PHYSICAL REVIEW E 70, 041406(2004

Statistics of bubble rearrangements in a slowly sheared two-dimensional foam
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Many physical systems exhibit plastic flow when subjected to slow steady shear. A unified picture of plastic
flow is still lacking; however, there is an emerging theoretical understanding of such flows based on irrevers-
ible motions of the constituent “particles” of the material. Depending on the specific system, various irrevers-
ible events have been studied, such as T1 events in foam and shear transformatig® Zdiseen amorphous
solids. This paper presents an experimental study of the T1 events in a model, two-dimensional foam: bubble
rafts. In particular, | report on the connection between the distribution of T1 events and the behavior of the
average stress and average velocity profiles during both the initial elastic response of the bubble raft and the
subsequent plastic flow at sufficiently high strains.
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[. INTRODUCTION irreversible neighbor switching event. Both a schematic rep-
Bubble rafts have been used as a model experimental syESentation and an actual T1 event are presented in Fig. 1.
tem for the study of crystalline and amorphous solitis3 or the purposes of this paper, | will focus on the role of T1

and for the study of two-dimensional foa#,5]. This over- events d_uring the steady shear_ of foam. quever, it should
lap is just one of many examples that points to an importanpe mentioned .that understandmg the nonlinear events _that
question in the study of the mechanical response of materre not shear induced may be important when comparing
als. Under conditions of slow steady shear, what, if any, ifoam and amorphous solids. In the absence of external stress,
the connection between the response of “mesoscopic’ matéoam coarsens, and T1 events occur due to geometric
rials, such as foams, emulsions, pastes, and slurries, and pl&dianges in the foam structure. These T1 events are not nec-
tic flow of “molecular” systems, such as amorphous solids®ssarily distinguishable from those caused by flow. In con-
Based on macroscopic measurements, the systems are sSing
lar. There is an initial elastic response for small straims | @

stressesand a yield stress, above which irreversible defor- 1
mations, or plastic deformations, occur. Eventually, above 3 4
some critical stresgr strair), the system enters a “flowing”
state that is characterized by irregular periods of stress in:
crease and decrease. This is often referred to as unbounde
plastic flow. For the purposes of this paper, this will simply 1
be referred to as plastic flow. As one reduces the shear rate| 3
the critical stress approaches the yield stress in such a wa
that for sufficiently slow shear rates, the behavior of the sys-
tem is essentially shear-rate-independent. This is often re
ferred to as thguasistatic regimeA complete “microscopic”
picture of plastic flow still does not exist, where microscopic

in question. For example, in bubble rafts, it would be the
dynamics of individual bubbles. Open questions include the
microscopic source of the stress release events, the spati
and temporal distribution of such events, and the nature of
such events during periods of stress increase. Experimen
tally, the challenge is identifying systems for which the mi-
croscopic events are directly observable. This is one of the

raft, and the reason for the interest in making connections g 1 (a) Schematic representation of the three main steps in a
between mesoscopic systems and molecular systems, suCh@Seyent. The bubbles labeled 1 and 2 are initially neighbors. As the
amorphous solids. bubbles are sheared, all four bubbles meet at a vertex. After the
Models and simulations of diverse systems, ranging fromeyent, the bubbles labeled 3 and 4 are neighkis(d) are three

solids [6-13 to foam [14-23, have provided a number of images illustrating an actual T1 event in the bubble raft. The loca-
insights into these questions. The focus of this paper is on thgon of one T1 event is highlighted by artificially coloring the
role of T1 events in foam. Aqueous foam consists of gasubbles involved white. The images are taken 3.2 s apart and the
bubbles separated by liquid wallg4—-26. A T1 event is an  white scale bar inb) is 2 mm long.
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trast, most amorphous solids do not exhibit the equivalent oit appears that the distribution of events approaches a power
coarsening. However, thermally activated events may be imlaw as one approaches the critical density for the “melting”
portant. Possible differences between thermally activated anaf the foam[22].
coarsening events raise interesting questions, but they are Before discussing the current state of experiments in
beyond the scope of this paper. foam, it is useful to put the theoretical work on T1 events in
Simulations of flowing foam have characterized differentfoam in the context of two points of view of plasticity in
aspects of T1 events. Often, one separately considers Tdmorphous materials. First, the idea of shear transformation
events and “avalanches,” i.e., sudden releases of stoess zones(STZ's), as developed by Falk and Langg], has
energy in the foam. One issue is whether or not the prob-received significant attention. STZ are a way of describing
ability of the number of T1 events in a given avalanche exdocal, irreversible rearrangements of particles during shear.
hibits power-law behavior. A common model to study dry STZ are based on previous work by Spaepen and Argon on
foam (where the bubbles are essentially polygorialthe  activated transitions and Turnball, Cohen, and others on free-
vertex model[14-14. In the vertex model, a T1 event is volume fluctuations. As the STZ refers to a small region of
defined to occur when the distance between two vertices  the material with certain properti¢27], there is only a loose
the wall between two bubbliess below a threshold value. connection between the STZ and T1 events. However, it is
One then eliminates this wall, creating a T1 event. Thereforeseasonable to identify as an STZ regions in which a few T1
within this model, all T1 events are essentially instantaneousvents combine to form a local slisee, for instance, Fig.
In this case, simulations found evidence for power-law be5(e)]. It is expected that the local rearrangements identified
havior of the probability of T1 events. Another characteriza-as STZ are associated with quadrupolar energy fluctuations.
tion of the T1 events is the number of T1 events per bubbldn fact, the expected quadrupolar energy fluctuations have
per unit strain,Ry,. For the vertex model, this quantity is been observed associated with T1 events in a simulation of
Rr1=0.5. A modified version of the vertex model has beenfoam [23], but not, as of yet, in simulations of molecular
used to study the issue of flow localization under stj28d).  systems.
These simulations report a correlation between the spatial Another view of plasticity is based on shear induced
localization of T1 events to the neighborhood of a systenthanges in the potential energy landscape, as proposed by
boundary with the localization of shear in the same regionMalandro and Lack$28]. This picture derives from an in-
The issue of shear localization will be discussed in moreherent structure formalism and focuses on changes in the
detail later. macroscopic mechanical response of a material due to shear
Another class of models focuses on wet foéimam in  induced changes of the potential energy. This formalism has
which the bubbles are essentially spherical, or, in two dimenbeen used to study simulations of a quasistatic version of the
sions, circula), using a quasistatic simulatigd9,2d. These bubble model29]. In this case, systemwide rearrangement
simulations involve making a small step strain and then alevents are observed. This is not seen in bubble model simu-
lowing the system to relax to an energy minimum beforelations of the quasistatic limit, but it is seen in other quasi-
applying the next step strain. Anytime the energy decreasestatic simulations of foam. The work in RgR9] suggests
after a step strain, one declares this an “avalanche” othe need to carefully define the concept of an “event,” espe-
“event.” By comparing neighbors in the initial and final state, cially for steady-state experiments where the time scale for
one can count the number of T1 events for a particular avaevents to occur relative to the applied shear can be important.
lanche. In these simulations, avalanches consisting of a largeor example, a shear-rate regime may exist that is quasistatic
number of T1 events were observed, suggesting the possibiks defined by the behavior of quantities such as the average
ity of power-law behaviof19,2(. For this modelRy; was  stress, but not quasistatic with regard to the duration of stress
not reported. releases. Hence, large events get “broken up” by the steady
Wet foam under steady shear has also been simulated ushear, changing the nature of the distribution of events.
ing ag-Potts model[21]. In this case, different bubbles are A number of experimental studies of bubble rearrange-
identified by different spin orientations. Simulations of the ments in model foam have been carried out. As mentioned,
g-Potts model find that the distribution of topological rear- some of the earliest work was done using bubble f{d#s],
rangements is not power-law-like. However, the distributioni.e., layers of gas bubbles floating on a liquid surface, as a
of energy drops may be consistent with power-law behaviomodel molecular system, both for crystalline and amorphous
[21]. solids [1-3]. One major advantage of bubble rafts is that
Another important set of simulations for wet foam in- their two-dimensional nature allows for easy imaging and
volved studying the steady shear of the bubble modetracking of all of the “particles” in the system. Another rea-
[17,18,22. This model treats bubbles as sphef@scircle  son that bubble rafts have been so useful in the study of
that interact via a spring force proportional to their overlapmolecular systems is that there exist detailed calculations of
and a viscous drag proportional to velocity differences. Asthe bubble interaction80]. More recently, bubble rafts were
this model directly simulates dynamics, the duration of Tlused to study rearrangements after a step strain in order to
events exhibits a distribution of duration times. Simulationsmake comparisons with the quasistatic simulations of foam
focused on small shear rates in the quasistatic limit, i.e., th¢4]. This work did not directly measure T1 events, but it did
flow properties were independent of the shear rate. Unddook at changes in the number of neighbors for bubbles. The
these conditions, no evidence of power-law behavior is obfesults suggested that large-scale events were possible.
served in the bubble model at high bubble density, Bad Experiments have also been carried out using monolayer
=0.15[17,18,22. If one decreases the density of the bubblesfoam[31]. Langmuir monolayers consist of a single layer of
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molecules confined to the air-water interface. They exhibit a @)

large number of two-dimensional phases, including gas- torsion wi

. . . . . orsion wire

liquid coexistence. This allows for the formation of a foam camera
of gas bubbles with liquid walls. For a monolayer foam un- |:|

der steady shear, only a small number of simultaneous T1
events were observed, witRy;=0.12+0.03. These results
are consistent with the bubble model.

As mentioned, the other aspect of T1 dynamics is their WATER WATER
potential role in explaining shear localization in yield-stress
materials[23], such as foam and granular systems. It has
long been known that a yield stress and/or nonlinear viscos-
ity can lead to inhomogeneous flowW32]. However, it is
only recently that experimental techniques have allowed for
detailed measurements of such behavior. A number of such
studies have been carried out in granular materials, where
exponential velocity profilegor other strongly localized ve-
locity profile9 are generally observe83-39. In contrast,
measurements in various three-dimensional pastes, slurries,
and foams show a different type of inhomogeneous flow. In
this case, the flow is not strongly localized, and there is a
shear discontinuity at the boundary between flow and no
flow [36,37.

For two-dimensional foams, the situation is ambiguous.
Three-dimensional foam that is confined between plates to
form a model two-dimensional syste(hele-Shaw cell ge-
ometry) exhibits shear localization analogous to granular
systemg38]. This work motivated simulations of the modi-  FiG. 2. (a) A schematic drawing of the apparatus showing a side
fied vertex model discussed earlier that showed a connectioflew. The main elements of the apparatus are the knife edge disk
between T1 events and shear localiza{i2g]. In this case, it  that is supported by a torsion wire and that serves as the inner
appears that the spatial distribution of stress released by a Tcylinder for the bubbles. There is a separate fixed inner cylinder in
event results in the subsequent localization of the events. Thae fluid (in gray). There is a segmented outer cylinder for generat-
localization of T1 events is correlated with the localization ofing flow, and there is a fixed dish that holds the fluid. The bubbles
flow. In contrast, experiments with a bubble raft exhibit asit on top of the fluid, as indicated by the circlés) An image from
shear discontinuity{39] similiar to that reported in Refs. the top of the bubbles in the apparatus that shows a portion of both
[36,37. In Ref.[39], T1 events were not measured. It is not the outer and inner cylinder. The black scale bar in the lower left
surprising that there are differences between results fogorneris 5 mm.
bubble rafts and the Hele-Shaw geometry. Because of th
boundary conditions on the bubbles, the two systems posse

Size was dependent on the nitrogen flow rate, which was
\ -ONGitic , _ DSS€G3ried using a needle valve. A random distribution of bubble
different dissipation mechanisms. This can lead to d'ﬁer'sizes was used, with an average radius of 1 mm. The result-
ences in the interactions between T1 events. ing bubbles were spooned into a cylindrical Couette viscom-
The work reported in this paper addresses the genergher. This produced a two-dimensional model of a wet foam
question of the temporal and spatial distribution of T1 eventg), 5 homogeneous liquid substrate. Figure 2 presents a sche-
during the slow, steady shear of a bubble raft. Also, connecyatic side view of the bubbles in the apparatus and an image
tions between the T1 events and the velocity profiles reys 5 top view of the bubble raft.
ported in Ref[39] are made. The rest of the paper is orga-  pye to the nature of the bubble raft, no measurable coars-
nized as follows. Section Il provides the details of theening was observed. However, after approximately two
expe_rlmental setup. The _re_s_ults are presented in two partgoyrs, significant numbers of bubbles would pop, presum-
Section Il A presents the initial response of the system. Secaply due to loss of fluid in the walls. This set the upper limit
tion Il B presents the behavior during plastic flow. Finally, on, the total time of the measurements. In contrast, during the

the results are summarized and discussed in Sec. IV. initial two-hour period, only two out of approximately 400
bubbles in the field of view were observed to pop.
Il. EXPERIMENTAL METHODS An important feature of the bubble raft is the gas area

fraction. To achieve a desired gas area fraction, the bubble

The experimental system consisted of a standard bubbleft was constructed by placing the approximate number of

raft [1] in a Couette geometry. The bubble raft was producedlesired bubbles in the trough with the outer barrier set to a

by flowing regulated nitrogen gas through a hypodermidarge radius. It is important to note that the bubbles exhibited

needle into a homogeneous solution of 80% by volumea strong attraction to each other. The outer barrier was com-
deionized water, 15% by volume glycerine, and 5.0% bypressed until the desired radius was reached. The gas area

volume Miracle BubblegIimperial Toy Corp). The bubble fraction was determined by thresholding images of the
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bubbles and counting the area inside of the bubbles. Because in contrast with the displacement and velocity measure-

of the three-dimensional nature of the bubbles, this reprements where the requirement is that one tracks enough
sents an operational definition of gas-area fraction based asubbles to have sufficient statistics. These are the reasons
the details of the image analysis. However, the choice ofhat automatic methods were used for displacement and ve-

threshold was consistent with an estimate of the gas aregcity measurements and that T1 events were detected by
fraction based on the area of trough and expected distributiopand.

of bubble sizes. For all of the data reported here, the gas area The stress on the inner rotor was determined using two

fraction was approximately 0.95. different methods. In both cases, the torqlie,x6, on the

The Couette viscometer is described in detail in R&0]  jner rotor is determined by measuring the angular displace-
and shown schematically in Fig(a. It consists of a shallow ment, 6. (For the experiments presented here, the torsion

ere o e vl e o Sens o o oponSian=S. 7 107 N m) The stess s then detrmined
P y ) rom o=T/2#r2. The difference in the two methods is the

these barriers are visible in Fig(l8. The outer barrier is a etermination of6. The first method fic 1l
ring consisting of 12 segmented pieces. It has an adjustab%‘ inatl ’ Irst method uses a magnetic flux

radius. For the experiments discussed here, the outer radi qhn_ique, and the deFaiIs of this technique are i.n Rl
was fixed atr,=7.43 cm. The inner barrier, or rotor, is a | IS iS the more precise of the two methods, with a stress

Teflon disk with a radius;=3.84 cm. The outer edge of the resolution of 3x 10" mN/m. The second method uses the

disk is a knife edge that is just in contact with the waterVideo images of the inner cylinder and tracks fixed features
surface. It was suspended by a wire to form a torsion pendu@n the disk. This method has a resolution of 0.043 mN/m.
lum. The second method is used to correlate the video analysis of

To shear the bubble raft, the outer Teflon barrier was robubble motiongdisplacements and T1 evenisith the de-
tated at a constant angular velociy=8x 10 rad/s. The tailed stress fluctuations determined from the magnetic flux
first layer of bubbles at either boundary did not slip relativemeasurements that are reported in Rég].
to the boundary. Due to the finite size of the bubbles, this As mentioned, foams are inherently nonequilibrium sys-
results in an effective inner radius p£4.4 cm. Due to the tems. One complication that arises from this is the definition
cylindrical geometry, the shear rate is not uniform across th@f the yield stress. For sufficiently low shear rates, foam will
system and is given by(r)=r(d/dr)[v(r)/r]. Hereuv(r) is  spontaneously release stress, usually as part of the coarsen-
the azimuthal velocity of the bubbles. During plastic flow, Ing process as bubble sizes change. This complication is
the average azimuthal velocity of the inner cylinder is zerominimized in the bubble raft given that no substantial coars-
Measurements of the average azimuthal velocity profile al€ning was observed in the absence of applied shear. In either
low for calculations of the shear rate. As measured at case, a useful operational definition of the yield stress is the
=4.4 cm,y=4% 103 s7L In this regime, where reported, the Z€ero shear-rate limit of the stress. For the bubble raft of
strain(y) is taken to be the strain at this radius, and is com4nterest here, the average stress as a function of shear rate is
puted fromy=yt+,, wheret is the time since the initiation Well described by a Herschel-Bulkley modéb(y)=1,
of plastic flow andy, is the amount of strain developed +ux7"] [43]. From these results, one can determine a yield
during the initial period. During the initial period, the inner stress:7,=0.8+0.1 mN/m[39,42. For the particular shear
barrier has a finite angular speed. However, one can stillate of interest here, this is different from the “critical” stress
compute the effective shear raterat4.4 cm. In this regime, at which the system begins to undergo “steady” flow.
y=3Xx10*s1. Again, where reported, the strain is the
strain at the inner cylindery=4t, where in this casé is Ill. EXPERIMENTAL RESULTS
measured from the initiation of shear.

The details of the velocity measurements are given in Ref.
[39]. Video tape of roughly one-third of the trough was re-  The initial stress response of the system is given in Fig. 3.
corded. Images from this tape were taken every 3.2 s andihere are a number of interesting features of this regime.
digitized. An image-processing routine based on standaréfirst, there are three separate regions of the initial response,
LABWINDOWS functions was developed that detected andwhich is essentially set by the slope of the stress versus strain
tracked individual bubbles. This tracking software was alsccurve. These regions are separated by isolated stress drops
used to compute the average bubble displacements. This tkat are indicated by the vertical dashed lines in the figure.
used to compute the deviation of the bubble motion from The first region is the linear, elastic response of the mate-
ideal elastic behavior, as discussed in Sec. Il A. rial. During this period, no T1 events are observed. The sec-

The T1 events were measured by stepping the digitizednd two regions represent plastic deformations in the sense
images one frame at a time and visually searching for th¢hat T1 events occur. These events are too small to produce
location and time at which T1 events occurred. A T1 eventstress drops. But, they modify the slope of the stress-strain
was defined to occur when two bubbles were observed tourve and generate irreversible deformation. This is the jus-
lose contact, and two other bubbles moved into the resultingjfication for identifying these regions with plastic deforma-
space(see Fig. 1 Due to the associated motions of the othertions. The onset of plastic response is another useful defini-
neighboring bubbles, T1 events are relatively easy to deted¢ton of the yield stress. However, there is always ambiguity
by hand[41]. For automatic tracking of T1 events, it is criti- associated with the definition of the onset of T1 events due to
cal to accurately detect essentially all of the bubbles, as ontne possibility of T1 events that are the result of coarsening
is interested in determining neighbor switching events. Thisand not shear. As discussed for the bubble raft, this difficulty

A. Elastic regime
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FIG. 3. Stress on the inner cylinder versus strain for the initialduring intervalA in Fig. 3. The solid squares are data averaged over
period of shear. The curve is divided into three regions lab&|d] all bubbles at a given radial position. The solid line is a fit to Eq.
and C. RegionA is the only period for which no T1 events are (4).
observed.

w K 1 1

is minimized because no coarsening was observed. However, G= Q- w(;) (F - Q) (3

for the measurements in Fig. 3, only a fraction of the trough :

was in view. This limits the degree to which the yield stressand foruv,

can be measured by this method. However, it is useful to

note that the onset of T1 events for the single set of data o(r)=Qr - [K_‘”r<l - i)} (4)

studied here is consistent with the value of yield stress as 4nG\r* R?

determined by fits to the behavior of stress as a function Ojl'his equation fow can be rewritten by plugging in fo®

rate of strain. '
The fact that any deviation of the stress-strain curve from Q- w)rf R2

linear behavior is small allows for the definition of an effec- v(r)=Qr+ WQ - T) : (5

tive shear modulus of the bubble ra@, during periods of fi

1
stress increase. For the initial region in FigG3is the elastic  The second piece in the expressions #6r) is due to the
shear modulus. The calculation Gfassumes that the stress e|astic nature of the bubble raft and the motion of the inner

is proportional to the strain. The boundary conditions consisgylinder. Whenx/G is small, the system behaves as a rigid
of a fixed rotation rate at the outer boundary and an innepody (w=0)), as expectedlargeG limit).

bOUndary that is free to rotate, but Supported by a torsion Using the above results, one can fi@dfrom measure-
wire. Because of the symmetry of the Couette geometry, thehents of the average velocity using Ed) or from w using
azimuthal velocitys(r), is only a function of the radial po- Eq, (3). For example, the results folr) in regionA of Fig.
sition r. This is a standard problem; however, given thez are given in Fig. 4. The solid line is a fit to E¢4),
slightly unorthodox boundary conditions of this experiment,yith  u(r)/r=8.2x 104 rad/s-0.003 rad/cfs  (1/r2
the solution is repeated here. The relevant constitutive equa-g 9193 cm?). The T1 events result in a reduction in the

tion Is effective elastic modulus of the bubble raft. The calculated
_ values of G for the three regions are:(A) G

o(r) =Gyl @ =11.2+0.1 mN/m; (B) G=5.4+0.1 mN/m; and(C) G
Here y(r) is the shear strain and(r) is the resulting shear =8.9+0.1 mN/m.
stress. In the cylindrical geometry(r)=r[dé(r)/dr], where | used the elastic regime to provide a characterization of
6(r) is the angular displacement of the bubble raft. For athe local deviation from elastic flow. First, the fit ofr) in
material confined between two cylinders, the shear stress §€9ionA is used as the definition of “ideal” elastic motion.
given by a(r)=T/(27r?). This follows directly from balanc- Knowing this velocity curve, the expected displacement of a
ing torques on each material element. If the bubble raft wa§ubble during a strain interval can be computed. From this,
a perfectly rigid solid, one would simply havér)=Qr. This A is defined to be a measure of the deviation from elastic
is due to the fact that the inner boundary is supported by ®ehavior:A=1(x-xg)?+(y—ye)’, wherex andy are the ac-
torsion wire and rotates as it measures the torque on the inn&#al displacements of the bubble ardandy, are the ex-
cylinder. However, for a finite value @&, plugging into Eq.  Pected displacements if the motion was “ideal” elastic be-

(1), one gets havior. As can be seen from Fig. 4, even in the “pure elastic”
regime there is a significant nonzero variation to the bubble

T dé(r) motions.(The error bars represent the standard error based

w2 2\"ar /) (20 on the standard deviation of measured velocities in each ra-

dial bin.)) The variation in bubble velocity is due to a com-
Integrating this equation, and using the fact that the bubbldination of effects, including the obvious fact that one ex-
raft does not slip at either boundary, gives @y pects a distribution of displacements due to the finite size of
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FIG. 6. Scatter plot of the number of T1 events during a period
of stress increase vs the effective elastic mod@ur the same
period of strain. The solid line is a guide to the eye.

Figures %d) and Ke) illustrate two classes of T1 events
that do not result in a stress drop. The spatial location of T1
events is given by squares. The timing of the T1 events,
_ o . . relative to the period of strain used to compitds given by

FIG. 5. (Color online Five images representing typical bubble the the grayscalécolor) of the squares. Figure(@) is from
deviations from elastic flow during the initial stress rise. The arrowregion B of Fig. 3. This illustrates an isolated pair of T1
in image (a) gives the direction of rotation of the outer cylinder. events that have an associated region in which the bubbles
Images(a)—c) are taken from the corresponding three strain imer‘deviate from elastic behavior. Figureghis from regionC of
vals in Fig. 3 and show typical strain intervals in which no T1 Fig. 3. This illustrates the s.li age of two. short rows of
events occur. Imagéd) shows a typical localized T1 event from bugbblés due to simultaneous E)I'Fi gvents Tﬁis is made espe-
regionB in Fig. 3. Image(e) shows an event composed of multiple iially clear by the directions of the deviations. The planes of

T1 events in which two rows of bubbles slip pass each other. Thi . . : .
event is taken from regio€ in Fig. 3. The circles indicate the ubbles on either side of the T1 events move in opposite

location of a subset of bubbles that have been tracked. The sizes gffeéctions. Again, there is a relatively localized region of
all the circles are the same, independent of actual bubble size, fgfeviation from elastic behavior associated with these T1
clarity. They are grayscalegtolor-coded based on the deviation €vents.

from elastic displacements, as defined in the text. White represents

deviations less than 0.05 cm. The graysaaelor) bar gives the B. Plastic flow regime

scale for deviations greater than 0.05 cm. The solid line associated In the plastic flow regime, there are two main questions
with bubbles gives the direction of the deviation from elastic dis- . 2 . .
placements. The squares represent the location of T1 events, Wherr%gardlng the T1 events. First, what is the'correlatlon b(?-
the grayscalgcolor) represents the time relative to the start of the tween T1 events and stress? Seco_nd’ what is the Correla_ltlon
strain interval used to calculatk. The scale bar in imaggs) is between T1 events and bubble motion, as measured by either
0.5 mm. the average velocity or the deviation from elastic behavior?
Regarding the correlation between T1 events and stress, it
the bubbles. Therefore, the variation in displacements fronis interesting to consider the periods of stress increase. As
the ideal elastic behavior in regiohis used to set a mini- with regionsB and C in Fig. 3, there are often T1 events
mum threshold value foA of 0.05 cm. Bubbles with a value during these periods of stress increase. Therefore, in general,
of A below this threshold are considered to have undergonthese are periods of plastic deformation, though preliminary
“elastic” motion. Even with this cutoff, there are a small observations suggest that occasional increases exist during
number of bubbles in the tails of the distribution that arewhich no T1 events occur. One way to characterize stress
classified as deviating from elastic behavior even in regiorincreases is to use E@3) to calculate an effective shear
A. Values ofA and the spatiotemporal location of T1 events modulus,G, for each separate period of stress increase. This
are illustrated in Fig. 5 for a selected set of bubbles. Figuresan then be correlated with the number of T1 events that
5(a)-5(c) illustrate the value oA computed over a period of occur in that period. A preliminary measurement of this is
strain of 0.064 in which no T1 events occur. Each period ofshown in Fig. 6. This result is preliminary because only a
strain is a small subset of the corresponding strain intervairaction of the sample was viewed. Therefore, the results for
(A, B, or C) of Fig. 3. The circles indicate the location of the number of T1 events represent a lower bound. However,
tracked bubblegso only a fraction of the total bubbles are it is interesting that the data all fall below the straight line,
showr). The grayscalécolor) of the bubbles indicates the suggesting a correlation betwe&and the number of T1
deviation from elastic behavior, with white bubbles having aevents, as expected.
value ofA <0.05 cm. The grayscaleolor) code is indicated It is natural to expect that one necessary condition for a
in the figure. In addition, the direction of the deviation from T1 event to occur is that the local stress exceeds some criti-
elastic behavior is indicated by a line with a dot at the end.cal value. This would suggest a correlation between the

end
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Lo . . . FIG. 9. The squares are the average velocity of the bubbles
FIG. 7. The individual points are the radial position of T1 events q g y

functi f strain. Th lid is the st functi Q;I]ormalized by(dr as a function of radial position. The bars give the
as a function ot strain. 1he solid curve IS the Sress as a Iunclion Gy yymper of T1 events/bubble as a function of radial position.
strain (measured using images of the inner cylinder

The solid lines are guides to the eye. The horizontal line is
. . . v(r)/Qr=1, which corresponds to the motion of a rigid body. The
stress and the l,ocat'or? of the T1 events. Figure 7 ,'”usnate%rtical line is the location of the shear discontinuity, as reported in
that no correlation exists between the stress onitiner  pof [39].

cylinder and the radial positions of T1 events. One would

expect such a correlation if the stress field was given by theonsist of a cascade of events throughout the stress drop. As
continuum limit, which in a Couette geometry is(r)  \jth the stress increases, detailed correlations between the
=[a(r)r?]/r? and the critical stress for a T1 event was spa-size of a stress drop and the number of T1 events will require
tially uniform. Under these conditions, for eaeffr;), there images of the entire sample. However, one can comige
is a maximunr at which T1 events can occur. This is set by For this shear ratéR;;=0.18+0.01, in reasonable agreement
the critical stress required for the generation of a T1 eventwith both the bubble model and Langmuir monolayer foam.
The lack of a correlation suggests that at least one, if not The next question is the connection between velocity pro-
both, of these assumptions is false. In fact, work in othefiles and T1 events. Based on the results of R&9), it is
systems suggests that both assumptions are false. Given tkgown that there exists a shear discontinuityra6.7 cm
direct measurement of stress chains in granular mgg&yit  for the system reported on here. Therefore, there is no ex-
is reasonable to expect such chains in the bubble raft. Thigectation of strong localization of the T1 events as reported
would represent a breakdown of the continuum assumptioih Ref. [23] because there is no shear localization. However,
for the stress distribution. Also, simulations of amorphousone might expect a connection between the radial distribu-
metals have shown the existence of localized, high stresgon of T1 events and the shear discontinuity.
regions(referred to ag defectg that are the sources of local ~ The shear discontinuity divides the system into two re-
flow [13]. In other contexts, models and simulations havegimes. Belowr ., the average velocity is consistent with that
suggested the existence of “weak” zones in complex fluidsf a power-law fluid. Above,, the system acts like an elastic
[44-44 that are the source of viscouslike behavior. A moresolid. Figure 9 illustrates the connection between the average
detailed study of these issues will require improved imagesyelocity profile and the spatial distribution of T1 events. The
but the current work is very suggestive. vertical line indicates the spatial location of the shear discon-
To summarize the average properties of T1 events as @nuity [39]. The basic shape of the distribution is similar to
function of strain, Fig. 8 plots the number of T1 events perthat found in the simulations reported in RE3]. There is a
bubble versus strain. Again, this is shown simultaneouslypeak” at smaller radii, with the distribution tailing off as
with the stress versus strain curve to illustrate the generaine goes to larger radii. The main difference is the location
correlation between the size of the stress drops and the totaf the cutoff in the T1 distribution. As reported in R§23],
number of T1 events. One observes that most stress drofse cutoff in velocity and T1 events is at essentially the same
radius. In contrast, for the system reported on here, there is

0.020 2.5 no obvi(_)us si_gne_lture in _the distr_ibution of T1 events at the
° R | 1 shear discontinuitysee Fig. 9. This may be due to the fact
£ 0015 2'0"5 that even though the shear-rate is zero, the bubbles are still
2 = moving near the outer wall, and differences in bubble size
g 0.010 15 may lead to T1 events. Also, it may be an artifact of how
0 L @ close the shear discontinuity is to the outer wall. Future work
= 0.005 1-0§ in larger systems is needed to better understand this issue.
; 1 1 In order to better understand the detailed connection be-
0.000 1 , 3 4 05 tween T1 events and stress drops, two short periods of strain
strain are highlighted, as indicated in Fig. 10. These are segments

of the data presented in Fig. 7. The period of strain illustrated
FIG. 8. The solid line is the same stress vs strain curve as showifl Fig. 10(a) was selected to highlight the nature of potential
in Fig. 7. The bars summarize the data in Fig. 7 by plotting only thecorrelations between the stress behavior and the number of
number of T1 events/bubble in a strain interval of 0.013. T1 events. First, the initial elastic rigeis included for com-
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FIG. 10. This is two strain intervals from Fig. 7, showing both  FIG. 11. (Color onling Five images representing typical bubble
the location of T1 event&olid squaresand the stresgsolid line, as  deviations from elastic flow during the corresponding strain inter-
measured by the magnetic methab a function of strain. Each vals as indicated in Fig. 1B). The arrow in imagga) gives the
interval is further divided into smaller strain intervals by the vertical direction of rotation of the outer cylinder. The circles indicate the
lines. The labels irfb) correspond to the images in Fig. 11. location of a subset of bubbles that have been tracked. The size of
the circle is the same for all bubbles for clarity. The circles are
grayscaledcolored based on the deviation from elastic displace-
'ments, as defined in the text. White represents deviations less than

- . - 0.05 cm. The bar gives the scale for deviations greater than
contrast, during regio, there are nine observed T1 events, 4 g5 ¢m. The solid line associated with bubbles gives the direction

and the effective elastic modulus §=2.120.1 mN/M. 4t the deviation from elastic displacements. The squares represent
These results reinforce the general connection between nUnfhe |ocation of T1 events, where the grayscéaielon equals the
ber of T1 events and effective elastic modulus discussed Withime relative to the start of the strain interval used to calculate

respect to Fig. 6. In contrast, the regions labeleeE all The scale bar in image) is 0.5 mm.

have roughly the same number of T1 events, yet reg®ns

and E are stress drops. Regidd is a period of stress in- essentially elastic behavior, and the grayscateor) of the
crease, and regioD is a slight decrease in stress. One diffi- other bubbles is the degree to which their motion deviates
culty in drawing definitive conclusions from these data is thefrom elastic. The solid line associated with shaded bubbles
fact that only part of the system is being viewed. Howevergives the direction of the deviation from elastic displace-
this strongly suggests that the additional bubble motions, nahents. The timing of the T1 events, relative to the period of
just the T1 events, play an important role in determining thestrain used to computg, is given by the grayscaigolor) of
overall stress evolution. the squares.

The interval illustrated by Fig. 1B) was selected to make It should be noted that the spatial organization of the di-

connections with the velocity profiles reported in R80] in rections of the displacements is suggestive of large-scale
an attempt to better understand the shear discontinuity thatructure in the deviations similar to that reported elsewhere
occurs atr.. Here, the average bubble displacements arg38,47,48. For each image in Fig. 11\ is calculated for the
measured during a fixed interval in time. These are directlycorresponding strain interval in @f). For example, Fig.
related to average velocities. This sequence is particularlgi(a) represents the values Afand the spatiotemporal loca-
interesting because there are three stress drops that occurtiain of T1 events for regioA of Fig. 1Qb). One observes
different average stress values, and the drop at the lowestry similar distributions of T1 events for all three stress
average stregsegionE) exhibits the largest value of [39].  drops[see Figs. 1(b), 11(c), and 11e)]. If one looks care-
(I am considering the behavior in regioBsand C as two  fully, the distinguishing factor appears to be the number of
separate stress drops because of the short plateau betwdsirbbles deviating from elastic behavior at any given radius.
them. However, this points out the issue regarding the defiThis is made clearer by considering the average bubble dis-
nition of “events” as discussed earlier in the context of Ref.placement as a function of radial position, as illustrated in
[29].) Fig. 12.

The spatiotemporal distribution of T1 events and values Figure 12 is a plot ofA#/QAt versus radial position. The
of bubble deviations from elastic behavior for a particularvalues ofA# are computed by dividing the system into 20
strain interval(A) are given in Fig. 11 using the same criteria equally spaced radial bins and averaging the angular dis-
as described for Fig. 5 in Sec. Il B. White bubbles represenplacements over all bubbles in a given bin over the time

parison with the stress increase in the interval labeled
During the initial rise, there is only one observed T1 event
and the effective elastic modulus G=5.6+0.1 mN/m. In
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2T T— IV. DISCUSSION

[ oa® AA \ Even though various aspects of the work presented here

-‘———W are preliminary in the sense that only a portion of the entire
8 aBa 9 a ]

B ne

-

raft was studied, a number of questions regarding the role of
'. A T1 events in the macroscopic response of a bubble raft to
-['t A A ] flow have been addressed. First, the contribution of T1
-1 A . events to the effective shear modulus was considered. T1
A 1 events during periods of increasing stress effectively lower
2R A A . the shear modulus of the bubble raft. Similarly, during stress

- drops, there is a correlation between the size of the drop and
-3l 1.1 the total number of T1 events. Future work is required to

45 50 55 60 65 70 establish a more detailed correlation between the number of

radial position T1 events and the effective shear modulus and size of stress
FIG. 12. The average angular displacement of the bubbles norqmps' . .
malized byQAt as a function of radial position. The different sym- Correlat.lo.ns between .pOSItlonS of T1 events, average
bols are for the different strain intervals in Fig. (P (a) open sFress, individual bubble dlsplacements, and average angular
circles: (b solid squares(c) solid circles:(d) open squares; are) displacements of bubbles were c0n5|dere§i. A ggneral picture
solid triangles. Here\t is the time interval for each strain interval. that émerges from these measurements is the importance of
The solid line is the fit to elastic behavior from Fig. 4. understanding the local stress field and the local geometry of

bubbles. For example, an investigation of individual bubble
interval of interest. The time intervals are selected so thaiotions before and during a stress dr@ee discussion of
they match the strain intervals indicated in Fig(d0 For  Figs. 10 and 1J shows that the radial distribution of T1
comparison, the displacements during the essentially flat resyents cannot be understood in terms of a simple continuum
gions in stress are given as open symbols, and the displacgodel and single stress threshold. The T1 events in the strain
ments during the stress drops are given as closed symbolSeriod immediately prior to a stress drop play an important
The angular displacement is normalized @t. The solid  (4|a i establishing the local stress field and geometric rela-
line is the “ideal” elastic behavior given by the fit to the datayigng petween bubbles that set the subsequent motions. For
ljne\ljilgt.igh ?rg%c?ﬁesgi tggggré?;;r.\ﬁgsohld tnangl?, the xample, the two different stress drops highlighted in Fig. 10
pect uc dispracément 0CCUrs ab, iniied similar distributions of T1 events, but the devia-

the largest value of. This is consistent with the results re- fi f lastic behavi d th disol t
ported in Ref.[39] for the velocity profiles. What is new in lons from €'astic benavior anc the average displacements
these results is the ability to correlate the location of T1Were very dlff.ere.nt. The main differences between the_events
events during a stress drop and the location of the deviatio/@S " the d|str|but|_on of precursor T1 events, not in the
from elastic behavior. average bubble motions.

For eventE, there are two clear deviations from elastic _The connection between T1 events and the position of the
behavior, as shown in Fig. 12a) at r=6.48 cm there is a Shear discontinuity was also considered, both in terms of the
positive deviation, andb) atr=6.16 cm there is a negative average propertieesee Fig. 9 and the short time motions
deviation. During the drop, the maximal radial position of a(see Fig. 12 There is no clear evidence for a connection
T1 event isr=6.24 cm. The existence of positive and nega-between the positions of T1 events and the shear discontinu-
tive deviations is consistent with the bubbles associated witlity, but larger system sizes need to be studied. However,
a T1 event moving both forward and backward relative to thehere may be an indirect connection through the stress relax-
average flow. The average displacements duirrgndC are  ation and subsequent motion of surrounding bubbles. Indi-
essentially identical. However, fd€ more thanB there is  rectly, these measurements have some potential implications
some evidence for a positive and negative deviatiom at for the simulations of the modified vertex mod2B]. These
=5.84 cm and at=5.44 cm, respectively. For these drops, simulations illustrate that a localization of T1 events can lead
the maximal radial position of a T1 event is=6.29 cm. to a shear localization. This system does not exhibit localiza-
Comparing these numbers strongly suggests that the locatidion of either the T1 events or the shear. This indirectly sup-
of T1 events is not the main contribution to the determinationports the connection between T1 event localization and shear
of the deviation from elastic behavior, and hence, the detedocalization. What remains an important question is why
mination ofr.. Instead, it is the detailed motion of the sur- would T1 events localize in one case and not the other? An
rounding bubbles. Interestingly, the greatest difference beebvious difference between the T1 events in the bubble raft
tween the two events in terms of T1 position is in theand in the simulation is the duration of the T1 events. In the
precursor to the drops; yet the precursors have very similamodel, the T1 events all occur on a very short time scale, by
angular displacementspen symbols in Fig. J2During the  construction. For the bubble raft, there is a distribution of
interval labeledD in Fig. 1Qb), one observes T1 events as times for the duration of T1 events. Some events occur very
far out asr =6.98 cm. In contrast, during the interval labeled slowly (over 10—20 § As mentioned in the Introduction,

A in Fig. 1Qb), one only observes T1 events as far out asthese differences in time scales are not surprising given the
r=5.87 cm. Presumably, these events play an important roldifferent dissipation mechanisms in the bubble raft and the
in establishing the local stress fields that govern the bubblélele-Shaw cell. However, it is interesting to explore how

motions during the subsequent stress drop. these differences in duration of T1 events modify local stress

(=]
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variations. Again, this points to the importance of under-experimental work is planned that will use the bubble distor-
standing the local stress fields generated by the T1 eventSpn as a direct measure of local stress, as has been done with
and not just the distribution of the events themselves. Furether foam systempt9-52. Close contact with simulations
thermore, as part of the future work that focuses on locathat focus on the stress released by T1 events and STZ'’s, as
stress fields, it will be important to correlate the changes irwell as experimental studies of granular material, will be
local stress with the duration of the T1 events. important for understanding this future work.

The measurements reported here focused on bubble dis-
placements and T1 events. Where possible, comparisons with
the bubble model show quantitative agreement, such as for
Rr1. This adds support to previous results with the bubble This work was supported by the Department of Energy
raft that were also in general agreement with the bubblé&rant No. DE-FG02-03ED46071, the Research Corporation,
model [5,42]. Having strong agreement between the experi-and the Alfred P. Sloan Foundation. | thank John Lauridsen
ments and a theoretical model is useful for the next stage dbr use of his video data of bubble rafts. | thank Craig Mal-
experimental studies. Essentially all of the results point tooney, Corey O’Hern, Michael Falk, and Georges Debrégeas
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