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Two mechanisms in generating core-shell droplets, namely the rupture of blend films and the 

disintegration of compound threads, were identified. 
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Two possible mechanisms in generating core-shell droplets, 5 

namely the rupture of blend films and the disintegration of 

compound threads, were identified in immiscible polymer 

blends with high viscosity. The deformation and relaxation 

behavior of core-shell droplets was shown to be intimately 

related to the core-to-shell diameter ratio (Rcs). 10 

Core-shell morphology, also referred to as double emulsion or 

encapsulated structure, is a particular structure characteristic of a 

dispersed phase containing another immiscible phase in a matrix. 

Core-shell droplets are promising in various functional 

applications such as drug transporting and releasing, and their 15 

functionalities are closely related to their microstructure and 

dynamics during processing and application.1 The accurate 

generation and manipulation of core-shell structure in low 

molecular weight liquids could be achieved by utilization of 

microfluidic techniques.2-4 However, a comprehensive knowledge 20 

about the dynamics of core-shell structure (such as formation, 

deformation and relaxation) especially under flow is still scarce, 

which greatly limits the exploiting of their potentials in various 

applications. Available studies are mainly limited to numerical 

simulations. For instance, Kan et al.5 explored the dynamics of 25 

the core-shell structure by a leukocyte model with the Eulerian–

Lagrangian algorithm. They found that if the time scale of the 

core was comparable to that of the shell, the compound droplet 

would behave like a homogeneous and simple droplet. But 

disparate time scales between the core and the shell resulted in a 30 

rapid initial recoil of the droplet, followed by a slower relaxation 

during which the core and shell interacted with each other. By 

using a level set representation of the interface, Smith et al.6 

constructed a phase diagram to describe the flow-induced 

morphologies over a range of capillary numbers (Ca) and 35 

interfacial tension ratios (κ) of the core to outer droplet. In the 

case of small κ and low Ca, the core-shell droplet would break 

into a series of encapsulated daughter droplets; at large κ the core 

would undergo a little deformation then formed a bulge which 

caused the outer droplet ends to pinch off. In case of small κ and 40 

high Ca, the droplet would relax back into a sphere. Despite of 

fruitful results obtained numerically, direct experimental 

evidence about the structure formation and stability of core-shell 

droplets is still lacking possibly due to the fast dynamics of low-

viscosity liquids. 45 

Fortunately, core-shell morphology can also be obtained in 

binary or ternary immiscible polymer blends during melt mixing7-

13 or in partial miscible blends via viscoelastic phase separation.14, 

15 In consideration of their slow structure dynamics and distinct 

phase boundary, immiscible polymer blend melts with high 50 

viscosity may serve as ideal model systems for the study of the 

dynamics of core-shell droplets under flow. Thermodynamically, 

the formation of core-shell droplets in ternary blends (especially 

copolymer-compatibilized blends16) is determined by several 

parameters such as the component ratio and interfacial tension 55 

between components, and can be predicted using the spreading 

coefficient or a minimal surface free energy model.7-9 The 

elasticity is found to act as an additional interfacial tension under 

shear conditions which will influence the encapsulation behavior 

of phases.8-10 The formation of core-shell morphology in binary 60 

polymer blends usually requires a change in the feeding sequence 

or other operating parameters, in which phase inversion or 

uneven mixing is usually involved.11-13 For example, Favis et al.11 

found that for polypropylene (PP)/polycarbonate (PC) blends 

with a volume fraction of 75/25, core-shell structure, in which PC 65 

was the dispersed phase with spherical PP sub-inclusions, was 

obtained in the PP matrix by adjusting the mixing time in an 

impeded phase inversion. However, the detail formation 

mechanism and structure dynamics of these core-shell droplets 

have not, so far, been touched. 70 

Here, we report an in-situ experimental investigation about the 

formation and evolution dynamics process of core-shell droplets 

in an immiscible polystyrene (PS)/high-density polyethylene 

(HDPE) blend prepared via a two-step mixing strategy. 

Commercial polystyrene (PS) and high-density polyethylene 75 

(HDPE) with a melt flow index (MFI) of 7.0 g/10 min (5 kg, 

200°C) and 7.6 g/10 min (10 kg, 220oC) were provided by Taihua 

Plastic (Ningbo) Co., Ltd and Dushanzi Petrochemical Co. 

(China), respectively. The zero-shear viscosities of HDPE and PS 

at 200°C were 1020 Pa·s and 5030 Pa·s, respectively. The 80 

interfacial tension σ between PS and HDPE was 5.2 mN·m-1 

according to the deformed drop retraction method (DDRM).17 A 

blend with weight ratio of HDPE:PS=80:20 was prepared using a 

Haake Rheomix 600 mixer operating at 200°C and 50 rpm for 3 

min with the addition of 0.3 wt.% antioxidant 1010. A shear-85 

optical system, which combined a microscope (Olympus BX51, 

Japan) and a double-side heated Cambridge shearing stage (CSS-

450, Linkam Scientific, UK) was utilized to study the 

deformation and relaxation of core-shell structure in-situ under 

well-controlled shear conditions (please refer to Ref 18-20 for 90 

details). Typically, a PS/HDPE blend film (~100 µm in thickness) 

was sandwiched between two PS disks (1 mm in thickness) and 

melted at 200°C in the shearing stage (see Scheme 1 for the 
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sample configuration). The sandwiched sample was then sheared 

at 0.5 s-1 at a gap space of 1500 µm for 600 s to produce 

core(PS)-shell(HDPE) droplets. 

 

 5 

Scheme 1 Illustration of the side view of the sandwiched sample 

configuration for optical-shear experiments. The x and y denote the flow 

and rate gradient direction, respectively. 

Formation of core-shell droplets. Complicated morphologies 

including dispersed droplets, compound threads and films were 10 

produced in the sandwiched PS/HDPE blend sample during/after 

shearing. Two mechanisms in generating core-shell droplets were 

identified. The first mechanism for the produce of core-shell 

droplets is the spontaneous rupture of thin blend film containing 

subinclusions during relaxation. Figure 1 displays the rupture 15 

process of a PS/HDPE blend film containing PS subinclusions 

with diameter of 1~10 µm in the PS melt after shearing at 200°C 

and 0.5 s-1 for 600 s. The film thickness was estimated to be 

about 10 µm based on the volume conservation of these 

compound droplets produced in Figure 1f, which was comparable 20 

to the largest size of PS subinclusions. The rupture of blend film 

started from the growth of holes (Figure 1a), which was related to 

the spontaneous rupture of thin films in the presence of small 

thickness fluctuations under the driving of interfacial tension.21 A 

transient network structure was then formed due to the 25 

continuous expansion of these holes (Figure 1d-e). Then core-

shell droplets with various diameters and numbers of 

subinclusion droplets were produced due to the disintegration of 

this transient network. During the gradual rupture of network 

structure, the coalescence of PS subinclusion droplets and the 30 

merging of subinclusion droplets into the PS matrix were also 

found. 

 

 
Figure 1 Formation process of core-shell droplets via the rupture of 35 

PS/HDPE blend thin film in PS matrix during annealing after sheared at 

0.5 s-1 and 200°C for 600 s. The dash arrow denotes the flow direction. PS 

droplet which would constitute the core was denoted by black arrow. The 

hole from which the film ruptures is marked with the white arrow. The PS 

subinclusion droplet which will merge into the matrix is marked with the 40 

red arrow. The scale bars denote 20 µm. 

The second mechanism in generating core-shell droplets was 

the disintegration of PS/HDPE compound threads via Rayleigh 

instability. As shown in Figure 2, for PS/HDPE films undergoing 

continuous shear flow at 0.5 s-1, some slender compound threads 45 

were formed in the flow direction after the rupture of films. These 

compound threads consisted of elongated PS cores embedded in 

the HDPE shells. These slender compound threads were unstable 

under shear flow or during quiescent melt annealing. The 

development of Rayleigh instability was observed both for the 50 

HDPE shell and PS core of compound threads, which also led to 

the formation of near-spherical core-shell droplets in the PS 

matrix. Some fragments of slender compound droplets with small 

aspect ratio retracted into ellipsoidal droplets which containing 

several large PS cores. Coalescence of large PS cores was 55 

observed in the late stage of relaxation of compound droplets. 

Most of core-shell droplets generated via this mechanism 

contained only one PS core therein. Above results suggest that 

the two-step melt mixing method represents a simple and 

efficient process in preparing core-shell droplets in viscous 60 

polymer blends. 

 

 
Figure 2 Formation process of core-shell droplets via the relaxation of 

PS/HDPE compound threads in PS matrix after continuously shearing at 65 

0.5 s-1 for 2000 s. The scale bar denotes 20 µm. 

Deformation of core-shell droplets under shear. The 

deformation of core-shell droplets was realized by applied 

various shear strains (γ=0~4) to the droplets obtained. The shear 

strains were set within 4 to ensure that core-shell droplets after 70 

shearing could relax to their equilibrium state. The deformation 

behavior of a series of core-shell droplets with core-to-shell 

diameter ratio (Rcs) ranged from 0.25 to 0.56 was considered. 

Figure 3 displayed the shape evolution of a core-shell droplet 

with core diameter about 30 µm and shell diameter about 56 µm 75 

(namely Rcs=0.54) at a shear rate of 0.5 s-1. With increasing shear 

strain (up to γ=3), the shell evolved gradually into a spindle shape 

(Figure 3a~d). The droplet was stretched in the shearing direction 

while it kept almost a constant width in the direction 

perpendicular to the shear flow, suggesting that the droplet 80 

became flat in the shear gradient direction during deformation. 

When the shear strain further increased to γ =4, as shown in 

Figure 3(e), the core-shell droplet became narrower in the width 

and attained a very interesting shape. According to the relative 

brightness of two tips of the shell, the side view of this highly 85 

deformed core-shell droplet was sketched out in Figure 3(f). It 

was showed that the deformation of droplet was asymmetric. The 

droplet formed two tips near the bottom shear plate and top shear 

plate of shear cell, respectively. The shape was significant 
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different from the flat ellipsoid shape of pure droplet reported22 

and the slender shape predicted6 under large shear strains. The 

formation of this asymmetric shape may be the comprehensive 

result of the presence of a less deformable core in the droplet and 

the drag force23 of the PS matrix melt acted on the outer HDPE 5 

shell in the flow direction. When the shear strain exceeded 7.5, 

this core-shell droplet would break up into pure HDPE droplets 

with diameter about 10~15 µm dispersed in the PS matrix. There 

existed a critical Rcs about 0.35 for the deformation behavior of 

cores. When Rcs was larger than the critical value, the core 10 

elongated apparently under shear. When Rcs was smaller than the 

critical value, the core could hardly be deformed.  

 

 
Figure 3 (a)-(e): The deformation of a core-shell droplet with a core-to-15 

shell diameter ratio of 0.54 after shearing at 0.5 s-1 for different times. (f): 

the schematic drawing of the side view of deformed droplet in (e). The 

scale bar denotes 20 µm. 
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Figure 4 Deformation parameters of the core-shell droplet shown in 20 

Figure 3 as a function of shear time. The deformation data of a pure 

HDPE droplet with a same diameter (~56 µm) to that of core-shell droplet 

are also presented for comparison. 

Figure 4 compares the deformation parameters for the core and 

shell of droplet shown in Figure 3 subjected to different shear 25 

strains at 0.2 s-1 and 0.5 s-1. The deformation parameter is defined 

as D=(L-W)/(L+W), where L and W is the droplet length parallel 

to and vertical to the shear direction, respectively. The 

deformation parameter of core and shell both increased almost 

linearly with the shear time. However, the deformation behavior 30 

of shell was almost identical with that of pure HDPE droplet with 

a same diameter. And the deformation parameter of core was 

always smaller than that of shell regardless of the shear rate or 

shear strain applied. The rigidity against deformation displayed 

by the core could be ascribed to the higher viscosity (5030 Pa·s) 35 

and smaller size of core compared with that of the shell (1020 

Pa·s). The overshoot in the core length under shear flow as 

predicted theoretically for a Newtonian droplet both in 

Newtonian fluid6 and non-Newtonian fluids24 was observed here. 

The reason may be ascribed to the large Rcs of the core-shell 40 

droplet or the viscoelastic nature of both droplet phase and matrix 

phase in the present HDPE/PS blend. 

Relaxation of core-shell droplets after deformation. After 

the cessation of shear flow, the deformed core-shell droplet 

would retract into its equilibrium shape under the driving of the 45 

interfacial tension between components. Figure 5 shows the 

relaxation process of a core-shell droplet with Rcs=0.52 after 

shearing at 0.5s-1 for 4 s. As shown in Figure 5, the HDPE shell 

relaxed into a sphere gradually in ~450 s with an initial small 

narrowing in the shell width. However, the PS core displayed an 50 

interesting relaxation behavior. The core retracted into a sphere 

quickly in the initial relaxation stage (0~90 s) and then it was 

over-squeezed by the retracting outer HDPE shell in the long axis 

direction of shell into an ellipsoid in the intermediate stage (90 

s~160 s). This over-squeezed PS core then relaxed gradually into 55 

a spherical shape during the retraction process of the outer HDPE 

shell. It should be noted that the lensing effect should be marginal 

here since the refraction indices of PS (n=1.58) and HDPE 

(n=1.51) are close and should not lead to nonspherical shape of 

subinclusions.  60 

 

 
Figure 5 Relaxation process of a core-shell droplet (Rcs=0.52) after 

shearing at 0.5 s-1 for 4 s. The scale bar denotes 20 µm. 

0 50 100 150 200 250 300
-0.2

0.0

0.2

0.4

0.6

d
e
fo
rm
a
ti
o
n
 p
a
ra
m
te
r 
D

shear time (s)

shell

core

 65 

Figure 6 Deformation parameter (D) of the core and that of the shell as a 

function of the relaxation time after shearing at 0.5 s-1 for 4 s. The data is 

obtained from Figure 5. 

Figure 6 shows that temporal evolution of D for the shell and 

core during shape relaxation. It was clear that the D of core 70 
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declined to zero and the core recovered a spherical shape at 90 s, 

which was more rapid than that of the outer shell. The D of PS 

core declined continuously to -0.135 since then, implying the 

core was over-squeezed. After that, the negative D of inner core 

and the positive D of outer shell changed slowly to zero.  5 

This particular over-squeezing phenomenon observed during 

the relaxation of core-shell droplets has been predicted by theory 

and simulation.5, 25, 26 It was proposed that the over-squeezing of 

core should originate from the non-synchronization or mismatch 

between the relaxation dynamics of core and that of the shell. It 10 

can be understood simply as a minimization of total interfacial 

energy. When the D of core approaches zero during its fast 

relaxation process, the outer interface has not yet regained its 

equilibrium shape due to its relatively larger size. The internal 

flow field caused by the retracting outer interface will deform the 15 

core to minimize the total interfacial energy. Here, this over-

squeezing phenomenon is observed experimentally in polymer 

melts with high viscosities and is found to be closely correlated 

with the Rcs of core-shell droplets.  

Figure 7 further reveals the dependence of normalized D 20 

(D/D0) as a function of relaxation time for a series of core-shell 

droplets with different Rcs values. For core-shell droplets with 

Rcs<0.35, the cores relaxed to a sphere rapidly and kept a near-

spherical shape during the relaxation of outer shell. As a result, 

the core appeared to be less deformable than the core when it was 25 

sheared. While, for core-shell droplets with Rcs>0.35, the cores all 

undergone the over-squeezing process during shape relaxation. 

Although core-shell droplets with Rcs value close to unity were 

not found during experiments, it is reasonable to speculate that 

the inner PS cores of these droplets should display almost 30 

identical relaxation dynamics to that of outer HDPE shells due to 

their severe geometry limitation. In a word, the over-squeezed 

core could be observed for core-shell droplets only with a 

moderate Rcs value.  

 35 
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Figure 7 Normalized D of core vs relaxation time for core-shell droplets 

with different Rcs after shearing at 0.5 s-1 for 4 s. 

Conclusions 

In-situ optical-shear experiments indicated that the two-step 40 

melt mixing method was efficient in producing core-shell 

droplets in the high viscous PS/HDPE blends. There were two 

possible mechanisms for the formation of core-shell droplets, 

namely the breakup of blend film and the disintegration of 

compound thread. The deformation of core-shell droplets under 45 

shear strains was similar to that of pure HDPE droplets of equal 

size. The core-to-shell diameter ratio (Rcs) played an important 

role in governing the deformation and relaxation dynamics of the 

core. For the present system, the core displayed rigidity resisting 

deformation and relaxation when Rcs was smaller than a critical 50 

value of 0.35. When Rcs was larger than this critical value, the 

non-synchronization between the core and the shell would cause 

the core to be over-squeezed in the long axis direction of shell 

during the relaxation process. These findings provide some direct 

experimental evidences for available numerical results about the 55 

dynamics of core-shell droplets. However, to provide necessary 

knowledge about the delicate manipulation of core-shell droplets 

in various functional applications, more systematic works on the 

role of component viscoelasticity and core-shell structure 

parameters are required. 60 
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