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Influence of salt content on crack patterns formed through colloidal suspension desiccation
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We analyze the influence of physicochemical properties on crack patterns formed by desiccation of a
colloidal suspension, in the simple geometry of an isolated drop deposited on a flat surface. Depending on the
suspension salinity, different types of crack patterns are observed: at low salinities a regular pattern of radial
cracks develops all around the drop edge; at intermediate salinities, disordered patterns form, while at large
salinities a unique circular crack appears. These behaviors are controlled by the evolution of the drop shape,
that also depends on the suspension salt content. At intermediate salinities, large drop shape distortions appear
that can be interpreted as a buckling instabilfy1063-651X99)08903-5

PACS numbgs): 82.70.Dd, 62.20.Mk, 46.32.X, 47.54+r

In recent years, there has been a great deal of interest performed with a volume fraction equal to 0.20; thus salt
fracture processes, and many works have analyzed the maaedition always leads to the formation of a gel. The suspen-
phology of fracture surface and failure dynamiits-3]. Few  sions are aqueous silica sols; the particle radius is2lBm.
studies have dealt with cracking arising from the desiccatiomhe pH is about 9.0, and so the particle surface bears a
of complex fluids, although it is a widespread problem and ahigh negative charge density and DLVO theory is expected
lot of diverse patterns have been obserydd10. Many to apply[15]. The ionic strength valu¢ was adjusted be-
phenomena of geological interest involve desiccation an@ween 0.04 and 0.6 mol/l. To characterize the gelation kinet-
cracking; these include muddy sediments in present day tida¢s of our samples, we performed rheological measurements.
flats or giant polygons in playa lakgsl]. On the other hand, The results are well described by the scalar percolation
many coating and material elaboration processes are basgghdel of the sol-gel transitiofl4]. The gelation timeg is
on the drying of colloidal su_spensions; cracking and warpingyefined as the time elapsed after sample preparation when
then generally need be avoidgt?]. In the present paper, We  the zero shear steady state viscosity diverges. As displayed in
expepmentally study the influence of suspension salinity Or]:ig. 1,1, strongly depends oh for 1<0.2 molll, tg is very
the first stages of crack pattern formation. long (larger than a day while for 1=0.4 mol/l gelation oc-

The expenmgnts are.carned out.on ?"'Ca SO.IS with We”'curs almost instantaneous(y is smaller than 100)s For
controlled physicochemical properties in the simple 980 termediate values df tg exhibits a strong decrease with
etry of an isolated drop deposited onto a flat surface. De- G 9

pending on the suspension salinity, different crack patterngue to the incomplete screening of the electrostatic repulsion

are observed: at low salinities a regular pattern of radial-€~ t© @ colloidal interaction barrier which strongly de-

cracks builds up all around the drop edd®,13, at large ~ €r€ases akincreases. Thus varyir_lg th_e suspension salt con-
salinities a unique circular crack propagates, and for intermel€nt allows one to vary the gelation time over an extended
diate salinities a disordered pattern appears. We find that tH&nge of values. When solvent evaporation occurs, the ionic
difference between these behaviors is related to the evolutiofiPecies and the particles accumulate, locally modifying the
of the drop shape, which depends on the suspension sdlelation time. However, it must be noted that the local values
content on the one hand, and on the competition betwee®f the ionic strength and particle volume fraction can never
desiccation and gelation kinetics on the other hiia. The  be smaller than their initial values; thug represents an
analysis of our experimental observations will be based ompper bound for the gelation time for suspensions under des-
comparisons between the different characteristic times iniccation.
volved. The desiccation geometry used in the experiments is that
In the absence of evaporation, the stability of an aqueousf a drop deposited on a horizontal plate. Following water
colloidal suspension is governed by the interparticle colloidaloss, contrasting with the case of a water drop that recedes
interaction, i.e., by the competition between van der Waalsvith a constant contact angle, a drop of suspension recedes
attraction and electrostatic repulsion. Increasing the suspemvith a constant contact area. Indeed, as soon as evaporation
sion salt content screens out the electrostatic interaction, anlegins, particles deposit onto the substrate, resulting in a
depending on the particle volume fraction, flocculation orstrong anchoring of the three-phase line. Later on, the drop
gelation of the suspension may occur. The experiments wershape does not remain that of a spherical cap as for a pure
water drop, large distortions appear which depend on the
suspension ionic strengfti4]. These shape distortions result

*Electronic address: francois.parisse@fr.ibm.com from an inhomogeneous distribution of the particles, and on
TAuthor to whom correspondence should be addressed. Electronionic species induced by water evaporation and from related
address: allain@fast.fast.u-psud.fr changes in the mechanical properties.
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FIG. 1. Variations of the characteristic times with the suspen-
sion ionic strengtisemilogarithmic sca)e (A) gelation time;(®)
desiccation time(M) first crack formation;(X) beginning of the FIG. 2. (a) Side view: digitalized image of a colloidal suspen-
buckling instability. Lines are solely to guide the eye. The dashedsion drop taken 15 min after deposition on a glass microscope slide.
lines show three regions: a regular crack pattern, a disordered cradkie ionic strength is equal to 0.04 mol/l. The initial contact angle is
pattern, and a circular crack of a whole gelled drop. 40°, and the drop base diameter is 4 mm. A solid gelled foot builds
up near the drop edge, while the central part remains flb)dTop
view: same drop taken 20 min after deposition. A regular pattern of
radial cracks appeared all around the drop periphery, while the cen-
al part of the drop is still fluid.

Drop profiles and crack pattern formation were investi-
gated using video recordings and image analysis. Our optic
setup allowed us to obtain side and top views of the drop
simultaneously. As previously reported, great care was takeshape sequences and crack patterns observed depending on
to avoid optical distortions, in order to obtain the drop profilethe ionic strength. Three types of behaviors can be distin-
variation accurately16]. The setup is placed inside a glove guished that are considered successively in the following.
box (1.5 n) with the relative humidityRH) controlled by a At low ionic strengthgI<0.18 mol/l), the gelation time
variable flow of nitrogen bubbling in a water bath. The flow is larger than the desiccation time: typicallis /tp>100
is stopped before the beginning of the desiccation experitsee Fig. 1 As previously reported10,16 particles and
ment to prevent any convection inside the box. All experi-ionic species then accumulate near the three-phase line, lead-
ments were performed with a RH of 55% and an initial droping to the formation of a gelled “foot,” whereas the central
volume V, equal to 5 mmM The substrate is a carefully part of the drop remains fluisee Fig. 2a)]. The mechanism
cleaned microscope glass slide. It should be noted that, singesponsible for foot formatiofi10,16 is similar as in the
cracks nucleate at the later line, it is important to avoid decolloidal rings appearing during drying that were recently
fects of the three-phase lin@ust, wetting defects, ejc.In  studied by Deegamt al. [17]; however, in contrast to our
the experiments reported here, only one crack nucleates: thgse, the starting volume fraction they used was very small
observed patterns are developed by successive branchiggose to 104), and, under their physicochemical conditions,
starting from this first crack. The contact andleeasured gelation does not occur. As desiccation goes on, the foot
just after drop depositignis found to be constant, indepen- extent increases, while the fluid central part shrinks regu-
dent ofl: #=40°. In order to characterize desiccation kinet-larly. Furthermore, under solvent evaporation, the gelled foot
ics, we introduce the timg, =R,/ wg whereRy is the drop  tends to shrink, and large stresses appear. These stresses are
base radiugwhich remains constant during desiccaji@md  mainly orthoradial, since the central part of the drop is still
wg is the mean water flux per unit surface computed fromfluid and the gelled foot behaves as a ring adhering onto the
profile recordingwg=— S *dV/dt, whereSandV, respec- substrate. As time increases, the stresses increase until a cer-
tively, are the surface and volume of the drop at tithdn  tain timet at which their intensity becomes large enough to
our experimental situations, evaporation is limited by diffu- nucleate a first crack starting from the three-phase line. Dur-
sion of water into air: thus the only length scale involved ising the following 60 s later, a pattern of regularly spaced
the drop size, which allows one to write desiccation characeracks builds up all around the drop edgee Fig. 2b)]. The
teristic time asRy/wg. For a water drop, under the same observed periodicity comes from the coupling between stress
conditions, tp gives the order of magnitude of the time relaxation and evaporatiof9,13]. This type of behavior
needed for a complete evaporation of the drop. For a colloi¢gelled foot formation and regular crack patteimobserved
dal suspension dropyg is expected to be close to the value for | smaller than 0.18 mol/lt; is then always larger than
of wg for water, at least as long as the air/water meniscus hat, . Time tc, at which the first crack forms, is found to be
not receded inside the gel and the ionic strength is not toindependent of the ionic strengthee Fig. 1. As expected,
large[12]. This corresponds well to our observatiomag: iS  tc is smaller thanty (tc/tp=0.1), since cracking begins
found to be independent of time and bfin the range of before complete desiccation. In the same manmgr,s
volume variations investigatedVV/Vy<30%. Figure 1 dis- smaller thantg: the first crack forms before gelation had
plays the variation ofy with I. Finally, it is to be noted that, occurred in the whole drop. This is required to observe radial
in all the experiments, the suspension sample was prepareflacks since the drop central part must still be fluid.
just before drop deposition; thus desiccation and gelation At intermediate ionic strength®.18 mol/k1<0.4 molll),
always begin simultaneously. Let us now describe differentjelation and desiccation times are of the same order; typi-
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FIG. 4. Dimensionless apex height vs time for different ionic
strengths: the standard decred®€40 and intermediate values
(given in mol/).

FIG. 3. (a) and(b) Side views of a drop taken 1®) and 20 min
(b) after deposition. The ionic strength is equal to 0.285 mol/l. Thep|ace, since the gel time is very short agd if it exists, will
initial contact angle is 38°, and the drop base diameter 4 mm. A$)e difficult to measure.
time passes, the apex height, after a first decrease, begins to in- The formation of a gelled skin at the drop surface also
crease, reac_hes a maximum value that can be Iarger than its initighfluences cracking. In this range of ionic strengths, disor-
value, and finally decreases agaio) and (d) Top views of the  yareq patterns are observed. The first crack starts from the
same drop taken 2(c) and 22 min(d) after deposition. The first three-phase line and, as previously, propagates along a drop
formed crack propagates through the drop center since a Sond;dius. However. in c,ontrast to the C,ase of srhathere only
gelled skin had developed). A few tens of seconds later, a disor- the drop edge fyoot is gelled, the crack does not stop but
dered pattern of cracks forms. ! .

passes through the drop center along a diameter before loop-

ing back[see Fig. &)]. It is noted that the time necessary for
cally, tg/tp ranges from 10" to 10. At short times, the drop this first crack to propagate is shorter thars. Later, after
shape evolution is the same as described before. A gelleghout 60 s, other cracks form, leading to a disordered pattern
foot forms near the three—pha;e line, while the central part ofsee Fig. &l)]. Near the limit between small and intermedi-
the drop remains fluid. As time goes on, the central pargte| values (=1.8 mol/l), cracking initially begins as in the
progressively recedes until tintg. At that time, the shape case of a regular pattern, but, after a certain time, the newly
evolution ChangeS: the foot StOpS Widening and |arge distorformed Crack goes through the drop and stops the deve'op_
tions of the central part occysee Figs. @) and 3b)]. In' ment of the regular pattern. At that time the surface of the
particular, the height of the apex stops decreasing, and thegentral part has gelled, i.e., it can be cracked and buckling
increases toward a maximum value before decreasing agaifegins taking placetg=tg). For| larger than 1.8 mol/ltg
After time tg, the simple test of sucking up the drop shows
that the drop surface is solid. However, the inside of the
central part has not gelled, since such large distortions could a
not occur in a completely gelled drop; thtig has to be
smaller tharts . The observed evolution is due to a buckling
instability. Under evaporation, the solvent flows through the
solid gelled skina colloidal gel behaves as a porous medium
allowing solvent transpoyt so the volume included inside
the skin decreases while the skin surface remains constant.
Note that the values measured ®and wg remain constant
for t=tg, showing that the air-water meniscus has not re-
ceded inside the gelled skin.

To characterize the dynamics of this buckling instability,
we have realized spatiotemporal diagrams allowing record-
ing the apex height as a function of time. Figure 4 displays
the results obtained for several drops in the intermediate
ionic strength regime, and for a reference one corresponding
to a low ionic strength{l =0.04 mol/l; tg /tp>100. In these

curve.s, the t'me,h?’ V\_’h'Ch 9°”e~°'p°”d'”9 to the onset of the FIG. 5. (a) Side view of a drop taken 15 min after deposition for
bu_ckllng 'USt_ab'“_ty’ 1S d_eflned as the time where the_ aPEX4n ionic strength equal to 0.54 mol/l. The initial contact angle is
height variation first deviates from the standard behavior. Ag7° and the drop base diameter is 4 mm. The gelation time is very
displayed in Fig. 1,tg strongly decreases with. For I ghort compared with desiccation time; the drop entirely géds.
smaller than 0.18 mol/l, the extrapolated valuetgfwould  Top view of the same drop taken 21 mm after deposition. Two
be larger thartc; practically, foot cracking and decohesion cracks nucleate from the same point of the three-phase line, propa-
will occur before this buckling instability arises. Fbtarger  gate in opposite directions, and then meet each other after covering
than 0.4 mol/l, no large shape distortions have time to takéalf a circle.
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is smaller thartc and, depending om, cracking occurs at previous cases they appear latgypically several minutes
different times with respect to the buckling instabilityee later). As shown in Fig. ), the pattern obtained at the first

Fig. 4). In all cases, the first crack propagates along a droﬁtelp of the cracking]lr isdahuniqhuedgfi][cular cratt):k. H
diameter and disordered crack pattern forms. n summary, we find that the diiferences between the sus-

At large ionic strengthg!=0.4 mol/l), the gelation time pension ipnic strengthksalt contt_arbtare responsi_ble f_or the.
is shorter than the drvin timé It sr’naller than 102) large variety of crack patterns induced by desiccation. Dif-
: ying G°'D - ferent regimes exist depending on the relative values of the
The drop still recedes with a constant contact area, but no

its sh q h h during desi . g haracteristic times involved. The gelation time is very sen-
its shape does not change much during desiccation since thgiye to the ionic strength, and following its value compared

whole drop volume is gelled very quickly. However, the 15 the characteristic times of desiccation and crack begin-
drop shape does not remain that of a spherical cap; @ sSmooffyyg three types of structures are found: a regular pattern of
inversion o_f the curvature is observed in the p_roﬂ‘ﬁe_e Fig.  radial cracks wherg is very large, a disordered pattern for

5(@)]. This inversion may result from surface distortions tak-jntermediate values of the ionic strength, and a unique circu-
ing place before complete gelation like the buckling instabil-igr crack whert, is the smallest characteristic time. These

ity observed in the intermediate range lofAt ime tc, @  patterns can be well explained in relation to the evolution of
crack develops, starting, as previously, from the three-phasge \whole drop shape. In particular, we show that the disor-
line; propagates along a circle near the drop edge; and StoRRyeq pattern observed at intermediate values of the ionic

just before crossing itself. In other cases, two cracks ”UClea@crength is related to the formation of a solid gelled skin, and
from the same point of the three-phase line, propagate in thg) o subsequent buckling instability.
opposite direction, and then join after covering half a circle

each[see Fig. ¥)]. In the range of ionic strengths consid-  We gratefully thank C. Bastin for her help with the ex-
ered,tg is very small, and the stresses resulting from solvenperiments. We also want to acknowledge J. C. Castaing, J.
loss are mainly radial, leading to an orthoradial crack propaHinch, J. P. Hulin, L. Limat, and H. Van Damme for fruitful
gation. Then secondary cracks form, but in contrast with theliscussions.
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