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a b s t r a c t

We report on experimental studies of the failure modes of aqueous foam under tension as a function of
loading speed and system size. Foam is an example of a viscoelastic material that acts either as a solid or a
fluid, depending on the details of the applied deformation. This raises the interesting question of whether
vailable online 21 December 2010
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foam’s failure modes correspond to plastic deformation, viscous flow, or brittle fracture. Using a model
foam system, a bubble raft, we observe two distinct failure modes. For high enough deformation rates and
large enough ratios of the initial system width to length, brittle fracture is observed. For small deformation
rates and ratios of the initial system width to length, plastic pinch-off is observed. For sufficiently small
systems, there is a well-defined transition zone in which a competition between pinch-off and fracture
is observed.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Amorphous materials occur in a broad range of technologi-
ally important systems, including solid materials such as metallic
lasses and ceramics and complex fluids such as foams, emul-
ions, colloids, and granular matter. One of the major challenges
n the study of amorphous materials is understanding the connec-
ion between the structure and dynamics of particles in the system
the microscopic features) and the bulk mechanical response. This
s in contrast to crystalline systems, for which the role of topo-
ogical defects is well understood. In amorphous systems, various
andidates have been proposed for understanding the mechanical
esponse, with one of the main candidates being Shear Transfor-
ation Zones (STZs) [1–7].
Briefly, STZs refer to weak regions in the material which undergo

onaffine motion when a material is subjected to strain [1–7]. STZs
re often associated with topological rearrangements of particles
ithin the material. The STZ picture has had significant success

n capturing the features of plastic deformation in many mate-
ials [8–10]. More recently, advances in the study of amorphous
omplex fluids have lead to direct observations of STZs, providing
vidence for the connection between STZ dynamics at the micro-
copic scale of particles and the macroscopic flow behavior of the
aterial [10,11]. The success of STZ models in describing plastic
hear flow suggests that it might be capable of providing a complete
icture of the mechanical response of these materials. Therefore,

t is important to consider in detail other modes of deformation
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beyond pure shear. One important example is the failure of mate-
rials under tension.

Two of the most common failure modes for materials under ten-
sion are brittle fracture and plastic pinch-off. Fracture represents a
relatively rapid failure, usually characterized by the generation and
propagation of cracks in the material [12–14]. Pinch-off, or neck-
ing, involves the stretching of the material until a segment of the
material shrinks to sufficiently small size that it “pinches-off” at
this point [15–17]. For crystalline systems, the role of topological
defects in determining whether or not a material is brittle or plastic
is reasonably well-understood. In contrast, this is an open question
in amorphous materials.

An interesting aspect of failure in materials is the wide range
of systems for which the failure mode changes when the systems
is made sufficiently small. For molecular materials, this is usually
the micron scale or smaller, and has important implications for
the development and understanding of nano-systems. One recent
example is the observation of a system size dependence of the
failure mode for bulk metallic glasses (BMG) [18–22]. BMG have
a number of important technological applications, but are gener-
ally highly brittle (except near the glass transition), which makes
work with the materials a challenge [23]. Therefore, recent observa-
tions of a transition from brittle to plastic behavior as the size of the
metallic glass system is reduced are of great interest. Determining if
this system size dependence is general for amorphous systems and
the origin of the transition is an important fundamental problem
in materials science.
Complex fluids, such as foams and emulsions, have proven
highly successful as model amorphous materials. To study the
failure modes of amorphous systems, we have chosen to focus on
a model complex fluid: foam [24,25]. In this regard, foams, and

dx.doi.org/10.1016/j.colsurfa.2010.12.018
http://www.sciencedirect.com/science/journal/09277757
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Fig. 1. A schematic of the experimental apparatus: two moving plates are connected
to a stepper motor by a belt and shaft gear. The bubble raft is located between the
pulling plates. The initial spacing between the plates is defined to be the initial length
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L) of the bubble rafts. The width (W) of the bubble raft is the dimension parallel
o the plates. Top view images of the raft are taken with a standard charge coupled
evice camera located above the apparatus.

n particular bubble rafts have a long history of being relevant
o studies of molecular systems. Bubble rafts are single layers of
ubbles on an aqueous solution and have been used to study the
echanical properties of crystalline and amorphous systems in

arious geometries [26–32]. By using complex fluids, the “micro-
copic scale” is that of the constituent particles, which are often
n the millimeter scale. This allows for detailed studies of the
acroscopic and microscopic dynamics.
Previous studies of the failure modes of quasi-two dimen-

ional foams involve foams confined between two plates subjected
o overpressure, or a Hele-Shaw geometry [33–36]. These stud-
es focused on the dynamics of viscous fingering and transitions
etween the formation of voids in the system. The results tend to
e consistent with a picture in which the foam acts as a plastic
aterial for low applied rates of strain and as a brittle solid for high

ates of strain. In this paper, we focus on the failure modes for the
pen system under tension. We consider a wide range of applied
xpansion rates and observe a dependence on the expansion rate
hat is similar to that observed for the confined system subject to
verpressure. In addition, we find a strong system size dependence
hat is reminiscent of the behavior in BMGs [18,19]. The rest of the
aper is organized as follows. Section 2 provides the details of the
xperiment. Section 3 presents the results, and Section 4 provides
summary of the results.

. Experimental details
A schematic of the experimental apparatus is shown in Fig. 1.
wo Teflon plates are supported on gear chains that are controlled
y a stepper motor. The gear chains are coupled so that a sin-

ig. 2. A series of images illustrating the pinch-off failure mode. The images were taken ev
ubble radius is ≈0.7 mm mm. The pulling velocity is 1.7 mm/s. The scale bar in image (

ocation for the minimum width is evident and is a main characteristic of pinch-off.
sicochem. Eng. Aspects 382 (2011) 36–41 37

gle motor drives both chains in opposite directions. Therefore, the
plates are moved in opposite directions at the same speed. The
speed can be varied from 0.01 mm/s to 50 mm/s. We refer to the
initial spacing between the plates as the initial length (L) of the
bubble rafts. The width (W) of the bubble raft is the dimension par-
allel to the plates. We vary both the length and the width in the
experiment in the range from ∼20 to ∼100 mm.

Images of the bubble raft are recorded using a conventional
charge-coupled device (CCD) camera (Pixelink Corporation) which
is installed above the trough. The frame rate is adjustable depend-
ing on the resolution of the images and requirements for each
experiment. The exact value used depends on the pulling speed and
is optimized to resolve the details of the failure of the system. MAT-
LAB programs are employed to process the images and analyze the
fracture and crack dynamics in the series of experimental images.
For these experiments, the focus was on the bulk behavior of the
system, so we did not track individual bubbles. Instead, the analy-
sis was based on thresholded images in which regions with bubbles
were distinguished from pure solution surface. This allowed us to
both measure the shape and minimum width of the system during
pinch-off, and the time evolution of total crack area, as cracks corre-
spond to regions of solution surface within the bubble raft (holes).

The bubble raft system is formed directly in the trough. A solu-
tion of 15% glycerol, 5% miracle bubble, and 80% deionized water is
placed in the trough. Bubbles are formed by flowing compressed
nitrogen gas through the solution. The individual bubble size is
adjusted by selecting the diameter of the needle and the pres-
sure of the nitrogen gas. Two different types of rafts were studied:
monodisperse and polydisperse. To create monodisperse rafts, a
single needle size and pressure is used. This created essentially
crystalline rafts, with a well-defined number of grain boundaries.
To create an amorphous bubble raft, two needles with different
apertures with same pressure are used. The area to be studied is
filled so that each size of bubble covers approximately half of the
region of study. The bubbles are then stirred with a rod to create
an amorphous mixture. Images of the bubble raft are used to deter-
mined the number distribution of bubble radii. For the rest of the
paper, we use the mean bubble radius R when quoting the bubble
radius for a system. The mean bubble radius is defined to be the
number average over the individual bubble radii.

3. Experimental results

We observe three distinct types of behavior in the system:
pinch-off, fracture and a competition between fracture and pinch-

off. The pinch-off behavior is characterized by two main features: a
narrowing of the system in the central region of the bubble raft and
the topology of the rafts remains continuous, with no holes, until it
separates into two regions. This behavior is illustrated in Fig. 2.

ery 3 s. The initial length and width of bubble raft are 6 cm and 4 cm with the mean
a) is 1 cm. The narrowing of the system with a triangular shape and well-defined
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Fig. 3. The minimum width W of the bubble raft as a function of time as measured
from the moment of pinch-off (t0). The initial length and width of bubble raft are
6 cm and 4 cm with the mean bubble radius is ≈0.64 mm. The total pulling time is
≈36 s. The pulling velocity is 1.7 mm/s. The time scale is defined as the time before
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One characterization of the pinch-off is the behavior of the mini-
um width as a function of time. For fluid systems, this is known to

ehave as a power-law in time, where the details of the power-law
epend on the essential physics. For two-dimensional inviscid flu-

ds, one expects an exponent of the order of 0.75 [17]. The viscous
ase remains to be analyzed, but viscous materials generally have
xponents of order one. Our initial studies indicate that the scaling
f the width is consistent with power-law scaling during the pinch-
ff process, with exponents between 0.6 and 1, depending on the
ulling speed. Equally important parameters includes the detailed
omposition of the bubble raft, such as the percentage of glycerol.

e have not been able to study these parameters in any detail at
his time. The scaling is illustrated for one particular case in Fig. 3.
esolving the issue of the scaling exponent in detail is beyond the
cope of this paper and will be the subject of future study.

In contrast to pinch-off, fracture is characterized by the opening
f holes in the interior of the foam which grow and cause the sep-
ration of the bubble raft into multiple pieces. An example of this
ehavior is illustrated in Fig. 4. An interesting question for the frac-
ure is the nucleation of the cracks. Currently, there is no obvious
opological or geometric feature in the system at the site of crack

ucleation. It should be noted that in a number of cases, the fracture
as observed to be incomplete in the sense that isolated bridges
ere created by the fracture. These bridges, presumably due to their

pinch-off occurs(t0 − t). The system exhibits power-law behavior (Wmin ∝ (t0 − t) )),
as indicated by the solid red line. In this case, the exponent of the power-law scaling
is found to be n ≈ 0.8. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

ig. 4. Two series of images illustrating the main elements of failure by fracture. The pulling velocity for both series is 2.56 mm/s. Top series (images (a)–(c)) fracture in an
morphous raft. The initial length and width of bubble raft are 4 cm and 9 cm with the mean bubble radius is ≈0.56 mm. The images were taken at times 0 s, 3 s and 12 s,
espectively, as measured from the initiation of pulling the system apart. In this case, the nucleation and growth of fracture zones in the raft are evident. The growth of these
ones is the source of the ultimate failure of the raft. Bottom Series (images (d)–(f)): fracture in a crystalline system. The initial length and width of bubble raft are 4 cm and
cm with the mean bubble radius is ≈0.3 mm. The images were taken at times 0 s, 3 s and 9 s, respectively, as measured from the initiation of pulling the system apart. Here
e observe the nucleation of fracture at grain boundaries. The scale bar at the bottom center in image (a) is 1 cm.
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F f. The images are 5 s apart. The initial length and width of bubble raft are 4 cm and 4 cm
w cleation of a fracture zone that heals before it can cause failure is indicated by the circle
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Fig. 6. Cracks area vs. pulling time curve for the pulling of bubble raft. The initial
length and width of bubble raft are 6 cm and 8 cm with the mean bubble radius
is ≈0.56 mm. The various pulling velocities are indicated by different symbols. The

provides a successful description of many features of shear flow. It
would be expected that a similar time scale controls the cross over
from plastic to brittle behavior. For Fig. 8, we have also scaled the
ig. 5. Series of images illustrating the competition between fracture and pinch-of
ith the mean bubble radius is ≈0.48 mm. The pulling velocity is 5.1 mm/s. The nu

n the figure.

elatively small width, proceeded to exhibit pinch-off. In compar-
son, we observed fracture in a few monodisperse systems. These
re crystalline with clear grain boundaries. As expected, the frac-
ure nucleates mostly at the grain boundaries. This is shown in the
econd series in Fig. 4.

The final class of behavior involves the competition between
racture and pinch-off. This is characterized by the creation of holes
n the interior of the bubble raft which subsequently close before
eparation of the system into separate segments occurs. This is
llustrated in Fig. 5. An interesting qualitative feature of the fail-
re in cases of competition between fracture and pinch-off is the
symmetry of the final state. Though a more systematic study of
his aspect of the failure is necessary, our initial results strongly
upport the case that pure pinch-off results in a symmetric failure
f the system. Failure occurs in the midpoint of the system and
esults in two symmetrical, triangular daughter rafts. In contrast,
ven if holes in the system subsequently heal before the system
eparates into two parts, the final state is strongly influenced by
he competition of fracture and pinch-off. It is generally asymmet-
ic, both in the sense that the fracture point is off-center and the
utline of the daughter rafts is irregular.

The three different types of dynamics under expansion of the
ystem suggest a natural method for characterizing the failure
ode. We measure the total area of any holes which open in the

nterior of the foam as a function of time. An example of a hole are
he circled regions in Fig. 5. For the case of pinch-off, the area of any
oles in the system remains precisely zero for the entire process.
or the mixed case, this area increases when any holes are gen-
rated and grow, but returns to zero as the holes self-heal. If this
ccurs before failure, we label the state as a mixed-mode failure.
inally, for fracture, hole area increases as a function of time until
ailure is reached. Examples of this characterization of the system
re given in Fig. 6.

Using the area of holes in the system vs. time, we are able to
easure the transition between the different failure modes both

s a function of system width and pulling speed. This is summa-
ized for a system with an initial length of 6 cm in Fig. 7. There
re two key features of this phase behavior. First, it is clear that
here is a strong system size dependence to the failure mode of the
ubble rafts. For small systems, the range of speeds for which plas-
icity, or pinch-off, is observed increases significantly. Second, the
ize of the intermediate zone in which pinch-off and fracture are
bserved to compete is also strongly dependent on the system size.
his competition is more pronounced for the narrower systems.

An important question to answer is the scaling of the critical
elocity for fracture (vc). We have carried out a preliminary study
f this issue using three different initial system lengths. Fig. 8 is a

lot of the critical velocity scaled by the initial length (L) and a char-
cteristic time scale. For the characteristic time scale �, we selected
he inverse of the cross-over rate of strain for the system subjected
o shear flow (� = 1/�̇ = 14.3 s) [37]. This rate of strain represents
inset plot shows a close up view of the plot for the 6 mm/s and 6.45 mm/s in the self-
healing region where the area of cracks becomes non-zero for a finite time before
returning to zero.

the cross-over from quasi-static flow to viscous flow in a system
subjected to steady shear flow. This time scale is a reasonable ini-
tial choice because it is related to the time scale for fundamental
rearrangements in the system that are necessary for flow to occur.
Also, it is a natural time scale in the bubble model [38,39], which
Fig. 7. The phase diagram for pulling velocity vs. initial raft width for the 6 cm initial
length raft. The mean bubble radius is ≈0.56 mm. The open symbols indicate the
transition velocity from pinch-off dynamics to the competition between pinch-off
and fracture. The solid symbols are the critical velocity for the onset of pure fracture,
which corresponds to a monotonic growth of the crack area.
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Fig. 8. The scaled critical velocity for the onset of fracture vs. scaled system width.
Different symbols in the plot correspond to the initial bubble raft lengths as 40 mm
(squares), 60 mm (circles), and 80 mm (triangles). The critical velocity is scaled by the
ratio of the characteristic time (�) and initial length of the system L. The characteristic
time is taken to be the inverse of the critical rate of strain during shear flow for the
transition from quasi-static to fluid-like behavior. The initial raft width is scaled by
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he average bubble radius. The insert is the same data in a log–log plot to illustrate
he evidence of power-law scaling for the critical velocity. The straight line has a
lop 1.3.

nitial width by the bubble radius. Any conclusion based on these
esults are limited by the fact that we are only able to study a small
ange of initial lengths. This is due to the range we can access based
n the imaging magnification, trough size and required pulling dis-
ance to generate failure in the system. Within these limits, the
ata collapse well. It is interesting to note the potential discrepancy
or the smallest system size. What is unclear, given the relatively
mall amount of data at this time, is whether or not this is due to
he increased competition between pinch-off and fracture for the
maller initial widths. Such competition broadens the transition
egion between pinch-off and fracture and increases the error in
ur measurement of the location of the onset of fracture. Future
ork with access to a greater range of initial lengths and widths

hould clarify this issue.

. Summary

We have presented results for the failure modes of a bubble
aft subjected to being pulled apart at a constant speed. The failure
ode for the bubble raft depends both on the initial width to length

atio and the pulling speed. For slow pulling speeds, the system acts
s a plastic solid. In this case, the bubble raft fails through a pinch-
ff mechanism that produces two, symmetric daughter rafts. The
inch-off behavior exhibits scaling of the minimum width of the
ystem as a function of the time from failure, with a rate depen-
ent exponent. For fast pulling speeds, the system exhibits fracture
hrough the nucleation and spreading of cracks, or holes, in the
ystem.

An interesting issue is the transition from pinch-off to fracture.
or sufficiently small system sizes, there is a clear transition zone
n which competition between fracture and pinch-off occurs. As
he system size is increased, this zone decreases and may even
o to zero for our largest system widths. To fully understand
his behavior will require exploring systems larger than possible
n our current apparatus, something that will be the subject of
uture work. One issue will be whether or not the appearance of
elf-healing cracks is fundamentally a probabilistic process with a

trong dependence on the width of the system.

The transition from plastic behavior to fracture as a function of
he pulling speed is consistent with experiments in confined foams
nder conditions of over pressure [33–36]. In these experiments, a
sicochem. Eng. Aspects 382 (2011) 36–41

foam is confined in a Hele-Shaw geometry (i.e. confined between
two plates) and pressurized gas is introduced into a central bub-
ble. As the bubble expands, the surrounding foam is deformed. For
slow flow rates of the gas, the deformation is plastic. For high flow
rates, the foam is observed to rupture and exhibit crack propaga-
tion.

An open question is whether or not the microscopic nature of the
behavior in the confined foams under pressure is the same as that
in our bubble rafts systems. For example, in the confined foam, rup-
ture occurs by the breaking of films between bubbles that is clearly
an example of a brittle failure mode [36]. This is contrasted with
the plastic dynamics of bubbles rearranging as a void expands [36].
In our system, bubbles are pulled apart, but no bubbles appear to
rupture. Furthermore, even though we have tentatively identified
the nucleation and propagation of open regions in the system with
“crack” and brittle fracture, a detailed analysis of the dynamics of
the voids is necessary. At this point, we have identified the creation
of voids with brittle fracture as there is still film “rupture” when the
two bubbles separate, but it corresponds to the formation of two
films from a single film. In contrast, the rupture in the confined
system is the complete loss of a film. It remains to be seen if this
difference is significant. Also, the behavior in the monodisperse sys-
tem is qualitatively very similar to crack propagation. Additional
work is required to really distinguish between brittle and plastic
rupture in this system, and this will include the exploration of even
higher pulling speeds.

The other critical feature of the failure mode is the size depen-
dence. There is a definite increase in the range of pulling speeds for
which the system exhibits plasticity as the system size is decreased.
This is indicated by an increase in the critical speed required to
cause fracture. This is consistent with the observation of the onset
of plasticity in BMGs (a molecular example of an amorphous sys-
tem) when the system size is decreased to the nanometer scale
[18,19]. The correspondence between the behavior in bubble rafts
and BMGs suggest similar mechanisms for the onset of plasticity.
A strong candidate for controlling the failure mode is the role of
STZs. As mentioned, there are various models that can be loosely
categorized as STZ models, and at this point, it is difficult to distin-
guish the different models based on these experiments. However,
some features have emerged from other experiments on bubble
rafts. A common element of STZ models is the existence of regions
of non-affine motion. In experiments using bubble rafts, the is evi-
dence that strongly suggests that the main topological transition
involving the switching of neighbors (a T1 event) acts as the core
of an STZ [10]. More importantly, these regions can be “created”
and “destroyed” due to applied strain [10]. In the athermal bubble
systems, the rate of creation of STZ zones will be governed by the
applied rate of deformation. This may be the source of the depen-
dence of the behavior on pulling velocity. This type of dynamics
is captured in STZ model proposed by Falk and Langer [2]. Based
on this, it is reasonable to expect that future studies of this system
promise to provide important insights into the microscopic dynam-
ics responsible for the competition between the failure modes.

The size dependence raises a few other questions regarding the
fundamental nature of bubble rafts. First, our results suggest that
the critical velocity for fracture is a power-law in the system width.
This is indicated by the insert in Fig. 8, which is a log–log plot of the
critical velocity as a function of the initial width. In this plot, the
straight line has a slope of 1.3. At this point, it is difficult to suggest a
reason for this particular exponent. Furthermore, it is premature to
place to much emphasis on the power-law nature of the behavior as
only an order of magnitude in system size has been studies. Future

work requires exploring a significantly wider range of widths, both
to confirm the power-law behavior and to provide a better measure
of the scaling exponent. For example, instead of a true power-law
scaling, it is possible that there exists a critical width at which the



A: Phy

p
f

d
t
t
s
c
d
t
o
a
g
b
h
t
o
p
i
“
t
s
s
w
s
p

A

R
f

R

[

[

[
[

[

[
[
[
[

[

[
[
[

[
[
[
[
[
[

[
[

[
[
[
[
[
[36] S. Hilgenfeldt, S. Arif, T. Jih-Chiang, Philos. Trans. R. Soc. A 366 (2008) 2145.
M. Arciniaga et al. / Colloids and Surfaces

lastic behavior disappears and only fracture is observed. Again,
uture work is needed to answer this question.

Finally, it is important for future studies to provide a more
etailed study of the scaling of the critical velocity for fracture with
he relevant system parameters. Though we were able to collapse
he data using the initial width, bubble radius, and a time scale
et by the cross-over rate of strain for shear, a theoretical justifi-
ation for this scaling would provide important insights into the
ynamics. However, it is interesting to note that with this scaling,
he critical velocity is of order one when the raft is on the order
f 20 bubbles across. Additionally, the region of mixed behavior
ppears to become significant around 15 bubble diameters. This
eneral length scale appears in the context of shear flow in bub-
le rafts. In studies of shear flow in bubble rafts, shear localization
as been observed. For sufficiently small applied rates of strain,
he width of the flowing region reaches a fixed size on the order
f 15 bubbles [40]. The appearance of this length scale in both
rocesses suggests that similar microscopic mechanism may be

nvolved. One possibility is that this corresponds to the typical
size” of an STZ region in a bubble raft, or using different language,
he typical range of a T1 event. Likewise, the time scale may be
et by the typical time for a T1 event to occur, something that also
cales with the cross-over rate of strain used in this paper. Future
ork is needed to resolve this important issue, including detailed

tudies of the bubble motion during brittle fracture and plastic
inch-off.
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