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Premelting at ice-solid interfaces studied via velocity-dependent indentation
with force microscope tips
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We have indented the surface of ice at temperatures betwdei€ and—17 °C with sharp atomic force
microscope tips. For a thick viscous interfacial melt layer, a Newtonian treatment of the flow of quasiliquid
between the tip and the ice suggests that indentations at different indentation velocities should have the same
force/velocity ratio for a given pit depth. This is observed for silicon tips with and without a hydrophobic
coating at temperatures betweed °C and—10 °C implying the presence of a liquid-like layer at the interface
between tip and ice. At temperatures below abedi) °C the dependence of force on velocity is weaker,
suggesting that plastic flow of the ice dominates. A simple model for viscous flow that incorporates the
approximate shape of our tip is used to obtain an estimate of the layer thickness, assuming the layer has the
viscosity of supercooled water. The largest layer thicknesses inferred from this model are too thin to be
described by continuum mechanics, but the model fits the data well. This suggests that the viscosity of the
confined quasiliquid is much greater than that of bulk supercooled water. The hydrophobically coated tip has
a significantly thinner layer than the uncoated tip, but the dependence of thickness on temperature is similar.
The estimated viscous layer thickness increases with increasing temperature as expected for a quasiliquid
premelt layer.
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[. INTRODUCTION surements, such as pushing ice cylinders through quartz
capillaries??~* pulling wires through ice block¥, sliding

Slightly below the melting point a thin liquidlike layer friction measurements, and measurements of the deforma-
exists at the interface between ice and some matérfaltis  tion of an elastic film in contact with ice in a temperature
interfacial premelt layer or quasiliquid layéDLL) has been gradient are sensitive to the viscosity of the layer to vary-
most often studied in the case of the ice-vapor interfafe, ing extents. Ellipsometfy and nuclear magnetic resonatite
but premelting can also occur at ice-solid interfaces. Theneasurements depend on other properties of the quasiliquid.
properties of this layer depend on the other solid at the inThe viscous layer may not extend into the ice the same dis-
terface, on the presence of impurities and on the temperatureance as the other interfacial properties, such as disorder and

Because ice-solid interfaces are very common on ouindex of refraction, so care must be used in comparing thick-
planet, knowledge of the properties of the ice-solid QLL arenesses obtained with techniques that are sensitive to the vis-
important to understand many environmental processes. Thmsity of the quasiliquid to those that are not.
presence of a QLL can decrease the friction between solids In this paper, we will discuss various mechanisms that can
and ice. This has been suggested as a source of lubrication jimoduce indentations in ice and present data suggesting that a
the sliding of glaciersand iceskate¥’ Additionally, the ad-  viscous layer is present between the tip and the ice for high
hesion of ice to solids, such as airplane wings and windenough temperatures and some tip materials. We will discuss
shields, may be influenced by the QEtFinally, the QLL  a model that, given the viscosity of the layer, allows us to
can allow water to be efficiently transported at temperaturegstimate its thickness. While the data analyzed for this paper
below melting. This process can weather rock and break upre taken under dynamical conditions, the QLL is expected
roadways through frost heaveThe relative importance of to be near thermal equilibrium, since the heat required to
the QLL in each of these processes depends on the propertitmm the QLL can be rapidly provided from the environment
of the quasiliquid(such as thickness and viscosifyn the  around the indentatiof?.
environment of interest and on any other mechanisms that
are present.

Figure 1 shows the thickness of the QLL as a function of Il. EXPERIMENT
temperature  for  several experiments at both ) o )
ice-QLL-solid**® and ice-QLL-vapdt'®'interfaces. The The data described in this paper were collected with a

variation in thickness data is not surprising, since the prophome-built atomic force microscopéAFM), custom de-
erties of the QLL are expected to depend on the chemicasigned to minimize drift and stabilize the thickness of the ice
and physical properties of the other material at the interfacesamplée?”-? Since our last repof a dry box has been added
the crystallinity and orientation of the ice, and impurities around the cooled portions of the microscope in order to
present in the ice and interfacial regibh?* Additionally, it ~ decrease temperature gradients around the sample due to
is not clear that all measurements of the QLL thickness areonvection and to stop water from condensing on the optics.
really measuring the same physical property. Dynamic meaAlso, the electronics have been upgraded for faster response
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1000 ¢ ] layer of contaminants on the sample substrate, this layer
] e could be pushed to the surface during growth. In order to
es o minimize the possibility of this, we have carefully cleaned
A the substrate with methanol and acetone, dried it with nitro-
gen, and stored it under vacuum. At this time, we have not
found a good way to clean our tips, so the tip may be the
primary source of impurities on our ice surfaces.

In order to keep ice from condensing on the tip and can-
tilever (where it would change the spring constant and tip
geometry, the tip is kept slightly warmer than the ice. This
is accomplished by using a Peltier cooler to control the tem-
perature of a thermistor located in the cantilever mount,
about 1 mm from the cantilever. This temperature was kept
about 0.1 °C warmer than the sample substrate. The tempera-
ture difference between the tip and sample depends on the
contact area of the tip on the ice. If the tip is far from the ice
surface, the incident laser powgkept at a constant level of
o o . N less than 25uW during each experimentwhich is con-

0.01 _ ducted back through the cantilever to the mount, causes the
T, -T(K) tip temperature to be about 0.3 °C warmer than the ice sub-
strate. If the tip is indented into the ice by 25 nm, some of

FIG. 1. Interfacial quasiliquid layer thickness as a function of the heat from the laser can be conducted into the ice, and the
temperature below melting. The dot-dashed line is a fit of the thick4ip is estimatedusing the method of Eastman and ZHuo
nesses obtained for an ice-polymer interface from flow of the layebe only 0.1 °C warmer than the substrate. Deeper indenta-
under the influence of a temperature gradient assuming the layer hgigns will decrease the temperature difference by increasing
the viscosity of supercooled watéRefs. 13 and 14 The solid line  the tip-ice contact area.
is a fit of the thicknesses obtained for ice-metal interfaces from wire  Once the ice has equilibrated and the tip temperature is
regelation experiments assuming the layer has the viscosity of sygwered to a temperature slightly warmer than the ice, we
percooled watefRef. 12. The dashed line is for ice-glass interfaces begin taking data. By collectinfprce curveswe can study
as measured with NMRRef. 15. Circles are thicknesses obtained the normal forces between the tip and sample as a function of
using optical reflectivityRefs. 6 and 18 filled circles are for the sample position, speed, and temperature. To collect a force

ice (000)-air interface, open circles are for t@001)-vapor inter- . .
face. Filled triangles are the result using ellipsometry to find thecurve, the sample is moved toward the (gpproach and

thickness at the icé000J)-air interface(Ref. 17. Open squares are }2:; 2W§tyofr:c;rr?e thﬁogﬁl}itéz?s‘ %Vgggqtﬂg% pZ(;SI_It_Ir(])Q v(\?{}(;lhee
for the ice(0001)-vapor interface studied with glancing x-ray scat- P P T

tering (Ref. 18. process can take as little as 34 ms for the curves collected at
the fastest sample rates or as lorgy&s for the slowest.
and to allow photodiode signal gain control. Finally, an Op_l_nitially, there is no de_flection of the cantilever becguse the
tical microscope has been incorporated for observation of thiP-Sample separation is greater than the range of tip-sample
ice and tip at scales greater than a few tens of microns. [orces (point A). At point B, the gradient of the tip-sample
A fresh, polycrystalline ice sample is prepared for eachforce becomes greater than the spring constant of the canti-

data run(for each tip. With the sample chamber pumped '€Ver, and the up suddenly jumps to the surféjeenp-in or
down to less than 0.002 Torr, the gold-plated sample supluMmp-to-contact™ The tip then stays in contact with the
strate is cooled to less than20 °C. Triply distilled, deion- Surface as the sample is moved toward the tip and the mea-
ized, and degassed water vapor is then dosed into the sampﬁHred fo_rce changes from att.ractlve to repulswe. 5ventually,
chamber until there is enough water present to cover thd1® maximum measured forde reached at poin€.™ The
sample substrate with a layer of ice about 0.5 mm tffck. S@mple is then moved away from the tip, but the measured
This process typically takes about 30 min. Because théorc_e is stlll_ rept_JIswe until pomD._The d_|stance _from the
sample substrate is the coldest point in the sample chambé}!9in t pointD is roughly the maximum indentation depth.
the water vapor rapidly moves there. After dosing, we wait aft Point E the tip-sample force gradient becomes greater
least an hour before taking data to allow the ice to equili-th@n the spring constant of the cantilever, and the tip jumps
brate. At that point, the ice appears smooth at the scale that fE€ of the surfacepull-off).

visible in our optical microscope.

The properties of the ice surface are highly dependent on
any impurities that are presefttThe main potential sources
of contamination of the ice include the tip, the sample sub- Quantitative measurement in AFM requires calibration of
strate, and the surrounding gases. In the experiments deample position Z;) and cantilever deflectionZ() as a
scribed here there is less than 0.1 Torr of atmospheric gasdsnction of signals from the control electronics. In addition,
present(this small amount is due to leakage of the chambethe normal spring constafi) of the cantilever is needed to
during the data run If the growing ice originates under the convert the cantilever deflection into measured force using

QLL Thickness (nm)
2

—_
o
Ly

A. Instrumental calibration
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1000 T C TABLE 1. Properties of tips and cantilevers used in these
] experiments.
Z 750
% Tip Batch K (N/m) R(nm a(°) Coated?
ug_ 500 A 006-014 0.850.30 258  14+3 No
3 250 B 017-043 4114 19+5 11+2 No
‘g C 017-043 4616 2510 15+3 Yes
Slight changes in calibration were tracked by periodically
-250 moving the photodiode a known amount and recording the
1000 100 200 300 400 change in signal recorded by the AFM, with the tip far from
Sample Position (nm) contact’
FIG. 2. A typical force curve collected at10.9°C in pure
water vapor with a coated tigtip C). The upper pointfilled B. Cantilever characterization
circles are the approach data; the lower poifjifus signs are the As previously stated, the spring constant of the cantilever

retract data. The whole curve was collected in 34 ms. The curve ha$,st be known in addition to the deflection to determine the
been shifted so that the first deviation from zero fofif®jump-in  measured force. If the geometry and elastic constants of the
atB) occurs at a sample position of zero. The calibration prOCEdur%antilever are known, the spring constant may be roughly
dlescr'bed in the telxt Ca”s‘las thﬁ retract curve f@ D to have @ 50 jated. Typically, the largest uncertainty in this sort of
slope approximately equal to the spring constant. calculation arises from the measurement of the thickness of
the cantilever or variation in elastic constants due to un-
F=KZ.. Finally, we must know the geometry of the end of known stoichiometry of the cantilever materiglg., silicon
the tip in order to quantify the indentation process. nitride). Boron-doped silicon cantilevers, such as oftirs,
The sample position as a function of applied voltage, scafiave well-known elastic constants and are conductive
range, acquisition time, and temperature of the piezoelectrienough to be imaged in a field emission scanning electron
positioner(piezo is obtained using interference fringes dur- microscope(SEM) for measurement of their thickness. The
ing special calibration measuremefftsnterference between spring constants given in Table | were calculated using the
laser light reflected from the back of a cantilever and tha@nalytical method of Neumeister and DucR&The uncer-
reflected from a special mirrored sample results in a roughlyainty in the spring constants is about 30%, and is mainly due
sinusoidal signal at the photodiode, when force curves arto poor knowledge of the calibration of the SEM. Three can-
collected without contacting the sample. This allows us tdtilevers were used to obtain the data reported in this paper
obtain a calibration of the sample position that corrects forsee Table )l CantileversA andB are uncoated cantilevers
the effects of piezo creep, hysteresis, and nonlinearity whichvith normal spring constants of 0.85 N/m and 4.1 N/m, re-
are present to some extent in all piezoelectric positiotrers. spectively. Some of the data collected with cantilefexras
Using our single tube piezo additional calibrations would bepreviously reported® Cantilever C is hydrophobically
required for each lateral position. Therefore, all of the inden<coated with a spring constant of 4.6 N/m. The hydrophobic
tation data reported here was taken with lateral offsets o€oating is far too thin to influence the spring constant signifi-
zero volts. This does not mean that all of the data was coleantly.
lected at precisely the same point on the sample, since each A simple approximation of the tip profile is a cone trun-
approach lands the tip at a slightly different position, but thatcated in a portion of a sphere. With this approximation, the
position probably varied less than Qun. radius of the truncating sphe(®) and the half-angle of the
The cantilever deflection calibration is obtained by aver-cone(a) parameterize the radifg) of a cross section of the
aging the retract slopes of the fastest force curves at thiép, where the distance from the end of the(@pis measured
lowest possible temperatures. Assuming creep and other tingong its axis of symmetry:
dependent processes can be neglected in these fast curves,
the shape of the retract curve is determined by the elastic ¢ [\ _ .
properties of the ice and the tip, not their plastic properfies. 2§— (ﬁ) if §$1—Slna,
Because the cantilever is much less stiff than the ice surface, g(/)=R
the elastic deformation of the ice may be neglected in com-
parison to the deflection of the cantilever, and the change in
deflection of the cantilever approximately equals the change
in sample positiondZ./dZs~1). The calibration procedure The end radius and cone half angle of the tip are measured
causes the retract curve in Fig. 2 to have a slope approxiising field emission SEM. This provides reasonably accurate
mately equal to the spring constant. This calibration is sendimensions for the silicon tips, but removes any hydrophobic
sitive to the position and shape of the laser spot on the carcoating before its thickness may be measured. The thickness
tilever, so if the laser spot moves over the course of arof these coatings must be estimated from x-ray photoelectron
experiment the calibration must be acquired once agairspectroscopy(XPS) measurements of flat films from the

[ 1
——1 |tana otherwise.

seCa+
R
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same batch. The dimensions for fpgiven in Table | in- 1000 T *

clude the estimated coating thickness as discussed below. ] f
The hydrophobic coating was made by reacting octade- ’%‘ 750 T

cyltrichlorosilane with the native oxide present on the silicon g ]

cantilever!® Water droplets on flat surfaces treated with this £ 500 1

technique have typical contact angles of about 105° com- I-l- ]

pared to 55° for flat silicon surfaces with native oxide or 80° § 250 1

for glass surfaces stored in a manner similar to our 3ips. § ]

XPS measurements of flat surfaces coated along with the S o S S

cantilever indicated film thicknesses of 4—8 nm. AFM mea- ] :

surements of these films on flat surfaces showed that 5%— -250 1 ++./i

10% of the surface area had bumps 5-10 nm high. A 10 nm 50 0 50 100 150

thick coating increases the tip radius from 15 (&as mea-
sured in field emission SEMo roughly 25 nm. The bumps
will alter the geometry of the tip slightly, but the tip profile  FIG. 3. Measured force versus indentation depth curve collected
given by Eq.(1) will still give the approximate tip shape. at —10.9°C in 34 ms with tipC (data from Fig. 2 plotted versus
Prolonged imaging of the flat films with contact AFM did indentation depth instead of sample positiofihe upper points

not damage the films to any noticeable extent, suggestingilled circles are the approach data; the lower poifjttus signs

that the films are quite durable. There is no guarantee that thee the retract data. For this data the indentation speed at 100 nm
coating on the tip will be identical to that on the flat surface,depth is approximately 1mxm/s.

but we have yet to find a better way to determine the prop-

Indentation Depth (nm)

erties of the coating on tips as sharp as these. (while the measured force is positiyehere is little change
in the indentation depth. This is not surprising due to our
. RESULTS technique for calibrating the cantilever deflection. If there is

- . . _ tnoticeable additional indentation, it is expected to result from
To obtain information about the mechanical properties of,

o reep or viscous flow, not from instantaneous plastic flow or
the ice-tip interface, we collected force curves at several tems ostic deformation. When the measured force becomes
peratures and sample speeds for each tip. Once the InStrH'gative, there may be some instantaneous plastic flow,
ment has been _callbrate_d, the force' curves can be'convert eep, or viscous flow in the opposite direction. This occurs
to force versus indentation curves since the deflection of the, Fig. 3 in the region near the minimum in measured force
cantlleve_r €o) and th? sample posﬂmri_Q are both known. After the tip breaks free of the surface, the depression fills
If the arbitrary offset in the sample position is chosen so thapn

a 4 . . after a few seconds out of contact due to vapor transport to
Zs=0 at the first point during the approach wheie=0 (as  yhe region of negative curvatutérom the Kelvin equation,
shown in Fig. 2, then the indentation depila) is given by

i i the depression has a lower vapor pressure than the surround-
2=Z5~(Zc=Zelz,-0). This assumes that the tip has comejng fiat surfacdl. If the pit did not fill in from one indenta-
into contact with the surface, but there has not yet been antjon to the next or the geometry of the surface changed sig-
indentation atZ;=0. In the experiments described here, nificantly in any way, we would expect the force curves to
Z¢|z.o is less than 5 nm, as discussed in more detail belowghange as well. In fact, we observe only small variations in
so it can be neglected for larger indentation depths. The inrepeated force curves taken with all the same parameters,
dentations deduced are expected to be accurate within a fegxcept the time since the last tip contact to the surface.
percent except at the smallest depths. The force can then be
plotted against the indentation depth instead of the sample
position, as shown in Fig. 3. Note that the maximum inden-
tation depth in Fig. 3 is approximately equal to the change in In order to distinguish between the different mechanisms
sample position fronB to D in Fig. 2. by which a deformation can form, we have collected force

After the jump-in, the measured force versus indentatiorcurves at different sample velocities. Although indentations
curve gives the force required to obtain a given indentatiorare sometimes conducted at a constant “indentation strain
depth(neglecting attractive forces such as those responsibleate,”#? the constant sample velocity at which each approach
for the jump-in. With our experimental parameters, it is easycurve is collected in our experiments does not result in a
to indent the ice by hundreds of nanometers. The first fewixed strain rate. Instead, the changing size and shape of the
points after the jump-in in Fig. 3 have positive indentationindentation and the bending of the cantilever cause the stress
depths, despite the negative measured force. Adhesive forces the ice to vary as the sample is moved. This, in turn,
between the tip and the sample increase the total force on tfeauses the indentation velocity to change as a function of
ice under the tip to the point where the ice surface can besample position. Given the indentation defhand time(t)
indented. As the indentation depth increases, more externallgt adjacent data points, we can find the indentation velocity
applied force is required to increase the indentation, and théy = Az/At) as a function of indentation depth.
adhesive forces between the tip and the ice become small Figure 4 gives the approach curves for several indenta-
compared to the measured force. tions with the coated tigC) at —5.3 °C and various sample

At the beginning of the retraction portion of the curve velocities. The indentation velocities given are for indenta-

A. Indentations at different velocities
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980 | consistent with the possibility that the dips are caused by
chemical heterogeneitigslue to the bumps of hydrocarbon
that formed on the tip during coatihgvhich produce varia-
tions in total force at the same measured force. As mentioned
earlier, bumps 5-10 nm high were observed on the flat
coated along with tifZ. The changes in force responsible for
the dips seem to be roughly independent of speed, but at the
highest speeds the dips in force are small compared to the
measured force, making them less obvious. This implies that
] variations in tip surface chemistry with indentation depth are
o0 M=t — ; primarily responsible for the dips, since deviations from the
0 100 200 300 simple sphere-cone tip geometry should result in larger
Indentation Depth (nm) variations in force for the faster curves. The data collected
with the coated tip(C) have larger dips than the data col-
FIG. 4. Measured force versus indentation depth &3 °C and  |ected with the uncoated tig®ot shown here, but available
several sample velocities collected wittoated tip C. The approxi-  e|sewher?), suggesting that the uncoated tips are smoother
mate indentation velocity at an indentation depth of 100 nm is givergnd |ess chemically heterogeneous than the coated tip.
for each curve. Only the approach portion of each curve is shown. When an indentation is formed, water molecules are
oved from under the tip to the surface of the ice. In plastic
w, the water remains solid during this process. In the pres-
ST . ) ence of a viscous layer between the tip and the ice, a second
results. To obtain similar indentation depths with an UN-achanism can occur. The Viscous layer can flow to the

coated tiFr’](B)’ sig:cnifica_ntly less (fjorce is rhequired. _Fgr both surface, transporting the water molecules and increasing the
tips, much more force s required to get the same Indentatiog;, ¢ of the indentation. If additional ice is converted to qua-

depth forthe faster speeds than for the slower speeds. This%ﬁiquid in such a way as to keep the thickness of the layer
especially true at temperatures abov&0°C where a QLL nsiant during the indentation, then we might expect the

might %Igy_a role.h d h . . force required to expel it from under the tip to be propor-
In addition to the expected smooth monotonic increase iR, tq the indentation velocity. This is demonstrated in

force required to increase the indentation depth, we ofteige. v/ p pejow. Plotting the ratio of the force to the veloc-

observe ]ﬂﬂGCfth;;’l points or d|p§ n the;orce;unng the Con'|ty against the indentation depth should, therefore, cause all
tact portion of the curvésee Fig. 4. These dips occur at ot yhe curves in Fig. 4 to collapse onto one curve.

about the same indentation depth independent of sample g e 5 shows the ratio of the force to the velocity as a

speed and temperature, as opposed to the same force @sqtion of indentation depth at5.3°C for data collected
would be expected fqr a process that occurs at a thresho ith the coated tigC). From an indentation depth of 70 nm
force. For exa”.“p'e' Fig. 4 and_ the curve in Fig. 3_25_'3 C to about 200 nm, the curves have about the same ratio of
both show a dip near 60 nm indentation depth. Dips in thgq e 15 velocity at a given indentation depth. Data collected

srllowler cqrr\:es_ at—5.|3 °C areb_mo(rje e.";f’gf“,g,‘ F'9H5 whelrle with the uncoated tipB) (not shown here, but available
the logarithmic scales combined with dividing the smallerg o\ her@) also has a region where all but the slowest

forces by the smaller speeds makes the dips more obviou&wes agree at-5.3°C. The region of agreement for the

The presence of the dips at the same indentation depth [§,coated tip extends from indentation depths of about 100
nm to about 300 nm. For both tips, the force/velocity ratio

780 1
580 1

380 1

Measured Force (nN)

180 1

tion depths of 100 nm. Two curves are shown at each samp
velocity (except 1um/9) to illustrate the consistency of the

1000 i levels off at large indentation depths and the force is no
bbbl longer proportional to the velocity. This occurs at smaller
*6um/s indentation depths for the faster curves. At small indentation

100 4 < 13um/s depths, there is also disagreement between the ratios of force
] < 23um/s to velocity for different speeds. In this case, the slower

curves require larger force/velocity ratios than the faster
curves at the same indentation depth. Forces between the tip
and ice caused by attractive capillary fortesr repulsive
disjoining pressur® may cause this disagreement, since they
do not scale with indentation velocity and are not included in
the measured force, but they do play a role in the indentation
process. Because the measured force is smaller for the slower
curves, these forces will be larger in comparison, causing
disagreement between the curves collected at different
FIG. 5. Measured force divided by indentation velocity versusSpeeds.
indentation depth at 5.3 °C and several sample velocities collected ~ Similar plots at—3 °C give similar results for both tips,
with tip C (data from Fig. 4 The line without point markers is a fit but force/velocity data collected at15°C (Fig. 6) and
to the data using the viscous model discussed in Sec. IV D below—17 °C does not collapse onto one curve as well as the data

10

Measured Force/velocity (g/s)

10 100 1000
Indentation Depth (nm)
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1000 40 T

<4—4.5um/s

w
(=]
t

100
<4— 20umss

<4 43um/s

zero force (nm)
n
<

Measured Force/velocity (g/s)
b=

Jump-in or indentation depth at

10 100 1000 0 5 10 15 20
Indentation Depth (nm) T T

FIG. 6. Measured force divided by indentation velocity versus  FIG. 7. Average jump-in distance measured withBifcrosses
indentation depth at-15.1°C and several sample velocities col- and tipC (filled squaresas a function of temperature below melt-
lected with tipC. The approximate indentation velocity at an inden- ing. Open triangles are the average indentation depth at zero mea-
tation depth of 100 nm is given for each curve. Only the approactsured force collected with tiC. Only curves collected at acquisi-
portion of each curve is shown. tion rates of greater than 500 samples/s were included in the

averages.

at higher temperatures. Instead, the ratio of force to velocity om 43 S :
depends upon the sample speed as well as the indentati ove 0 G- For a hydrophobic tip one m|ght_expect_that
depth. This is because there is not as much variation in th e capillary force would b? repu_lswe, excluding cap|!|ary
force with indentation velocity at low temperatures as ther orces as the cause .Of a jump-in. Actually, the _caplllary
orces can pull the tip in for contact angléer the liquid on
}we tip, the liquid is assumed to wet the sample to «

+90° for a meniscus that meets the tip in the conical region

is at the higher temperatures where a QLL is expected t
have significant thickness. As expected, significantly mor

force is required to form an indentation at lower tempera- . )
q P where «a is the half-angle of the coneThe capillary force

tures at a given velocity than is required near the meltin ) . .
point. This is illustrated by comparing Figs. 5 and 6—theCan remain attractive for even larger contact angles if the

ratio of force to velocity is about a factor of 10 larger at melglscgs meetti the :]'p in the (;metrr]ms_pherl(_:al dr_e?f’on. i i
—15°C than it is at-5°C at a given indentation depth. revious authors have used the jump-in distance to est-

mate the thickness of liquid layers on surfaé&®-*8How-
ever, the thickness of this layer is not necessarily given by
B. Cantilever instabilities the jump-in distance. The jump-in may occur before the tip
contacts the liquid layer due to condensation in the region
etween the tip and the layer, or due to deformation of qua-
siliquid up to meet the tip. In addition, the tip may not stop

These instabilities typically occur when the force gradientprec's‘.aly at the solid surface when it IS pulled in by the
between the tip and the sample exceeds the spring constadifractive forces. Depending on the spring constant of the
of the cantilever on approadfjump-in) or retract(pull-off). cant|l_ever an_d_ th_e fo_rce f“’m t_he meniscus, it m_ay_f_md me-
They are characterized by a change in tip positimeasured _chanlcal eqwhbrlum in the liquid Iayer., or may significantly
force) which occurs in a time on the order of the resonantmd.ent the Ice before the ne>_<t data point can k_)e collected. In
period of the cantilever, since the actual force changes mucfP'te .Of this, some investigators have' claimed .that the
more rapidly than this timéor most cantilevers The reso- JUMP-IN May pfo"'qe a way to probe the ice-vapor interface
nant frequencies of our cantilevers were over 50 KHz andnstead of the ice-tip 'ng%fga% that is probed by most of the
our maximum sample rate is 15000 samplegf® band- rgst of the force curv&®**4"*8Figure 7 gives the jump-in
width of our electronics is about 20 Khjzso instabilities ~ 9iStance € Zc|z -o) averaged over many measurements as a
show up as abrupt steps in the force cugsach as at poire ~ function of temperature for tipB and C. The jump-in dis-
in Fig. 2. tances are roughly the same for both tips and are approxi-
When the tip first contacts the surface during an approachnately constant(~3 nm) with temperature. Since the
a jump-in will sometimes occur. Whether there is a jump,Jump-in distances that we measure are roughly independent
and the distance from the surface at which it occurs, is deof temperature, it seems unlikely that the thickness of the
termined by the spring constant of the cantilever and thdce-vapor QLL is directly related to the jump-in distance.
force gradient that the sample exerts on the tip before the tip For comparison to the jump-in distance, the indentation
comes into contact with a solid surface. Any attractive forcedepth at the point where the measured force again becomes
(e.g., van der Waals, electrostatic, or capillargn produce a zero after the jump-inZ_-o) is also given in Fig. 7 for the
jump-in if the spring constant of the cantilever is weak coated tip(C). While the jump-in distance is roughly con-
enough. In particular, capillary forces often dominate in situ-stant with temperature in our measurements, there is signifi-
ations where water vapor is preséand the temperature is cant increase in indentation depi#t zero measured force

It has long been known that the competition between tip
sample forces and the force on the tip due to the bending
the cantilever can cause instabilities in the tip posiffon.
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due to tip-sample attractive forces. Although the attractivemation depth by less than one nanometer at these high loads.

forces may change slightly with temperature, the increase imfhe minimum deformation that we observe for measured

indentation depth is primarily due to the decrease in the forcéorces similar to this is around 90 nm atl5 °C, so elastic

required to indent the ice as the temperature increases. Thiteformation may be neglected in comparison to the other

increase in indentation due to attractive forces may explaimeformation mechanisms.

the results of Dppenschmidet al***® who observed much

larger jump-in distances than ours and significant variation B. Plastic flow

with temperature. The relatively compliant cantilevers that

they used may have allowed the attractive forces to indent

the ice between the collection of adjacent data points in th&

force curve, causing the observed temperature dependen8

and increased jump-in distances. 0
e=o"A ex;{ -

Uniaxial time dependent deformation of bulk ice at low
nough strain rates and high enough temperatures has
gerF3‘55been described by empirical equations of the form:

When the tip breaks free of the ice, the break may occur —
at the tip-ice interface or somewhere in the 12df the RT
spring constant is large and the ice is s@t the tip-iceé  wheree is the strain rateg is the stressA is a constantQ is
interface is strong the process of separation may be drawngn activation energyR is the gas constant, and is the
out over hundreds of nanometers, and there may be no digemperature. This is known as power-law creep, and involves
tinct pull-off. As a result, it may be difficult to interpret what poth glide and climb of dislocations moving through the ice.
the pull-off force means. With tipB andC we typically saw  For polycrystalline ice at low stresses, the exponeist ob-
increasing pull-off forces for larger maximum measuredserved to be about three, but it increases rapidly for uniaxial
forces(larger indentations but the pU”'Off forces were usu- stresses above about 1 MP4dn order to compare the Meyer
a”y smaller than the maximum measured forces. This is irhardness H:F/A, whereF is the force andA is the pro-
contrast to the results of our previous paerhere the pull-  jected area of the indentatipobtained at a given indentation
off forces were approximately equal to the maximum meastrain rate ,=v/z) from our indentation measurements to
sured forces suggesting thatith tip A) the ice was breaking  these uniaxial creep results, we will parallel the derivation of
instead of the ice—solid interface. The more recent data colpgjs| et 5156
lected with tipsB and C suggest that the ice—ice bonding is  Because our tip is sharp and the ratio of yield stress to
stronger than the ice-tip bonding at those interfaces. elastic modulus of the ice is small, our indentations take
place in the “fully plastic” regime?® The hardness in this
regime is related to the uniaxial yield stress%if

: @

IV. DISCUSSION

The presence of the AFM tip in contact with the ice sur- H~30. ()
face causes the ice to indent. There are several mechanisffie indentation strain rate can also be related to its uniaxial
by which this indentation can occur. In elastic deformatlon,coumerparg
the shape of the ice surface depends on the force on the tip,
but not on the history of loading. Plastic deformation, on the e=De, (4)
other hand, involves pushing solid ice to the surface, leaving _ . .

a pit that exists for a time after the tip is removed. Ice canvVhereD is a constant. Combining Eqg2)—(4) and solving

also be deformed by converting some of the ice to liquid byfor hardness we find that

pressure melting or interfacial premelting and squeezing this Q
viscous layer between the tip and the remaining ice until it H%'ellan exp( _) (5)
flows to the surface. To distinguish between the mechanisms nRT

by which the ice is deformed in our experiments, we musgNhereB:?)(D/A)l/n_
find the relationship between the force measured during the | tho material displaced during plastic indentation is as-

indentation and the indentation velocity for each mechanismg ;mad to be carried off by vapor transport, surface diffusion

or flow of the ice-vapor QLL, effects such as “pile-up” and
A. Elastic deformation “sink-in” that deform thg ice—\{apor int.erfaéé can be.ne—
. , . , glected. The contact radius at indentation depiththen just
There will be some elastic deformation of the ice underye rqiys of the cross section of the tip at the proper distance
the tip: The amount o_f elastic deformation is independents. )\ the end of the tipg(£=2). To first approximation, the
of time and loading history, but depends on the Young'S\jever hardness of the ice is then simply related to the mea-
modulus of the tip Eg) and ice Eic), the Poisson’s ratios g req force required to obtain a given indentation depth, the

(vsiandvie), the geometry of the tip-ice interfacepproxi-  jngentation strain rate, and the indentation défth:
mated by the tip end-radiuR), and the force on the tip. For

typical values Eg=160GPa and v5=0.22> Ej, F(z,&)

=9.4GPa andvi,=0.33%' and R=20nm) Hertzian me- H(ﬁ)*m- (6)
chanics gives an elastic deformation depth of 7 nm for a 9

force of 1000 nN. Inclusion of attractive forces, as in theThis equation is approximate because the contact area is
Johnson-Kendall-Roberts theotywill increase the defor- probably not precisely given by the cross-sectional area of
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300 1 melting point. In frictional melting(which generally domi-
] nates in skiing® and skating®), work done by the indenter is
converted to heat, raising the temperature of the interface to
the melting point of the ice, and providing the latent heat of
melting. In our measurements, the work done during the in-
dentation[W= (130 nm) (1000 nN¥ 0.065 pJ from Fig. B
is less than the latent heat required to melt all of the
ice displaced during the procegdV~(4.7X10 #?m?)
X(3.3x 1% J/nm?)=0.16 pJ. The heat available from fric-
tion for raising the temperature and melting the ice will be
significantly less than the work done, since most of the heat
will be conducted away before the temperature can be raised
to the melting point® Frictional melting can thus be ruled
out as the dominant cause of the indentation, but it could
FIG. 8. Measured hardnefsom Eq. (6)] versus indentation at Shift the local temperature slightly.
—15.1 °C collected with i at various sample velocities. Only the [N pressure melting, the melting point of the ice is low-
approach data is shown. For bulk ice, pressure melting at this tenred by the large pressures in the ice under the tip. The shift
perature is expected to occur only for hardnesses greater than 282 melting point of the ice is determined by the hydrostatic
MPa. pressure under the tip. At pressures below those needed for
pressure melting, the maximum hydrostatic pressure under
the tip and the measured force does not include the contrithe tip is about two-thirds of the measured hardneBs (
bution from adhesive forces. The effect of adhesion on pIasm%H).F’z'54 The melting takes heat from its surroundings,
tic indentation is explored by Maugis and Polld€dn our  cooling them. Because the volume of ice to be melted is
measurements, the measured force is expected to be mushall, only a little heat is require¢~=0.16 pJ, as shown
greater than adhesive forces except at small indentatioabovg. This heat can be provided very rapidly by the
depths, so Eq(6) should be a good approximation. slightly warmer tip. If the indentation is done slowly and
Using Egs.(5) and(6) and recalling the definition of the pressure melting occurs, the pressure under the tip will re-
indentation strain rate, we find that, for deformation of themain at about the pressure required to shift the melting tem-
ice by creep, perature to the sample temperature as the sample is pressed
up against the tip. If the load is increased rapidly, the ice
F~k(z)v™™, (7)  may not flow out of the way quickly enough. In this case
. . . . . pressure will build up, causing more ice to melt. Because the
wherek(2) is a function of tip geometry, indentation depth, thickness of the melted layer can change during the indenta-

plastic properties of ice, and temperature. Smee_ 3 for tion process, we should not expect the force to be propor-
po_lycrys;allme. Ice, we expect that the forcg required to Ob'tional to the velocity, as in the case of QLL flojgescribed
tain a given indentation depth at some given temperatur

Belovxb.

should be only weakly dependent on the indentation velocity. The maximum hardnessee Fig. 8 observed with tips

QS d_ISCUfS_eddbeLO\pl in Sec. IhVD plast![c IIOW see{ns to bbe ;‘h%ndc was sufficient to initiate pressure melting only for the
ominant Indentation mechanism at temperatures  Delog, g gt sample velocities at all temperatures studied. The data

abloéL_Jt—158°Chand a:lla(rjge in(iljentatior; c:]epths. d hard analyzed with the viscous flow model described in the next
igure 8 shows the epeon ence of the measured hardneggeiion were all obtained under conditions where pressure
on indentation depth at15°C, a temperature low enough

h lastic flow i d to domi The hard fmelting is not expected. Macroscopic indentation hardness
that plastic flow Is expegte to dominate. € Naraness 10, e asurements on polycrystalline ice by other groups are a
Se"e“’%' sample speeds is shown for comparison. A_S the Mactor of 2 or more softer than these maximum hardness
dentation gets deeper, the measured hardness increa

h . ue that d 4 . . S§3ues® %162 Our slowest measurements, in contrast, have
reaching a maximum value that depenas on temperaturé ang,-n smaller maximum hardness values than the macro-

strain rate if the indentation is deep enough. This is in cons

. - scopic measurements. This is believed to be due to viscous
trast to the case where the indentation is collected at constaﬂz)w of the quasiliquid, as discussed below
indentation strain rate, where the hardness would be ex- ' '

pected to be constant as a function of defitBecause the

250
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analysis presented in our earlier padenly considered the D. Viscous flow of interfacial quasiliquid
hardness at the maximum measured force, it missed the o L .
maximum in hardness seen in this figure. When the ice-tip, tip-QLL, and QLL-ice interfacial ener-

gies are right, the interfacial free energy can be lowered by
forming a interfacial melt layer, and quasiliquid forms spon-
taneously at the interfaceOnce again, the latent heat re-
quired to cause the phase change is rapidly provided by the
Frictional melting and pressure melting can both converslightly warmer tip. In contrast to pressure melting, where
solid ice to liquid at the interface while the bulk of the ice there is a threshold pressure for melting that depends on the
remains at a roughly constant temperature well below théemperature, no pressure is required to form the QLL. As a

C. Viscous flow of liquid from frictional melting
or pressure melting
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TABLE II. Quasiliquid properties from viscous flow model fits. Thicknéskis calculated assuming the
quasiliquid has the viscositfyy) of supercooled water. Uncertainty is estimated from fitting.

Tip B Tip C
h ( nm h ( nm

T (°C) 5\ 3/Pa h (nm) 5\ 3/Pa h (nm)
-1.01 8.94-1.63 1.16:0.20 5.691.22 0.7@:0.15
-3.28 3.48-0.55 0.44-0.07 1.90:0.28 0.24-0.04
~5.36 2.62-0.46 0.34-0.06 1.510.23 0.20-0.03
-8.28 1.93-0.37 0.26:0.05

~10.36 1.580.25 0.22-0.04

-10.85 0.930.21 0.13-0.03
~13.10 1.46-0.42 0.21-0.06

~15.10 0.75:0.34 0.11-0.05
-17.24 1.19-0.73 0.18-0.11

result, only a slight positive pressure is required to push thélow model (for at least part of each curueBelow —15°C
liquid out of the way and form an indentation. Thus flow of the F/v curves at different indentation rates do not collapse
the quasiliquid will continue to enlarge the indentation asonto one curve as well as they do at the higher temperatures,
long as the tip is pressed into the surface, independent ainplying that viscous flow is not the dominant indentation
whether the sample is approaching the tip or beingmechanism. Using the tip geometry measured for each tip
retracted’” and Eq.(A2), we can findF(z). The universal portion of the

To find the relationship between the force on the tip and=;,, curves can then be fit using E6®) with h/ 7% as the

the indentation depth we must consider the flow of fluid outginge fit parameter. The solid line without point markers in
of the indentation. For a Newtonian fluid which is convertedFig. 5 is the resulting fit for the-5.3 °C data collected with

from solid much more rapidly than the indentation proces ; - -
(so that the thickness of the fluid layer is not diminished S(Fclcl’}at;dr\lps(;t théf tlel;:g]rgqtirrlée;ngh?o:e::gﬁ t?; fitting the

force is proportional to velocity for a given indentation : . .
depth. As noted in the introduction, the QLL is expected to Assuming that the QLL has the viscosity of supercooled

be near thermal equilibrium since the heat required to forrﬁNater’ the iinferred QLL thickness ranges from 1.1 nm at

the QLL can be rapidly provided from the environment ~1.0°C t0 0.22 nm at-10.4°C with tip B. 'I_'he same as-
around the indentatioff. Assuming additionally that the sumption gives us sr_naller inferred layer th|cknessesofor tip
thickness and viscosity of the fluid are set by the temperatur (IJnltg itrﬁastf,lgggfgclfrr;]ess r\:;\nlges ffrorr?ho.zk(])i nkH: B0 ?
and the chemical and physical properties of the interfaoe 0u. a ' - 'Nese values for fhe ThiCKNEss are so

by pressure or curvaturand that the thickness is small com- small that continuum mechanics should not be valid, but our
p)z;rgd to diameter of tip, we show in Appendix A that the model fits the data quite well. This suggests that the viscosity

parameter that characterizes the indentation is tifeyt’3 of the quasiliquid confined between the tip and ice may.be
whereh is the QLL thickness and is its viscosity. In pa{r- greater than that of bulk supercooled water. The uncertainty

ticular, Eq.(A4) shows that at a given indentation depth in the tip geometry results in some uncertainty in the fit
T '’ parameter. For example, if the end radius of@iwere ac-

h\-3 tually 15 nm(as it would be if there were no coating on the
F%]—"(z)(—l,g) v, (8)  end of the tip the fit of the data collected at5.3 °C would

K give h/ *~1.24 nm(Pa$'®. This is significantly smaller
where F(z) is a function of tip geometry and indentation than the resulh/»Y*~1.51 nm(Pa$'” inferred from a 25
depth. Comparing Eq(7) to (8), it is easy to see that the nm end radius. Additionally, the table gives the variation in
force is much more strongly dependent on the indentatioparameters that fit data from at least two force curves at
velocity (v) in the case of viscous flow than it is in the case different acquisition times for a small portion of the curve.
of plastic flow. Because of this, viscous flow of the QLL is Figure 9 gives the viscous layer thickness obtaifveith tips
most likely to dominate at small indentation velocities whereB and C) by assuming that the layer has the viscosity of
the force required to move solid ice to the surface is moresupercooled water at the appropriate temperature and com-
than the force required for viscous flow. Likewise, viscouspares it to other similar studies.
flow of the quasiliquid will be most important at tempera-  While there is a region of agreement between curves col-
tures close to the melting point where the QLL will be thick- lected at different sample velocities at the higher tempera-
est. tures, this agreement does not typically occur for the whole

At temperatures above aboutl1 °C the ratio of force to curve (see Sec. Il A. At small indentations and at large

indentation velocity F/v) seems to become a universal indentations, the force is no longer proportional to the veloc-
function of indentation depth that can be fit by our viscousity. At small indentations, the precise geometry of the tip end
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10 5 found that the hardness was weakly dependent on the loading
1 >~ time, with the hardness proportional to about the one-fourth
~~ power of the loading timé® Additionally, the macroscopic
~ experiments found that, except at temperatures above about
~a —3°C, plastic flow of ice under the indenter increased the
contact area so that pressure melting did not ogtim.our
1+ experiments, the curves collected with the largest indentation
1 .—T—. velocities at temperatures as low ad7 °C had maximum
~ hardness values sufficient to initiate pressure melting. Our
N large measured hardness might be due to a grain size larger
~ & than the tip contact area for our ice samples.
~ ¥ If the grains are large enough and the bonding between
0 e \ . grains is sufficiently strong, our measurements are _effec—
' 01 ] 10 t!vely measurements on single crystals of unknqwn orienta-
| T.-T (K) tion. Indentafuon hardness measurements on single crystals
often result in hardness values that are much larger than

FIG. 9. Interfacial quasiliquid layer thickness as a function of Similar measurements on polycrystalline sampfeshis is
temperature below melting assuming the layer has the viscosity dpartially because, in a polycrystalline sample, the grains can
supercooled water. The upper data poitftéed squaresare our  Slip against one another, and also partially because some of
measurements for an uncoated silicon (@) while the lower data the grains are oriented so that much of the shear stress on
points (crossepare for a hydrophobically coated t{). Solid line ~ them is in a direction of easy slip, making them easy to
is a fit to the data collected with the uncoated [tip~1.1 nm(T,,  deform. In a single crystal indentation experiment the hard-
—T) %8 whereT is given in Kelvin. Dashed line is a fit of the ness is determined by the stress resolved in the directions of
thicknesses obtained for ice-metal interfaces from wire regelatioreasy slip and is, therefore, sensitive to the orientation of the
experimentgRef. 12. Dot-dashed line is an extrapolation of results Crystalfs“
for an ice-polymer interface from flow of the quasiliquid under the  Qur hardness measurements at temperatures near the
influence of a temperature gradie(fef. 13. melting point are strongly dependent on indentation velocity

suggesting that plastic flow is not the dominant indentation
becomes important and the attractive forces between the tigiechanism in our experiments at those temperatures. Vis-
and sample are not negligible. This causes the force/velocityous flow of a quasiliquid layer between the tip and ice is a
ratio to vary slightly for curves collected at different sample mechanism for indentation that provides the obserfd-
velocities. Since our model assumes a relatively simple tigportiona) dependence of force on indentation velocity. Us-
geometry(a smooth cone with a hemisphere at the)emttl  ing the measured tip shape and a model of this viscous flow,
does not include internal forces that are not directly meawe can estimate the thickness of the QLL if we assume that
sured, it cannot fit the dips that occur because the tip ishe viscosity of the layer is that of supercooled bulk water.
neither completely smooth nor chemically homogeneousiayer thicknesses inferred in this way lie between those of
The F/v data collected with(uncoated tip B (not shown  previous workers that have studied the QLL at ice solid in-
here, but available elsewhéPecollapses onto one curve at terfaces using the viscous flow of the quasiliq(dg. 9).
small indentations and is fit by the simple model much better |t is not surprising that our measurements of the quasilig-
than that collected with tiiC. It seems likely that nonunifor- uid layer thickness do not agree with the previous experi-
mities in the coating on tiE that produce change in the total ments in Fig. 9. One reason for this is that tbénhep solid at
force are causing most of the disagreement. the interface in our measurements is different from those

At large indentations, another indentation mechanismused in the other measurements. The QLL thickness is set by
seems to become appreciable, decreasing the exponent of tit@ excess interfacial energy which is, in turn, determined by
velocity in the force-velocity relation and causing the changehe physical and chemical properties of the materials at the
in force/velocity ratio with indentation depth to level off. interface(such as the dielectric constant and solubjlitpur
The hardness in many of the curves that exhibit this behaviogoated tip(C) is probably more similar in chemistry to the
never reaches values large enough for pressure melting fsolymer film used in the thermally induced flow experiments
begin. Plastic flow seems the most likely candidate for thisof Wilen et al1* than to the metal surfaces of the wires that
mechanism, but because some viscous flow is still occurringilpin used*? The thicknesses inferred from our indentation
at these indentation depths, the velocity dependence of th@easurements with both tips have about the same power-law
indentations is not as simple as in the case of pure plastidgependence on temperature as the thickness deduced from
flow. the thermally induced flow experimerit§but the results

with tip C are about a factor of 5 larger than extrapolated
V. CONCLUSIONS thicknesses from these expgriments while those foBtgre _
about a factor of 8 larger. It is important to note that there is

We have measured the indentation behavior of ice at termo reason that the thickness of the layer deduced from the
peratures betweer 1 °C and—17 °C. Previous macroscopic thermally induced flow experiments must follow our simple
hardness measurements of plastic flow in polycrystalline icextrapolation to thicknesses as small as these, so it is pos-

h (nm)
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sible that there is more or less disagreement than we hawity occurs,(nonretardegivan der Waals acting alone cannot
estimated. give us the observed temperature dependence, even in the
There are several differences between the experimengyesence of a shift in melting point due to pressure or curva-
other than the different solid at the interface that could influ-ture. Inclusion of electrostatic double layer forces, as in the
ence the thickness of the layer. Impurities on the surface 0PLVO thegry, may give the proper temperature
our tip could change the thickness of the QLL in our mea-dependence.
surements, by adding electrostatic double-layer forces to the
van der Waals forces that are always present. Depending on
type and amount of impurities, the thickness of the layer Our continuum viscous model predicts that the force re-
could be enhanced or decreadtdinother difference be- quired to obtain an indentation of a given depth should be
tween our experiments and those of Wiksral14is the pres-  proportional to the indentation velocity at which it was col-
sure. The pressures exerted on the ice in our experiment akected. In order to simplify our model, we made several as-
significantly larger than those in the thermally induced flowsumptions which should be quite reasonable if the quasilig-
experiments. While we have included in our viscous fits onlyuid layer is thick enough. The assumption that the interfacial
the data where the velocity dependence of the indentatiomelt layer has an abrupt boundary with the solid ice should
indicates that viscous flow dominates, some plastic flowbe valid as long as the QLL is many monolayers thick, since
probably occurs concurrently with the viscous flow. Any the boundary is expected to be only a few monolayers
plastic flow that occurs concurrently with the viscous flow thick.?® Recent simulations of the hydrodynamics of very
will reduce the force required to make the indentation, andhin layers of Lennard-Jones fluids by Verge&sal®’ sug-
thereby cause the thickness of the layer that we infer to bgest that Stokes’s law remains valid even for layers as thin as
overestimated. Additionally, some damage assisted interfa&b—10 molecular diameters, but the assumption of no slip at
cial melting may occur under our tips. This is a nonequilib-the interface may be violated to some extent. Surprisingly,
rium process in which damaged ice is converted to liquidthe force in our experiments is observed to be proportional to
temporarily enhancing the thickness of the interfacial melthe velocity for temperatures as low as abetitl °C, where
layer® The pressures in our experiments are more compahe indentations imply QLL thicknesses of only a single
rable to those in the wire regelation experiments, but oumonolayer and our continuum model should fail.
thicknesses are at least a factor of 3 less than those of Gilpin A closer look at the model assumptions shows that most
and the power-law dependence of his thicknesses on teneffects that we have left out of the model will decrease the
perature is weaker than ours. This suggests that the differe@LL thickness inferred and, therefore, do not help us under-
solids and different impurities present in the various experistand why our model works so well for very small inferred
ments could be just as important as the differences in preghicknesses. For example, we assumed that the thickness of
sure. the QLL is uniform along the tip and is not a function of
The pressure can also shift the melting point of the icepressure of the tip. The effect of the variation of QLL thick-
under the tip. Even if there is not enough pressure to causeess with pressure is only important for large indentation
pressure melting, this can enhance the thickness of the QLlelocities and large indentation depths, and will decrease the
since the thickness is a function of the temperature beloviorce required to push the tip into the i¥eDecreased force
melting. Because the pressure near the surface of the ice isquired to obtain an indentation depth at a given indentation
near the vapor pressure, this does not affect the ice thergelocity in the model results in decreased inferred thickness.
Instead, the thickness of the QLL varies with position along Violation of the no-slip boundary condition at the QLL-
the tip. The curvature of the ice surface also shifts the meltice or QLL-tip boundaries will also decrease the force re-
ing temperature; but because the ice under the tip has negguired to squeeze the quasiliquid from between the tip and
tive curvature, the melting point is raised instead of loweredthe ice. Simulations similar to those of Vergeletsal. have
In our indentation experiments, this effect is small except ashown that there is more slippage at nonwetting fluid-solid
very small indentation deptt§.Neither of the other experi- interfaces than there is at wetting interfat®3he effect of
ments has enough macroscopic curvature to shift the meltingiolation of the no slip boundary condition is that less force
point significantly, but the roughness of the surfaces coulds required to obtain an indentation at a given velocity, but
cause some local changes in melting point. we observe the opposite for our hydrophobic tips. Therefore,
The thicknesses given in Fig. 9 were all inferred by as-we do not believe that slippage has a strong influence on our
suming that the quasiliquid layer has the viscosity of bulkobservations.
supercooled water. We will discuss below why we believe As mentioned above, plastic flow may act in parallel to
that the viscosity of the quasiliquid under our tip is actuallythe viscous flow to decrease the force required to indent the
significantly greater than that of bulk supercooled water. Ifice. While plastic flow may be appreciable at the highest
this is the case, the actual layer thicknesses in our experspeed indentations, it should be negligible at low speeds.
ments were larger than those inferred, but we do not knowPlastic flow, and any other mechanism that acts in parallel to
how much larger. The viscosity of the confined QLL variesthe viscous flow to reduce the force required to indent the ice
with temperature, so the power-law relationship between oupredicted by the model will decrease the thickness of quasi-
inferred thicknesses and temperature will not remain thdiquid needed to match our observations.
same unless the QLL viscosity is proportional to the viscos- This leaves two possibilities that can explain ability of our
ity of supercooled bulk water. Assuming that this proportion-model to fit the observations so well. The first possibility is

A. Limitations of viscous model
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that the viscosity of the layer is much greater than the visence of the new interfacé€4) The tip jumps into the QLL,
cosity of supercooled watdso that the layer is thicker than but comes into mechanical equilibrium in the quasiliquid and
our estimate and Stokes’s law remains valid for our ddta  does not initially reach the ice surface. C&éecan be elimi-
order to increase the thickness of the QLL to the level wherenated because we observe the same jump in distances with
continuum mechanics should be valid, the viscosity of theboth tips, and the larger capillary forces from the QLL
quasiliquid would have to increase by at least a factor olshould give us a larger constant value for the uncoated tip if
three hundred sindex 2. This increased viscosity may be this were true. Additionally, other experimef® have

due to confinement of the quasiliquid between the tip and thshown that there is a QLL at the ice-vapor interface so case
ice, or due to a property of the quasiliquid itself. Significant(2) or (3) seems most likely.

enhancement of the viscosity of confined liquids has been Our acquisition rates are at least as fast as those pf Do
observed for polymef8 and, more recently, in waté?.A  penschmidtet al*>*® and they measure larger jump-in dis-
second possibility is that there is no significant viscous layetances than we do, suggesting that the adhesive forces be-
at these interfaces belowl °C. In this case some other ef- tween their tip and sample pull the tip through any QLL into
fect must be causing the force to be proportional to the inthe ice and begin to deform the ice before they can collect a
dentation velocity and increasing thE/@) ratio with inden-  second data point. This effect is dependent on temperature
tation depth in such a way our model fits it well using only because the ice is easier to indent at higher temperatures. Our
one parameter. This second possibility seems unlikely, butbserved increase in indentation depth at zero measured

we cannot rule it out. force with temperature given in Fig. 7 shows that the attrac-
tive forces between the tip and the sample are large enough
B. Effect of tip properties on QLL thickness to cause indentation even with relatively stiff cantilevers.

) . . The main difference between our measurements and those of
Although measurements with both tips result in about theD()ppenschmidEt al#548is that our cantilevers are about a

tsr?”:(e pOWirJELaV"l deper:?r(]anqet 0; thiCkr,][ﬁsti on timé’(g{)aturf‘actor of 10 stiffer than theirs. Stiffer cantilevers decrease the
ICKness of the layer al the interface with the coate force exerted on the sample by the tip-sample adhesive
is observed to be thinner than that at the interface with they,ceg immediately foIIowiﬁg ju¥np-in. FI)nterprpetation of
uncoated tip(B). This was initially surprising to us since we jump-in distances as a measure of the thickness of the QLL
expected the binding between the water molecules and thg,q1d be done with caution.
tip to be weaker at the interface with the hydrophobic coat-
explanation for the thicker layer is given by considering the . . . 73
water in the vicinity of a hydrophobic surface above the —After submission of this manuscript, Buét al.™ pub-
melting point. In this case, the water molecules reorient’Shed velocity dependent indentation data for ice samples
themselves so that they can hydrogen-bond to one anothefrown from liquid v(\)/ater rapidly frozen on mica and main-
increasing the ordering of the water near the surface over thdgined in air at 80% relative humidity. They used silicon
where hydrogen bonding with the surface is possibléthe n!tnde cantilevers of apprqmmately two times larger end ra-
QLL behaves this way, some hydrogen bonding with the tipdlus p_f curvature and 40 times smal_ler spring constant than
may enhance its thickness. the silicon cantilevers used for our tifgsand C. Butt et al.

The van der Waals and electrostatic double-layer interac@ssumed that a _Il_near slope for the canullever deflection ver-
tions may be more important than the hydrophobic effect irSUS Sample position observed at their highest forces corre-
determining the layer thickness in our measurements. ThePonded to the lack of additional tip penetration into the ice.

Hamaker constant for the silicon-water-ice interface has beegch @n assumption is definitely not satisfied for our data.
calculated by Wileret al. to be about—1.66 zF° but the For example, the data present_e_d in our Fig. 2 _|nd|cate_I|ne_ar
Hamaker constant for the coated tip is unknown t32u&d- deflectpn versus samplg position, while the indentation is
ditionally, the electrostatic double-layer forces are unknowrP10Wn in our Fig. 3 to be increasing throughout the approach
for both tips since the amount of impurity and surface charg&Urve. Because Butet al. deduced much smaller indenta-

has yet to be quantified. In any case, a quantitative comparflons at their much smaller applied forces, they fit the mea-

son requires knowledge of the viscosity of the quasiliquid. Suréd profile of their tips to a parabolic shape. They also
assumed a constant attractive capillary force of 30 nN for

their data fitting.
Butt et al. analyzed their data with a hydrodynamic model
Unlike the measurements of ‘Ppenschmidtet al,*>*®  similar to that presented by us here and previolshs well
our results in Fig. 7 show little or no variation in jump-in as with an extended plastic deformation model that assumed
distance with temperature. There are several possible expl#éhat tip penetration was limited by a “melting” rate linearly
nations for our observatioril) There is no QLL at the ice- proportional to the difference between the actual pressure
vapor interfacésince its thickness should have changed withand the yield pressuréUnfortunately, they were unable to
temperature (2) There is some other force causing therelate the constant of proportionality for the “melting” rate
jump-in that has a longer range than the thickness of thef the extended plastic deformation model to any known
layer at the temperatures studi€8) The sample rate of our material property.By adjusting parameters in their models,
instrument is not fast enough to observe the thickness of thithey were able to obtain approximate fits to their indentation
layer before the ice under the tip has responded to the preslata at different sample velocities with either model.

C. Instabilities
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Butt et al. rejected the hydrodynamic model because theaxis of the tip. Integrating thez component of the force per
viscosity needed to fit their data was at least 100 timesnit area €,) from the end of the tip to the region where the
greater than that of supercooled liquid water if an interfacialice, vapor, and tip meet, we can obtain the total force on the
thickness of one monolayer was assumed. Their values fdip:

the mobility parameteh®/12% are appreciably smaller than

those deduced from our data. For example, for ouBtipear
—10°C, our Table Il implie$h®/127=3.3x 10" ®mds/kg, a
factor of 36 greater than the value given by Bettal. for

their Fig. 10[assuming their numbers are irf'sfkg instead
of their stated unit of fikg-s]. This difference in mobility

27 (z
F=f f f(09(0) Vg2 1dCdo
0 0

A haP(Q)
:zwj [—E#ﬁwg'(opm 9(0)d,

0

parameter could be due to the different nature of the silicon-

nitride-ice interface and/or to assumptions made in interpret-

ing their measurements.
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APPENDIX A

As the indentation is formed beneath the tip, some of the
ice is displaced to the surface in the form of quasiliquid.

FP=

—1zw§h—’éufodgg<§>g’<§)

Assuming that pressure and curvature at the interface under
the tip do not cause the thickness of the layer to vary signifiand
cantly, and that the ice is converted to quasiliquid much

more rapidly than the indentation process, the thickness of
the interfacial melt layer between the tip and the ice will be

approximately uniform along the ti{}. Conservation of vol-

¢
><JZ d¢'g(¢)Vg' ()% +1 (A2)
a_o 7 (7. [3Ps
FZ—ZWh vfodé(h o 9(5)2+g(§)). (A3)

ume and mass then gives us the average flow velocity in th our experiments, the conditions are such tRgtis much
quasiliquid some distance from the end of the tip. Using thidess tharF? , so a good approximation to EA1) is given
average flow velocity and assuming Newtonian flow with aby

no-slip condition at the melt-ice and melt-tip boundaries, the

Navier-Stokes equation gives the pressure in the liquid as a
function of position. The pressure and the flow velocity can
then be related to normal and tangential forces on the tip.

F F?

—~—=(hi7g)ﬂz). (A4)

v v

The axial symmetry of the problem causes the total forcavhere F(z) is a function of tip geometry and indentation

on the tip to cancel except in ttedirection (parallel to the

depth[see Eq.(A2)].
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