced from the retracting curve. For comparison, a sim
lateral force vs load measurement corresponding to mic
room temperature and 30% RH is shown. From these cu
we can determine a ‘‘friction coefficient’’ for both ice an
mica. The term ‘‘friction coefficient’’ has to be used wit
care in this case, since Amontons’s law~lateral forceFL
equals normal forceFN times friction coefficientm31! is not
valid for single asperity contacts at low loads. In that ca
the lateral force is proportional to the contact area and
shear strength of the junction between tip and surfac32

However, in order to compare our results to those from m
roscopic measurements, we will use the slope of the ne
linear part of the curves in Fig. 2 as a measure of the frict
coefficient. The values found are 0.6 for ice, and 0.3
mica.

The curves shown in Fig. 2 are representative of all
measurements that we carried out in the temperature re
from 224 to 240 °C. Ice always showed a higher frictio
than mica, in apparent contradiction with our everyday
perience. The friction coefficient of ice was on the order
0.6 in the entire temperature region. This value is in
range of the static friction coefficient measured in mac
scopic experiments.33 This seems to indicate that there is n

FIG. 2. Lateral vs normal force curves for ice, atT5224 °C
~solid line!, and for mica, at room temperature~dashed line!. Ar-
rows mark the curves for increasing and decreasing load. From
slopes of the linear portion of the curves, a ‘‘friction coefficien
for ice ~0.6! and mica~0.3! can be obtained. The curves were tak
using a triangularly shaped silicon cantilever with a normal spr
constant of 0.4 N/m.
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lubricating water layer between the tip and the ice surface
the following, we present additional results and a more
tailed discussion in regard to the three possible mechani
for the generation of a water film at the ice surface.

C. Pressure melting

The pressure melting effect can be investigated in a si
lar fashion as described for the compression of s
assembled monolayer islands in Ref. 34. To this end, the
is scanned over an ice island at progressively higher loa
At the same time, the height of the island is measured
pressure melting occurs, the height should decrease
load. No such decrease was observed.

On theoretical grounds, pressure melting is not expec
either, since at temperatures below222 °C there is no liquid
phase in the phase diagram of water.35 Instead, at sufficiently
high pressure, a phase transition ice Ih→ice III ~for T5
224 to235 °C!, or ice Ih→ice II ~for T5235 to240 °C! is
possible.1 The threshold pressure for the transition i
Ih→ice III is 2.083108 MPa. This corresponds to a norm
force of 180 nN for our tip radius of 200 nm~calculated
using the Hertz model36!. The corresponding values for th
transition ice Ih→ice II are 2.133108 MPa, and 200 nN,
respectively.

To investigate the possibility of tip-induced phase tran
tions, we subjected the ice islands to a load of up to 350
The experiment was performed atT5224 °C. The normal
force was increased while scanning over an ice island
cross section of the island topography along the scann
direction is given in Fig. 3~a!. Although the image become
increasingly noisy due to the high normal forces, the hei
of the island remains constant~0.8 nm! over the whole nor-
mal force range up to the highest normal force of 290 n
This proves that the ice islands can sustain the pressure
erted by the tip.

The lateral force measured simultaneously along the to
graphic profile is shown in Fig. 3~b!. A phase transition

he

g

FIG. 3. ~a! Topographic profile acquired while increasing th
normal force from left to right over an ice island atT5224 °C.
The height of the island remains approximately constant over
range of normal forces, showing that it can sustain the pres
exerted by the tip.~b! Lateral force vs normal force profile acquire
while increasing the load. The curve was obtained simultaneo
to the topography data shown in~a!. The slopes of the lateral force
vs normal force values on mica and ice, respectively, confirm
data shown in Fig. 2.
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could lead to a jump in the lateral force, since the friction
sensitive not only to the chemical composition of a surfa
but also to its crystallographic properties.37 However, no dis-
continuities were observed in the lateral vs normal fo
curve. These results indicate that pressure induced meltin
phase transitions do not play a significant role in the frict
properties of the nanometer thin ice islands presented h

D. Frictional heating

The effect of frictional heating can be estimated from t
known contact area, scanning speed, and thermal condu
ity of the materials in contact during scanning. We follow t
method described by Oksanen and Keinonen in Ref. 6. Th
energy terms are important. One is the amount of heat n
essary to melt a layer of ice of thicknessz at the interface
between tip and slider (QM). The second is the heat pro
duced by friction (QF). Finally we need to determine th
amount of heat conducted away from the interface into
tip, as well as into the ice film and mica substrate (QC).
Melting occurs whenQM,QF2QC . The frictional heating
depends critically on the scanning speed. The thicknessz of
the melted layer on the ice surface as a function of speed
be calculated according to Eq.~11! in Ref. 6:

z~n!5
1

hwaterrwater
FmFN

D
2DTS D

2n D 1/2

~lmicacmicarmica!
1/2G .

~1!

We used the following values for the parameters: n
mal force,FN530 nN; tip radius, 200 nm~yielding a contact
diameter ofD518 nm!; friction coefficient,m50.6; latent
heat of water, hwater52.43105 J kg21; density of water
rwater5103 kg m23; heat conductivity of mica,38

lmica50.7 W m21 K21; heat capacity of mica,39

cmica5502 J kg21 K21; and density of mica,38

rmica52800 kg m23. In Eq. ~1!, we have neglected the con
duction of heat into the tip, since this is only a minor cont
bution compared to the heat conduction into the substr
We have also assumed that the ice layer has no signifi
influence on the heat conductivity into the substrate due to
thickness of only a few monolayers. Since the temperatur
the melted layer at the ice surface is by definition 0 °C,
temperature differenceDT between substrate and surface
the case of melting is 24 °C for our case.

Using Eq.~1!, we calculated the thicknessz of the melted
layer as a function of the scanning speed. We find that,
speeds below 4 m/s, no melting occurs, because the am
of heat produced at the interface (QF) is smaller than the
amount of heat conducted away from it. At a speed of 4 m
frictional melting sets in. With increasing speed, the thic
ness of the melted layer increases. These velocities are,
ever, orders of magnitude larger than the usual speed
AFM experiments, which are on the order of micromete
per second. Therefore, frictional heating, which is the ma
contribution to the generation of a liquid layer in macr
scopic skiing and skating, is not a factor in our experimen

E. Liquidlike layer

We have shown that neither pressure melting nor f
tional heating can produce a liquid layer on the surface
e
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our ice islands. However, the images presented in Fig
indicate that there is a liquid layer on the ice islands, ev
without the interaction of the tip with the sample. The thic
ness of this layer was determined to be;8 nm. Despite this,
the lateral force on ice is not reduced and is on the sa
order as the static friction in macroscopic experiments, as
concluded from Fig. 2. Therefore we must check whet
some of this liquid remained trapped between the tip and
ice surface or if the tip completely penetrated the liqu
layer.

One method to calculate the penetration depth of the ti
to use considerations of fluid mechanics.40 When a probe is
in contact with a lubricating film on a solid substrate, som
of the lubricant is squeezed out of the junction due to
pressure exerted by the probe. The thicknessz of the layer
that remained between the probe and the substrate ca
calculated as a function of timet according to

1

z2~ t !
2

1

z0
2 5

16ts0

3 hwaterD
2 , ~2!

wheres0 is the pressure at the junction between slider a
surface,h the viscosity of the lubricant,D the contact diam-
eter, andz0 the initial thickness of the lubricant.40 Keeping in
mind that continuum theory is not strictly valid for molecu
larly thin lubricating films,40 we can obtain and estimate th
thickness of the water layer trapped under the tip in o
experiment. Let us assume the same experimental condit
as in Sec. II D, i.e.,D518 nm; s05108 N m22 ~for FN
530 nN!; viscosity of water38 hwater51.831023 N s m22 ~at
0 °C!; initial height of the water layerz058 nm~according to
Fig. 1!. From Eq.~2!, we obtain that it takes less than on
1026 s to reduce the initial water layer thickness of 8 n
between the tip and the ice islands to less than 2 Å. We
estimate a characteristic time interval for the interaction
the tip with the sample considering the scan speed~5
mm s21! and the contact diameter. This interaction time is
the range of milliseconds, i.e., orders of magnitude lon
than it takes to squeeze out the water layer between the
and surface. The lubricating water film between the ice a
tip would therefore have a significant thickness only at sc
velocities higher than millimeters per second.

Another effect that could play a role is the solidificatio
of the fluid film when it is confined to a thickness of only
few monolayers between two surfaces.40 For a thick film
~more than about 10 monolayers!, the yield stress~the tan-
gential stress to initiate sliding of the two surfaces relative
each other! is usually very small, but for thinner films a finit
yield stress is observed.40,41This increased yield stress woul
also lead to a higher lateral force.

From the above discussion, we conclude that in our AF
experiments we measured the ‘‘dry friction’’ of ice. Th
friction is higher than that of mica. This could be caused
different energy dissipation processes taking place in th
two different surfaces. The breaking of hydrogen bonds,
instance, could be a major factor for the loss of energy d
ing friction on ice, whereas the stronger covalent bonds
the silicon oxide tetrahedra at the mica surface are less lik
to be destroyed. While for mica the contribution of atom
scale wear can be observed at sufficiently high load,via
changes in the surface topography,42 the same is difficult to
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achieve for the surface of ice. Since our ice films are
thermodynamic equilibrium with their vapor with fast mo
lecular exchange rates, an instantaneous ‘‘healing’’ of s
defects would prevent their observation.

The main difference of our experiments compared to c
ventional measurements under macroscopic conditions is
extremely low scan speeds and the small contact area
tween the tip and surface. So while our experiments mi
not be significant for the understanding of such phenom
as skiing and skating, they might be relevant to the frict
properties of surfaces covered by thin ice films formed
slight undersaturation conditions.

The mechanical and thermodynamic stability of the
islands grown on mica substrates, and their smoothness,
sents us with the opportunity to investigate the friction on
on the molecular scale. These investigations are under
in our laboratory.

IV. SUMMARY

We have investigated the friction of nanometer-thin
islands using combined non-contact~SPFM!, contact topog-
raphy, and lateral force operation modes of the AFM. A fr
n
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tion coefficient of 0.6 was measured for ice in the tempe
ture range from224 to240 °C. This value is comparable t
the static friction measured in macroscopic experiments.
high friction is due to the absence of a lubricating water la
between tip and surface, i.e., the AFM measures dry frict
under our experimental conditions. It was found that press
melting and frictional heating did not play a significant ro
in our experiments. A liquid-like layer with a thickness of
nm is present over the ice surface under our conditions. T
layer did not contribute to the lubrication of the contact b
tween the tip and ice surface, because it is squeezed ou
to the small contact area and the low scan speed~microme-
ters per second!.
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les Mémoires de Mathe´matique et de Physique, Anne´e 1699–
1708 ~Amsterdam: Chez Gerald Kuyper, 1706–1709!, p. 206.

32F. P. Bowden and D. Tabor,Friction and Lubrication of Solids,
Part II ~Clarendon, Oxford, 1964!.



M

er

m.

ci.

PRB 61 7765FRICTION OF ICE MEASURED USING LATERAL . . .
33F. P. Bowden and D. Tabor,Friction and Lubrication of Solids,

Part I ~Clarendon, Oxford, 1954!, p. 68.
34E. Barrena, S. Kopta, D. F. Ogletree, D. H. Charych, and

Salmeron, Phys. Rev. Lett.82, 2880~1999!.
35W. Wagner, A. Saul, and A. Pruss, J. Phys. Chem. Ref. Data23,

515 ~1994!.
36H. Hertz, J. Reine Angew. Math.92, 156 ~1881!.
37H. Bluhm, U. D. Schwarz, K.-P. Meyer, and R. Wiesendang

Appl. Phys. A: Mater. Sci. Process.61A, 525 ~1995!.
.

,

38CRC Handbook of Chemistry and Physics, 77th ed.~CRC, Boca
Raton, 1996!.

39CRC Handbook of Tables for Applied Engineering Science, 2nd
ed. ~CRC, Boca Raton, 1976!.

40B. N. J. Persson,Sliding Friction, Physical Principles and Appli-
cations~Springer, New York, 1998!, pp. 115–122.

41M. L. Lee, P. M. McGuiggan, and J. N. Israelachvili, J. Che
Phys.93, 1895~1990!.

42J. Hu, X.-d. Xiao, D. F. Ogletree, and M. Salmeron, Surf. S
327, 358 ~1995!.


