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High-resolution measurements of pressure solution creep

Dag Kristian Dysthe, Francois RenarlJens Feder, Bjm Jamtveit, Paul Meakihand Torstein Jssang
Physics of Geological Processes, P.O. Box 1048, Blindern, N-0316 Oslo, Norway
(Received 27 July 2002; revised manuscript received 3 March 2003; published 14 Jujy 2003

Two dilatometers with high precision and stability have been developed for measurement of indentation by
pressure solution creep. The indentation of gold wires or glass cylinders into sodium chloride has been
measured with down to 10 A accuracy and 6% precision. The indentation curves show a strong history
dependence and the indentation rate decreases by three orders of magnitude over 400 h. The indentation
mechanism is shown to be a pressure solution creep process in which material is dissolved at the indentor-
sodium chloride contacts and transported to the free surface, where it precipitates in the proximity of the
indentors. The indentation rates are not controlled by precipitation rates, the density of preexisting dislocations
in the material, by change in the contact widths, or by ordinary plastic deformation. Small amplitude sinusoidal
variations of temperature and normal stress are shown to have a large effect on the indentation rate. Moreover,
sudden increase in normal stress from the indentor on the sodium chloride is shown to initiate an increased,
time-dependent indentation rate. A model for pressure solution creep with time-dependent contact sizes ex-
plains the history dependence of the indentation data presented.

DOI: 10.1103/PhysRevE.68.011603 PACS nun)er68.08—p, 68.15+e, 68.37--d, 68.55-a

I. INTRODUCTION In the main part of this paper, we describe in detail two
high-resolution dilatometers for single contact PSC experi-
Adhesion and friction between two rigid bodies dependments. We verify that the accuracy and precision necessary
on the area of contact. To obtain a large area of contadpr detailed, quantitative studies of single grain contacts un-
between two rigid bodies normally requires deformation order PSC have been achieved, and we then present results that
creep in the region close to the contact. When stresses in tff@st new light on the history dependence of PSC.
contact region are too small to activate dislocation motion,
mass transport in a surrounding fluid phase, so called pres-
sure solution creefSQ, is the most efficient creep mecha-
nism. As a low temperature analog to Coble creep, PSC is Our discussion of PSC is focused on the behavior of an
important in transforming loose sediments to sedimentarynert indentor that is pushed into a soluble mineral in the
rocks with tensile strengtfadhesion at contadtsThis is a  Presence of a reactive solution. The development of a better
striking example of strain hardening. During PSC, stresg/nderstanding of the behavior of compacting aggregates in
concentration at the grain contacts causes local dissolutioerms of such simple systems entails many assumptions that
diffusion of the dissolved material out of the interface regionare not the subject of this study.
and deposition on the less stressed surfaces of the gddins ~ In @ system like that illustrated in Fig(d), an inert in-
PSC plays a major role in controlling the plasticity of the dentor of dimensiowl; is pressed with a constant foreento
earth’s crust during compaction of sedimentary bag@js @ soluble solid surface immersed in a solvent which is at
and during tectonic deformatids]. It is also responsible for ~equilibrium with the unstressed solid. In general, there are a
the strengthening of the gouge in active faults followingnumber of contact areas of mean dimensignThe distance
earthquake$4,5]. PSC is also important in ceramic process-between the surface of the indentor and the dissolving solid
ing [6]. Despite the importance of PSC in a number of areads A in the contact areas, ary is the mean separation over
of science and technology, and the interesting fundamentdhe entire indentor contact region. The contact regitro-
character of this surface controlled, mechanochemical, strai#copic or macroscopids represented in Fig.(&). In this
hardening deformation process, it has received little attentiogase, the solid materials are separated by a fluid filled gap
from physicists. with thickness ofA and a lateral dimension af. We are
A simple theoretical description of the PSC is required agnterested in the vertical displacement of the indeator the
a background for discussing the exacting requirements foindentation ratejz/Jt.
experiments on PSC and the significance of the results pre- The driving force for pressure dissolution is the variation
sented here. We do not discuss the details that separate e#rchemical potential along the surface of the soluble solid.
lier descriptions[1,7,8], but emphasize their common ele- The gradient in chemical potential is assumed to be propor-
ments. tional to the gradient in normal stress on the surface,
duloreco,ld, whereo,= (F/diz— ps) andF is the force act-
ing parallel toz on the indentor angs is the fluid pressure

A. Current models of pressure solution creep

*Electronic address: d.k.dysthe@fys.uio.no [7,8]. If the rate limiting step in the process is dissolution,
TPresent address: LGIT-CNRS-Observatoire, Univerditeeph the rate of indentatiodz/dt is proportional too, and dz/ dt
Fourier, Grenoble F-38041, France. is independent ofl andA.

*present address: Idaho National Engineering and Environmental If the rate limiting step in the process is transported from
Laboratory, P.O. Box 2209, Idaho Falls, Idaho 83415-2209, USA. the stressed to the unstressed area of the surface, we have to
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In the island-channe(lC) model, A is of the order
0.1-1 um and the diffusion coefficient is the same as the
bulk value, thus 10 m®/s<AD <10 1> m*/s at room tem-
perature, and the compaction rate estimated for the IC model
is larger by a factor of 1—4 orders of magnitude than the rate
estimated for the FF model.

It has been proposdd0,11] that the rate limiting step in
an island channel model is the transport of dissolved solid
out of each contact regiafin the island regionsand in each
contact region the solid surfaces are separated by a thin fluid
: film. This implies that the contact regions are the same in the
(&) 5 y4 ; IC and the FF models and they can be characterized by the

: ' same variablea andD. We will refer to this model as the
island fluid film (IFF) model. Attempts have recently been

- T ; made to theoretically estimate the characteristic contact size
JdifL_ Jdi s Jdi s _.Jdiff A d. [12,13, and various observations give the range 1én
I f ? f ? | =<d.=<d. Thus, the indentation ratéz/Jt for the IFF model
| d | : lie between those of the IC and the FF models. In all these
models, all the parameters are considered to be con@tant

assumed that the system is in a steady stateother words,

FIG. 1. Simplified model of an indentor on a pressure dissolvingthere is no history dependenee strain hardening in the
surface.(@ An indentor of widthd; is pressed against a soluble current models of indentation by PSC.

surface. The indentor is in contact with the surface in several dis-
crete regions with dimensions of the order @&f. On both the
indentor scale and the contact scale, the contact region may be
decribed by the model illustrated ifb). In the contact region of PSC is a slow process, and this must be taken into account
dimensiond, a normal stress causes a dissolution flyfrom the in the design of experiments. Dissolution rates normal to the
soluble surface into the fluid region of width. This material is  contact surface of a single contact undergoing PSC are of the
transported by a diffusive fludly; out of the contact region. order of =10 ® m/day for sodium chloride~10"° m/day

for calcite, and~10"*? m/day for quart{14]. In earlier ex-
consider the dimensions of the indentor and the contacts. Thgeriments, the basic strategy was to measure PSC over a long

B. Previous experiments

analyses in Refd.1,7,8 indicate that period of time, and multiply the number of grain-grain con-
P tacts by performing measurements on aggregatiEense
Jgisal 2= Jg2mr A= —277rAL(9—'u, (1)  grain packings in confined regionr to measure very small
r

displacements.

whereJssis the flux of dissolved material on the solid sur- 1. Aggregate experiments
face,Jgi is the flux of dissolved material through the contact
region aperture of widthA, andL is a phenomenological
transport coefficient which is proportional to the diffusion
coefficientD. The indentation rate is proportional to the dis-
solution flux:

Large amounts of data on compaction of aggregates have
been valuable in establishing the dependence of PSC on tem-
perature, stress, mineralogy, and grain size. The influences of
fluid chemistry and clay content have also been quantified to
some extenf15]. The main problem with aggregate experi-
ments as performed until now is the difficulty in interpreting
. ®) the data. The effects of complex aggregate geometry and

dynamics, increasing contact areas and grain scale dynamics
cannot be individually resolved. The interpretation of the ex-

Equation(2) for the indentation rate may be used on two periment; must rely on pre\(iously established models, and
different length scales, the indentor and the contact lengti® €xperiments are not designed to test the models.
scalegsee Fig. 1. On the indentor scale, the transport thick-
nessA may be either the thickness of a fluid film between
the solid surfaces as proposed by WgY] (the fluid film A number of experiments have cast light on the funda-
mode) or the effective cross section of a fluid channel net-mental principles of PSC at the grain-grain contact scale.
work in an island-channel network as proposed by Raj an®&prunt and Nuf16] and later Brok and Moregl17] studied
Chyung[8] (the island-channel modelin the fluid film (FF)  the effect of elastic strain on the dissolution of minerals, and
model, the thicknesa is of the order of 1-10 nm and the Tada and Sievdrl8] showed in qualitative experiments that
diffusion coefficient is the same as or up to an order of magplastic strain in the grain-grain contact region may be funda-
nitude lower than the bulk diffusion coefficiefl]. Thus, in  mentally important.
the FF model, 10'° m¥/s<AD<10 " m*/s at room tem- Spiers and co-workerg19-27 have performed an im-
perature and moderate normal stressed@ MPa). pressive series of experiments focused on the microstructure

Jz AD du ADoy,
oC

ot s g G T

2. Single contact experiments
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at the grain-grain contacts. In these studies, aggregates conCapacitance
pacted by PSC were studiex situby electron microscopy gap ~f00pm
revealing an “island-channel” structurén situ imaging of

single contacts revealed the first qualitative evidence for
these island-channel structures, and indicated how the)
evolve with time[22].

Hickman and Evan$23,24] imaged salt lenses pressed
against windows in the presence of brine. They used the
T e 05 T asure he SonMerence o 1. Schemtc dagra of e capacianc diltoeies The

: . o spdium chloride single crystéhatched rectanglesits inside a hol-
_used, they mea_sured convergence rates with 40% repeataquw cylinder (ho) that is glued onto a sapphire window. The inden-
ity (three experimen}s They could not re_solve any depen- tors (black rectanglesthat are pressed onto the sample by a piston
dence op stress when the stress was varied by a factor of 19'Iies on top of the crystal. A flat quartz plate coated on one side
When windows formed from the same salt as the lens werg;ii, goid to produce an electrically conducting surface is placed on

used, they observed precipitation around the contact and ngy, of the piston. A small volume of saturated brine that is inhibited
convergence. These experiments initiated a debate on thgm evaporating by hexadecane lies in the contact between the
relative importance of contact healing and PSC during thendentors) and the salt crystal. The top of the hollow cylinder is
compaction of aggregates. electrically conducting so that the 100-um-wide gap between hc
PSC is a process that involves dissolution, transport, anénd the flat gold-coated quartz plate on top forms a capacitor. The
precipitation atconstant overall fluid saturationThe only  capacitancec, of the gap is inversely proportional to the thickness
concentration gradients in the fluid should be caused byf the gap. This capacitance can be measured by an impedance
stress on the mineral surface. Since mineral solubility is, iranalyzer or by measuring the imbalance in a bridge with a constant,
general, a function of temperature it is necessary to have known capacitanc€.. The forceF applied on the top of the as-
very small fluid volumewith minimal spatial or temporal sembly causes the indentors to penetrate into the crystal by PSC,
variations in temperaturelt is also necessary to verify that and the indentation distance is inversely proportional to the change
the mass balance of dissolved and precipitated material # capacitance.
satisfied. All experiments to date used fluid volumes of 1 ml
or more, no control over where dissolved matter precipitatedo isolate the brine volume from the atmosphere. On top of
and temperature fluctuations of the order of 0.1-1 K. the crystal, a piston ground to a height at which the top
If the measurement of the timgistory) dependence of surface reached 50—1Q0m above the surface of the hollow
the PSC rate is required, both high resolution and good steylinder was placed and a quartz plate was placed on top of
bility of the measurement device over the duration of thethe piston. The bottom surface of the quartz plate and the top
experiment are essential. Published experiments had heigurface of the hollow cylinder were coated with gold that
resolutions down to 0.Lm, except that of Hickman and Was electrically connected to either an impedance analyzer or
Evans [23,24 for which a resolution of 0.0um was @ capacitance bridge with a lock-in amplifieas shown in
claimed. The long time stability of the measurement device§ig. 2) for measuring the capacitance of the gap. The
are normally not reported in detail, but can be assumed to beapacitance is inversely proportional to the widtthof the
of the order of ten times the resolution. gap:

soe m(rg—rf)
IIl. EXPERIMENTAL TECHNIQUES Co=—4g )

We use two different capacitance dilatometers in this

study, a single capacitance dilatometer built for long timewhere ¢, is the permittivity of vacuumg, is the relative
stability and high accuracy and a differential dilatometerpermittivity of hexadecane and andr, are the inner and
built for measurement of short time response to temperaturgyter radii of the electrodes, respectively. The foFcep-

and stress changes. The single capacitance dilatometer I“ﬂ%d on the top causes the indentors to penetrate into the

previously been used with dry samples and has been dgrystal by PSC, and the indentation distance is inversely pro-
scribed beforg25]. However, we describe the instrument in portional to the change in capacitance.

some depth because several modifications have been carried
out to study PSC with the necessary accuracy and precision. _ _ )
B. Single capacitance dilatometer
A. Measurement principle 1. Indentor geometries

Figure 2 shows the principle of the capacitance dilatom- Several indentor types and geometries were tried. These
eter that was used in this study. At the bottom of the sampléncluded 0.1-mm-diameter glass beads, gold and steel wire
holder(a hollow quartz cylinder glued to a sapphire window mesh, electron microscope grids, glass lenses, optical fibers,
indentors(gold wireg were placed and a few microlitres of and gold wires. The indentors should be inert and have a
water were added. On top of this, a small single crystal oknown shape to allow the contact area to be calculated as a
soluble material with a diameter 5 mm was placed and function of indentation. The identors should also cover a
a fluid that is immiscible with watethexadecanewvas added sufficiently large area to average over local heterogeneities in
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FIG. 4. Thermal stability, measurement resolution, and measure-
. ment stability. Left hand side: measurement of temperattop
Ob ' X (1) 86 0 Y (urm) 500 and dilatation of a copper test sampl@ottom) when the
H H proportional-integral-derivativéPID) control is used to modulate
FIG. 3. Indentor geometry in the gold wire cell. Upper left: A the temperature with an amplitude of Q.S mK. Right hand side:
picture taken through the bottom of the cell showing a crystal sit:méasurement of temperatuftop) and dilatation(bottom) of an
ting on three gold wires. Upper right: Microscope picture of gold inert quartz glass sample over a long time period.

wire surface roughness. Lower left: White light interferometer pic- ) L
ture of gold wire profile. Lower right: Measured gold wire profile COPPer enclosure, the inner copper block is in good thermal
from image on lower left. contact with the enclosure only through a Peltier element. On

the top surface of the Peltier element is a thermistor that is
sed in a control loop(proportional-integral-differential
ID) control) with the Peltier element to modulate heat flow

the crystal surface yet have small enough dimensions to a
low rapid diffusion of material out of the contact area and

Lo . I~ . into the inner copper block. The inner copper block has a
maintain mechanical stability. We found that gold wires thatIarge thermal mass compared with that of the sample holder.
were pressed flat fulfilled these conditions. For stability we

. . ; ."~Good thermal contact of the sample with the copper block is
used three gold wires. Figure 3 shows a picture of gold wireg o e by using a sapphire flat as the base of the sample

in the sample cell viewed through the sapphire glass bOttomholder (sapphire has a thermal conductivity 40 times the

It also shows white light interferograms of a gold wire PrO" thermal conductivity of glags The temperature measure-

file and the surface structure of a gold wire. A gold wire o g \yere performed using a quartz thermometer in the
proflle. from .the |_r1terferqgram thgt ShOW.S the average formbopper block close to the sample holder. Due to the small
and dimensions is also '”C'”d?d in the figure. AIthough thesample and fluid volume with respect to the copper volume,
contact area between gold wires and NaCl surface is N9ke assume that thermal gradients in the sample and fluid are

constant, the change in contact area with indentation and 'St the same order of magpnitude as or smaller than the mea-
effect on the PSC rate is modeled and compared to eXPerk .od short time thermal fluctuations

mental datgsee Fig. 8 The thermal response function of the system has been
well studied and describd@5]. We have performed recali-
2. Thermal stability brations with the current sample holder and improved the

Temperature has to be controlled very accurately to avoiéo,“g time thermal stabillity. Typical results are displayed in
thermal dilatation and changes in the solubility of theFig- 4. The left hand side shows the measurement of tem-

sample. To achieve this we have used a three stage thernf3frature and dilatation of a 5-mm-high copper sample when
control. The room temperature was controlledta K by an the PID control is used to modulate the temperature with an

air conditioning unit. This ensures small variations in tem-amplitude of 0.5 mK. Using this ac technique, a correspond-

perature for the electronic equipment, and a first stage il'd thermal expansion of the copper sample of*00405 A

controlling the temperature of the sample. The principle ofV@S measured. On the right hand side, measurements of the
the next two stages of the thermal control system is illusiemperature and dilatation of a quartz glass sample, over a
trated in Fig 1 of Ref[26]. Oil is circulated through a copper 10Ng period of time, are shown. The temperature has a stan-
enclosure that surrounds the inner part of the apparatus. TH"d deviation of 0.5 mK.

oil temperature is controlled by a control loop consisting of a
temperature sensor and a heating element in a circulation
bath on a refrigerating element. Before it reaches the copper An instrument to measure small displacements must be
enclosure, the oil flowing from this temperature control unitmechanically stable and frictionleg&7]. The principle used

is passed through a low pass filter designed to remove fludn this instrument is simply to place the components on top
tuations generated when the heating element turns on araf each other in a “pile” that does not need side walls for
off. The oil tubes and copper enclosure are insulated from thetability. This requires that all of the surfaces must be paral-
air in the room. Using only the air condition and the oil lel and all of the components must be axially symmetric.
circulation system, the temperature in the sample holder i8Vhen we tried to use the walls to stabilize a similar assem-
kept constant with a standard deviation of 20 mK. Inside thebly, the measured elastic response to the load chamwai-

3. Mechanical and electrical stability
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nally a few nanometeysvas completely dominated by fric-
tion. The transmission of force from the dead weight to the
upper plate of the capacitor is not friction free in this setup,
but thermal dilatation experiments show no hysteresis, anc
we conclude that the small friction in this part is not impor-
tant.

Great care has also been taken to achieve electrical stabi
ity. Deterioration of contacts and solder joints over period of
weeks may make accurate measurements impossible. Ac
equate screening of signal leads to minimize the effects ol
noise and ground loop currents and is essential. Even turning |/
on the lights in the laboratory induced currents that were \\‘
sufficient to overload the detector. The most difficult prob-
lem was to keep water from creeping out of the sample
holder and into the capacitance gap. This was finally
achieved by silanating the quartz glass hollow cylinder and FiG. 5. Microscope view of contact surface between sodium
piston with a solution of chlorotrimetylsilane in toluene for chioride sample and tripod. Interference fringes from green light
15 min and drying at 150 °C. In addition, the sample holder(550 nm show that the maximum distance between the surfaces of
and capacitance gap were filled with hexadecane, which hage capillary tubes and the sodium chloride surface jsra.

a relative permittivity of 2.0 under ambient conditions. The
right hand side of Fig. 4 shows measurements of the temn

i . num oxide. This makes it much easier to pass the thin elec-
perature and dilatation of a quartz glass sample over a Ionﬁic leads 1o the electrodes without short circuitin
period of time. Since the quartz glass sample is made of the T T ng. o
The electronic circuit is a specialized lock-in amplifier

same material as the hollow cylinder, there should be no . "
differential dilatation if the temperature fluctuates. The mea?)u”t in-house based on that of Jor{@5]. Compared to the

surement therefore reflects the long time stability of the elecSIiN9le capacitance in Fig. 2, the main difference is that the
tronic circuits and the mechanical components. Quartz gladlancing capacitandg; is now mechanically and thermally
hollow cylinders were used in this experiment because of th@lmost identical to the measuring capacitance.
low thermal expansion coefficient of quartz. The dilatation A tripod construction is chosen for stability. It is made of
measurement has a standard deviation of 4 A. The electric& quartz glass cylinder of 5 mm diameter aa@ mm height
and mechanical stability of the instrument is therefore estiwith three cylindrical legs. The legs, glass capillary tubes of
mated to be better than 10 A over a month. outer diameter 1 mm, inner diameter 0.8 mm, and height
~1 mm, are glued with a very thin layer of light curing glue
to one of the flat surfaces of the quartz glass cylinder such
C. Differential dilatometer that all four cylinder-tube axes are parallel. The lower sur-

The differential dilatometer is shown in Fig. 1 of Ref. faces of the three glass tubes are carefully ground flat and
[26]. The symmetrical design with two, nominally equal ca- parallel to the quartz glass surfaces. Figure 5 shows the mi-
pacitances, pistons and samples, one wet and one dry, @oscope view of the contact surface between a sodium chlo-
chosen to cancel out all effects but those caused by differide sample and the three legs of the tripod before any in-
ences on the two sidgpresence or absence of watefhe  dentation has taken place. Interference fringes from green
dilatometer is designed to allow inspection by microscopelight (550 nm) show that the maximum distance between the
The presence of a microscope objective close to the sampkurfaces of the capillary tubes and the sodium chloride sur-
limits the available space and the possibility of an extremdace is 2um.
thermal control and long time stability as in the single ca- Figure 6 shows measurements with the differential
pacitance dilatometer. dilatometer of temperature and dilatation over a period of 20

The outer part of the instrument consists of an isolatech. In this experiment both sides of the dilatometer were dry,
brass block with tubes spiraling down the outer perimeterbut otherwise as shown in Fig. 1 of R¢26]. The tempera-
Thermostated water is flowed through these tubes as the firire has a standard deviation of 5 mK. The temperature fluc-
step in the thermal control. Heat flow from the outer brasguations are ten times larger than in the single capacitance
block to the inner aluminum block is transmitted throughdilatometer, but still small enough to have a negligible effect
Peltier elements. The heat flow is modulated by controllingon the PSC. There is a measured indentation rate of 0.3 to 1
the current through the Peltier elements. This is performed imm/h that is in part due to plastic creep in asperities in the
a PID control loop with the temperature measurement from @ontact and in part due to electrical noise. The slow drift is
thermistor in the aluminum block as the control variable. It isnearly three orders of magnitude smaller than the indentation
preferable to use materials with a small thermal expansivityates by PSGsee below and therefore negligible. The sud-
in the dilatometer, but since this is a differential design weden change in measured indentation illustrates the magnitude
chose to depart from this principle. Aluminum has been choand time scale of electrical noise that affects the measure-
sen for the inner block and the electrodes because they caments. Such disturbances are often easy to detect as noise,
be eloxated to obtain an electrically isolating layer of alumi-but not always.
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15 B FIG. 7. Indentation of gold wires in sodium chloride by plastic
€ I deformation. Top: Indentation vs time with nominal load of 4 MPa.
c£10 |- Bottom: microscope picture of surface deformation with 17 MPa
N 5 B normal stress.

0 ) ! | ! | ! | ! . . . . .
0 5 10 15 20 imprints in the crystal when the surface was inspected with a

microscope. Figure 7 shows the displacement creep for dry,
plastic deformation with gnomina) load of 4 MPa. The

FIG. 6. Stability of temperature and differential dilatometer with total creep over 100 h is smaller than the average roughness
tripod and dry sodium chloride at 0.8 MPa on both sides. The driftof the crystal surface. The mean creep rate during the last 50
of the dilatometer at start of experiment is 1 nm/h and decreasing th was 0.2 nm/h. Since no process other than plastic creep
0.3 nm/h after 20 h is probably due to plastic creep at the very smaltontributes to smoothening of the interface between the gold
contact points. The disturbance at 15 h is a typical problem, this onevires and the crystal, the creep shown in Fig. 7 is an upper
occurring at 8 in the morning when electric machinery is switchedbound for the contribution of plastic deformation to the PSC
on. The exact cause is unknown. measurements presented below.

t (h)

Ill. RESULTS B. Indentation of sodium chloride by pressure solution

All the results presented here were obtained using sodium A series of experiments were carried out in which gold
chloride at room temperature. To avoid the important probwires indented sodium chloride in the presence of saturated
lem of dissolution vs establishment of a solid, nondissolvingorine. The experimental results are shown in Fig. 8. The only
interface[24,22 leading to contact healing, we used inert treatment of the raw data before presenting them in Fig. 8
indentors on the sodium chloride surfaces. was conversion of capacitances to gap heights and subtrac-
tion of the initial gap heightgthat varied between 50 and
200 um from experiment to experiment

The most striking feature of the indentation curves in Fig.

Sodium chloride has a hardness of 2—2.5 on Mohs’ scal8 is the rapid initial indentatiofup to 2 wm/h) and continu-
[28]. The plasticity of sodium chloride has raised some con-ous decrease in the indentation réi about 2 nm/h at 370
cern that it is not a good analog material for PSC experi-). This behavior appears, at first sight, to be similar to loga-
ments, but comparison with PSC in sodium chlorate whichithmic creep caused by exhaustion of moving dislocations
does not deform plastically at room temperature shows thd0]. However, a more detailed examination of the data in-
plasticity does not play a key role in PSC of sodium chloridedicates that these cannot be well represented by a logarithmic
[29]. However, we have performed some experiments tdorm. We will return to possible explanations of these results
quantify the effect of plasticity in our setup. A single sodiumin the discussion.
chloride crystal with ground surfaces was dried with a flow The indentation rate during the first 10 h varied greatly
of pure nitrogen gas for 2 min and placed on gold wires inbetween the different experiments, but after 10 h all the
our experimental cell and covered by hexadecane. The crysurves behaved very similarly. We believe that this is due to
tal was put under constant loads corresponding to stresses ife dissolution of contacts caused by initial surface rough-
2,7, 12, and 17 MPa. The normal stresses were calculated mess, deviations from flatness, and mismatch of the two sur-
measuring the areas of contact determined from the imprint&ces. After~1-12 h, the three gold wires have established
of the gold wires on the sodium chloride surfaces, after theeontact along the entire length of the wires, and the rough-
experiment was completed. The imprint corresponds to th@ess from grinding, polishing, or cleaving has been dissolved
area of contact after the highest load. Figure 7 shows theway. This has been confirmed by measuring the depth of the
details of one such imprint. Grooves from the grinding pro-dissolution grooves and comparing it with the measured total
cess can be seen running in all directions and théndentation in each experiment. A further indication that all
20-um-wide groove imprinted by the gold wire, which runs the experiments have reached a similar stage after about 10 h
horizontally in the picture, can also be seen. Since the imis that the indentation ratgslopes of the curves in Fig.) 8
print is at least as large as the maximum contact area, @re similar, varying from 110—-220 nm/h with a mean of 170
might be expected that the real area of contact for the initiahm/h and a standard deviation of 50 nm/h. Consequently, in
(smallest load was smaller. The estimated normal stress of 2he lower graph of Fig. 8, we have shifted the experimental
MPa is therefore a lower bound. In a later experiment usingurves vertically to coincide d@t=10 h. This graph ilustrates
a 4 MPa normal stress, we were not able to identify thehe extremely good repeatability of the experiments.tAt

A. Indentation of sodium chloride by plasticity
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20 I 4 i =— natural, ground, 7ul
%—x natural, ground, 3 pl
&—= natural, polished, 0.5 ul
A—A natural, cleaved, 10 ul
G—->9 natural, ground, dry’
V— synthetic, polished 0.4yl
—— t=A:B, [d(z) dz

—-— t=A+B, ﬁi(zfdz

4

0 100 200 300 400
t (h)

FIG. 8. Indentation of gold wires in sodium chloride by PSC at —
4 MPa normal stress and ambient temperature. Upper graph: Ex g_
perimental indentation curves for natural and synthetic sodium —
chloride with ground, polished, and cleaved surfaces and varying
amounts of brine. The “dry” experiment shows, as explained in the
text, PSC with only an adsorbed layer of water on the NaCl surface.
Symbols on curves every 500—-1000 data points. Lower graph: Ex-

Z (pm)

perimental curves shown above, shifted to coincidet=atO h. o ' 0
Model curves(long dashed and dash-dotigépresent the effect of 0 o
only changing contact area of gold wire according to the model for 0 X (Hm) 60

the gold wire cross sections shown in the lower right corner.
FIG. 9. Structure of the contact region after indentation by PSC.
Optical micrographtop) and white light interferometer imageot-

Th ; t f d with th | tom) of groove indented by PSC. Shell-like or island-channel-like
€ experiments were performed wi e same (e structure with plateaus of linear dimension 2 61, shallow chan-

ing gc_JId wires anc_j normal fqrce as 'Fhe plastic deformation g (=1 um) and deep pits£3 um) in between. This type of
experiment(see Fig. 7. The indentations after 100 h were gcture was generic to these experiments with small variations due

25-50 times larger with brine present. The rate of indentay, original surface treatment of the crystal and duration of the ex-
tion after 100 h was 2¥1 nm/h for all the wet experiments, periment.

more than 100 times larger than the plastic indentation rate

of 0.2 nm/h at the same time. This confirms that we arghe experiments would be expected. On the contrary, the data

measuring a water assisted indentation process, and that gfre described by extreme invariance to the brine volume, and

dinary plastic deformation has a negligible effect on our re\ye conclude that the process is not precipitation controlled.

sults. The dissolution and precipitation kinetics of aqueous
To determine whether the precipitation rate or a nucleNaC| are very rapid at room temperaturégse= Kprec

ation barrier might cause the slowing down of the process=(.015 mol/ns. For any of the models described above,

we have varied the amount of brine at the gold-sodium chlopsc has been shown to be limited by diffusion what]
ride contacts from 10° down to the amount of water ad-

sorbed on the sodium chloride surface at a relative air hu- _ Kaisd?
midity of 50%. A 10wm indentation corresponds to a U
dissolved NaCl mass o010 °g. In 10 ul of saturated

brine there is X 10 2 g of NaCl. In this case, the dissolved where Ceq= 5.4X 10° mol/m® is the equilibrium concentra-
mass will change the concentration by 0.3% if no NaCl istion [28]. In the FF and IC models};~10 ° m is the width
precipitated. In comparison, the solubility changes by 0.14%f the gold wires and 10'° m®/s<AD <10 > m%s. In the
when the pressure changes from 0.1 to 4 MiPg|. If the  IFF model,d;~10 ® m is taken to be the width of the struc-
“driving force” for dissolution is expressed as the difference tures shown in Fig. 9 and 16° m%/s<AD<10 '*m%s.

in solubility between the water at the contéat 4 MPa and  Consequently, 10°< U< 10?, and whichever model is used,
at the free surfacét 0.1 MP3, it can be concluded that for this clearly indicates that the process is limited by diffusion
the larger brine volumes the indentation by PSC may havef solutes out of the contact region. If the indentation rate
progressed by several micrometers, even if there is no prewas dissolution rate limited, then the indentation rate would
cipitation. For the system with adsorbed water only, therebe given by

would be less than 1-nm indentation if there was no precipi-

tation. If the rate of the measured indentation process was in f: kd_lss Kedp=0.1 MP3 =2x10" " m/h, (5)

=200 h, the standard deviation is 5%zmand 9% ingz/Jt.

= ADCeq>0.001, (4

any way limited by precipitation, large differences between ot p Kefp=4 MPQ
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wherep is the density of the solid. This is one to four orders
of magnitude larger than the indentation rates measured ir
the experiments.

In order to test the effects of microstructural features in
the crystals, we used both natural sampliesm Windsor,
Ontario, Canada delivered by Ward’s Natural Science Estab ™
lishment Inc., Rochester, NY, U.S)fand synthetic samples
(delivered, polished by Pi-Kem, Shropshire, Englaadd 113 . A .
we have used ground200-4000 mesh grinding paper with 266 271 276 281
liquid paraffin lubricant, both from Struers A/S, Rodovre, t (h)

Denmark, polished(using a suspension of Am diamonds

from Struers dispersed in dry hexadecaard cleaved sur- FIG. 10. Effect of temperature variation on indentation rate. A
faces. The ground surfaces had scratch méuksto 3 um 16 h interval of a long experiment in which gold wires indented
wide and deepfrom the grinding paper such as those in Fig. NaCl single crystal. Fob h the temperature was varied sinusoidally
7. The polished surfaces had only suboptical scratches, witfyith an amplitude of 0.1 K. Lower curve: measured temperature.
a width of less than Jum. The cleaved surfaces have no Upper_ curve: measured_indentation. Ins_et numbers are indentation
scratch marks, only atomically flat plateaus and steps of u tgs _|n,um/h for the periods before, during, and after temperature
to 3 um between plateaus. The dislocation densities in the@"ation-

bulk and near the surfaces are assumed to vary between these

samples. The use of flattened gold wires as indentors contrit?! € témperature is typical if a simple water bath is used for

utes to “averaging” over a large area<6x 107 m?) of temperature control. Figure 10 shows the temperature and

each crystal surface, while keeping the transport distance fd[ dgngath[ntpurves for' tg's etxp'enment..bil'h'e dste?dty sloptha'lof
dissolved material small (15—26m). The averaging en- WN€ indentation curve is due to irreversible indentation, while

sures that the process is representative of each type of SL}p_e sinusoidal variations are due(reversiblg thermal dila-

face. The conformity of the indentation curves, irrespectivetat'on' Before the temperature variation was started the in-

of the surface treatment or sample provenance, indicates thg{antatlon rate was 0.011em/h, and after the temperature

the PSC process is not controlled by the distribution of preYariation was stopped the rate was 0.00&®/h. Without

existing dislocations in the material. This is not in conflict 1Y témperature variation the indentation rate would have

with earlier observations of dislocation density controlling P8n~(0.0115+0.0092)/2=0.0104m/h. The indentation

PSC[24], because in that case the control acted through thEt€ measured, while the temperature was varied, was

process of “healing,” which is not possible in our experi- 0-0134xm/h (30% highey.

ment(because we use gold indentors instead of two crystals !t Was shown above that PSal constant temperatures
of the same material diffusion limited. The change in diffusion coefficient of

aqueous NaCl due to a temperature change of 0.1 K is 0.3%
[32]. It is clear that this cannot explain the measured rate
change. A possible interpretation is that the 30% increase in
After the indentation experiments by PSC, the salt crystalndentation rate is an effect of varying the saturation concen-
was quickly removed from the sample holder. It was flushedration which results in an additional driving force for inden-
with a jet of hexane for a minute to remove brine and thudation: as the temperature rises it drives dissolution all over
avoid crystal growth after the end of the experiment. Thethe crystal, contact and free surface areas alike, and as the
surface of the crystal was photographed through a microtemperature falls it drives precipitation on the free surface
scope and the images were compared to photographs takareas only. A temperature increase of 0.1 K causes a change
before the experiment. Invariably, the grooves left by indenin NaCl solubility of 0.004% which should be compared to
tation of the gold wires had a shell-like or island-channel-the 0.14% difference in solubility between the liquid in the
like structure such as that shown in Fig. 9. After some of thecontacts and in the bulk.
experiments were completed, we also used a white light in- The increase in indentation rate clearly shows the impor-
terferometer to obtain a three-dimensional image of the sutance of good temperature control during experiments on
face. It can be seen in Fig. 9 that there are plateaus of lineaystems with small driving forces, such as PSC. Small tem-
dimension 2—-6um with shallow channels<€1 um) and perature changes can easily create driving forces larger than
deep pits &3 um) in between. The structure was slightly those associated with the process of interest.
dependent on the original surface treatment of the crystal and
on the duration of the experiment. E. Effects of normal stress variations

11.5

(lm)

21.8
11.4

21.6
F

21.4

C. Structured contacts

Figure 11 shows the response of the PSC process to sud-
den increase in normal stress. This experiment was per-

During one of the 400-h-long experiments in which gold formed with the single capacitance dilatometer. The only
wires penetrated into NaCl by PSC, the effects of temperachange made to the apparatus is that the force on the inden-
ture variations were investigated. F6 h the temperature tors giving the normal stresses was applied with a gas filled
was varied sinusoidallyusing the Peltier elementvith an  bellows instead of dead weights. The gas pressure was con-
amplitude of 0.1 K and a period of 30 min. Such a variationtrolled by heating the gas in a chamber connected to the

D. Effects of temperature variations
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= 100 F— ; T —5240MPa 3 serves the continuous indentation curve, much resembling

% F ‘—‘———‘[ ] indentation curves with constant stress. On closer inspection

S 10F  5oampa—2 =/MPa 5 -=7MPal - it is clear, however, that there is a marked increase in inden-
© : |--1~——T--— ; ; ; 0'%;4M1?a o tation rate at the onset of a stress increase even when the data

| 1-36nm/h 3 4 | has been normalized for the normal stress. In other words, it

10 L %:ﬁm 5 is not only the thermodynamic variable normal stress that

affects the rate, but also the history, the time elapsed after the
application of this stress.

One may counter that the indentation rate may, for some
unknown reason, have a different dependence on normal
stress, i.e.gz/gt~o?, a# 1. Applying larger powersa, to
the data one may obtain a local continous slope in the cor-
rected experimental curve, but on a larger scale the curve
looks discontinous.

The question remains whether the history dependence is
some simple transient effect. When stress is increased, fol-
lowing the normal, thermodynamic treatment of PQ(7,8),
one expects the solubility of sodium chloride in water to

p vt (h) . increase at the contacts. One might think that the system
,/ | | \ stays in a transient state until the contact region reaches the
4.3 oo ' ' — 5.8 new state of local equilibrium. If this is the case, the same
transient mechanism will cause the PSC to lfaitreverse
due to local supersaturation when stress is released. There is,
4.1 1 r 1 5.6 however, no evidence of a transient phase in our data when
| | 1 | the normal stress is stepped down from 40 MPa to 7 MPa
and further to 4 MPa.
3.9 PR I . ! 1 54 The observed increase in PSC rate after the increase in
63 65 67 128 138 normal stress is therefore an irreversible, nonthermody-

FIG. 11. Steopi ‘ | st Top: S ¢ amic, time-dependent effect. It appears that the sudden in-
-+ >lepping of normal stress. Top. Sequence of NOMag o 55a of normal stress reactivates the unknown process that
stresses applied by gold wire indentors on the sodium chloride Sul

face. Middle: Measured respong&aastic compression and indenta- ea\t/:l\ztﬁat\f/}: ;gg]g g:f:)?rigdsgxp(ra?icn?:its varvina the normal
tion by PSQ to normal stress sequence. Bottom and blowups: Nor- P P ying

malized indentatiorz, [see Eq(6)]. stress sinusoidally. We have tried to vary the amplitude and
frequency of the normal stress perturbations in order to gain
yrther insight into the problem. It has proven extremely dif-
icult to obtain good data with our single capacitance
dilatometer. This is due to the large elastic response with
fespect to the subtle effects of PSC. The other problem is that
our setup requires forces that are small compared to the stiff-
dentation by PSC. The elastic response is effectively instar2c>° of the bello_ws. Howgver,_ we have obtained some inter-
&ggng results displayed in Fig. 12. At the end of a long

taneous and is seen as open gaps in the curve. One obser eriment with constant normal stress of 11.2 MPa, we ap-
that after each stress step the indentation rate increases s&fp : ' P

z (um)

(9]

z (um)

(= S e =)

bellows and measuring the gas pressure. In this experime
we stepped the contact stress fren®.1 MPa in a sequence:
(4, 7, 40, 7, 4 MPa. The responsez, measured by the
dilatometer includes both the reversible elastic compressio
(of the sample, indentor, and pisjoand the irreversible in-

: ”» d a normal stress varying sinusoidally with an amplitude
denly and then decreases. Here, we observe in addition thBY'€ . . i
this behavior does not only happen when indentors ar hszPt{; anr(r:i]apepodd o|f8.t:i3 h'r-:—cri]einrgldr?tletiggaeh In I;|g. 13\/
brought in contact with the dissolving crystal for the first SNOWS the measured e1astc a entation response. We

time, but it starts anew each time the stress is increased. have _n_ot subtracted out the elast|_c response to show how
Simple thermodynamic considerations of the driving forceIarge itis (-:omparled 0 t.hAe changes in PSC response. We have
for PSC predict that the indentation rate is proportional tomade a simple linear fiiz, to the dataz, before the stress
normal stress. In order to better quantify the time-dependeras varied:
effect of stress increase, we also display the measured data R
corrected for elastic compaction and normalized to 4 MPa z=a-+Dbt, (7)
normal stress:
o wherea and b are fitting parameters artd=[450,489 h is
2,=(2=20) -~ AZejast, (6)  the time. The bottom plot in Fig. 12 shows the dataz.
! Because of the strain hardening process for t<485 h is

where z, is the measured height right after the stress wagurved around zero. If the PSC process was unaffected by
increasedg is the new stressr; =4 MPa, andAz,,.;is the  the stress changes #&it-485 h, the curvez—z would con-
elastic compaction. In the lower graph of Fig. 11 one ob-tinue ever more negative due to the strain hardening. One
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FIG. 12. Increased dissolution rate due to periodic normal stress
variations. Top: Normal stress applied by gold wire indentors on the ) o ]
sodium chloride surface. Middle: Measured respofeastic com- ~_ FIG. 13. Response to stepping of normal stress in differential
pression and indentation by PS® normal stress sequence and dilatometer. Top curve shows 50 h indentation of a glass tripod into

straight line fit to constant stress response. Bottom: Measured réodium chloride at 0.4 MPa normal stress anq a sudden increase in
sponse subtracted straight line fit. normal stress to 0.8 MPa gf=25.391 h. The middle plot shows an

enlargement of the response to the change in normal stress. Because

b h h 450 h th f th the differential dilatometer was well balanced in this experiment
observes, however, that &t the mean of the curve and gave stable readings after 5 s, we plot the response to the stress

z—7 goes positive. Thus, the sinusoidal normal stress variaincrease in log log as well.
tion speeds up the PSC process even though the mean stress

is the same as before. curves are in the asymptotic regime ftst>>10 h. One ob-
The differential dilatometer has been used to study thgeryes that the creep a short time after a stress increase has

short time response to stepping of the normal stress. Figuige same time dependendez=t'3, as the long time behav-
13 shows indentation of the tripod into sodium chloride atjg; of the creep at constant stress.

0.4 MPa normal stress and a sudden increase in normal stress
to 0.8 MPa attg=25.391 h. Due to the stability of the de-
sign, we obtain reliable data only a few seconds after in-
creasing the dead weight load on the tripod. The bottom PSC requires dissolution, transport, and precipitation. To
curve in Fig. 13 shows the indentation after the stress inverify that the experimental observations are due to PSC, itis
creasez—z,, as a function of time since the stress increaseimportant to identify both the dissolved and the precipitated
t—tg, in a log-log plot. The response starts off with a slopemass. This was quite difficult in our experiments because the
of 1/3 and increasing slightly after 10 h as the “original mass dissolved by three gold wires would form a very thin
creep curve”(for 0.4 MP3 becomes relatively important.  layer if it was distributed uniformly over the large surface
In another experiment, we stepped the normal stress usurrounding the indentors. Depending on the surface treat-
and down several times. Figure 4 of RE26] shows the ment, most often the precipitating salt did crystallize in very
applied variations in normal stress and the measured rehin layers on the exposed surface. This made the precipitate
sponse. This experiment had larger problems with instabilitympossible to distinguish from the original salt even when
in the electronic circuit. It is, however, to some extent pos-blue NaCl(nonstoichiometric NaCl with an excess of inter-
sible to separate the instabilities from the response to thstitial Na) was used. In some instances, when the original
normal stress. One observes that each time the stress is iNaCl surface was scratched or damaged in other ways, the
creased from 0.4 MPa to 0.8 or 1.2 MPa, the indentatiorprecipitating NaCl did not form a new layer on the existing
starts rapidly and slows down again as in all the other exerystal. Instead, the precipitate nucleated and grew as new
periments. In Fig. 3 of Ref26], we plot all the indentations crystals on the surface. Figure 14 shows micrographs from
Az=z-7z, for stress changes of 0.4—0.8 MPa together withan experiment using a stainless steel grid as the indentor. The
the long time response at constant stress. The latter cregpason for using a grid is to have many small indentors to

F. Precipitation of pressure dissolved material
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(a) o= 4 ® , . To obtain a rough estimate of the transport length scale,
by % o diffusion from a constant concentration source at the origin
AR F > ,é’-"‘ is described by the one-dimensional equation
e ] 5 A {
3 - 200um | gc ¢ Kk
: E ol = ﬁ—%‘”(l—c/ceqx ®
=X , S N
AR ' _iC i, wherec is the concentratiorx is the position along the crys-
ke = T ' tal surface k¢ is the precipitation kinetic coefficient, is
— (d) : the thickness of the fluid layer above the free crystal surface,
andc.q is the equilibrium concentration. The last term rep-
& resents precipitation at the crystal surface. By expressing

the one-dimensional diffusion equation in terms of the new

2 variables c'=(c/ceg—1) and x'=x/l,, where I
=Dl Ceq/Kpreo @nd assuming steady state conditions, the
equation

————— ——¢'2=0 9
(f) ] (9X,2 ()

precipitated volume

_______________________ is obtained. The solution to this equation is a simple expo-
nential decay with a characteristic length of,
=Dl Ceq/Kprec=4X 10 8 m. The one-dimensional model

40 60 80 100 is valid only in the limitl,>1,, and here it is used only to
%o above height show that due to the rapid precipitation kinetié@rge Kyred

FIG. 14. Precipitation of pressure dissolved mate(@lOptical |, <1 um. The precipitate grows as secondary crystals and

micrograph taken through the bottom window of the sample cell adoes not form a layer on the existing crystal because of sur-
the end of an experiment, before the system is perturbed. The imadggce damage. This causes effectively a nucleation barrier that
shows the wire mesh used as the indentor with a salt crystal on toppodifies the simple precipitation model in E®) and thus

(b) Details of the outer part of wire mesh indentor showing No explains the observation of crystalslat-10 um in this ex-
precipitated crystal¢d) Details of the middle of the indentor show- hariment.

ing wire mesh_anc_i pre_cipitated crystals on the original single crysta For an area of linear dimension much larger thanthe
Eurface(c) Wr(‘j'tf "ghttr:nterferolgrﬁn?;;ge tcr_3|’5tfa| '('az "’)‘ftir ithas  mass dissolved should equal the mass precipitated. Figure
aeeggimzvzissgc‘e d eifzr;'g € re(z:i itéte?j ac'rs s:fggl—feis h?"(‘;';g 14(e) shows a high-resolution WLI image of the surface with

P P precip Y gnt . secondary crystals surrounding a pit formed by pressure dis-
from (e) plotted as height vs percent of surface above this height . . . . . .
showing that 5% of the surface is precipitated crystals and 5% 015‘0'9“0”‘ F_lgure 16) displays t.he load bearing ratl_o of ﬂ;IS
the surface is pressure dissolved. The colored areas indicate thg9Ion. This shows that the original S”rfa!ce occupies 87./9 of
volumes dissolved and precipitated. the total area, an_d that 6% of th_e area is above the original

surface and 7% is below the original surface. The colored

produce a larger mass that will precipitate. The top picturegreas in Fig. 14) correspond to the precipitated and dis-
(a), (b), and(d) were takenn situ looking upwards through solved volumes(massep and are observed to be roughly
the sapphire window at the bottom of the sample holder. Aiequal as expected.
the end of the experiment, the sample holder was quickly As shown above, good temperature control is essential to
removed from the temperature controlled environment ancvoid other driving forces for dissolution and precipitation. If
put on top of an inverted microscope. Salt crystals were obthe temperature varies and the fluid volume is large, the mass
served to be sitting on top of the stainless steel grid that hadf precipitate from temperature variations can easily be
been indenting the salt crystal for 5 weeks by PSC. Thearger than that from PSC. However, there is an important
closeups show that there is also a large amount of secondadyfference in the spatial distribution of the precipitate. In
salt crystal growth on the salt surface between the wires oboth cases, the precipitate will be close to the source. For
the grid. Away from the gridaway from the points of dis- PSC, most of the precipitate will be close to the indentor and
solution almost no secondary salt crystals were observedior temperature variations, most of the precipitate will close
The bottom pictureg(c) and (e)] in Fig. 14 show micro- to the large fluid volumes. The distribution of mass in our
graphs recorded with a white light interferomef@fL|) after  experiment demonstrates that PSC is the dominant process.
the salt crystal was removed from the sample holder. The
WLI record; hgight information over the entire imaged sur- IV. DISCUSSION
face. The distribution of secondary salt crystals was found to
be the same as that in the situ micrographs. The observed = We have established that the indentation curves presented
length scale of mass transport from source to secondary cry# Fig. 8 arise from a PSC process in which material is dis-
tals is of the order of 10@.m. solved at the gold-sodium chloride contacts and transported

height, pm
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to the free surface, where it is precipitated in the proximity ofwhich is 2.5 times smaller and ends up with a slope

the indentor. We have shown that with the high degree obz/dt(t=200)=18 nm/h which is 2.5 times larger than the

temperature control our results are negligibly influenced byslope of the curves obtained from the experimental data.

temperature variations. The indentation rates are not corSince the standard deviation of the experimental slopes at

trolled by either precipitation rates or the density of preex-200 h is only 9%, it may be concluded that the model ex-

isting dislocations in the material, and ordinary plastic defor-pressed by Eq(10) is incapable of explaining the time de-

mation is negligible. According to any of the existing modelspendence of the experimental data. In addition, we note that

of PSC, the rate controlling step is diffusion. Because of thehe time-dependent creep(t) following stress increase

high precision and stability of our instrument, we have ob-shows the same time dependeneg)=t3 for both gold

tained data with unprecedented precision and repeatabilitwire indentors(see Fig. 11 and long time indentation curves

that lends itself to quantitative comparison with proposedn Fig. 3 in Ref.[26]) and glass cylinder tripod indentofsee

models of PSC. Fig. 13 and short time indentation curves in Fig. 3 in Ref.

The normal forceF on the indentors is kept constant in [26]). The glass cylinder indentors have no change in mac-

our experiment. The only macroscopic parameter varying imoscopic contact area after an initial indentation of.éh

time during the experiment is therefore the contact widlith (see Fig. 5.

which varies with indentatiorz (see Fig. 3. We wish to Clearly there is some time-dependent process involved

explore whether this can explain the observed slowing downhat makes the indentation slow down faster than changes in

of the PSC process. The normal stress at the contacts vary amcroscopic parameters can account for. We have recently

o,>F/d, and according to Eq2) reported measurements of the structure of the interface be-
tween the indentor and the NaCl undergoing H26]. We

(10) find that the mean contact sidg (in Fig. 1 or\ in Ref.[26))
increases with time ag,~t' (see Fig. 3 in Ref[26]). As-
suming the fluid film model is valid at the contact scle.,

In Fig. 8, we show a simple model for the flattening of the Eq. (2) with d=d.(t)], one finds that

gold wires: The volume displaced from the flattened part is

added to the sides described by circular arcs defined by the 9z AcDeoy

dz ADF
—
ot a3

o -2/3 1/3
parametersl, andr,. The width of the salt-gold wire contact e (1)? 1 =z(t) ottt (13
is then expressed by ¢
d(z)=d +m (11) which is exactly the time evolution we report here for the
— Mo 2

indentation. The evolution of the contact region morphology
(see Fig. 8 where dy=6.49um, r,=21.7um, andh  €an be interpreted as a spinodal dewetting prof26}s

=20 um. Inserting this simple modeti(z), in the indenta-

tion rate equatiorf10) V. CONCLUSIONS

Two instruments with high precision and stability have
t(z)=A+ Bif d(z)3dz, (120  been developed for measurement of PSC. The indentation by
PSC of gold wires or glass cylinders into sodium chloride

whereA; andB; are constants, we can obtain the strain—timehas been measured Wit.h unprecedented precision. and repeat—
curveszl(t) corlresponding io r,nodérll) The model strain- apility. We have established that the measured indentation

time curvesz(t) can be fit to the experimental data by ad- gywes are the r_esult of a PS.C process in which material is
justing the parameter8, and B;. We have already shown issolved at the |ndentor-sod|um_c.hlorlde.c_ontact:'s and trans-
that after 10 h the flat part of the gold wires are in c:ontactpo.rted to thg free surface where it is precipitated in the prox-
with the sodium chloride crystals along their entire Iengths.'m'ty of the indentor. It has been demonstrated that our re-

In some regions, the gold wires have just started to indent thgults are negligibly influenced by temperature variations. The

sodium chloride surface,while in other regions they havelndentation rates are not controlled by either precipitation

penetrated furtheiup to 7.8m in one experiment We will rates or the density of preexisting dislocations in the mate-

therefore require that the model strain-time curves coincidé'al’ ordinary p_Iast|c d<_aformat|on IS negllg!ble .and We con-
with the experimental data at this time,{t=10 h) ¢lude that the indentation rates must be diffusion controlled.

—Ze(t=10 h). Requiring the correct slope at 10 h, The high precision and accuracy of our measurements has

_ B = . enabled us to discover a strain hardening effect that is ex-
92/ O 1= 10 h)=092/3te,it=10 h), gives the parameter plained by a new model of PSC with time-dependent contact
setA, and B, with the resulting curve represented by long

dashed lines in Fig. 8. Alternatively, if the model is matchedS|ZeS'
to the data at long timesgmo{(t=370 h)=Zz.(t=370 h),

the dot-dashed curve shown in Fig. 8 is obtained. Both
curves clearly deviate from the experimental data. The slopes The project had been supported by the Norwegian Re-
of the curves are even further off the mark, the long dashedearch Council through the Fluid Rock Interaction Strategic
curve has a slope at 300 h of 28 nm/h, which is four timesUniversity Progran{Grant No. 113354-420 and by the Cen-
larger than the slope of the experimental curdzsot(t tre of Advanced Study at the Norwegian Academy of Sci-
=200)=7 nm/h. The second curve starts out with a slopeences.
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