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Assessment of the Dispersion Quality in
Polymer Nanocomposites by Rheological
Methods
Francisco J. Galindo-Rosales, Paula Moldenaers, Jan Vermant*
The properties of filled polymers and nanocomposites are strongly linked to the adequate
dispersion of the solid phase into a polymeric matrix. However, obtaining the degree of
dispersion within a polymer composite system is far from trivial. Typical methods for
microstructural analysis such as electron and optical microscopy or scattering methods only
investigate the local microstructure. In addition they are either labor intensive or may yield
data that are difficult to analyze. Methods that focus more strongly on the end-use properties,
such as conductivity or bulk moduli, offer a global view of the material performance, but are of
course post factum. The rheological properties of (nano)particle filled matrices in the molten
state offer a cost-effective alternative to evaluate the dispersion quality and can even be used
during a production process. Moreover, it does not necessitate optical transparency, adequate
scattering contrast, or conductivity. Typically, rheologi-
cal data have been mainly used in qualitative terms and
it is as yet unclear if the quality of dispersion can be
quantified. The present work contains a systematic
evaluation of methods to characterize the dispersion
quality from rheology. Using a well-defined model
sample it is shown how the dispersion quality can be
assessed quantitatively by studying the viscoelastic
properties as a function of volume fraction. Moreover,
a novel method is proposed, where the time evolution of
the linear and nonlinear rheological properties at a fixed
volume fraction is studied and analyzed.
Introduction

Adding inorganic (nano)fillers to polymers is a well known

way to enhance mechanical properties, and offers the
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possibility to tailor properties such as permeability,

conductivity, flame resistance, etc.[1–3] Coatings are also

prime examples of complex polymer-nanoparticle compos-

ites. The shape of the nanofillers has a strong effect on

the resulting user properties and one typically distin-

guishes three classes, going from near spherical particles

(i.e., carbon black, silicas, etc.) over layered structures (i.e.,

organosilicate, graphene, or graphite oxides) to rod-like or

fibrous particles (i.e., nanowires or carbon nanotubes).

Apart from shape and the resulting surface area-to-volume
elibrary.com DOI: 10.1002/mame.201000345 1

the final page numbers, use DOI for citation !! R



2

REa

www.mme-journal.de

F. J. Galindo-Rosales, P. Moldenaers, J. Vermant
ratios, the properties of a nanocomposite are greatly

affected by the degree of filler dispersion achieved during

mixing operations.[4] Depending on the method of pre-

paration, significant differences in composite properties

may be obtained.[5]

For example, in polymer-clay nanocomposites, when the

polymer is unable to intercalate between the silicate sheets,

the properties remain similar to those for traditional

microcomposites. However, when the polymer chains can

penetrate between the silicate layers, a well-ordered

multilayer morphology with alternating polymeric and

inorganic layers can be observed. When the silicate layers

are completely and uniformly dispersed in a continuous

polymer matrix, an exfoliated or delaminated structure is

obtained. In each case, the physical properties of the

composite are completely different. Without proper dis-

persion, the material will not offer improved properties

over that of conventional composites. Therefore, a key

challenge in processing nano-particle-based materials is to

control and measure the quality of dispersion. A fully

dispersed and stable state will lead to optimal properties,

whereas in the presence of particle agglomerates a poor

material performance will be obtained.[6–8] Stated more

generally, in order to express their functionality it is

essential that nanoparticles are well dispersed in the

polymeric matrix.

Measuring the quality of dispersion in a composite is not

trivial. Most optical methods, such as microscopy and light

scattering, do not have sufficient resolution (� 0.2–0.5 mm)

to visualize the dispersion in detail. Electron microscopy

methods, such as scanning electron microscopy (SEM),

field emission scanning electron microscopy (FESEM),

and transmission electron microscopy (TEM), have the

necessary resolving power, but the sample preparation

is often very laborious. To obtain statistically relevant

data a large number of images needs to be taken and

analyzed, which is not always possible or done. More

fundamentally, these methods only provide a very

local view of the microstructure, hence possible hetero-

geneities in the microstructure may go undetected.

Moreover, these methods only provide a two-dimensional

scan through the three-dimensional structure, which may

make interpretation difficult when the constituent parti-

cles are anisotropic in shape.[9] Scattering techniques, such

as X-ray diffraction (XRD) or small angle X-ray scattering

(SAXS), while offering statistically averaged data, are

strongly model dependent and again fail to probe the

large scale morphology, as was reviewed by Schaefer

and Justice.[10] The latter authors clearly showed how

most techniques investigate only the local microstructure

and emphaiszed that when measuring the quality of

dispersion, one should also consider the large-scale

structure of particles in nanocomposites. In summary,

none of the mentioned techniques can adequately capture
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the relevant levels of dispersion and structure.[11,10]

The alternative is to look directly at the macroscopic

properties such as the mechanical modulus or, when the

nanofiller is conductive, the (di-)electrical properties.[12,13]

These methods offer a global view of the material

performance, but need to be performed post factum, with

limited possibility for in situ monitoring of the dispersion

quality.

In the present work it is investigated to what extent

rheological properties in the liquid state can be used to

assess the quality of the dispersion. The rheological

properties, both the linear and non-linear ones, are sensitive

to changes in the particulate microstructure, integrated

over all length scales. Rheological measurements have

hence been used for different types of nanocomposite

systems as a complementary, indirect technique to monitor

the quality of dispersion, albeit mainly in very qualitative

terms.[14–16] Recently, Vermant et al.[8] explored to what

extent rheological methods can be used in a more

quantitative manner, and evaluated the effect of molecular

weight and processing history on clay-polymer nanocom-

posites. One of the advantages of rheology is that using

samples of macroscopic dimensions offers an integrated

picture of the composite material with increased data

reliability, compared to other methods using smaller

samples that are prone to micro-scale inhomogeneities.

At volume fractions above the percolation threshold,

the state of dispersion can be assessed from the volume

fraction dependency of the plateau modulus and the critical

strain that limits the linear response regime. The micro-

structure can be quantified using scaling laws for fractal

aggregate networks. Additionally, changes in the high

frequency moduli were also considered as a mean to assess

dispersion quality as they enable one to determine the

effective hydrodynamic volume of the particles and

aggregates over the entire range of volume fractions. In

analyzing rheology data it is important to evaluate the

effects of flow history and the resulting thixotropic

response. Pre-shearing protocols that allow sufficient

rest times between sample loading and experiments are

a way in which, at least, reproducible initial conditions

can be obtained.

The goal of the present paper is to systematically explore

the effects of changes in dispersion quality on the

rheological properties of model nanoparticle/polymer

matrix systems. To this end, spherical model hydrophobic

silica particles are dispersed in a polymeric matrix of

suitable viscosity. The different rheological methods, based

on an evaluation of the evolution of the properties as a

function of volume fraction, are compared and it is

evaluated if the different approaches have sufficient

sensitivity. Moreover, a new method to evaluate the state

of dispersion exploiting the time evolution of the moduli at

a fixed volume fraction is proposed.
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Figure 1. SEM images of silica particles: (a) batch 1 (b) batch 2.
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Materials and Methods

Materials

As a model sample, a colloidal suspension of silanized silica

nanoparticles (SiO2) was prepared by dispersing the

nanoparticles in a polydimethylsiloxane matrix (PDMS,

Rhodorsil 47V350 from Rhodia Silicones). The molecular

weight of the polymer was selected such that the longest

relaxation is fast enough for the elastic response in the

rheological measurements of the composites to be domi-

nated by the fillers. On the other hand, the viscosity should

be sufficiently high as to prevent problems with sedimen-

tation of the particles over a period of 48 h. At 25 8C, the

PDMS has a density of 973 kg�m�3 and a viscosity of 0.34

Pa�s. The silica particles were synthesized using a modified

Stöber process,[17] using the correlations presented by

Bogush et al.[18] to control the particle size. Because the scale

up of the synthesis procedure goes at the expense of

monodispersity, two different batches of silica particles

were prepared in order to have sufficient material of

monodisperse particles. Dynamic light scattering (DLS)

measurements were carried out at 25 8C by means of a

multiangle ALV/CGS-3 Goniometer (ALV-GmbH) to deter-

mine the particle size and size distribution. The two batches

yielded slightly different hydrodynamic radii of 89 and

73 nm, respectively with the polydispersity in size being

about 10%. SEM pictures (Figure 1) confirm the low

polydispersity in size and provide the geometric dimen-

sions of the particles: RB1¼ 85� 10 nm and RB2¼ 70� 5 nm

for the batches 1 and 2, respectively.

After the synthesis, the particle surface is hydrophilic and

a chemical modification is needed in order to make them

suitable to be dispersed in the PDMS matrix. Using surface

energy calculations and experiments of the contact angle of

PDMS on surface modified silicon wafers, a suitable surface

modifier was selected (see ref. [19] for more details). The

particles were rendered hydrophobic by means of a

silanization reaction using dichlorodymethylsilane in

hexane for 12 h at ambient conditions. Most of the hydroxyl

groups on the surface of the hydrophilic silica particles are

replaced by methylsilane groups, which makes the particles

behave hydrophobic and renders them suitable to be

dispersed in PDMS, although they will not be colloidally

stable.
Preparation Protocol

In order to prepare suspensions of varying dispersion

quality, sample preparation methods with different energy

input were used. Suspensions were prepared by mixing by

hand (H), using a magnetic stirrer (S), a high shear

Ultraturrax mixer (U) and an ultrasonic disperser (US).

The manual dispersion of the particles was carried out by
www.MaterialsViews.com
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means of a spatula during 30 min and the energy per unit

mass supplied is estimated to be in the order 10�5 J�kg�1.

The magnetic stirrer used to disperse the particles had the

typical cylindric shape (r¼ 3 mm, L¼ 21 mm) and a mass of

2 g. A speed of 600 rpm was used during 1 h and the energy

per unit mass supplied was of order 10�1 J�kg�1. The energy

per unit mass was estimated by calculating the rotational

kinetic energy supplied divided by the mass of the sample

(Equation 1):
11, 296
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the
e ¼ ~v
tI~v

2Vr
; (1)
where r and V are the density and volume of the

suspension, respectively, I is the inertia tensor of either

the spatula or the magnetic stirrer, and ~v is the angular

velocity vector. The high shear mixer was run for 1 h using

an Ultra-Turrax model T25 with a S25N-10G geometry (IKA

Werke, Staufen, Germany) at a velocity of 8000 rpm. The

energy per unit mass is now O(107) J�kg�1. Finally, the most

energy intense dispersing method was the ultrasonic

treatment, with an energy per unit mass of O(109) J�kg�1,
, 000–000
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using a 460 W�cm�2 finger shaped sonicator (Ikasonic

U400S Control, Germany) running for 1 h at 24 kHz. All

samples were left under vacuum conditions at room

temperature for 12 h to remove all the bubbles introduced

during the mixing process.

Whereas the energy per unit mass does only give a rough

estimate of the anticipated dispersion efficiency, the

differences of the order of magnitude of the energy input

per unit mass of the different methods are sufficient, such

that one may anticipate, at least qualitatively, the

following order of the dispersion quality (DQ):
rly V
DQH < DQS < DQU < DQUS: (2)
For each preparation method, up to seven different

weight concentrations have been considered in this study:

10, 15, 20, 25, 30, 35, and 40 wt.-% particles from batch 1

were used to prepare suspensions by ultraturrax (UB1),

magnetic stirrer (SB1) and by hand (HB1). Due to the limited

yield of the reaction, slightly smaller particles from batch 2

were dispersed by ultrasound (USB2). To evaluate the four

different methods on the same batch of particles, samples

using particles from batch 2 were prepared at a single

concentration of 35 wt.-%

As it is important to rule out effects of aging of the

suspensions interfering with the rheological measure-

ments and to evaluate possible problems with sedimenta-

tion, samples were always prepared directly prior to use

and after the vacuum treatment. They were always

measured within 48 h after preparation. To evaluate the

possible time evolution of the structure during this time

period, the macroscopic stability was investigated. As the

suspensions scatter strongly, this required a technique

which measures both transmission and backscattering and

a Turbiscan MA 2000 profilometer was used (Formulaction,

France).[20–22] The transmission and backscattering signals

were registered every 40 min during 48 h and using 5 mL of

each sample. Due to the high solids content, the suspen-

sions are opaque and therefore the transmission is small.

For this reason, only the backscattering data is shown and

analyzed here.
Figure 2. Dynamic moduli at a fixed frequency (v¼0.5 rad�s�1) as
a function of strain amplitude. This strain sweep was carried out
on a suspension prepared with particles from batch 2 and dis-
persed by high shear mixing (ultraturrax) at 35 wt.-% after
preshearing at 5 s�1 and a recovery for 7200 s.
Rheological Methods

The rheological measurements were either performed on a

strain-controlled rheometer (ARES G2-TA Instruments) or a

sensitive stress-controlled rheometer (ARG2-TA Instru-

ments), all measurements were carried out at 25 8C. A cone

and plate geometry was used in all experiments: 40 mm

diameter and cone-angle of 0.034 radians on the ARG2 and

50 mm diameter and cone-angle of 0.02 radians with the

ARES-G2. The use of different geometries allows us to rule

out effects of wall slip. In order to define a well controlled
Macromol. Mater. Eng. 2
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starting point for all the rheological measurements, a pre-

shear protocol has been defined, which consisted of

shearing the samples at 5 s�1 until steady state was

reached and the subsequent recovery during 600 s. In this

way, the effects of loading history were wiped out and each

sample had the same the flow history. To asses the linearity

limits, dynamic strain sweep measurements were carried

out at 0.1, 1, 10, and 100 rad�s�1 between 0.01 and 100%

strain, or up to maximum torque. Dynamic frequency

sweep experiments were then performed in the linear

viscoelastic region of each material with frequencies

between 0.01 and 100 rad�s�1. After each test where the

non-linear regime was reached, the following test was

performed after applying the pre-shear protocol, following

a rest period.

Figure 2 shows a typical strain sweep for the nanoparticle

dispersions at relatively low frequency (0.5 rad�s�1), from

which a number of characteristic parameters can be

defined. At low strains, G0 is higher than G00. As the matrix

elasticity is low for the present system, the elastic behavior

stems from an aggregate network which dominates the

viscoelastic response and a plateau modulus at small strain

amplitudes (G
0
0) can be defined. A critical strain amplitude

(gc) is defined here as the strain amplitude at which G0

decays to 90% of G
0
0. For samples above the percolation

threshold, the elastic modulus decreases gradually as the

strain exceeds gc, due to the breakdown of a particulate

network, while the viscous modulus increases up to a

maximum value (G
00
max) before decreasing (see Figure 2). The

rise of G00 is believed to be due to the breaking up of the

particle network, with the dissipation increasing as
011, 296, 000–000
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particles and aggregates break loose. It is therefore also

useful to define G
00
max as a measure for this dissipation

during breakup. A full analysis of the nonlinear response

during break up using Fourier transform rheology could be

useful to refine this parameter but lies beyond the scope of

the present work.
Results and Discussion

Macroscopic Stability

The macroscopic stability of the dispersions, prepared using

the different methods, was investigated using a Turbiscan

2000 to verify if further aggregation, aging, or sedimenta-

tion occur over the time scale of the rheological experi-
a)

b)

Figure 3. Backscattering profile of the samples prepared with
particles from batch 2 (a) prepared by hand showing identical
profiles at 0 and after 48 h. The inset shows a zoom on the
profiles obtained from the center of the vial. (b) Decrease of the
backscattered light intensity profiles for different times after
sample preparation for a 25 wt.-% dispersion, prepared by ultra-
sonic treatment.
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ments. Sedimentation would be visible by a time depen-

dent change of the intensity along the height, with the

backscattered intensity increasing toward the bottom.

Further aggregation would show up by a decrease of the

transmitted intensity and an increase of the backscattered

intensity all along a glass test tube. Figure 3 shows the

profiles of the backscattered light as a function of the height

of a sample prepared with particles from batch 2 by hand at

25 wt.-%. Three zones can be distinguished in the back-

scattering profile: In zone I (bottom of the cell) the

backscattering is high due to reflections from the cap in

the bottom. In zone II (center of the cell) the scattering

comes from the sample and a uniform profile is obtained,

which is not changing in time. This confirms that on the

time scale of 48 h there are no problems with dispersion

stability. In zone III near the top of the cell, there is some

additional scattering due to the meniscus, which identifies

the top of the sample.

Sedimentation effects can be expected to be the worst for

the samples where the dispersion quality is assumed to be

worst. But even in the samples prepared by mixing by hand,

sedimentation of the aggregates was not an issue on the

time scale of the experiments (48 h). On the other hand, time

effects due to continued aggregation and aging can be

expected to be most severe for the better dispersed samples.

Only for the samples prepared by ultrasound, the level of

backscattering was observed to decrease with time as

shown in Figure 3b. This is probably caused by aggregates

that are larger than the wavelength of the light used

(850 nm), of which the scattering power decreases as the

size grows.[20,21] To show more clearly the extent of these

evolutions, Figure 4 shows the time evolution of the

backscattered light in the center of the sample at a fixed
Figure 4. Evolution with time of the backscattered light intensity
in zone II for the four different preparation protocols at a fixed
particle loading of 25 wt.-%.
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concentration of 25 wt.-%, for the different methods. In all

cases a sufficiently slow evolving microstructure is reached

after 12 h at rest and there is no sedimentation or gel

collapse over the time period of 48 h. Continued aggregation

is only observed in the case of the samples prepared by

ultrasound. The different levels of backscattered light

intensity also demonstrate that the samples prepared using

different methods effectively differ in their dispersion state.

The backscattered light intensity is higher for the samples,

which based on the energy input are expected to have a

better dispersion quality and smaller aggregates. This in

qualitative agreement with observations on flocculated

systems containing flocs larger than the wavelength of

light.[20,21]
Figure 5. Linear viscoelastic properties as a function of frequency
for the polymeric matrix and samples USB2 at different particle
loadings. (a) Storage moduli (b) Loss moduli.

Figure 6. Critical strain as a function of the volume fraction for
the different sample preparation methods (0.03 rad�s�1).
Rheological Properties

The linear viscoelastic storage and loss moduli were

measured as a function of frequency, and this for different

particle loadings. In Figure 5 results for the family of

samples USB2 are shown, which are representative for the

other preparation methods. The storage (G0) and loss (G00)

moduli both increase with particle concentration. The

rheological signature of the particles is especially visible in

the elastic properties at low frequencies. At low particle

loadings, the particle aggregates give rise to a broad

distribution of relaxation times, in addition to those of the

polymeric matrix. As the global volume of aggregates

increases with the volume fraction a mechanically

percolating and space filling network is formed, and the

low frequency moduli tends to level off to a constant value,

a characteristic of a solid like material. On the other hand, at

the highest frequencies for the loss moduli G00, the polymer

matrix contribution and the hydrodynamic interactions

between aggregates dominate, and the slopes of the moduli

versus frequency become parallel to those of the matrix. The

main effect of the particles on the matrix picked up by G00 in

this range of frequencies is to increase the deformations in

the interstitial fluid, which leads to an enhancement of the

overall modulus. The percolation threshold, the low and

high frequency moduli all depend on the microstructure

and state of dispersion in the suspensions and as such can

be used to evaluate the dispersion quality, as will be

discussed below.

Increasing the particle volume fraction also changes the

non-linear rheological properties. Figure 6 gives the

maximum strain to which the linear viscoelastic region

extends as a function of concentration for each of the

different dispersion procedures and particle loadings.

The results in Figure 6 show that the critical strain and

its dependency on volume fraction, both depend on the

method of dispersion. Typically, when the weight concen-

tration of particles in the suspension is increased, the

linearity limit decreases. At low particle loadings, the
Macromol. Mater. Eng. 2011, 296, 000–000
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Table 1. Crossover frequency (v�c ) and modulus (G�c ) of the master
curves for each family of suspension.

Family of sample vc (rad�s�1) Gc (Pa)

USB2 0.08 3.0

UB1 0.12 2.8

SB1 0.18 2.4

HB1 0.22 2.9
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particle aggregates will take up less of the macroscopic

deformation, thereby increasing the local strain amplitudes

within the matrix. As a consequence the macroscopic

linearity limit gradually decreases. When the global volume

of aggregates is increased to form a mechanically

percolating network, the brittle nature of a solid like

material is reflected by an even lower critical strain. It now

displays a stronger power-law dependency on the volume

fraction. The better dispersed, the more open the aggregate

structures are expected to be and a lower percolation

threshold and a more pronounced dependence on volume

fraction characterize the response.[8] The more open is the

network, the higher is the percolation threshold and the

stronger is the dependency on volume fraction. Obtaining

the percolation threshold accurately from Figure 6 is

difficult, but the dependency of the power law exponent

of the volume fraction dependency reflects the sequence of

the expected dispersion quality DQH < DQS < DQU < DQUS,

although the sensitivity of the method appears limited.

To analyze the difference in dispersion quality in more

detail, the effects of changing the volume fraction on the

linear viscoelastic moduli for each preparation method can

be scaled following a procedure by Trappe and co-

workers[23,24] for weakly attractive aggregates in Newtonian

media. The method has previously been applied to super-

impose the modulus-frequency curves for different nano-

composites.[25,26] Both the modulus and the frequency of

each data set are scaled by factors a and b, respectively,

which are linearly related by the viscosity of the suspending

fluid. This reflects the self-similar nature of the aggregates

and aggregate networks. A typical resultant master curve

for system UB1, is shown in Figure 7. For the different

dispersion qualities, the structure of the aggregates and the
Figure 7. Master curve of the family of suspensions UB1, showing
the scaled moduli (G0� and G00�) for different volume fractions as
function of the scaled frequency (v�). The inset graph shows the
linear relationship between the scaling factors (a, b).
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resulting networks will differ and the manner in which the

data are scaled reflects in an indirect way, the structure of

the dispersions. Table 1 gives the scaled crossover frequency

(v�c ) and the magnitude of the modulus at the cross-over

frequency. Table 1 shows a trend consistent with the

expected sequence DQH < DQS < DQU < DQUSð Þwith espe-

cially smaller values forv�c and a trend toward higher values

of G�c as the samples are better dispersed.

A more classical manner to use linear viscoelastic data for

analyzing the percolation threshold is to plot the low

frequency moduli (at the lowest experimentally attainable

frequency in Figure 5) as a function of volume fraction. The

data once again reflects the transition from a suspension of

individual aggregates to a mechanically percolating, space

filling network. As a consequence, below the percolation

threshold only a weak dependence of G0 on volume fraction

is obtained. Above a critical value the moduli at low

frequency increases more steeply as the volume fraction is

increased. Typically, beyond the percolation threshold, the

elastic properties at low frequencies are expressed as a

simple power law function:
11, 296
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G0p � F�Fp

� �n
; (3)
where n is a power law exponent and Fp is the percolation

threshold volume fraction, representing the minimum

volume fraction necessary for a sample to form a

mechanically connecting cluster. Fp will reflect indirectly

the state of dispersion, the value being higher as the

agglomerates and aggregates are better dispersed, their

effective volume fraction being lowered and hence

requiring more particles to percolate. Above the percola-

tion threshold, increasing particle concentration will

increase the number of particles contributing to the

network structure and hence also the critical exponents

will reflect the microstructure.[27] Percolation models only

rigorously hold close to the percolation boundary. How-

ever, this power law scaling has been shown to hold up to

higher volume fractions.[8] Figure 8 plots the storage

modulus at low frequency (0.03 rad�s�1) as a function of

volume fraction for the three families of suspensions

prepared with the same batch of particles (UB1, SB1,
, 000–000
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Figure 9. Evolution of the relative high frequency (100 rad�s�1) loss
modulus as a function of volume fraction for the three families of
suspensions prepared with the same batch of particles: UB1, SB1, and
HB1. Solid lines corresponds with the Krieger-Dougherty fitting of
the experimental data and the dashed line shows the predictions of
Batchelor theory for hard spheres.

Figure 8. Low frequency storage modulus (0.03 rad�s�1) versus
volume fraction for the three families of suspensions prepared
with the same batch of particles: UB1, SB1, and HB1.
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and HB1). Due to differences in the network structure,

which are consequences of different dispersion qualities,

the values for power law exponent and the percolation

threshold are different. The percolation thresholds have

higher values for the better dispersed systems, the power

law exponents decrease as a consequence of a more open

structure. Especially the power law exponents reflect the

sequence of dispersion quality quite well.

Further information about the dispersion quality can be

inferred from the concentration dependence of the high

frequency loss moduli. G00 becomes dominated by the

polymeric matrix contributions and the hydrodynamic

interactions between aggregates, which can be inferred

from the observation that the slopes of the loss moduli with

frequency for different concentration become parallel (see

Figure 5). The relative high frequency loss moduli can be

obtained by dividing the moduli by the values for the

matrix.[8] The evolution of the relative loss modulus as a

function of the volume fraction for the three families of

suspensions prepared with the same batch of particles (UB1,

SB1, and HB1) at a fixed frequency (100 rad�s�1) is given as in

Figure 9. In this way it is possible to examining the effective

volume occupied by the aggregates, even when they are part

of a network. The evolution of the relative high frequency

moduli can be described by Krieger-Doughterty Equation:
rly V
G00HF;rel ¼
G00HF

G00HF;m

¼ 1� F

Fmax

� � h½ �Fmax

; (4)
where G
00
HF refers to the high frequency loss modulus of the

suspension, G
00
HF;m is the high frequency loss modulus of

the matrix at the same frequency, F the volume fraction,
Macromol. Mater. Eng. 2
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Fmax is the maximum packing fraction, and [h] the

intrinsic viscosity. The better dispersed the system is, the

more it approaches a stable suspension in which the

particles are finely dispersed. When inefficiently packed

aggregates are present, the moduli will diverge sooner. It

can be seen from Figure 9 that this method provides for a

very sensitive method to differentiate between the

different samples, and reflects the sequence of different

dispersion quality with the possibility of estimating an

effective volume fraction occupied by the aggregates that

make up the network.[8] The prediction of Batchelor’s

model for hard spheres is included as a reference for

complete dispersion.[28] A requirement for this method to

work is that the high frequency regime is reached. This can

be inferred from plots as in Figure 5 from the observation

that the slopes of G00 versus v become parallel.

It can be concluded that different methods for evaluating

the dispersion quality from the volume fraction depen-

dence of viscoelastic properties give consistently the same

results. The most common method exploits the volume

fraction dependency of the storage moduli. But other

methods have certainly similar sensitivities, especially the

rescaling procedure to produce master curves. The most

robust and accurate method is the study of the volume

fraction dependency of the high frequency loss moduli.
Evaluating Dispersion Quality at a Fixed Volume
Fraction

The disadvantage of the methods in the previous section is

that they are rather laborious, as several samples with

different volume fractions need to be prepared. In this
011, 296, 000–000
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Figure 10. Evolution of G00 and G00max with resting times for the
suspension UB2 at 35 wt.-% at a frequency of 0.03 rad�s�1. Solid
and dashed lines are the exponential fitting to G00 and G00max,
respectively.

Figure 11. Rescaled ratio G00
�

G00max

� �� as a function of G00max

� �� for
the suspensions prepared at 35 wt.-% with particles from batch 2.
Solid and dotted lines are the linear fits to the slope and to the
plateau, respectively.
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www.mme-journal.de
section we investigate if a simpler method for comparing

samples at a fixed particle loading can be obtained, focusing

on suspensions above the percolation threshold. The

protocol as described previously was fine for a screening

of the dispersions, but time evolution of the moduli can still

have an interplay with the assessment of the dispersion

quality. Moreover, the time evolution of the moduli will

depend on the dispersion quality itself. The better dispersed

the particles are, the longer lived the time evolution will be,

with higher values for final values obtained for the elastic

moduli. In order to evaluate and exploit the time

dependency, measurements were done for various rest

times (up to a maximum of 6 h), each time after pre-

shearing at a shear rate of 5 s�1, and the results for the

relevant dispersions are shown in (Figure 10). It was verified

that sedimentation was not an issue. During the restructur-

ing of the particle network, both the storage and loss moduli

increase. The growth of both moduli with resting times can

be fitted using a single exponential:
www.M
y ¼ y0 þ Ae�trest=t0 ; (5)
where y0 is the asymptotic value and A is a rate constant;

and the characteristic time is denoted by t0. At a fixed

concentration, both the characteristic times and the

asymptotic values are larger for the better dispersed

systems.

As the network builds up, both the linear and non-linear

parameters that describe the network evolve. For example,

at a given (low) frequency the ratio between the modulus at

small strains G0’ and the maximum in the loss moduli as a

function of the strain amplitude G
00
max gives a dimensionless

parameter. It assesses the strength of the network
aterialsViews.com
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developed at rest. The maximum dissipation reflects

indirectly how the network breaks up into aggregates.

The plot of G00
�

G00max versus G
00
max, given in Figure 11 has time

as implicit parameter. The different curves in Figure 11 can

each be described by
11, 296
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the
G00
G00max

¼ y0;G00
�

AG00

AG00max

y0;G00max

 !
þ

AG00

AG00max

 !
G00max: (6)
At short times, and low values of both G
0
0 and G

00
max

increase. The increase in G0’ suggests that the network

develops and the increase in G
00
max suggests that also the

basic building blocks of the network grow, such that their

effective volume fraction becomes larger. When the net-

work breaks up there is hence a higher viscosity and a

higher dissipation (G
00
max). At short resting times (trest< t0),

the ratio G00
�

G00max depends linearly on G
00
max. From Figure 11

it can be observed that the slope is higher for the better

dispersed suspensions.

After a sufficiently long enough resting time trest >> t0ð Þ,
the ratio between (G0’ and G

00
max) reaches an asymptotic

value as is shown in Figure 11. Although both G
0
0 and G

00
max

still evolve in time, the same self-similarity of the structure

that underlies the Trappe-Weitz scaling is reflected

here.[23,24] The better the dispersion quality, the higher

will be the ratio between the elastic modulus of the

unperturbed structure – which is sensitive to the extent of

the network formation – and the maximum in the loss

modulus as a function of strain – which reflects the effective

volume fraction of the building blocks of the network. It can

be concluded that the plots in Figure 11 of the ratio of

G00
�

G00max versus G
00
max capture the sequence of dispersion
, 000–000

. KGaA, Weinheim
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quality quite well, and these plot provide a method to

compare DQ using only a single volume fraction.

In order to give some further rationale to the ratio

G00
�

G00max, it is useful to consider the elastic energy in a

strained piece of material of unit volume, Ec as
rly V
Ec ¼
Z gc

0
G00gdg ¼ 1

2
G00g

2
c : (7)
Similarly the energy dissipated Ed,max can be defined as
Ed;max ¼
1

2
G00maxg

2
max: (8)

0 � 00
The ratio G0 Gmax is proportional to Ec/Ed,max and it can

be interpreted as a dimensionless parameter that measures

the cohesive energy density of the microstructure devel-

oped at rest to the maximum dissipative energy density due

to the flocs released from the microstructure under large

oscillatory shear deformations. The ratio between G00
�

G00max

gives a simple parameter that can be linked to the

dispersion quality.
Conclusion

Using model nanocomposites, prepared using different

methods, we have demonstrated that rheological methods

are suitable to assess the dispersion quality. The evolution

of selected linear and non-linear rheological properties as a

function of volume fraction is a well established method

and is indeed suitable. In the present work it has been

shown that the high frequency data can complement the

low frequency data that are typically used and ever offer

more robustness and accuracy. We also proposed a method

that exploits the differences in the time evolution of the

moduli for a given volume fraction. Plots of G00
�

G00max versus

G
00
max are shown to be useful to evaluate the dispersion

quality in a straightforward manner.
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