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a b s t r a c t

We observed change in distance between two droplets in each step after application of large multi-step
shear strains. Experiments were performed using a sliding plate apparatus. Large step shear strains were
applied to two polyisobutylene droplets in poly(dimethyl siloxane) matrix in the same plane between
the plates. The distance between the two droplets decreases with increasing the total shear strain, which
is given by the product of the step strain magnitude and the number of application of the step strains.
The two droplets coalesce when the distance becomes less than the diameter of the droplets. The slope
for plots of the distance versus the total strain is independent of the step strain magnitude. This indicates
that the effect per unit strain on the distance is the same, irrespective of the strain magnitude. It is sug-
gested that a stronger hydrodynamic interaction between the droplets is the main cause for the droplet
approach.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Interaction and coalescence of droplets are interesting subjects
in polymer blends and interfacial phenomena. A large number of
studies have been made in this field. One major method to investi-
gate the interaction and coalescence of droplets is to observe mor-
phology under transient shear flow and/or steady shear flow [1].
This kind of study is very useful to understand behaviors of droplets
as an ensemble. On the other hand, another trend in recent studies
is to investigate detailed shape of the interface during coalescence
of droplets or lenses (droplets on a solid or a liquid substrate) [2–5].
Using high speed cameras, the latter investigations revealed dy-
namics of interface during coalescence. These two kinds of investi-
gations dealt with two limiting cases of interaction and coalescence
of droplets. However, interaction between droplets, which are close
to each other and in deformed state, has not been investigated yet.
This investigation is important to know how droplets approach and
coalesce in flow fields.

In our previous study [6], we found that two droplets spontane-
ously approach under large step shear strains and coalesce after
certain times of the application of the step strain. The driving force
for the approach is considered to be hydrodynamic interaction
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between the droplets. However, details of the interaction were
not clear, because experimental setup was not sufficient. In the
present study, we used an apparatus by which observations from
two directions are possible, i.e. from deformation-gradient and vor-
ticity directions. This apparatus enables us to fix the droplets in the
same shear plane and to apply step shear strains parallel to the line
between the centers of the droplets. In addition, the distance be-
tween the parallel plates is relatively large so that the interaction
from the plates can be minimized. The objective of the present
study is to clarify the behavior of two droplets interacting under
the large step shear strains. The criterion for the droplet coales-
cence is also investigated.
2. Experimental

We used polyisobutylene (PIB; Polyscience Co., Ltd.) as droplet
and poly(dimethyl siloxane) (PDMS; Shinetsu Chemical Co., Ltd.)
as matrix polymers. The zero shear viscosities of PIB, hd,
and PDMS, hm, are hd¼ 95.5 Pa s and hm¼ 1.08� 103 Pa s at
23 �C, respectively. The interfacial tension G between these poly-
mers are evaluated as G¼ 3.1 mN m�1 using the pendant droplet
method. To apply large step shear strains and observe deforma-
tion of droplets, sliding plate geometry was adopted. Similar ap-
paratus was used in our previous study [7]. The size of sliding
plates (glass plates) with rectangular shape is 200 mm length,
50 mm width and 5 mm thickness. Using two glass spacers, the
gap between the plates is kept at 2.7 mm or 5.0 mm during
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measurements. Two droplets are injected into the matrix using
a micro-syringe in the middle of the gap so that the two droplets
are on the same plane. By moving the lower glass plate parallel to
its side and injecting the droplets, the droplets are arranged par-
allel to the side of the glass plates and the distance between the
centers of the droplets, d0, is adjusted. The radius of the droplet,
r0, was almost the same for the two droplets, ranging from 210–
Fig. 1. Micrographs of two droplets observed from the vorticity direction (side view): (a) bef
(c) t¼ 45 s; (d) t¼ 90 s; (e) t¼ 180 s; (f) t¼ 360 s and (g) t¼ 1200 s (after recovery).
240 mm. The linear relaxation time sD of these droplets can be
calculated using the Palierne theory [8,9] as

sD [
r0hm

4G

ð19KD16Þð2KD3L2fðKL1ÞÞ
10ðKD1ÞL2fð5KD2Þ ;

where K is the viscosity ratio defined by K¼ hd/hm and f the
volume fraction of droplets. Assuming the infinitely large matrix
ore application of shear deformation; (b) t¼ 0 s (just after applying shear deformation);



Table 1
The slope of the plots of d0/r0 versus gtotal at d0/r0< 3.8, D(d0/r0)/Dgtotal, and the total
strain at the coalescence of the droplets (d0/r0)coal, for various step strains g

g D(d0/r0)/Dgtotal (d0/r0)coal

2 �0.12 1.92
3 �0.14 1.91
4 �0.13 1.77
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and setting f¼ 0 give sD¼ 94–108 s for the droplets with r0¼ 210–
240 mm.

The step shear strains were manually applied by moving the
upper glass plate parallel to its side. The time necessary to apply
the step strain g is within 0.3 s for g¼ 4 and 0.1 s for g¼ 1. The
shape and position of the droplets were observed from the
deformation-gradient and vorticity directions using two stereo mi-
croscopes. For observation from the latter direction, a slide glass is
fitted to the side of the glass plates. It was confirmed by observation
from the deformation-gradient direction that the direction of the
shear deformation was parallel to the line between the centers of
the droplets. The time necessary to complete the recovery, scomplete,
is almost the same as that for the recovery of the single droplet [6,7]
when the coalescence does not occur, i.e., scomplete y 300 s for g¼ 1
and scomplete y 800 s for g¼ 4. When the droplets coalesce, scomplete

is somewhat longer than that for the single droplet [6]. After re-
covery of the deformed droplets, the upper glass plate is set back
to the original position and the same shear deformation as the pre-
vious one was applied. These procedures were repeated until the
two droplets coalesce.

3. Results

Fig. 1a–g shows micrographs of the two droplets observed from
the vorticity direction (side view). The direction of deformation is
horizontal and the direction of deformation-gradient is vertical in
the micrographs. Before application of the shear deformation, two
droplets are spherical with the radius r0 and the distance d0

(Fig. 1a). Just after application of the step shear strain g¼ 3
(t¼ 0 s), the shape of the droplets is close to ellipsoid given by affine
deformation assumption (Fig. 1b). Deformation of the droplets re-
covers owing to the interfacial tension between the droplet and
the matrix phases, and the length of the major axis of droplets
decreases (Fig. 1c–e). It should be noted that shape of the droplet
is not symmetric in these micrographs. Fig. 1c–e shows bending or
even sigmoidal shape of droplets, which are not observed for a single
isolated droplet [7]. This asymmetric shape might result from
Fig. 2. Plots of d0/r0 versus gtotal at g¼ 2 (open circles). The solid line indicates the
least square fit with the experimental data. The cross-symbol shows the extrapolation
of the least square calculation to gtotal¼ gcoal.
interaction between the two droplets. At t¼ 360 s (Fig.1f), the drop-
lets further retract and the shape of the droplets become ellipsoid
of revolution. Though asymmetric shape of the droplets is not
prominent in this stage, angle between the major axis of the drop-
lets and shear flow direction, q, is slightly less than that at t¼ 0 s as
a result of the bending of the droplets during the retraction. It can be
seen that d0 after the recovery (Fig. 1g) is smaller than that before
deformation (Fig. 1a). This indicates that attractive interaction acts
between the droplets during the shape recovery.

Fig. 2 shows the normalized distance d0/r0 as a function of the
total strain gtotal at g¼ 3, where gtotal is given by

gtotal [ ng: (1)

Here, n is the number of step shear strains applied. In Fig. 2, open
circles indicate experimental data for d0/r0. The distance d0/r0

decreases with increasing gtotal or n. At d0/r0< 3.8, d0/r0 is propor-
tional to gtotal, where the proportionality constant is negative. The
solid line in the figure represents calculated result, which is deter-
mined by the least square method at d0/r0< 3.8. The slope of the
line, D(d0/r0)/Dgtotal, is �0.127. A cross-symbol indicates extrapola-
tion of the calculated result to gtotal at the coalescence, gcoal. In
Fig. 2, gcoal is given by gcoal¼ 32. The extrapolated value of d0/r0

to gcoal is d0/r0¼1.94. We refer to this extrapolated value as
(d0/r0)coal.

Table 1 summarizes D(d0/r0)/Dgtotal and (d0/r0)coal for g¼ 2, 3
and 4. In Table 1, D(d0/r0)/Dgtotal is almost the same and (d0/r0)coal

is slightly smaller than 2 for g¼ 2, 3 and 4. This means that change
in d0/r0 per unit shear strain is the same at g¼ 2, 3 and 4. Moreover,
the droplets coalesce if d0/r0 after recovery is less than 2, i.e., if the
droplets overlap each other after recovery.

4. Discussion

A part of the experimental results may be explained by hydro-
dynamic interaction between the droplets. Fig. 3 shows the cal-
culated flow field in the matrix at t¼ 0, in which origin of arrows
indicates a point in the matrix and length and direction of the
Fig. 3. Flow field in the matrix at t¼ 0 calculated based on a hydrodynamic interaction
model [10]. Solid lines represent the droplets.
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arrows show velocity vector of the flow at the point. The calculation
was performed based on a simple model which considers hydro-
dynamic interaction between the two droplets. In this model, the
droplets are represented by a number of rigid spheres with radius
a, which aligns on a line with the orientation angle q to x axis,
and the retraction of droplets is driven by harmonic potentials
which act on the rigid spheres. The flow field in the matrix is
calculated using the Oseen’s equation. Detail of the model will be
described in the following paper [10].

In Fig. 3, the number of the rigid spheres for one droplet is hun-
dred, and coordinates of centers of mass for the rigid spheres are
(x,y)¼ (�20a,0) and (x,y)¼ (20a,0), respectively. Orientation angle
q is given by q¼ p/10. The rigid spheres, which represent the drop-
lets, are indicated by closed squares (although difficult to see at
low magnification). Fig. 3 shows that lower part of the left droplet
experiences flow from left to right while upper part of the same
droplet experiences flow from right to left. In the vicinity of the
left droplet, summation of the flow seems to be from left to right.
In the vicinity of the right droplet, summation of flow in the matrix
seems to be from right to left. As a result, the droplets move toward
the other ones owing to the flow of the matrix. Actually, the result of
the calculation indicates that distance between the centers of mass
of the rigid spheres for each droplet decreases with increasing time.
This strongly indicates that the experimental results in the present
study are caused by the hydrodynamic interaction between the
droplets. It should be noted that the above model does not consider
increase of minor axis of the droplets, which can cause repulsive
interaction opposite to the above consideration. However, increase
of length of the minor axis is much smaller than decrease of length
of the major axis. This may be the reason why the above model
explains the experimental results well.

Very recently we found that time evolution of axes (retraction)
for isolated droplet with spheroidal shape is independent of g,
when time is reduced by (t� tS)/sD, where sD is the linear relaxation
time of the droplet and tS is a starting time for the spheroidal shape
[11]. We showed that the stress calculated by using the interface
tensor [12,13] can be reduced similarly and a normalized stress is
expressed by a single curve independent of g [11]. Even if contribu-
tion from the interface velocity [14,15] is considered, the normal-
ized stress relaxation curves at the last stage are independent of
g [16]. However, experimental data of the stress relaxation for
polyisobutylene/poly(dimethyl siloxane) blends exhibit significant
g-dependence in the reduced plots [11,16]. This indicates that
effects of other droplets in blends cannot be neglected at all. One
of the effects is considered to be the hydrodynamic interaction as
the present experimental results show. Actually, d0/r0 for 20 vol%
of droplets in the blends was calculated as d0/r0¼ 2.8 assuming
simple cubic lattice. This distance is much smaller than that of
the attractive interaction range between two droplets, which is
more than 5 as shown in Fig. 2. The effects of hydrodynamic inter-
action on the stress relaxation of real blends clearly need further
investigations.

5. Conclusions

Dependence of the distance between two droplets on the
applied step shear strains was determined by direct observation
of the droplets under large strains. The distance decreases with
increasing the total strain applied, and the droplets coalesce
when the distance is less than the droplet diameter. Calculation
based on the model [10] indicates that the decrease of the distance
is caused by the hydrodynamic interaction between the two drop-
lets. The hydrodynamic interaction is considered to be one of the
causes for the strain dependence of the normalized stress relaxa-
tion curves found very recently [11,16].
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