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Friction of ice measured using lateral force microscopy
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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.

[. INTRODUCTION sation leads to faceting and fluctuations in the surface
topography?*
Because of its importance in everyday life, the friction of ~As we have shown in a previous pap@thin ice films

ice has been investigated systematically for about a centurithickness<3 nm) grown on a mica substrate are remarkably
already® It is now widely accepted that a thin water layer smooth (atomically flat over micrometeysand possess a
between the slider and the ice surface causes the exceptiopfable morphology as long as the thermodynamic conditions
ally low friction of ice at temperatures close to the melting in the experiment are kept constant. These surfaces are there-
point. However, the mechanism for the generation of thefor_e promising candidates for the study of the friction of ice
liquid layer was controversial in the past. Reynolds sugYSing AFM. o _
gested in 1901 that the layer is formed by pressure melting}, In addition to providing a well-defined contact area be-

which is caused by the higher density of water with respec ween ti_p and_sur_face, the AFM technique _is also well suit_ed
to ice? or the investigation of the three explanations for the exis-

. . tence of a liquid layer at the interface between tip and ice.
Bowden and Hughes_ recognized in t_he 1930s ”"?“ thPSince the contact area can be calculated from the known
pressure melting effect in the case of skiing and skating i arameters of the system—tip radius, normal force, and elas-

not sufficienctlysstrong to cause melting of ice at tgmperature ic properties of tip and ice—thgressure meltingffect can
below—0.5°C” They performed a series of experiments thatye \measured. The effect @fictional heatingcan be deter-
proved that the main contribution to the generation of a Wapined from the known contact area, scanning speed and
ter layer comes from frictional heating. These results havghermal conductivity of the materials in contact during scan-
been confirmed in many other subsequent investigations, arglng. Finally, the role ofsurface premeltingan be investi-
today frictional heating is the accepted explanafiofi.’ gated due to the ability of AFM to operate both in contact
A third explanation for the existence of a water film is the and non-contact modes. The thickness and distribution of the
premelting of ice, which leads to the presence of a so-calledL on the ice surface can in fact be mapped by operating
“liquid-like” layer (LLL) at the surfac&.The thickness of the AFM in the noncontact scanning polarization force mi-
the LLL has been measured using various methods, ancroscopy modgSPFM),?? as we have shown in a previous
these measurements have yielded divergent rebuitslis-  papert’
cussions of the low friction of the ice surface, the existence Here we will describe AFM investigations on the friction
and role of the LLL has been mostly neglected up to now. of ice performed on molecularly thin ice films grown on
For the investigation of the frictional properties of sur- mica substrates. We will compare our results with those ob-
faces at a microscopic scale, two methods have proven to Bained in previous experiments using macroscopic methods.
the most effective: the surface forces apparattis(SFA)
and the atomic force microsco]ﬁe(AFM) oper.ated in thg Il EXPERIMENT
lateral force modé® Both methods provide a single asperity
contact between the surfaces in contact and thus enable us to The experiments were performed using a homebuilt AFM
determine the real contact area. housed in a vacuum chamber. The experimental setup has
AFM has already been shown to be suitable for the meabeen described in a previous papefThe ice films were
surement of the properties of bulk ice surfdéés®%nd  grown on mica substrates cleavedsitu. The experiments
molecularly thin ice films® In order to reliably measure the were carried out in the temperature range fron24 to
frictional properties on a microscopic scale, the surface has-40 °C. Distilled water with a specific resistivity of 18.2
to be atomically flat over tens of nanomet&tghis is diff- ~ MQcm was used as source for the water vapor. The water
cult to achieve for polycrystalline ice surfaces with their un-was purified in three successive pump-freeze cycles. The wa-
known local surface orientation. Even for single crystallineter vapor pressure in the chamber was measured with an
ice, the high dynamic nature of the surface at temperatureaccuracy of 0.02 torr using a capacitance sensor pressure
close to the melting poinfrate of evaporation and conden- gauge.
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At the beginning of the experiments, the chamber was
evacuated to its base pressurel(0” © torr). Afterwards, wa-
ter vapor <<0.5torr) was introduced into the chamber, and
the sample was cooled. While cooling, the sample was kept
undersaturated with respect to the vapor pressure in order to
avoid macroscopic ice growth. At a given fixed vapor pres- » T 5 :
sure (in the range from 0.5 to 0.1 torr for temperatures of ~ non-contactmode ~contact topography ~lateral force
—24 to —40°C, respectively the sample temperature was
briefly decreased to oversaturation values with respect to the (d) 104----- [ Ym"\'ﬁ&ﬁ-édritéc't' £
vapor, thus initiating ice growth on the substrate. Then the L R proadssns i LSRR
sample temperature was increased again to a value that cor-
responds to 85% relative humiditirH) at the given water
vapor pressure. At this RH value, ice films with a thickness
of several bilayers are stable on the mica surfdce.

Our AFM is controlled by commercial feedback

2 pm

height (nm)

electronics* Triangularly shaped silicon cantilevers with a ~ (e) Z
spring constant of 0.4 N/m were us&dThese are boron- E
doped and have a resistivity of 18 cm, which is suffi- 8
cient for use in SPFM measurements. SPFM images were g ]
taken with a tip-to-sample distance 40 nm and at a tip- = :15

to-sample bias of-5 V. Details of SPFM imaging of ice are 0 02 04 06 08 1 12
described in Ref. 19.

Care has to be taken in the experiments to exclude any
damage of the ice films due to possible temperature differ- F|G. 1. (a) Noncontact SPFM image taken after condensation of
ences between the tip and the surface. We have estimated th@ter on the mica substrate following a brief temperature excursion
tip temperature by employing the bimorph properties of thew supersaturation conditions. The image was takef @y
cantilever(silicon body with gold coating The bending of —24°C and a relative humidity of 85%. The maximum height of
the cantilever when it is in close proximity of the cold the droplets is 15 nm and the maximum diameter at their base 1.5
sample surface provides a measure for its temperature. At am. (b) Contact mode image acquired at the same location & in
tip-to-sample distance of 20 nm and at a sample temperatuidter the SPFM image was taken. Flat ice platelets are observed
of —20°C, the tip temperature was estimated to-hk5 °C.  with a height of 2 to 3 nm relative to the substrate. The platelets are
The tip temperature will be even closer to that of the sampléositioned at the same locations as the droplets show(a)ir{(c)
when the tip is in contact. We also left the tip in contact with Lateral force image taken simultaneously with the contact mode
the ice surface for as much as half an hour without observingnage. A brighter contrast means a higher lateral force. The lateral
any changes in the surface morphology. Therefore damage %;rce is highest on the ice plateletsl) Comparison of cross sec-

the sample surface due to heating by the tip is highly un_tions along the lines indicated i@ and (b). The droplet is sitting

likely. Details of the measurement of the cantilever tempera®" @0 ice platelet. From the height difference between SPFM and
ture can be found in Ref. 19 contact mode images, the thickness of the liquid layer is estimated

In the contact operation mode of the microscope, the cant—o be 8 nm.(e) Friction loop taken along the line indicated (o),

. . S I.e., at the same position as the cross sections for the topographical

tilever bendmg(no.rmal force and twisting (lateral force images. The WithI)’l of the friction loop is a measure for trr)leglat?eral

were measured simultaneously. 'Normal forces were CB{IC orce. The lateral force is higher on ice than on mica.

lated from the known normal spring constant of the cantile-

ver. Values for the lateral deflection of the cantilevas a

consequence of the lateral force acting on the \wpre ob- ered with droplets, which have a maximum height of 15 nm

tained according to a standard procedure described in Refnd a maximum diameter of 1&m at the base. Figure(td)

26. These values were then converted into a friction forceshows a topographical image acquired in contact mode with

using a lateral spring constant, which was calculated froma normal force of 30 nN at the same location, just after

the known dimensions of the cantilevéfs. acquisition of the SPFM image. The pressure and tempera-
The normal force in the contact images varied in the rangeure are the same as in Figal Large, flat ice platelets with

from 10 nN to 350 nN for pressure-melting experiments.a height of 2 to 3 nm relative to the substrate can be seen.

Typical scan speeds were5 um/s. The radius of the tip A comparison of the images in Figs(al and Xb) indi-

used in our experiments was 200 nm, as determined usinggtes that the position of the ice platelets coincides with that

distance (um)

SITiO; grating?®2° of the droplets imaged using noncontact SPFM. In Fig) 1
cross sections along the lines shown in Fige) nd 1b)
Ill. RESULTS AND DISCUSSION are given. While the height of the droplet in the SPFM image

is 10 nm, the measured height in contact is only 2 nm. This
points to the existence of a liquid layer with a thickness of 8

Figure Xa) shows an SPFMnoncontadtimage that was nm, covering the ice platelé?.The liquid nature of the drop-
taken after a thin ice layer was grown on the mica substratéets is supported by the increased adhesion observed in the
in the way described in Sec. Il. The sample temperature iapproach part of force vs distance curves, as compared to
—24°C, and the relative humidity 85%. The surface is cov-areas that are not covered by the droplets.

A. Structure and properties of the ice films



7762 HENDRIK BLUHM, TAKAHITO INOUE, AND MIQUEL SALMERON PRB 61

60 normal force (nN)
0 100 200 300
z 50 s ) , )
A0t z
g 30 5
= 2
£ 2014
=
101 - .
: £
0 ; ' } ; E
-40 220 0 20 40 8
load (nN) g
©
FIG. 2. Lateral vs normal force curves for ice, B —24°C

(solid line), and for mica, at room temperatutdashed ling Ar-
rows mark the curves for increasing and decreasing load. From the FIG. 3. (a) Topographic profile acquired while increasing the
slopes of the linear portion of the curves, a “friction coefficient” normal force from left to right over an ice island &t=—24°C.
for ice (0.6) and mica(0.3) can be obtained. The curves were taken The height of the island remains approximately constant over the
using a triangularly shaped silicon cantilever with a normal springrange of normal forces, showing that it can sustain the pressure
constant of 0.4 N/m. exerted by the tip(b) Lateral force vs normal force profile acquired
while increasing the load. The curve was obtained simultaneously
to the topography data shown (a). The slopes of the lateral force
vs normal force values on mica and ice, respectively, confirm the
A lateral force image acquired simultaneously with thedata shown in Fig. 2.
contact topography image is presented in Figc).1A
brighter contrast means a higher lateral force. The tip expelubricating water layer between the tip and the ice surface. In
riences a higher lateral force on the ice platelets than it doethe following, we present additional results and a more de-
on the mica substrate. The friction force measured in theailed discussion in regard to the three possible mechanisms
forward and backward directiorise., the “friction loop” 20) for the generation of a water film at the ice surface.
on the platelet for which cross sections are given in Fid) 1
is shown in Fig. 1e). The width of the friction loop is a
measure for the lateral force. The friction loop is wider for
ice than for mica. The pressure melting effect can be investigated in a simi-
After taking this measurement, we performed lateral forcdar fashion as described for the compression of self-
vs load measurements on ice. A flat ice island was chosem@ssembled monolayer islands in Ref. 34. To this end, the tip
and the lateral force was measured as a function of norma$ scanned over an ice island at progressively higher loads.
force, according to the method described in Ref. 26. ThéAt the same time, the height of the island is measured. If
result is shown in Fig. 2. The lateral force is shown for bothpressure melting occurs, the height should decrease with
increasing and decreasing normal fosee arrows in Fig. load. No such decrease was observed.
2). The adhesion between tip and surface is 25 nN, as can be On theoretical grounds, pressure melting is not expected
deduced from the retracting curve. For comparison, a similaeither, since at temperatures belev22 °C there is no liquid
lateral force vs load measurement corresponding to mica athase in the phase diagram of watemstead, at sufficiently
room temperature and 30% RH is shown. From these curvdsigh pressure, a phase transition ice-lice Il (for T=
we can determine a “friction coefficient” for both ice and —24 to—35°C), orice lh—ice Il (for T=—35t0—40°C) is
mica. The term “friction coefficient” has to be used with possible! The threshold pressure for the transition ice
care in this case, since Amontons’s lglateral forceF Ih—ice Ill is 2.08< 10 MPa. This corresponds to a normal
equals normal forc& times friction coefficient®) is not  force of 180 nN for our tip radius of 200 nrfcalculated
valid for single asperity contacts at low loads. In that caseusing the Hertz mod&). The corresponding values for the
the lateral force is proportional to the contact area and théransition ice Ih-ice Il are 2.1 10° MPa, and 200 nN,
shear strength of the junction between tip and surface. respectively.
However, in order to compare our results to those from mac- To investigate the possibility of tip-induced phase transi-
roscopic measurements, we will use the slope of the nearliions, we subjected the ice islands to a load of up to 350 nN.
linear part of the curves in Fig. 2 as a measure of the frictioriThe experiment was performed &t —24 °C. The normal
coefficient. The values found are 0.6 for ice, and 0.3 forforce was increased while scanning over an ice island. A
mica. cross section of the island topography along the scanning
The curves shown in Fig. 2 are representative of all thelirection is given in Fig. @&). Although the image becomes
measurements that we carried out in the temperature regidncreasingly noisy due to the high normal forces, the height
from —24 to —40°C. Ice always showed a higher friction of the island remains consta(@.8 nm over the whole nor-
than mica, in apparent contradiction with our everyday ex-mal force range up to the highest normal force of 290 nN.
perience. The friction coefficient of ice was on the order ofThis proves that the ice islands can sustain the pressure ex-
0.6 in the entire temperature region. This value is in theerted by the tip.
range of the static friction coefficient measured in macro- The lateral force measured simultaneously along the topo-
scopic experiments This seems to indicate that there is no graphic profile is shown in Fig. (B). A phase transition

B. Frictional properties of ice films

C. Pressure melting
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could lead to a jump in the lateral force, since the friction isour ice islands. However, the images presented in Fig. 1
sensitive not only to the chemical composition of a surfacendicate that there is a liquid layer on the ice islands, even
but also to its crystallographic properti&s-However, no dis-  without the interaction of the tip with the sample. The thick-
continuities were observed in the lateral vs normal forceness of this layer was determined to 8 nm. Despite this,
curve. These results indicate that pressure induced melting ¢ine lateral force on ice is not reduced and is on the same
phase transitions do not play a significant role in the frictionorder as the static friction in macroscopic experiments, as we
properties of the nanometer thin ice islands presented hereconcluded from Fig. 2. Therefore we must check whether
some of this liquid remained trapped between the tip and the

D. Frictional heating ice surface or if the tip completely penetrated the liquid

layer.

The effect of frictional heating can be estimated from the One method to calculate the penetration depth of the tip is

known contact area, scanning speed, and thermal conductiy; ,se considerations of fluid mechanf@avhen a probe is
ity of the materials in contact during scanning. We follow thein contact with a lubricating film on a solid substrate, some

method described .by Oksanen anq Keinonen in Ref. 6. Thregf the lubricant is squeezed out of the junction due to the
energy terms are important. One is the amount of heat ne

: ; . (f)'ressure exerted by the probe. The thickress the layer
essary to melt a layer of ice of thicknesst the interface that remained between the probe and the substrate can be
between tip and slider(,). The second is the heat pro-

i v i calculated as a function of timteaccording to
duced by friction Qg). Finally we need to determine the g

amount of heat conducted away from the interface into the

: . oo e ) 1 1 16to,

tip, as well as into the ice film and mica substra@cj. - =, 2)
Melting occurs wherQy<Qr— Q¢ . The frictional heating Z2(t) z5 3 PwaeD

depends critically on the scanning speed. The thickzexs
the melted layer on the ice surface as a function of speed c
be calculated according to E(L1) in Ref. 6:

aghereoy is the pressure at the junction between slider and
surface,» the viscosity of the lubricanD the contact diam-
eter, andz, the initial thickness of the lubricafit.Keeping in

1 uFy 12 mind that continuum theory is not strictly valid for molecu-
2(v)= T_AT(Z_v) (N miceCrmicaPmica) " 2| larly thin lubricating films?® we can obtain and estimate the
watewater (1) thickness of the water layer trapped under the tip in our

experiment. Let us assume the same experimental conditions

We used the following values for the parameters: nor2S in Sec. IID, i.e.,D=18nm; oo=10° N_ngfz (f0_r2FN
mal force,F =30 nN; tip radius, 200 nryielding a contact =30 NN); viscosity of watet® 7,,,~1.8x10"*Nsm ? (at
diameter ofD=18nm); friction coefficient, x=0.6; latent 0 °C); initial height of the water layez,=8 nm (according to

puae=100kgm™3  heat  conductivity —of  micd® 10 ®s to reduce the initial water layer thickness of 8 nm

Amica=0.7Wm K™%  heat capacity of mic® between the tip and the ice islands to less than 2 A. We can
Cmice=b02Jkg K™%  and density of micd estimate a characteristic time interval for the interaction of

prica=2800kg nT3. In Eq. (1), we have neglected the con- the 'QE) with the sample considering the scan spe¢gd
duction of heat into the tip, since this is only a minor contri- #M$S *) and the contact diameter. This interaction time is in
bution compared to the heat conduction into the substratdn€ range of milliseconds, i.e., orders of magnitude longer
We have also assumed that the ice layer has no significafii@n it takes to squeeze out the water layer between the tip
influence on the heat conductivity into the substrate due to it§"d surface. The lubricating water film between the ice and
thickness of only a few monolayers. Since the temperature diP would therefore have a significant thickness only at scan
the melted layer at the ice surface is by definition 0°C, the€locities higher than millimeters per second.

temperature differencAT between substrate and surface in _Another effect that could play a role is the solidification
the case of melting is 24 °C for our case. of the fluid film when it is confined to a thickness of only a

Using Eq.(1), we calculated the thicknegf the melted few monolayers between two surfad8sFor a thick film

layer as a function of the scanning speed. We find that, fofore than about 10 monolaygrshe yield stressthe tan-
speeds below 4 m/s, no melting occurs, because the amouggntial stress to initiate sliding of the two surfaces relative to
of heat produced at the interfac€y) is smaller than the each otheris usually very small, but for thinner films a finite
amount of heat conducted away from it. At a speed of 4 m/syield stress is observéld** This increased yield stress would

frictional melting sets in. With increasing speed, the thick-2/SO lead to a higher lateral force. ,
ness of the melted layer increases. These velocities are, how- From the above discussion, we conclude that in our AFM

ever, orders of magnitude larger than the usual speeds fPeriments we measured the “dry friction” of ice. This

AFM experiments, which are on the order of micrometersiTiction is higher than that of mica. This could be caused by

per second. Therefore, frictional heating, which is the majodifferent energy dissipation processes taking place in these

contribution to the generation of a liquid layer in macro- two different surfaces. T_he breaking of hydrogen bonds, for
scopic skiing and skating, is not a factor in our experimentsinStance, could be a major factor for the loss of energy dur-
ing friction on ice, whereas the stronger covalent bonds of
the silicon oxide tetrahedra at the mica surface are less likely
to be destroyed. While for mica the contribution of atomic
We have shown that neither pressure melting nor fricscale wear can be observed at sufficiently high load,

tional heating can produce a liquid layer on the surface othanges in the surface topogragfyhe same is difficult to

E. Liquidlike layer
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achieve for the surface of ice. Since our ice films are intion coefficient of 0.6 was measured for ice in the tempera-
thermodynamic equilibrium with their vapor with fast mo- ture range from-24 to —40 °C. This value is comparable to
lecular exchange rates, an instantaneous “healing” of suclthe static friction measured in macroscopic experiments. The
defects would prevent their observation. high friction is due to the absence of a lubricating water layer
The main difference of our experiments compared to conbetween tip and surface, i.e., the AFM measures dry friction
ventional measurements under macroscopic conditions is thender our experimental conditions. It was found that pressure
extremely low scan speeds and the small contact area beielting and frictional heating did not play a significant role
tween the tip and surface. So while our experiments mighin our experiments. A liquid-like layer with a thickness of 8
not be significant for the understanding of such phenomenam is present over the ice surface under our conditions. This
as skiing and skating, they might be relevant to the frictionlayer did not contribute to the lubrication of the contact be-
properties of surfaces covered by thin ice films formed intween the tip and ice surface, because it is squeezed out due
slight undersaturation conditions. to the small contact area and the low scan sge&drome-
The mechanical and thermodynamic stability of the iceters per second
islands grown on mica substrates, and their smoothness, pre-
sents us with the opportunity to investigate the friction on ice
on the molecular scale. These investigations are under way ACKNOWLEDGMENTS
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