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Extensional behavior of rod suspension in dilute polymer solution
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Extensional viscosity of rod particle suspensions in polymer solutions is studied experimentally. Rod par-
ticle suspensions were prepared by dispersing FeOOH rods in polyacrylamide (molecular weight of 5-6 M)
solutions in a glycerin-water mixture. The diameter of rod particles was 100 nm and the aspect ratio was
4.3, 8.7 and 15.6. Particle volume fraction was 0.005-0.02. The extensional viscosity was measured by the
capillary thinning method using the commercially available CaBER. Under the experimental condition both
the polymer solution and particle suspensions are dilute. Particle-particle interaction is neglected in the solu-
tions which are stretched by the extensional flow at the bulk. The result shows that extensional viscosity
of the rod suspension in polymer solution decreases with the increase in particle volume fraction. The
decrease is ascribed to the change in polymer conformation from the stretched state in the bulk flow to the
less stretched state in shear flow developed near the particle to match the no-slip condition at the particle
surface.
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1. Introduction

Printed electronics is a class of technologies in which

electronic circuits such as flexible displays and radio-fre-

quency identifications (RFID) are manufactured by print-

ing processes. Two key factors of printed electronics are

the ink preparation from functional materials and the 3D

patterning method on solid surfaces. Considering that

most inks are particle suspensions of various shapes in

viscoelastic fluids due to binders or dispersants and the

printing process includes flow processes of various types,

the understanding of the rheological properties of inks is

essential for the successful application of the process to

the electronics industry. In the printing process, exten-

sional flow plays an important role. For example, in inkjet

printing, a long ligament is formed by the ballistic motion

of the main drop (Yoo and Kim, 2013) and in gravure

printing, the extension of a liquid bridge occurs between

two separating surfaces (Kumar, 2015). In the present

study, the extensional characteristics of rod particle sus-

pensions in viscoelastic fluids are considered. Actually the

rheological properties of fiber suspensions have been stud-

ied extensively in relation mostly with polymer processing

(Petrie, 1999). However, it is noted that polymer melts are

severely shear thinning and the most works were on the

shear flow properties. Also most of the theoretical works

have been done for suspensions of rod particles in New-

tonian fluids. The ink used in printed electronics usually

has a much lower viscosity and weak elasticity than a typ-

ical polymer melt. Hence studies focusing on model fluids

similar to the inks used in printed electronics are required

(Whitesides, 2005; Baklar et al., 2010; Solomon and Spicer,

2010; Han and Kim, 2014).

The extensional property of fluids with low viscosity has

been studied by using the capillary thinning method

(McKinley, 2005). In this method a liquid column of the

test fluid is loaded between two circular plates of 2-5 mm

in diameter and an axial step strain is imposed which

results in a thin liquid thread. Then the diameter of the

thread changes with time by the surface tension as the

driving force while the extensional stress resists the diam-

eter change. Similarity solutions of the capillary-driven

decay of Newtonian fluids have been studied and reviewed

by Eggers (1993, 1995, 1997). Papageorgiou (1995) found

that, by solving the Stokes equation numerically, the

radius (R) of the viscous thread decays linearly in time as

follows:

(1)

where R0 is the initial radius, σ is surface tension, t is time

and η is viscosity. Because the extensional rate ( ) of the

thread of length L is

. (2)

 is not constant during the thinning process of the New-

tonian fluid. The capillary thinning of rheologically com-

plex fluids is extensively reviewed by McKinley (2005).
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time λ and modulus G, the filament radius evolves with

time as follows and  is constant at 2/3λ:

. (3)

It is noted that Weissenberg number  is

larger than 1/2 so that the polymers remain stretched

during the motion. When particles are dispersed, the

extensional characteristics can vary qualitatively because

the flow near particle surfaces will not be purely exten-

sional (Batchelor, 1971; Le Meins et al., 2003; Han and

Kim, 2014).

The rheology of suspensions of rodlike particles or

fibers has been studied extensively and reviewed in Pow-

ell (1991) and Petrie (1999) and hence it is not repeated

here and we will focus on the theory directly related to the

present study. The extensional viscosity of rod suspen-

sions in Newtonian fluids has been analyzed theoretically

by Batchelor (1971). Considering that elongated (rod) par-

ticles in suspension are aligned parallel to the direction of

the extensional direction in an extensional flow without

Brownian motion, he showed that, in the dilute regime,

the fractional increase of the bulk stress by a rod of length

2l has the same order of magnitude as that due to a rigid

sphere of radius l. In the semidilute regime for which the

lateral spacing between particles (h = (2nl)−1/2, n: number

density) satisfies the condition b << h << l when b is rod

radius, the disturbance velocity vector by the particle is

parallel to the particle axis. Based on this theory, he

showed that the fractional increase in bulk stress differs

from that for a dilute suspension in a minor way. He

finally showed that the extensional viscosity increase by

the rod particle, , can be written as follows:

. (4)

In the above equation, ηs is the medium viscosity. It is

noted that the above equation is applied both to dilute and

semidilute regimes. It is particularly noted that the distur-

bance velocity vector is parallel to the particle axis.

Because the solid particle velocity is the same throughout

the particle surface, the flow near the surface (inner

region) becomes a shear flow even though the bulk flow

(outer region) is an extensional flow. In the case of a New-

tonian fluid, the transition from the extensional to the

shear flow may not increase the viscosity appreciably

when particle volume fraction is low. But when the fluid

is a dilute polymer solution, the effect can be qualitatively

different. This is because, in the case of the polymer solu-

tion, the polymer is not extended in a shear flow as much

as in an extensional flow. Also due to tumbling of polymer

molecules by the shear flow, the polymer effect cannot be

large. The hydrodynamic interaction between particles

(fibers) can also affect the extensional viscosity. Harlen

and Koch (1992) found that the fiber-fiber interaction will

be independent of polymer concentration when the fiber

screening length (h) is smaller than polymer screening

length (the distance between polymers from which veloc-

ity disturbance is screened). Because this analysis is an

asymptotic one, the concentration limit to which their the-

ory is applied remains to be determined.

 In the present study, rod particle suspensions in dilute

polymer solutions are prepared and the extensional flow

behaviors are studied experimentally by using a commer-

cial apparatus, a Capillary Breakup Extensional Rheome-

ter (CaBER; Thermo-Haake Co.). The result shows that

the rod particles reduce the extensional viscosity from the

value of polymer solutions without particles. This is con-

trast to the case of suspensions in Newtonian fluids for

which only the increase of the extensional viscosity is

expected by the addition of particles. This article begins

with the description on the materials and experimental

details. Then, rheological and extensional properties of the

fluids are described. The effects of the rod particles dis-

persed in dilute polymer solution on extensional charac-

teristics are discussed finally.

2. Experiment

2.1. Materials
The goethite rod particles were synthesized by following

the method described in Burleson and Penn (2006), Penn

et al. (2006), and Vu et al. (2014). The detailed procedures

and van der Waals interaction potentials are described in

Han and Kim (2015). The aspect ratio (r) can be con-

trolled by changing mixing temperature (Penn et al.,

2006) and aging period. Three distinctive rod particles

with the aspect ratios of 4.3 (diameter, 2b = 0.10 ± 0.016

µm, length, 2l = 0.44 ± 0.056 µm), 8.7 (2b = 0.12 ± 0.025

µm, 2l = 1.0 ± 0.18 µm) and 15.6 (2b = 0.10 ± 0.014 µm,

2l = 1.6 ± 0.24 µm) were prepared as shown in Fig. 1 by

adjusting the mixing temperature to 5, 29, and 34°C,

respectively. The aging period was varied to obtain the

particle size distribution as homogeneous as possible. The

synthesized particles were washed with distilled water and

handled in a wet condition to prevent irreversible aggrega-

tion as water evaporates. The geometrical information was

determined by averaging the diameter and the length of

about 100 particles from the SEM images of the washed

particles. Additionally, spherical polystyrene (PS) parti-

cles were synthesized by the dispersion polymerization

method (Lok and Ober, 1985) for comparison with the rod

particles. The diameter of PS particles was 2.04 ± 0.01

µm.

The washed and then dried rod particles were dispersed

in polyacrylamide (PAAm, Sigma-Aldrich Co., molecular

weight of 5 M-6 M Dalton) solutions in a Newtonian fluid
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with three different polymer concentrations (300, 600, and

1000 ppm). The Newtonian fluid was 98 wt% of aqueous

glycerin (Junsei Chem. Co.) solution having the viscosity

of 0.57 Pa·s. The master PAAm solution in glycerin with

5000 ppm of polymer concentration was prepared in a

large amount and diluted with the rod particle suspensions

in the aqueous glycerin solution. Rod particles were dis-

persed by using an ultrasonic bath and the Thinky mixer

(Model AR-100, Thinky Co.). The homogeneity of the

dispersion was monitored by the optical microscopy with

a ×100 objective lens (Olympus IX-71). In this work, the

three different kinds of rod particles and spherical PS par-

ticles were dispersed in PAAm solutions while varying

polymer concentration and particle volume fraction for

systematic understanding of the effect of particles. For

simplicity, the base PAAm solutions will be denoted by

the concentration, for example, P3 for the 300 ppm PAAm

solution. The rod particle suspensions will be named by

the polymer concentration, aspect ratio and particle con-

centration in order. For example, P3A8V10 refers to the

suspension of the rod particles of aspect ratio 8.7 in the

300 ppm of PAAm solution with the particle concentration

of 1 vol%. Spherical particle suspensions were prepared

with particle concentration of 1 vol%. Hence, the spher-

ical particle suspensions will be denoted by the polymer

concentration and S for spheres i.e., P3S for the spherical

particle suspension in the 300 ppm of PAAm solution. The

surface tension was measured by using DCAT-11 (FDS

Co.). All the fluids have practically the same surface ten-

sion ranging from 0.0644 to 0.0654 N/m. The composi-

tions and surface tensions of the fluids are listed in Table 1.

2.2. Measurements
The rheological properties were measured by using a

rotational rheometer (DHR-3, TA Instruments) with a

stainless steel, 60 mm cone and plate geometry with a

nominal cone angle of 1° at the constant temperature of

25°C. Shear stress sweep tests were conducted to measure

the viscosity under shear flows. Oscillatory frequency

sweep tests were performed in the linear viscoelastic

regimes found from the oscillatory stress sweep tests. The

extensional characteristics were examined by monitoring

the capillary thinning behavior of the extended fluid fila-

ment by using a CaBER. During CaBER measurements,

the fluid is loaded between two circular plates and stretched

as the upper plate rapidly moves upward. With the ces-

sation of the upper plate movement, the diameter change

of the filament mid-point is measured by using a laser

micrometer built in the CaBER which has the resolution

of about 0.02 mm and enables high speed measurements.

Additionally, the shape evolution of the stretched fluid

was recorded by using a high speed CMOS sensor

(Mikrotron, EoSENSE MC1362) equipped with a Nikon

50 mm lens. An extension tube was used to have a higher

Fig. 1. SEM images of the rod-shaped FeOOH particles after washing. Scale bars indicate 1 μm. (a) aspect ratio of 4.3; (b) 8.7; and

(c) 15.6.

Table 1. The compositions of susensions and the surface ten-

sions. r is aspect ratio of particles, φ is particle volume fraction

and σ is surface tension.

Identification
PAAm conc. 

[ppm]
r φ σ [N/m]

P3 - - 0.0647

P3S 1 0.01 0.0644

P3A4V10 4.3 0.01 0.0646

P3A8V05  300 8.7  0.005 0.0644

P3A8V10 8.7 0.01 0.0648

P3A8V20 8.7 0.02 0.0652

P3A15V10 15.6 0.01 0.0648

P6 - - 0.0645

P6S 1 0.01 0.0645

P6A4V10 4.3 0.01 0.0647

P6A8V05  600 8.7  0.005 0.0648

P6A8V10 8.7 0.01 0.0646

P6A8V20 8.7 0.02 0.0652

P6A15V10 15.6 0.01 0.0644

P10 - - 0.0646

P10S 1 0.01 0.0646

P10A4V10 4.3 0.01 0.0644

P10A8V05 1000 8.7  0.005 0.0648

P10A8V10 8.7 0.01 0.0646

P10A8V20 8.7 0.02 0.0654

P10A15V10 15.6 0.01 0.0649
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resolution of about 0.019 mm/pixel. 

For systematic comparisons, all the fluids were tested

using the plates with 2 mm in diameter (2R0). The initial

and the final gaps were controlled to be 1.4 ± 0.02 mm

and 3.2 ± 0.03 mm, respectively. Hence the initial height

to diameter ratio is less than 1, which is essential for min-

imizing the reverse squeeze flow and sagging (Rodd et al.,

2005). At the experimental conditions, the minimum value

of Ohnesorge numbers (Oh) of the fluids studied in this

work,

,  (5)

which is the ratio of the viscous time scale and the inertial

time scale, is found to be 2.2 and is much larger than the

critical value of 1/7.23 (Rodd et al., 2005). Therefore the

data will show the extensional behavior without being

strongly affected by shear flow or inertia. Also the gravity

effect is sufficiently small because the column thickness

after cessation of the step-stretch is smaller than the cap-

illary length (  ≈ 1.85 mm, ρ: density of fluid) of

the fluid. The upper-plate traveled for 50 ms to reach the

final position and same pre-stretch time is used for all the

fluids tested here for consistent results. The study on the

extensional behavior of complex fluid is difficult because

it can be dependent on the extensional step-strain condi-

tions (Miller et al., 2009; Bhardwaj et al., 2007). Hence,

various step-strain conditions were tested to find out the

optimum pre-stretch profiles commonly applicable for all

the fluids studied in this work. According to Miller et al.

(2009), the extension ratio chosen in this work, 2.3, may

be too small to obtain the extensional viscosity indepen-

dent of the pre-stretch condition. But the fluids fail to

breakup or breakup before the cessation of the extension

process depending on pre-stretch conditions and the test

windows of the fluids are very narrow due to the low vis-

cosity level. All the mid-point diameter profiles are mea-

sured at 10000 Hz and the images are recorded with the

frame rate of 1600 fps to capture the fast change in thread

shape. Because no dramatic change is observed between

consecutive images, the images of every 0.07 s are chosen

to be presented in the next section as representative frames.

The behavior of suspension is shear history dependent and

the dependency can vary with particle or polymer com-

positions Hence, the prehistory can be an important issue.

However it is practically impossible to give precisely con-

trolled pre-shear with the given apparatus because nothing

can be done after loading the sample and the loading itself

cannot be a well-defined flow. In the present study, the

loading procedures were kept strictly the same. The repro-

ducibility of diameter profiles was confirmed by compar-

ing several runs of CaBER measurements for all the fluids

as shown in Fig. 2 as representative cases. In the Fig. 2,

different runs for the same suspension show similar results

and relative error in the extensional viscosity value is

3.8%, from which it can be confirmed that the experimen-

tal conditions are properly chosen including the pre-stretch

condition.

3. Result and Discussion

3.1. Shear stress sweep test
The shear stress sweep test results are shown in Fig. 3.

All the fluids are tested with the same procedure: High to

low shear stress sweep after the preshear at 1 s−1 for 5 min

followed by 10 min of equilibrium. In Fig. 3a the viscos-

ities of three polymer solutions without particles and 1%

suspensions of rods with the aspect ratio of 8.7 in the three

polymer solutions are shown. Considering that the viscos-

ity ratio between P10 (0.95 Pa·s) and the Newtonian fluid

(0.57 Pa·s) is less than 2, P10 is considered to be a dilute

polymer solution (Rubinstein and Colby, 2003). Hence P3

and P6 are also dilute. First of all, abrupt viscosity increases

are observed at low shear stress for P3A8V10, P6A8V10

and P10A8V10. This means that colloidal gels are formed

due to the larger van der Waals energy than the Brownian

motion energy of kBT, where kB is the Boltzmann constant

and T is temperature (Han and Kim, 2015). But at high

shear stresses, the viscosity decreases to the value close to

the polymer solution viscosity. This means that the gel

structure is broken at those shear stresses. The shear stress

sweep results of P10 and various particles suspensions in

P10 are shown in Fig. 3b as representative cases. In gen-

eral, the addition of the spherical particles barely changes

the viscosities. But the high shear viscosities are decreased

even below the value of P10 as the FeOOH particles are

dispersed. And the viscosity decreases more as more FeOOH

particles are dispersed in P10. The viscosity reduction by

dispersing the FeOOH particles in the glycerin mixture

Oh = 
ηR0/σ

ρR0

3
/σ( )

1/2
------------------------

lc = σ/ρg

Fig. 2. (Color online) Three independent CaBER measurements

of P3A8V10 (medium dashes), P6A8V10 (dash and two dots),

and P10A8V10 (short dashes) for reproducibility confirmation.
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has been known to be a chemistry problem (Han and Kim,

2015). The viscosity reduction also occurs in other rod

particle suspensions with different PAAm concentrations

as shown in Fig. 3a. Slight shear thinning is observed for

P10, P10S, P10A4V10, and P10A8V05. P10A8V10,

P10A8V20 and P10A15V10 show abrupt viscosity increases

indicating the colloidal gel formation. However, the gel

formation is not expected during the extensional viscosity

measurement in this study as explained below. It is worth

pointing out that the viscosity shown here is the steady

viscosity and at this condition particles are expected to be

aligned. Hence in a transient state, the viscosity may be

much larger than the value shown here.

The gelation kinetics of the suspensions was monitored

prior to the CaBER measurement to obtain the gelation

time as shown in Fig. 4. The Fig. 4 shows the viscosity

measured under 0.05 Pa of shear stress (creep experiment)

after applying a pre-shear stress of 50 Pa for 10000 s to

the rod particle suspensions dispersed in polymer solution

(P3A8V05) and Newtonian fluid (NFA8V05, NF refers to

the base Newtonian fluid, i.e. 98 wt% of glycerin aqueous

solution). To become a gel, it takes thousands of seconds

for both cases. These results show that the gelation is slow

enough to perform the extensional experiment without

forming a gel during the capillary thinning experiment

which takes less than 5 mins including sample loading and

mechanical pull-off. From the observation that a longer

time is required to become a gel for the suspension in the

polymer solution, it can be inferred that polymer mole-

cules hinder the gelation of particles. Because the poly-

mer-particle interaction is material specific (due to adsorption

of polymers onto the surface) and the primary purpose of

the present study is to examine the effect of the dissolved

polymers in the solution from the rheological point of

view, no further study is carried out on the interaction.

3.2. Oscillatory frequency sweep test
Oscillatory frequency sweep tests are carried out and the

results for P10 and various suspensions in P10 are shown

in Fig. 5 as representative cases. The measurements were

performed after the same pre-conditioning step while

increasing frequency. A typical dilute polymer solution

characteristic is observed for P10 in that G' and G''

increase monotonically with frequency and the slopes of

G' and G'' tend to be 2 and 1, respectively, as frequency

tends to be zero. All the suspensions in P10 have practi-

cally the same G'' as shown in the inset of Fig. 5. G' of

P10A4V10 and P10A8V05 have almost the same level as

G' of P10. Also the rod suspensions with larger aspect

ratio particles and particle concentration show larger G'

than P10. Due to the higher elasticity, a stable filament

formation and exponentially decaying diameter profile can

be expected in the CaBER measurement.

3.3. CaBER
Fig. 6 shows the filament evolution during the CaBER

Fig. 3. (Color online) Viscosity measured by shear stress sweep

tests (a) Base PAAm solutions (lines) and suspensions of rod par-

ticles with the aspect ratio of 8.7 at a fixed volume fraction of

0.01 (symbols); (b) P10 (1000 ppm) and suspensions of spherical

and rod particles in P10 with different aspect ratios and particle

concentrations.

Fig. 4. (Color online) Creep test at 0.05 Pa of shear stress after

applying 50 Pa of pre-shear for 10000 s. NF refers to the base

Newtonian fluid. 
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measurement after cessation of the step-stretch of P10 and

the suspensions of rods of aspect ratio 8.7 in P10 until the

breakup as representative cases. Hence the first frame of

each row represents the beginning of the extension by the

surface tension only without the mechanical pull-off and

the last frame of each row corresponds to the same time

before the breakup. In general, qualitatively the same

extensional behaviors are observed, i.e. the extended fluid

surface evolves to form a sand clock shape and then a

cylindrical liquid bridge connecting the upper and lower

conical parts shows capillary thinning until the filament

breakup. The images in the bright box of Figs. 6a-6d rep-

resent the capillary thinning processes of the fluid fila-

ment, i.e., a cylindrical thread is formed at the center.

After the onset of the capillary thinning, the filament

breakup takes a shorter time as more rod particles are dis-

persed. However the time to reach the capillary thinning is

not monotonic and P10A8V10 shows the longest period to

reach the cylindrical shape. This issue will be considered

later. As shown in Fig. 6, the cylindrical fluid filament is

formed and breakup occurs fairly well at the mid-point for

all the fluids. 

The measured diameter profiles (D) are non-dimension-

alized by using the diameter of the fluid filament (D1) at

the time of cessation of the step-strain (t = 0). Fig. 7 shows

the D/D1 of P10 and the particle suspensions in P10 as

representative cases. Fig. 7a compares the effect of the rod

particle concentration at a fixed particle aspect ratio (r =

8.7) while Fig. 7b shows the effect of the particle aspect

ratio at a fixed particle concentration (φ = 0.01). In the

case of the polymer solution without particles, an expo-

nential decay is observed during the capillary thinning

processes. It has been shown that the elastic stress in the

liquid bridge of elastic fluid grows exponentially resulting

in the exponential decay of the filament radius when the

elastic stress is balanced with the capillary pressure (Bous-

field et al., 1986; McKinley, 2005). During the exponen-

tial decay, the extensional rate is constant at 2/3λ and

Wi = λ = 2/3 as described in Introduction. Hence the

polymers are in the stretched state during the extension.

When rod particles are dispersed, the D/D1 profiles become

qualitatively different and roughly two different stages are

discernible even though the transition is not sharply sep-

arated. At the very first stage (until 0.05 s approximately),

the diameter decrease is the most retarded for the most

concentrated suspension and for the suspension with the

ε·

Fig. 5. (Color online) Oscillatory frequency sweep test results of

P10 (1000 ppm) and particle suspensions in P10. The fluids with

the polymer concentration of 1000 ppm are shown. 

Fig. 6. (Color online) Image sequences of the CaBER measurements for P10 and suspensions with differing volume fractions in P10.

Each frame shows the filament evolution of every 0.07 s and the last frame denotes the filament of 0.07 s before the breakup. The

marked bars indicate 2 mm. (a) P10; (b) P10A8V05; (c) P10A8V10; (d) P10A8V20. 
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rod particles of the highest aspect ratio as shown in the

inset. At the early stage, it appears that shear flow is still

dominant. One may suspect that the order of slope change

is not the same as the order of steady viscosity magnitude

shown in Fig. 3 even though it is argued that shear flow

is dominant. This is because, as pointed out already, the

transient viscosity will increase as more particles are dis-

persed or particles with larger aspect ratio are dispersed at

the same volume fraction. After 0.05 s approximately, the

decrease order becomes mixed. It is certain that the flow

here is neither strictly extensional nor strictly shear flow

and both components are mixed because the cylindrical

form is not present yet. After that, depending on the par-

ticle concentration, the curve changes differently and

especially the changes are not monotonic in particle con-

centration. The diameter change of 1% suspension of the

rod particles is severely retarded from the polymer solu-

tion profile. It will be shown that the extensional viscosity

decreases with particle volume fraction. So the non-mono-

tonic change appears to be due to the combination effect

of increasing shear viscosity and decreasing extensional

viscosity with increasing particle volume fraction. The D/

D1 profiles of P3 and P10, and suspensions in P3 and P10

are re-plotted with backward time from the breakup point

(tB-t, tB: filament breakup time) in log scale in Fig. 8 to

examine the extensional characteristics close to the fila-

ment breakup. The plots correspond to the second stage.

As the breakup approaches, the profile becomes linear in

logarithmic scale. The linearity means that the extensional

rate is constant during this stage. It is noted that the slope

which represents the inverse of the relaxation time

increases with increasing particle volume fraction for rod

particles. The relaxation time of the sphere suspension

also decreases from the value of the polymer solution.

Theoretically the steady extensional viscosity of a fluid

cannot be measured using the CaBER unless the fluid is

Fig. 7. (Color online) Dimensionless midpoint diameter (D/D1)

profiles (a) P10 and rod particle dispersions with differing par-

ticle concentrations (P10A8V05, P10A8V10, and P10A8V20);

(b) P10 and the particle dispersions with differing particle aspect

ratio (P10S, P10A4V10, P10A8V10, and P10A15V10). D/D1

profiles of P10 and P10A8V10 are shown both in (a) and (b) for

comparison. The insets are the magnified views of the initial pro-

files.

Fig. 8. (Color online) Dimensionless midpoint diameter (D/D1)

profiles plotted with backward time from the breakup (a) P10

and the particle dispersions in P10; (b) P3 and the particle dis-

persions in P3.
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an elastic fluid with a single relaxation time (McKinley,

2005). Even in the case of a Newtonian fluid, the exten-

sional rate changes with time. This is an inherent problem

of the capillary breakup method. However this method

can be used for comparison purposes and hence the data

obtained by this method have to be understood in such a

way. Because the comparison is done under the same con-

dition (in this case the inflection point of the thinning pro-

file, and the Henky strain value is close for each data:

2ln(D1/D(t)) ~ 2.25 ± 0.41) the extensional viscosity obtained

here can represent the characteristics of the fluid at least

partially even though it can be differently measured when

different conditions are imposed. It is also noted that,

because the extensional rate becomes very large in the

later stage of thinning, the extensional viscosity is expected

to converge for a polymer solution or a polymeric sus-

pension with a finite polymer extensibility. Then the

extensional viscosity value could approach the true value

even though the extensional rate is different for different

fluids, loading condition and other operating parameters.

3.4. Discussion
Apparent extensional viscosities of rod particle suspen-

sions can be calculated by the following formula (McKin-

ley, 2005): 

. (6)

Because the diameter profile of the rod suspension does

not show the exponential decay with a single relaxation

time, both ηE and  vary with time. In the present study,

ηE is computed at the point of inflection of the D/D1 pro-

file at the second stage of decrease and used as the rep-

resentative ηE of the fluid: for example, for the case of

P10A8V10 shown in Fig. 7a, the inflection point is at t =

0.69 s and ηE = 36.1 Pa·s and = 10.3 s−1. As stated in

Introduction, Batchelor (1971) estimated the contribution

of the rod particles on the bulk stress generated under

extensional flow considering the hydrodynamic effect of

the rod particles dispersed in a Newtonian fluid. Based on

the Batchelor theory, the extensional viscosities of the rod

particle dispersions can be obtained by assuming that the

polymer solution behaves as a Newtonian fluid with vis-

cosity η0:

. (7)

Even though ηE based on the Batchelor theory cannot be

the real ηE in this study, it can be a reference value for

investigating the role of polymer extension affected by the

presence of the rod particle in the suspension. Fig. 9

shows ηE obtained using the data in Fig. 7. Experimentally

measured ηE of the polymer solution and the Trouton vis-

cosity of 3η0 (η0 is zero shear viscosity of the polymer

solution) assuming a Newtonian fluid are also drawn as

constant values for comparison. Fig. 9a shows the effect

of the particle concentrations at a fixed aspect ratio of 8.7

and Fig. 9b compares the effects of the particle aspect

ratios at a fixed particle volume fraction of 0.01. First of

all, it is noted that ηE of polymer solution is much larger

than 3η0. The large value of ηE for the polymer solution is

due to strain hardening by the extended polymer coils as

predicted by the exponential decay and hence Wi > 1/2. In

both Fig. 9a and b, it is noted that ηE obtained from the

CaBER measurements is more than one order of magni-

tude larger than 3η0 or the extensional viscosity predicted

by the Batchelor’s equation assuming a Newtonian fluid.

This means that polymers in the suspension still remain in

ηE = 
σ/R t( )

ε· t( )
---------------

ε·

ε·

ηE = ηE p,  + 3η0

Fig. 9. (Color online) Apparent extensional viscosity (a) The

effect of particle volume fraction at a fixed aspect ratio of 8.7; (b)

The effect of aspect ratio at a fixed volume fraction of 0.01. Sym-

bols and dashed lines: measured ηE of the suspensions and base

PAAm solution respectively by CaBER; Dashed lines with dots:

3η0 of the base PAAm solutions; Dotted lines: Batchelor’s pre-

diction. Values of base PAAm solutions and the rod dispersions

with aspect ratio of 8.7 are shown both in (a) and (b) for com-

parison. The colors are matched for the fluids with the same

PAAm concentration.
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the stretched state by the extensional flow. 

Experimental ηE of the rod particle suspensions in the

polymer solution decreases as more particles are dis-

persed. But Fig. 9a shows that the extensional viscosities

of rod particle suspensions estimated by the Batchelor pre-

diction increase as more particles are dispersed. During

the step stretch of 0.05 s order, particles are aligned along

the extension axis because Δt > 1 typically, where Δt is

the duration of the extensional flow. Because of the no slip

condition at the particle surface, the flow near the particle

(inner region) cannot be the same as the bulk (outer

region) extensional flow. Due to the velocity difference, a

shear flow develops near the particle. When a pure poly-

mer solution is subjected to the extensional flow, polymer

chains are extended increasing the extensional viscosity

until the polymer molecules reach the finite extensibility.

But, when the rod particles are dispersed in a dilute poly-

mer solution, the polymer chains near the rod particles

begin tumbling motions due to the shear flow generated

by the hydrodynamic effects of rod particles instead of

being purely extended by the extensional flow of the outer

region. Then the extensional viscosity of the rod particle

suspension becomes smaller than that of the base polymer

solution and the extensional viscosity decreases further as

more rod particles are dispersed. This is quite contrast to

the case of rod suspensions in Newtonian fluids for which

the extensional viscosity monotonically increases with

particle concentration. But when particle concentration

becomes much larger it is expected that the crowding of

particles can lead to an increase in extensional viscosity.

However this concentration regime is out of the scope of

the present research. It should be pointed out that the pres-

ent experimental condition is not met the basic assumption

of b << h << l for semidilute suspensions in the Batchelor

theory. In the present case, b = 50 nm and l is between 220

and 800 nm. Considering that particle volume fraction

varies from 0.005-0.02, h = (2nl)−1/2 is between 890 and

1500 nm. Therefore the experimental condition is in the

regime of dilute suspensions. However the basic assump-

tion that the particles are aligned along the flow direction

is still valid as Δt > 1 and hence the shear flow is dom-

inant in the inner region.

One may argue that the Batchelor theory cannot be a ref-

erence to the experimental results obtained here because

the assumption in the Batchelor’s theory is b << h << l to

become shear-flow dominant in the whole domain while

in the present case b << h ≈ l and nl
3(ln(2l/b))−1

 << 1 indi-

cating that the suspensions are too dilute to become shear-

flow dominant in the whole domain. Also the fluid is not

Newtonian while the Batchelor theory is on the suspen-

sion in Newtonian fluid. This means that the direct com-

parison cannot be done. However this does not mean that

it is not appropriate to compare the present result with the

Batchelor’s theory because the physics underlying the

Batchelor theory is the same as the present research in that

particles are aligned along the extensional direction and

the flow around the particle becomes a shear flow. The

basic assumption that the particles are aligned along the

flow direction is still valid as Δt > 1 and hence the shear

flow is dominant in the inner region. By this comparison,

a deeper understanding on the extensional rheology can be

possible. For example, the assumptions of shear flow

around the particle and the extensional flow dominance

and polymer extension for dilute suspensions in polymer

solutions can be confirmed by comparing the experimen-

tal data with the Bachelor’s theory.

It is noted that tails appear in D/D1 profiles at the last

stage of the capillary thinning process and converge to the

exponential decays as confirmed by the linearity in the

semi-log plot. This appears to be caused by the extended

polymer chains which are not in the shear flow regime in

the fluid filament. Also the slope which is inversely pro-

portional to the relaxation time increases with increasing

rod particle volume fraction. This also supports the fact

that the volume of the inner region increases with particle

volume fraction. 

Another issue is the particle-particle interaction. Harlen

and Koch (1992) showed that the extensional viscosity of

a suspension of fibers can be written as follows 

 (8)

where α is a parameter representing the polymer exten-

sion. Then the fiber-fiber interaction can be neglected for

n(2l)3 << α. For P10A8V10, if measured ηE is inserted, α
≈ 60 and n(2l)3 << 1. Therefore the particle-particle inter-

action does not strongly affect the extensional viscosity. In

Fig. 9b, the extensional viscosity increases with aspect

ratio at a fixed particle volume fraction of 0.01. Consid-

ering that the particle-particle interaction effect is negli-

gibly small, the difference appears to be caused by the end

effect. At a fixed particle volume fraction, the number of

particles is inversely proportional to aspect ratio and hence

the number of tips decreases with aspect ratio. Because

the flow around the tip of the particle is a shear flow

which is much different from the extensional flow at the

bulk, polymer molecules are not strongly stretched and

hence they are not aligned with the extension axis. The

flow around the tip changes direction so that polymers are

oriented along the tip while the shear flow near the side of

a particle is mainly along the axial direction and hence the

polymer is still elongated along the axial direction in aver-

age even though the extension is not as large as in the

extensional flow. Unless the polymer molecules are aligned

in the extensional direction, their contribution to the

extensional viscosity is limited. This means that the poly-

mer conformation change at the particle tip appears to

induce a larger reduction in the extensional viscosity as

the number of particles increases, i.e. the aspect ratio of

ε·

ε·

ε·

ηE = ηs α π/6( )n 2l( )3+[ ]



Hyejin Han and Chongyoup Kim

206 Korea-Australia Rheology J., 27(3), 2015

the particles decreases.

4. Conclusions

In the present study, extensional viscosity of rod particle

suspensions in polymer solutions is studied experimen-

tally. The extensional viscosity was measured by the cap-

illary thinning method using the commercially available

CaBER. Under the experimental condition both the poly-

mer solution and particle suspensions are dilute in the

sense that the volume swept by polymers or particles is

not overlapped. The result shows that extensional viscos-

ity of rod suspension in polymer solution decreases with

the increase in particle volume fraction. This is in contrast

to the Batchelor’s prediction (1971) for rod suspensions in

Newtonian fluids. During the capillary thinning process,

the polymers should be stretched because Weissenberg

number is larger than 1/2. Also the particles are fully

aligned along the extension direction since the duration of

extensional motion is larger than 1/ . Under this condi-

tion, the flow near the particle (inner region) becomes a

shear flow to match the no slip boundary condition at the

particle surface and hence the polymers within the inner

region are tumbled and less stretched. The change in the

polymer conformation leads to the reduction in the exten-

sional viscosity. It is found that particle-particle interac-

tion can be neglected in the solution of polymers which

are stretched by the extensional flow at the bulk. The

absence of particle-particle interaction also supports the

argument of polymer conformation change for the exten-

sional viscosity reduction of rod suspensions in polymer

solutions.
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