
Effects of Emulsion Parameters on Relaxation Behaviors for Immiscible
Polymer Blends

Lin-Qiong Xu, Han-Xiong Huang, Zhao-Ke Chen, Xiong-Jun Wu
Lab for Micro Molding and Polymer Rheology, The Key Laboratory of Polymer Processing Engineering of the Ministry of Education,
Department of Industrial Equipment and Control Engineering, South China University of Technology, Guangzhou 510640,
People’s Republic of China
Correspondence to: H.-X. Huang (E- mail: mmhuang@scut.edu.cn)

ABSTRACT: The relaxation behaviors of the binary immiscible blends reflected on the plots of the storage modulus and the imaginary

part of complex viscosity were investigated using the Maxwell and the Palierne models. It was revealed that the peaks in the high-

and low-frequency regions on the complex viscosity imaginary part plot are owing to the relaxations of the blend and deformed dis-

persed droplets, respectively. Based on these two models, six emulsion parameters (interfacial tension, relaxation times and viscosities

of two components, and dispersed phase volume fraction) were investigated in terms of their effects on the shape features of the plots

of the imaginary part of complex viscosity and the Cole–Cole. The results showed that the viscosities of two components and dis-

persed phase volume fraction play key roles in the radii of the two circular arcs on the Cole–Cole plot. Furthermore, the two circular

arcs are well separated in the case of lower interfacial tensions and dispersed phase viscosities, shorter matrix relaxation times, and

higher matrix viscosities and dispersed phase volume fractions. The total relaxation time of the deformed dispersed droplets increases

with increasing the viscosities of two components, especially with decreasing the interfacial tension. Three types of polymer blends

were prepared and their dynamic frequency sweep testing results demonstrated the effectiveness of the corresponding predicted

results. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 39690.
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INTRODUCTION

The relaxation behaviors of the immiscible polymer blends

may give useful information on their interfacial properties and

phase morphologies.1–6 The rheological functions, such as the

storage modulus,1–3,5 loss tangent,7 and Cole–Cole plots4,8–11

can reflect the relaxation behaviors of the blends. There exist

two relaxation processes for the immiscible blends in the

whole tested frequency range. The one is for the relaxation of

the blends; the other for the relaxation of the deformed dis-

persed droplets in the matrix, that is, the second relaxation

mechanism for the blends. The latter relaxation process leads

to higher elasticity of the blend compared with those of the

pure components in the blend, which is reflected on the stor-

age modulus and loss tangent plots in the low frequency

region.2,7,11 Moreover, it results in the appearance of a tail or

even a circular arc in the low frequency region on the Cole–

Cole plot.8–11 Several researchers have used these phenomena

to analyze the miscibility of the polymer blends9–13 and pre-

dict the phase inversion composition.9,14 To the best knowl-

edge of the authors, few researchers have ever reported the

influencing factors on the Cole–Cole plots for the immiscible

blends. Graebling et al.2 investigated the effects of the matrix

relaxation time and droplet size distribution at constant vol-

ume average radius of the dispersed droplets on the Cole–Cole

plots for the immiscible blends. The results showed that the

two circular arcs on the Cole–Cole plot are well separated at

short matrix relaxation times. However, the droplet size distri-

bution has little influence on the Cole–Cole plot. Recently, Wu

et al.10 reported that the addition of the copolymers into the

poly(e-caprolactone)/poly(lactic acid) (PCL/PLA) blends

reduces the interfacial tension between the two components,

and thus the circular arcs of the Cole-Cole plot shift up to low

frequency region. Li et al.14 investigated the rheological prop-

erties for the PLA/poly(butylenes adipate-co-terephthalate)

(PBAT) blends with 5–80 wt % PBAT. For the Cole–Cole plot,

the 80/20 PLA/PBAT blend presents two circular arcs, whereas

the 70/30 and 50/50 blends only show a tail in the low fre-

quency region.

Several rheological models have been proposed to describe the

viscoelasticity of the immiscible blends with droplet-matrix

morphology1,2,15 and cocontinuous structure.16 The Palierne

model1,2 is one of the most widely used models to describe the
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viscoelasticity of the binary immiscible blends with droplet-

matrix morphology. This model is a constitutive equation for

the complex modulus as a function of the interfacial tension,

dispersed phase volume fraction, average dispersed phase radius,

and component complex moduli. Among them, the complex

moduli of the components are dependent on the their zero-

shear viscosities and relaxation times according to the Maxwell

model.17

For the aforementioned reasons, this work aimed at investigat-

ing the influencing factors of the Cole–Cole plot for the binary

immiscible blends with droplet-matrix morphology based on

the Maxwell17 and the Palierne1,2 models. Six emulsion parame-

ters, that is, the interfacial tension between two components,

relaxation times and viscosities of two components, and dis-

persed phase volume fraction, were taken into account at con-

stant average radius of the dispersed phase. Their influencing

mechanisms were investigated in terms of the relaxation behav-

iors reflected on the plots of the storage modulus and the imag-

inary part of complex viscosity. Moreover, some predicted

results were confirmed by the experimental results for three

types of polymer blends.

THEORETICAL MODEL

In this work, the complex moduli of the matrix, dispersed

phase, and blend were calculated based on the Maxwell17 and

the Palierne1,2 models, which are written as follows:

G�m xð Þ5 ixgm

11ixkm

(1)

G�i ðxÞ5
ixgi

11ixki

(2)

G�b ðxÞ5G�mðxÞ
113uHðxÞ
122uHðxÞ (3)

where

HðxÞ5
4 a

RV
½2G�mðxÞ15G�i ðxÞ�1½G�i ð x Þ2G�mðxÞ�½16G�mðxÞ119G�i ðxÞ�

40 a
RV
½G�mðxÞ1G�i ðxÞ�1½2G�i ðxÞ13G�mðxÞ�½16G�mðxÞ119G�i ðxÞ�

(4)

and G�m, G�i and, G�b are the complex moduli of the matrix, dis-

persed phase, and blend, respectively; gm and gi are the zero-

shear viscosities of the matrix and dispersed phase, respectively;

km and ki are the relaxation times of the matrix and dispersed

phase, respectively; x is the angle frequency; a is the interfacial

tension between two components of the blend; u and RV are

the volume fraction and volume average radius of the dispersed

phase.

Giving the values of the gm, km, gi, and ki, the G�mðxÞ and

G�i ðxÞ were calculated using eqs. (1) and (2), respectively. The

G�bðxÞ was obtained by substituting the calculated values of the

G�mðxÞ and G�i ðxÞ into eq. (3) at the given values of the a, u,

and RV. Then, the storage (G0) and loss (G00) moduli of the

matrix, dispersed phase, and blend were determined based on

the following equation:

G�5G01iG00 (5)

Finally, the imaginary part g00 (5G0/x) and real part g0 (5G00/x)

of the complex viscosities (g*) of the matrix, dispersed phase,

and blend were calculated.

EXPERIMENTAL

Materials and Sample Preparation

In this work, four kinds of materials were used: polypropylene

(PP), PLA, poly(butylene succinate) (PBS), and linear low-

density polyethylene (LLDPE). The manufacturers, grades, melt

flow indices (MFI), densities, and zero-shear viscosities of the

used materials are listed in Table I. Two PBS grades were cho-

sen: 1903I (injection molding grade, denoted as PBS-1) and

1903F (film grade, denoted as PBS-2).

Three types of polymer blends were prepared using a single-

screw extruder: 70/30 and 80/20 (w/w) PLA/LLDPE, 80/20

(w/w) PLA/PBS-1, and 85/15 (w/w) PBS-2/PP blends. The PLA/

LLDPE blends with 20 and 30 wt % LLDPE were used to inves-

tigate the effect of the dispersed phase volume fraction on the

Cole–Cole and g00(x) plots. The PLA/LLDPE and PLA/PBS

blends with the same weight fraction (20 wt %) were used to

investigate the effect of the dispersed phase viscosity on the two

plots. The PBS-2/PP blend with a viscosity ratio of 13.1 was

used to analyze the two plots for the blend with low matrix vis-

cosity. The used extruder screw was equipped with special screw

Table I. Characteristic Properties and Manufacturers of PP, PLA, PBS, and LLDPE Used in This Work

Material Manufacturer Grade MFI (g/10 min) Density (g cm23)
Zero-shear
viscosity (Pa s21)

PP Sinopec Guangzhou Group J501 2.7 (230�C, 2.16 kg) 0.91 8898

PLA NatureWorksVR LLC 2002D 8.8 (210�C, 2.16 kg) 1.24 2957

PBS-1 Xinfu Pharmaceutical Co., Ltd 1903I 15.3 (150�C, 2.16 kg) 1.24 559

PBS-2 Xinfu Pharmaceutical Co., Ltd 1903F 5 (150�C, 2.16 kg) 1.18 679

LLDPE Sinopec Maoming Company DFDA-7072 2 (190�C, 2.16 kg) 0.92 6712

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.3969039690 (2 of 9)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


elements, which can provide good mixing under lower shear

intensity,18–20 and so are favorable to the processing of the bio-

degradable polyesters. The extruder barrel temperatures from

the hopper to the die were 160–180–180–180�C. The screw

speed and feeding rate were set at 40 rpm and 3 kg h21, respec-

tively. For comparison, the used four kinds of materials were

also processed under the same conditions. The as-extruded

blend rods were collected from the die exit and quenched in

iced water as soon as possible to preserve the blend morphology

at the die exit. The disks with a diameter of 25 mm and a

thickness of about 1.5 mm were immediately compressed from

the melt just out of the die exit and quenched in iced water

quickly. Then, all the prepared samples were dried at 60�C for 4

h in a vacuum oven.

Characterization

Bohlin Gemini 200 Rheometer (Bohlin, Worcestershire, UK)

equipped with a parallel-plate fixture (25 mm diameter) was

used in an oscillatory mode to conduct dynamic frequency

sweep tests on the previously prepared disks of the blends and

used four kinds of materials. The g*, G0, and G00 as a function

of x ranging from 0.0628 to 628 rad s21 were measured at

180�C. A fixed strain of 5% was used to ensure that the meas-

urements were carried out within the linear viscoelastic range of

the materials and blend samples investigated. From the g*(x)

plots of the used materials, their zero-shear viscosities were

obtained and are listed in Table I.

The previously prepared blend rods were immersed in liquid

nitrogen for about 10 min and fractured along the melt-flow

direction. Then they were gold sputtered and their cryo-

fractured surfaces were examined using SEM (Quanta 200, FEI,

Eindhoven, Holland) at an accelerating voltage of 15 kV. The

results show that all as-extruded blends exhibit droplet-matrix

morphology. The volume and number average radii (RV, Rn) of

the dispersed droplets were estimated by:

RV 5

X
i
niR

4
iX

i
niR

3
i

(6)

Rn5

X
i
niRiX
i
ni

(7)

where Ri is the radius of each droplet and ni is the number of

droplets with Ri. The RV, Rn, and RV/Rn of the dispersed drop-

lets in as-extruded blends were obtained by analyzing the SEM

micrographs (not shown here) of the as-extruded blends, and

the results are listed in Table II. As can be seen, all the values of

the RV/Rn meet the condition for the application of the Palierne

model, that is, the polydispersity does not exceed a value of

about 2.3.

RESULTS AND DISCUSSION

In the following, the aforementioned calculated methods were

used to obtain the G0(x) and g00(x) plots for a given binary

immiscible blends. Their relaxation behaviors reflected on the

two plots were analyzed. Then, six emulsion parameters were

investigated in terms of their effects on the shape features of the

Cole–Cole and g00(x) plots of the blends. In addition, some pre-

dicted results were confirmed by the experimental results for

three types of polymer blends.

Relaxation Behaviors Reflected on Plots of Storage Modulus

and Complex Viscosity Imaginary Part

Figure 1 shows the G0(x) and g00(x) plots of a typical immisci-

ble blend, which were obtained by setting the six emulsion

parameters as follows: gm 5 104 Pa s21, gi 5 5 3 103 Pa s21,

km 5 ki 5 0.1 s, u 5 0.2, and a/RV 5 5000 Pa. It can be

clearly seen that there is a secondary plateau on the G0(x) plot.

According to the definitions by Graebling et al.,2 there exist

three relaxation times on the G0(x) plot for the blend, that is,

kM, kP, and kD . These relaxation times were calculated using

equations proposed by Graebling et al.2 and the results are dis-

played in Figure 1. Among them, kM is the mean relaxation

time of the blend, kP is the time corresponding to the beginning

of the relaxation of the dispersed droplets, and kD is the longest

relaxation time of the blend and corresponds to the total shape

relaxation of the dispersed droplets. That is, there exist two

relaxation processes for the blend in the whole tested frequency

range: the one is for the relaxation of the blend, and the other

for the relaxation of the deformed dispersed droplets.

The aforementioned two relaxation processes lead to two peaks

and a depression on the g00(x) plot, as shown in Figure 1. The

reciprocals of the frequencies corresponding to the peak in the

Table II. RV, Rn, and RV/Rn of Dispersed Droplets for As-Extruded

PLA/LLDPE, PLA/PBS-1, and PBS-2/PP Blends

Blend RV (lm) Rn (lm) RV/Rn

70/30 (w/w) PLA/LLDPE blend 3.80 2.65 1.43

80/20 (w/w) PLA/LLDPE blend 3.66 2.42 1.51

80/20 (w/w) PLA/PBS-1 blend 0.64 0.32 2.00

85/15 (w/w) PBS-2/PP blend 12.44 6.20 2.01

Figure 1. G0(x) and g00(x) plots for typical immiscible blend. [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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low frequency region, to the depression, and to the peak in the

high frequency region on the g00(x) plot for the binary immisci-

ble blend are defined as its characteristic relaxation times, and

denoted as k1, kdepression, and k2, respectively. It can be clearly

seen from Figure 1 that the values of the k1, kdepression, and k2

are very close to those of the kD, kP, and kM, respectively. This

indicates that the peak in the low frequency region on the

g00(x) plot is owing to the relaxation of the deformed dispersed

droplets, and the k1, kdepression, and k2 have the same physical

significance as the kD, kP, and kM, respectively. As can be also

seen in Figure 1, the shape feature reflecting the relaxation

behavior on the g00(x) plot is more distinct than that on the

G0(x) plot. Moreover, the k1, kdepression, and k2 on the g00(x)

plot can be obtained from the plot directly, whereas the kD, kP,

and kM on the G0(x) plot should be calculated using the equa-

tions proposed by Graebling et al.2 That is, the former three

relaxation times are more convenient to be obtained than the

latter ones.

Influences of Emulsion Parameters on Plots of Cole–Cole and

Complex Viscosity Imaginary Part

The aforementioned six emulsion parameters are investigated in

terms of their effects on the shape features of the Cole–Cole

and g00(x) plots of the blends. The values of the six parameters

are set in the common regions for the polymer materials as fol-

lows: a 5 0–20 mN m21, ki 5 0.05–0.5 s, km 5 0.05–0.5 s,

gi 5 1 3 103–2.5 3 104 Pa s21, gm 5 1 3 103–1 3 104 Pa s21,

u 5 0.1–0.4. As investigating the effect of one parameter, other

parameter values are kept constant as follows: gm 5 104 Pa s21,

gi 5 5 3 103 Pa s21, km 5 ki 5 0.1 s, u 5 0.2, and a 5 5 mN m21.

The RV is always set at 1 lm.

Figure 2 shows the influence of the a between the two phases

on the Cole–Cole and g00(x) plots of the blends. From Figure

2(a), it can be seen that the two circular arcs exhibit more dis-

tinct separation with decreasing the a, whereas the a has little

effect on the radii of the two circular arcs. From Figure 2(b),

the three relaxation times (k1, kdepression, and k2) of the blends

are obtained according to their definitions mentioned above

and the results are listed in Table III, in which the kD, kP, and

kM calculated using the Palierne model1,2 are also given. As can

be clearly observed, for every value of the a, the values of the

k1, kdepression, and k2 are very close to those of the kD, kP, and

kM, respectively. With the decrease in the a, the kdepression stead-

ily increases, whereas the k1 exhibits a sharp increase. This is

attributed to the fact that the decrease in the a leads to stronger

interaction between the phases, retarding the relaxation of the

deformed dispersed droplets. According to the equation for cal-

culating the kM,2 its values are independent on the a, and the

k2 obtained from the g00(x) plots at different values of a also

has the same value (as shown in Table III).

As may be expected, the ki and km play roles in the Cole–Cole

and g00(x) plots of the blends. Figures 3 and 4 illustrate the

influences of the ki and km on the two plots, respectively. Com-

paring Figure 3 with Figure 4 shows that on the whole, the ki

has almost no effect, whereas the km has a great impact on the

shapes of the two plots. The lower the value of km, the more

obviously the two circular arcs of the Cole–Cole plot are sepa-

rated. As shown in Figure 4(b), with increasing the km, the fre-

quencies corresponding to the peak in the high frequency

region and depression gradually move toward lower values, that

is, the k2 and kdepression increase. Furthermore, the peak in the

high frequency region is gradually close to that in the low fre-

quency region, which induces the two circular arcs to be sepa-

rated poorly.

As mentioned above, the a, ki, and km have little effect on the

radii of the two circular arcs of the Cole–Cole plots of the

Figure 2. Effect of interfacial tension on (a) Cole–Cole and (b) g00(x) plots of blends. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Table III. Relaxation Times Obtained from g00(x) Plots and Calculated

Using the Palierne Model at Different a

a (mN m21) 20 10 5 2 1

k1 (s) — 1.80 3.66 9.43 19.15

kD (s) 1.01 2.03 4.06 10.14 20.28

kdepression (s) — 0.49 0.89 1.42 1.80

kP (s) 0.44 0.62 0.88 1.39 1.97

k2 (s) 0.11 0.11 0.11 0.11 0.11

kM (s) 0.10 0.10 0.10 0.10 0.10
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blends at constant value of RV [as shown in Figures 2(a), 3(a),

and 4(a)]. Now the influences of the gi and gm on the Cole–

Cole and g00(x) plots of the blends are investigated, and the

results are shown in Figures 5 and 6. As can be seen from Fig-

ures 5(a) and 6(a) that with increasing the gi or gm, the radius

of the circular arc in the high frequency region becomes larger,

Figure 3. Effect of relaxation time of dispersed phase on (a) Cole–Cole and (b) g00(x) plots of blends. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 4. Effect of relaxation time of matrix on (a) Cole–Cole and (b) g00(x) plots of blends. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 5. Effect of dispersed phase viscosity on (a) Cole–Cole and (b) g00(x) plots of blends. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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whereas the radius in the low frequency region becomes smaller

and larger, respectively. Increasing the gm or decreasing the gi

leads to well separation of the two circular arcs of the Cole–

Cole plot. Specially, there is no peak on the circular arc in the

low frequency when the value of the gm is lower than 2.5 3 103

Pa s21. These can be explained briefly as follows. The circular

arcs in the high- and low-frequency regions on the Cole–Cole

plot are owing to the relaxations of the blend and deformed

Figure 6. Effect of matrix viscosity on (a) Cole–Cole and (b) g00(x) plots of blends. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 7. (a) Cole–Cole and (b) g00(x) plots of as-extruded 80/20 (w/w) PLA/PBS-1 (gr 5 0.19) and PLA/LLDPE (gr 5 2.27) blends and pure PLA,

PBS-1, and LLDPE. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 8. (a) Cole–Cole and (b) g00(x) plots of as-extruded 85/15 (w/w) PBS-2/PP blend.
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dispersed droplets, respectively. Increasing the gi or gm increases

the blend viscosity and thus generates more elastic energy,21

which increases the radius of the circular arc in the high fre-

quency region. Decreasing the gi or increasing the gm leads to

the increase in the deformation degree of the dispersed drop-

lets,21–23 which increases the elastic energy generated by their

deformation and thus the radius of the circular arc in the low

frequency region, resulting in well separation of the two circular

arcs. The aforementioned effect of the gi was verified by experi-

mental results of the 80/20 (w/w) PLA/PBS-1 and PLA/LLDPE

blends with different viscosity ratios (gr), as shown in Figure 7.

From Figure 7(a), compared with the PLA/PBS-1 blend (gr 5

0.19), the PLA/LLDPE blend (gr 5 2.27) exhibits smaller circu-

lar arc radius in the low frequency region on the Cole–Cole

plot, whereas larger radius in the high frequency region. The

Cole–Cole and g00(x) plots of the 85/15 (w/w) PBS-2/PP blend

with a viscosity ratio of 13.1 were calculated to verify the

aforementioned effect of the gm, and the results are shown in

Figure 8. From Figure 8(a), there is no peak on the circular arc

in the low frequency, which agrees with the predicted result for

the blends with low values of the gm [as shown in Figure 6(a)].

Both predicted and experimental results demonstrate that with

increasing the gi or gm, the k1 increases; the increase in the gi

leads to the increase of the kdepression, whereas that in the gm

has no effect on the kdepression, as shown in Figures 5(b), 6(b),

and 7(b).

The above results manifest that the km, especially gi and gm,

play significant roles in the Cole–Cole and g00(x) plots of the

blends. So, the influence of the u on the two plots is investi-

gated at two viscosity ratios (0.5 and 2.0) while keeping a con-

stant gm of 104 Pa s21, and the results are shown in Figure 9.

As can be seen in Figure 9(a) that with the increase in the u,

the radius of the circular arc in the low frequency region on the

Figure 9. Effect of volume fraction of dispersed phase on (a) Cole–Cole and (b) g00(x) plots at viscosity ratio of (1) 0.5 and (2) 2.0. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table IV. Relaxation Times Obtained from g00(x) Plots for Blends with Different u

gr 0.5 2

u 0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4

k1 (s) 2.89 3.66 4.64 4.64 4.64 5.88 7.44 7.44

kdepression (s) 1.80 0.89 0.70 0.70 — 1.80 1.43 1.13

k2 (s) 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11
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Cole–Cole plot becomes larger for both viscosity ratios. More-

over, two circular arcs exhibit more distinct separation as the

increase in the u for both viscosity ratios. These are attributed

to the fact that higher values of the u increase the elastic energy

generated by the deformation of dispersed droplets. Figure 9(a)

also shows that with the increase in the u, the circular arc in

the high frequency region on the Cole–Cole plot exhibits

smaller and larger radius for viscosity ratios of 0.5 and 2.0,

respectively. It is understandable due to the aforementioned fact

that the radius of the circular arc in the high frequency region

is mainly affected by the blend viscosity. The relaxation times of

the blends obtained from the g00(x) plots in Figure 9(b) are

listed in Table IV. It is clearly seen that k1 increases and

kdepression decreases with the increase in the u for both viscosity

ratios. The Cole–Cole and g00(x) plots for the 80/20 and 70/30

(w/w) PLA/LLDPE blends with a viscosity ratio of 2.27 were

calculated to verify the aforementioned effect of the u, and the

results are shown in Figure 10. As can be clearly seen, both

plots for the 80/20 blend present two circular arcs, whereas

those for the 70/30 blend only show a tail in the low frequency

region, which indicates that the former blend has lower value of

the k1 than the latter blend. Moreover, the former blend exhib-

its a smaller radius of the circular arc in the high frequency

than the latter blend.

CONCLUSIONS

In the present work, the shape features of the plots of the imag-

inary part of complex viscosity and the Cole–Cole for the

binary immiscible blends were investigated based on the Max-

well and the Palierne models, taking into account of six emul-

sion parameters: the viscosities and relaxation times of two

components, interfacial tension between two components, and

volume fraction of the dispersed phase. Moreover, some pre-

dicted results were confirmed by the experimental results.

It was found that the peaks in the high- and low-frequency

regions on the complex viscosity imaginary part plot are owing

to the relaxations of the blend and deformed dispersed droplets,

respectively. Higher blend viscosity generates more elastic energy

and leads to larger radius of the circular arc in the high fre-

quency region on the Cole–Cole plot. The increases in the

matrix viscosity and dispersed phase volume fraction, and the

decrease in the dispersed phase viscosity increase the elastic

energy generated by the deformation of dispersed droplets,

which induce the increase in the radius of the circular arc in

the low frequency region and the well separation of the two cir-

cular arcs on the Cole–Cole plot. In addition, decreasing the

interfacial tension and matrix relaxation time increases the dif-

ference of the frequencies corresponding to the two peaks

shown on the complex viscosity imaginary part plot, also result-

ing in well separation of the two circular arcs of the Cole–Cole

plot. The k1 increases with the increase in the viscosities of two

components, especially the decrease in the interfacial tension.
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