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Abstract

The viscosity of CNT-dispersed polymer suspensions is predicted based on elastic analogy. The microme-
chanical Mori-Tanaka approach is applied for the prediction of viscosity, and it is concluded that the
elasticity-based model fits well with the experimental data. In addition, a semi-empirical model for non-
Newtonian viscosity of CNT-dispersed polymer suspensions is proposed. The predictions are verified with
experimental results.
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1. Introduction

Extensive attention has been paid to research activities on use of nano-fillers (e.g.,
carbon nanotubes, carbon nanofibers) as superior candidates for high-performance
and multi-functional reinforcements of engineering polymers [1-3]. Enhancement
of matrix-dominated mechanical properties of fiber-reinforced plastic (FRP) us-
ing nanoparticle-dispersed polymer (e.g., compressive strength, interlaminar frac-
ture toughness, residual strength) has been widely recognized [4-8]. When using
nanoparticle-dispersed polymer for FRPs, prepreg-based fabrication, resin transfer
molding (RTM), and resin film infusion (RFI) are widely used. Therefore, viscosity
of nanoparticle-dispersed polymer suspensions is the key factor that controls the
quality and performance of the fabricated composites.

Theoretical studies on viscosity of particle-dispersed suspensions have been
conducted for the cases of dilute suspensions of spherical or ellipsoidal particles
[9, 10]. It is still a challenge to formulate the theoretical expressions of viscos-
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ity of non-dilute particle-dispersed suspensions. When we have to consider the
orientation of fiber-like particles in suspensions or nonlinear viscous character-
istics, the theoretical prediction is also tough work. Thus, numerical simulations
(e.g., particle method) and semi-empirical predictions have been widely used for
the cases described above [11-13]. Nanofibers are advantageous for the reinforce-
ments of polymer, because the fillers have high aspect ratio (i.e., length divided
by diameter). However, simple methods for the prediction of polymer suspensions
containing non-dilute nanofibers with orientations have not been established yet.
It is important to develop a simple predictive model of viscosity of nanofiber-
dispersed polymer suspensions in order to know the quality of composites prior
to fabrication. On the other hand, a simpler predictive model gives a way to iden-
tify the shapes, orientations and concentrations of nanofibers by measuring the
viscous properties of polymer suspensions. Modeling of viscosity of nanofiber-
dispersed polymer suspensions is a key issue for the manufacturing of nanocom-
posites.

The main goal of this research is to apply the micromechanical elasticity model
to the prediction of viscosity of nanofiber-dispersed polymer suspensions. Analogy
between the shear viscosity and the shear stiffness and correspondence of visco-
elasticity to elasticity are well recognized. In this study, it is proposed that the
micromechanical Mori—Tanaka model [14] is used for the prediction of viscosity.
This approach can handle the non-dilute suspensions and the effect of orientation
of nanofibers.

In this paper, the Mori—Tanaka approach is briefly summarized first, and viscos-
ity predictions are compared to the previous experimental data [15] by the present
author. In addition, a semi-empirical model is proposed in order to predict the non-
linear viscous properties of nanofiber-dispersed suspensions which were observed
in the previous experiment. The proposed semi-empirical model is also verified
based on the comparison with the experimental data.

2. Mori-Tanaka Model

Consider non-dilute inclusions in an infinite homogeneous isotropic matrix medi-
um. In the Mori—Tanaka approach [14, 16], the relationship between the average
strain of matrix (€¢) and the strain of rth phase of inclusions (&;) can be expressed
using the strain concentration tensor.

& =A%z, (1)

AN = 1481 (@, —Lo)] 7, )

where S denotes the Eshelby tensor, L is a stiffness tensor, and I is the identity
tensor. Subscript 0 denotes the matrix. Straight nanofibers with aspect ratio, o, can
be regarded as slender prolate spheroids. The Eshelby tensor of prolate spheroidal

inclusions is given in the Appendix, when the fiber axis coincides with the axis-3.
Based on the average strain theorem, the relationship between the average strain
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of composite (¢) and the strain of rth phase of inclusions (g,) can be expressed
as

& =A¢E, (3)

-1
A, =A% <Z vrAfﬂ) : 4)

Herein, the volume fraction of the rth phase of inclusion is denoted as v,.
Equations (3) and (4) are valid when r is set to be O (i.e., in the case of
the matrix phase). The overall stiffness tensor of composites can be written
as

—1
Le=)Y vLA =) LAY (Z vrAS”) . (5)
r r r

When the orientation distribution of nanofibers is considered, the overall stiffness
can be expressed as

L= Y Lad) (Yo fat) ©

r r
{L}:/// Lyppgmmimujm prmgn(¢, 0, @) sinf de do de, @)
¢J/0J 9

where {-} denotes averaging over all possible directions, m;; is coordinate trans-
formation tensor, and n(g, 0, ) is the orientation distribution function defined
in Eulerian coordinates. In the case of three-dimensionally random distribution,
n(e, 0, V) is equal to 1/(87%).

3. Prediction of Viscosity and Comparison with Experimental Results
3.1. Nanofibers in Polymer Suspensions

The lengths of nanofibers generally have a distribution, and thus, aspect ratios
of nanofibers are not constant in polymer suspensions. It was shown that carbon
nanofibers in polymer suspensions used in the previous experimental study [15, 17]
have various lengths. In this study, it is assumed that nanofibers have constant aspect
ratio. In addition, every nanofiber is assumed to be straight and isolated in polymer
suspensions, although nanofibers generally agglutinate and have curvatures. Three-
dimensionally random distribution is assumed for the orientation of nanofibers in
polymer.

3.2. Comparison with Experimental Results of Viscosity

In this study, the evaluated shear stiffness using equation (6) is regarded as the
viscosity of nanofiber-dispersed polymer suspensions based on the analogy be-
tween the shear viscosity and the shear stiffness. The densities of resin and carbon
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Figure 1. Normalized viscosity at shear rate of 100 s~1 as a function of aspect ratio of carbon
nanofiber. This figure is published in color in the online version.

nanofiber are set to be 1.16 and 2.1 g/cm?, respectively. It is assumed that car-
bon nanofibers are stiff enough compared to resin, and matrix resin (uncured resin)
is incompressible (i.e., Poisson’s ratio of matrix resin is set to be nearly equal
to 0.5).

In the previous experimental study [15], viscous properties of 5 wt% cup-stacked
carbon nanofiber-dispersed epoxy suspensions were measured by a cone—plate vis-
cometer. It was shown that pure epoxy resin is a Newtonian fluid, but carbon
nanofiber-dispersed epoxy suspensions exhibit non-Newtonian fluid behavior. The
predicted viscosity is compared to the experimental shear viscosity at shear rate
of 100 s~!, as shown in Fig. 1. The vertical axis shows the viscosity of nanofiber-
dispersed suspensions divided by that of pure epoxy (this value is called the normal-
ized viscosity in this study), and the horizontal axis shows the aspect ratio of carbon
nanofibers. Measured data at 20, 25, 30, 40 and 60°C are used for comparison. The
experimental data at higher temperature exhibit considerable variation and higher
normalized viscosity. This phenomenon results from the following arguments: ag-
gregation of carbon nanofibers disappear at high shear rates, and every carbon
nanofiber is isolated [15]; when the shear rate increases enough, the dispersion
state of carbon nanofibers is stabilized; the dependence of viscosity on the shear
rate disappears at high shear rates, and the viscosity decreases and converges to the
steady-state viscosity as shown in Fig. 2. This dependence is also observed in the
case of particle-dispersed suspensions [18]; when temperature increases, a higher
shear rate is needed for complete isolation of nanofibers because aggregation of
nanofibers is susceptible to formation at high temperature; however, the maximum
shear rate in the previous study is 100 s~!; as a result, carbon nanofibers are not
isolated at the shear rate of 100 s~! in the case of high temperature, and it is con-
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Figure 2. Schematic of viscosity—shear rate curve in relation to dispersion state and temperature. This
figure is published in color in the online version.
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Figure 3. Viscosity—shear rate curve of nanofiber-dispersed epoxy (AR = 32). This figure is published
in color in the online version.

sidered that the experimental data at higher temperature exhibit higher normalized
viscosity. In Fig. 3, viscosity—shear rate curves of carbon nanofiber-dispersed epoxy
(aspect ratio of 32) at various temperatures [15] are presented. The experimental
data coincide with the tendency shown in Fig. 2. In this study, it is considered that
the experimental data at the shear rate of 100 s~! at lower temperatures correspond
to the steady-state viscosity. As the predicted model assumes complete dispersion of
carbon nanofiber in polymer suspensions, experimental data at lower temperatures
are considered to be suitable for comparison to the predictions in this study.
Looking at Fig. 1 again, we can conclude that the predictions based on elastic
analogy (solid line) agree well with the experimental data at 20, 25 and 30°C. If
complete dispersion of carbon nanofibers is achieved, experimental data at high
temperatures may show lower normalized viscosities and approach the predicted
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values. It is concluded that the steady-state viscosity at high shear rates can be
predicted using the elastic micromechanical model.

4. Semi-empirical Model of Non-Newtonian Suspensions
4.1. Exponential Relation

In the previous study [15], non-Newtonian behavior was observed in the cases of
nanofiber-dispersed epoxy suspensions, and the following exponential form of vis-
cosity (n)—shear rate (y) curve was applied to the experimental results.

n=Cy~". ®)

It was shown that a master curve was obtained to express the relationship between
the exponent, n, and aspect ratio, AR, of carbon nanofibers, when the concentration
of nanofiber was fixed. Specifically, in the case of 5 wt% carbon nanofiber-dispersed
suspensions, the following empirical equation was obtained based on the significant
number of experimental results.

n=0.6(1— e—O.Oooz(AR_l)z.s)' o

This equation may vary depending on the concentration and the surface treatment
of carbon nanofibers. In the following section, a simple method to predict the
non-Newtonian behavior of nanofiber-dispersed suspensions is explained when the
relation like equation (9) is obtained experimentally.

4.2. Semi-empirical Model

As shown in Section 3.2, the elasticity-based analogy model can be used for predic-
tion of the steady-state viscosity of nanofiber-dispersed suspensions at high shear
rates. Non-Newtonian behavior at intermediate shear rates was expressed by the ex-
ponential form as shown in Section 4.1, and the master curve (i.e., equation (9)) was
obtained experimentally. Therefore, the following bi-linear form of non-Newtonian
viscosity is assumed here as shown in Fig. 4.

N\ N
Y . <

== ~ g >
n npred(y> (y<vy) (10)

11 = Npred y=7).
In this equation, npreq is predicted by Mori-Tanaka model, and the exponent, n, is
given empirically (i.e., equation (9)). It should be noted that y, which defines the
intersection of the bi-linear model, is a function of temperature and other parame-
ters. In this study, y is assumed to be a function of temperature, and is determined

by comparison to experimental results.

A viscosity—shear rate curve of 5 wt% carbon nanofiber (AR = 39) dispersed

suspensions is shown in Fig. 5, and compared to the experimental results. In this
prediction, p is set to be 200 s~! at 25°C, 300 s~! at 30°C, 1000 s~! at 40°C
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Figure 4. Bi-linear model for non-Newtonian viscosity. This figure is published in color in the online
version.
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Figure 5. Comparison of viscosity—shear rate curves between fitted predictions and experiments
(AR = 39). This figure is published in color in the online version.

and 3000 s~! at 60°C. Using these parameters, comparison between the prediction
and the experiment is made for the cases of AR = 24 and AR = 34, as shown in
Fig. 6. It is concluded that predictions of viscosity based on the proposed semi-
empirical model agree well with the experimental non-Newtonian behavior of car-
bon nanofiber-dispersed suspensions.

The proposed semi-empirical model utilizes the micromechanical theoretical
model for the prediction of steady-state viscosity at high shear rate, npreq, whereas
the exponent, n, and the intersection of the bi-linear model, )N'/, are determined
based on the experimental data. This semi-empirical model assumes that parame-
ters depend on only aspect ratio and concentration of carbon nanofibers, and are
independent of type of material system. Many issues are further to be investi-
gated. For example, it is necessary to investigate effects of interfacial treatment
of nanofibers, variation of aspect ratio of nanofibers (this study assumes constant
aspect ratio in the prediction), orientation of nanofibers in suspensions, and ag-
gregation of nanofibers on the viscosity of suspensions. Numerical simulation and
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Figure 6. Comparison of viscosity—shear rate curves between predictions and experiments:
(a) AR =24, (b) AR = 34. This figure is published in color in the online version.

additional experimental studies are also important in order to verify the proposed
model in more details.

5. Conclusions

In this study, the micromechanical Mori-Tanaka model was applied to the predic-
tion of viscosity of nanofiber-dispersed suspensions. Comparison between the pre-
diction and the previous experimental data indicated that prediction based on shear
stiffness can be applied to the estimation of steady-state viscosity of nanofiber-
dispersed suspensions at higher shear rate.

A semi-empirical bi-linear model for non-Newtonian viscosity of nanofiber-
dispersed suspensions was also proposed. The shear stiffness-based prediction
was applied to steady-state viscosity at higher shear rate, and the empirical ex-
ponential model was used in the proposed model. It was shown that the predicted
non-Newtonian viscosities agree well with the experimental data. The proposed
model is able to predict the viscosity of nanofiber-dispersed suspensions including
non-Newtonian behavior, and contributes to the fundamental knowledge of appli-
cation of nanofiber-dispersed polymer to composites and manufacturing process of
nanofiber-based materials.
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Appendix
Al. Eshelby Tensor

Consider a prolate spheroidal inclusion in an isotropic matrix. The long axis direc-
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tion coincides with the axis-3 herein. The aspect ratio of the inclusion (or nanofiber)
and Poisson’s ratio of matrix are denoted as « and v, respectively. Each component
of Eshelby tensor is given by

Sti11 = 82022 = Q112+ R4,
S1122 = 82211 = Q112 — RI,
Si133 = Sx233 =? QI3 — RI,
S3311 = 83320 = Q113 — R4,
S3333 =’ Ql33 + R, (A1)

+a?

1
82323 = 83131 = Q113+§R(11 + I3),

2
S1212 = Q12 + R4,
else S;jx =0,
3 1—2v
OQ=——, R=—r——,
8nt(l —v) 8m(l —v)

where the parameters in (A.1) are expressed as

av1—a? —cosh '«
(1 —062)3/2 ’
Iz =4mn — 21,

I _475 1 47 I
BT T 2@-n\3  2)
i — 1 47 I

I _1 47 P
12—43 13 |,

I33=315.

I =27nx

(A.2)



