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Rheology, defined as the science of deformation and flow of matter, is a multidisciplinary scientific
field, covering both fundamental and applied approaches. The study of rheology includes both
experimental and computational methods, which are not mutually exclusive. Its practical importance
embraces many processes, from daily life, like preparing mayonnaise, spreading an ointment, or
shampooing, to industrial processes like polymer processing and oil extraction, among several others.
Practical applications include also formulation and product development.

The special issue “Advances in Experimental and Computational Rheology” joins fifteen works
covering some of the latest advances in the fields of experimental and computational rheology applied
to a diverse class of materials and processes, which can be grouped into four main topics: rheology [1–5],
effect of process variables [6–9], rheometry and processing [10,11], and theoretical modeling [12–15]

The characterization of rheological behavior is the main topic of five contributions, covering the
following material systems: lubricating greases (Delgado et al. [1]), Carbopol® dispersion in water
and in water/glycerol solutions (Varges et al. [2]), natural hydraulic lime grouts (Baltazar et al. [3]),
fresh cement pastes (Rubio-Hernández [4]), and legume-protein-stabilized emulsions (Félix et al. [5]).

The effect of process variables is covered in four papers. Kurz et al. [6] studied the droplet formation
of Newtonian fluids and suspensions modified by spherical, non-colloidal particles. Fernandez et al. [7]
investigated the effect of different irradiations/mixing on the rheology and electrical conductivity of
PP/MWCNT nanocomposites. García et al. [8] evaluated the effect of temperature on the rheology
of diutan and rhamsan gum aqueous solutions. Trujillo-Cayado et al. [9] described the effect of
homogenization pressure on the rheological behavior of biopolymer-stabilized emulsions formulated
with thyme oil.

Two of the special issue works are dedicated to rheometry and processing. Costa et al. [10]
assessed the employment of piezoelectric sensors on the acquisition of steady melt pressures in polymer
extrusion, and Costanzo et al. [11] evaluated the possibility of performing the linear and non-linear
rheological characterization of samples with just a few milligrams.

Theoretical modeling is the main topic of the four remaining works. Fadoul and Coussot [12]
proposed and performed a set of experiments to assess a theoretical model developed to predict the flow
Saffman–Taylor instability in yield stress fluids. García-Sandoval et al. [13] studied the capability of the
Bautista–Manero–Puig model to predict shear banding in polymer-like micellar solutions. Furtak-Cole
and Telyakovskiy [14] resorted to 3D modelling techniques to assess the applicability of a simple 1D
model for the flow in aquifers and fissures. Green et al. [15] proposed modifications of a previously
developed constitutive model for shear thickening colloidal solutions, which explicitly accounts for
the evolution of its microstructure during flow, and assessed its accuracy.

Fluids 2019, 4, 131; doi:10.3390/fluids4030131 www.mdpi.com/journal/fluids1
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Finally, it is very important to recognize and acknowledge the effort put forth by the large number
of anonymous reviewers, which has been essential to assuring the high quality of all the contributions
of this special issue.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Practical steady-state flow curves were obtained from different rheological tests and
protocols for five lubricating greases, containing thickeners of a rather different nature, i.e., aluminum
complex, lithium, lithium complex, and calcium complex soaps and polyurea. The experimental
results demonstrated the difficulty to reach “real” steady-state flow conditions for these colloidal
suspensions as a consequence of the strong time dependence and marked yielding behavior in a wide
range of shear rates, resulting in flow instabilities such as shear banding and fracture. In order to
better understand these phenomena, transient flow experiments, at constant shear rates, and creep
tests, at constant shear stresses, were also carried out using controlled-strain and controlled-stress
rheometers, respectively. The main objective of this work was to study the steady-state flow behaviour
of lubricating greases, analyzing how the microstructural characteristics may affect the yielding
flow behaviour.

Keywords: lubricating grease; rheology; steady-state and transient flow; microstructure

1. Introduction

Lubricating greases are generally highly structured suspensions consisting of a thickener, usually
a metal soap such as lithium, calcium, sodium, barium, or aluminum, dispersed in mineral or
synthetic oils. In addition, lubricating greases usually contain some performance additives [1–3].
Thickener molecules combine to form tridimensional networks consisting of fibers, small spheres,
rods, or platelets in which the oil is trapped, conferring the appropriate rheological and tribological
behaviour to the grease. The main purpose of the thickener is to prevent the loss of lubricant under
operating conditions, providing gel-like characteristics to the grease, despite this evidently implying a
considerable resistance to the flow of these materials [2,4,5].

Special attention has been paid to the steady-state flow behaviour of lubricating greases because of
the complex strain response to stress and the time-dependent behaviour exhibited [3–9]. It is accepted
that lubricating greases are yielding materials, characterized by a discontinuity in the flow curve,
particularly in the yielding stress range, where the deformation process is characterized by a sudden
drop in viscosity when the shear stress slightly increases. The existence of three different regions in the
viscous flow curve of lubricating greases has been previously discussed [6–10]: firstly, a tendency to
reach a limiting viscosity, at very low stress values; secondly, a dramatic drop in viscosity; and finally,
a tendency to reach a constant high-shear stress–limiting viscosity. The appropriate characterization
of this flow behaviour has an evident practical importance, above all in relation to average life-time,
resistance under operating conditions, and pumpability [2]. Indeed, this characteristic flow behaviour
allows the “practical” yield stress value to be determined, which plays an important role in the design
of automatic grease centralized pumping and distribution systems [5].

Fluids 2019, 4, 6; doi:10.3390/fluids4010006 www.mdpi.com/journal/fluids3
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Very recently, different studies have pointed out the importance of the flow behavior in the correct
evaluation of the fluid dynamics of greases in practical situations, for instance, by performing numerical
simulations. In this sense, numerical simulations applying computational fluid dynamics (CFD)
procedures or Runge-Kutta methods have been performed to predict the particle motion/migration
in pockets between two-rotating cylinders with different restriction geometries [11,12], the grease
flow in journal bearings as a function of surface texture [13], the dynamics of greases in tapered roller
bearings [14], or the laminar flow in rectangular cross section channels [15], among other practical
situations. Additionally, the dynamics of greases was experimentally studied in both a labyrinth seal
geometry [16] and concentric cylinder configurations with a rotating shaft to simulate the grease flow in
a double restriction seal geometry [17] using the microparticle image velocimetry technique. In most of
these studies, the relevance of the yielding flow behavior, mainly approached by the Herschel-Bulkley
model; the plastic viscosity; or the shear-thinning character of greases was emphasized.

In this regard, great efforts have been made to correctly determine the yield stress value in
greases [18,19]. Thus, in order to get reproducible and accurate results, it is necessary to conveniently
define all test conditions since the flow curve data and the yield stress values may be widely dependent
on them. Although it is worth mentioning that some controversy about the concept of yielding flow
and associated experimental difficulties has been traditionally found in the literature [20–22], it is
obvious that the yield stress is a parameter commonly used in the industry because of the importance
of knowing the stress-time relationship to predict the effective flow conditions [23].

Several investigations on the rheological properties of lubricating greases have dealt with the
application of pre-shearing conditions to simplify and accelerate the consecution of the steady-state
flow [4,5]. The application of pre-shearing results in both the absence of stress overshoot and a
relatively rapid achievement of the steady-state in transient experiments. However, this procedure
leads to significant microstructural changes that affect the original rigidity of the network formed by
the thickener. Thus, the ionic and van der Waals forces that contribute to the viscoelasticity of this
network are highly affected by pre-shearing, also dramatically influencing the entanglements among
the structural units (fibers, rods, platelets, . . . ) that make up the structural skeleton.

This paper attempts to describe and understand the “real” steady-state flow behaviour of greases
without applying pre-shearing conditions. The main objective is to elucidate the effect of the time scale
and shear protocol on the consecution of the steady-state flow conditions for a variety of the most
commonly used types of lubricating greases.

2. Materials and Methods

2.1. Materials

Lubricating greases were kindly supplied by Total France (Lyon, France). They consist of mineral
oils and different metal soaps or polyurea thickeners. Some relevant physical properties provided
by the manufacturer are presented in Table 1. All studied greases have an NLGI 2 grade, except the
calcium complex soap-based formulation, which is an NLGI 1 grade grease.

Table 1. Lubricating grease properties.

Soap Oil Viscosity at 40 ◦C (cP) NLGI Grade Drop Point (◦C)

Aluminum Complex 130 2 >250

Lithium 150 2 >150

Lithium Complex 160 2 >250

Calcium Complex 150 1 >250

Polyurea 110 2 >240

4
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2.2. Rheological Characterization

The rheological characterization of this group of greases was carried out with both a RS-150
(Thermohaake, Karlsruhe, Germany) controlled-stress rheometer, and an ARES (Rheometrics Scientific,
Leatherhead, UK) controlled-strain rheometer. All tests were performed using serrated plate–plate
geometries (35 mm in controlled-stress, 25 mm in controlled-strain; 1mm gap, 0.4 relative roughness)
in order to prevent the wall slip effects typically found in these materials [10]. No gap influence
was detected when performing tests with different plate-plate gaps (0.5–3 mm), thus confirming the
absence of wall slip. All measurements were conducted at 25 ◦C, following the same recent thermal
and mechanical history, i.e., 30 min resting time at the selected temperature, and replicated at least
three times using new un-sheared samples.

2.2.1. Stepped Shear Rate and Shear Stress Ramps

Upward stepped ramps of shear rates and shear stresses traditionally employed to obtain
steady-state flow curves were applied using both controlled-stress, in a 10–3000 Pa range of shear
stress, and controlled-strain, in a 0.0125–100 s−1 range of shear rate, rheometers. Each point within the
flow curve was acquired after shearing for 3 min in each step. This curve will be called the “practical”
steady-state flow curve in the text.

2.2.2. Transient Experiments at Constant Shear Rate

Stress-growth experiments were performed, at 25 ◦C, in the controlled-strain rheometer at different
constant shear rates (0.0125, 0.1, and 1 s−1). The evolution of shear stress with time was monitored until
a steady state was reached. However, some experiments, especially at 1 s−1, were eventually stopped
before a steady state was reached when fracture and/or partial expelling of the sample was detected.

2.2.3. Creep Tests

Different constant shear stresses were applied to grease samples, using a controlled-stress
rheometer, and the corresponding shear rate was measured for a period of time. These creep
experiments were carried out between 100 and 1000 Pa, depending on the consistency of the
lubricating grease.

2.2.4. SAOS Experiments

In addition, small-amplitude oscillatory shear (SAOS) tests, inside the linear viscoelasticity range,
were carried out in a frequency range between 0.01 and 100 rad/s, using a plate-plate geometry (35 mm
diameter, 1 mm gap) in the controlled stress rheometer. Stress sweep tests, at 1 Hz, were previously
performed on each sample to determine the linear viscoelasticity region.

2.3. Atomic Force Microscopy

The microstructural characterization of greases was carried out by means of atomic force
microscopy (AFM) using a multimode apparatus connected to a Nanoscope-IV scanning probe
microscope controller (Digital Instruments, Veeco Metrology Group Inc., Santa Barbara, CA, USA).
All images were acquired in the tapping mode using Veeco NanoprobeTM tips.

3. Results

3.1. Linear Viscoelastic Response and Microstructure

Figure 1 shows the mechanical spectra, in the linear viscoelasticity range, for the different
lubricating greases studied. These mechanical spectra are qualitatively similar to those shown by other
particle gels [24], supporting the idea that lubricating greases are highly structured systems, as has

5
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also been detected by AFM microscopy (Figure 2). Some useful information about the microstructural
network of these greases may be extracted from small-amplitude oscillatory shear measurements.

δ

Figure 1. Frequency dependence of the storage and loss moduli (a) and tan δ (b), in the linear
viscoelasticity region, for the five lubricating greases studied (filled symbols, G’; empty symbol, G”).

As typically found in commercial lubricating greases [25], all samples studied show values of the
storage modulus (G’) around one decade higher than those measured for the loss modulus (G”), as
well as a minimum in G” at intermediate frequencies. However, a much softer evolution was found for
the polyurea-based grease, with almost constant values of G” within the frequency range of around
10−3–10−1 Hz, and a gradual increase afterwards. On the other hand, very similar values of the loss
tangent (tan δ) were obtained in most cases, with slightly lower values for the lithium and especially
the complex calcium greases. In general, this viscoelastic behaviour is the result of both interparticle
and thickener-oil interactions [7,26].

Although most of the samples studied are NLGI grade 2 greases (except the calcium complex
soap-based grease), significant differences among them have been found from both viscoelastic and
microstructural points of view. As can be observed in Figure 2, grease microstructures are very
different, depending on the type of thickener, which determines the rheological behaviour of these
lubricating greases. While most of the greases show a high density of soap particles in the form of
small or long interconnected fibers, the calcium complex grease (Figure 2d) discloses a number of
polydisperse large aggregates. Consequently, it may be assumed that this microstructure can exhibit a
certain brittle character under shear, which can justify the relatively low values of tan δ compared with
the rest of the samples.

3.2. Stepped-Shear Rate and Stress Ramps: The “Practical” Steady-State Flow Curve

Figure 3 shows the viscous flow curves obtained from stepped-shear rate and stress ramps for
the five grease samples studied. The shear stress versus shear rate curves were acquired by applying
both the control stress (CS) and the controlled shear rate (CR) modes and plotted together, in a wide
range of shear rates, to obtain the complete flow curves. In all cases, a strong shear rate dependence is
appreciated. Initially, shear stress increases with shear rate up to around 10−3 s−1, and shear stresses
ranged from 500 Pa, for the lithium grease, to 1000 Pa, for the polyurea-based grease, which was only
measurable in the CS mode. Then, the flow curves for the aluminum complex, lithium complex, and
simple lithium greases exhibit several decades of almost constant values of shear stress between 10−3

and 10 s−1, representative of the characteristic yielding flow behaviour of structured materials [6,10,27].
In addition, a slight non-monotonic evolution of the stress can be observed in this shear rate range (see,
for instance, the lithium grease in Figure 3). However, calcium complex soap- and polyurea-based
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greases clearly show a minimum in the shear stress vs. shear rate plots inside this range. These trends
were only observed in the CR curves, whereas a sudden jump in the shear rate was observed in the
CS curves in this shear rate range. Afterwards, above 10 s−1, shear stress starts to increase again with
shear rate, leading to coinciding CR and CS curves.

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 2. AFM photomicrographs for the five different lubricating greases studied (window size
corresponds to 20 μm): (a) aluminum complex, (b) lithium, (c) lithium complex, (d) calcium complex,
and (e) polyurea * greases (* window size corresponds to 5 μm).
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Figure 3. Stepped-stress and shear rate flow curves for the lubricating greases studied (filled symbols,
CR curves; empty symbol, CS curves).

Traditionally, this behaviour has been attributed to a dynamically non-stable region and may be
related to a non-homogeneous field of velocities during the viscometric flow of yielding materials, as,
for instance, derived from wall depletion and shear banding phenomena, which can finally induce
the fracture of the sample [28–31]. Thus, these experimental results, i.e., the jump in the stress in CS
measurements and/or the minimum in stress eventually appearing in CR tests, have been explained by
attending to the coexistence of three different shear rates at a given constant shear stress. In fact, only
two possible steady flow regimes are possible since the other one corresponds to an unstable regime,
which coincides with the part of the model in which the stress may decrease with shear rate [10].
Considering this model, a sudden transition from the low-shear rate to the high-shear rate regime was
found in controlled-stress experiments and the fluid behaves like a typical yield stress fluid (Figure 3).
This experimental flow curve has also been recently explained with simple mathematical arguments in
the case of highly shear-thinning fluids, where the CR and CS shearing protocol modes play a decisive
role in obtaining a minimum in the stress vs. shear rate plot [32]. This explanation does not need to be
supported with the occurrence of flow instabilities as previously discussed, although the condition of
a very pronounced shear-thinning behavior can easily promote such instabilities, since the apparent
viscosity of the fluid will show huge variations along the gradient direction because of its enormous
dependence on small shear stress variations. Nevertheless, as is discussed below, the non-consecution
of steady conditions in stepped shear rate or stress ramps and the appearance of instabilities need to
be additionally considered to explain the yielding behaviour of lubricating greases.

3.3. Transient Flow

In order to check the achievement of steady-state conditions in the stepped-shear rate and stress
ramps, transient experiments at a constant shear rate or shear stress were performed for all the greases
studied. Figure 4 shows the stress-growth curves obtained in transient experiments at constant shear
rates of 0.0125, 0.1, and 1 s−1. The evolution of the transient stress with time is similar to that observed
for other thixotropic colloidal systems [20,33,34]. In all cases, a non-linear viscoelastic response was
observed with two distinct regions: the first one between the onset of the transient test and the
maximum shear stress, the so-called stress overshoot (τmax); and the second one ranging between this
maximum and the equilibrium or steady-state shear stress (τeq). The first part of these curves is mainly
the result of the well-known viscoelastic response of greases, with elastic deformation of the prevailing
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component. Thus, the stress overshoot has been related to the energy level that has to be applied on
the grease to produce a significant structural breakdown, when the shear flow process begins to be
predominant [35].

Figure 4. Stress-growth experiments for the greases studied at 0.0125 s−1 (a), 0.1 s−1 (b), and 1 s−1 (c).

As can be appreciated in Figure 4, polyurea-based grease displays the highest values of stress
overshoot, as a result of a larger mechanical resistance to flow. This fact is in agreement with the almost
parallel trend observed between the storage and loss moduli curves at low frequencies, characteristic
of stronger gel-like properties [7,22]. Moreover, both calcium complex and polyurea greases exhibit
higher differences between the stress overshoot and the steady-state shear stress, for all the shear rates
applied. This fact evidences the important shear-induced structural breakdown occurring in these
greases, which can be evaluated by means of the amount of overshoot, defined as follows:

S+ =
τmax − τeq

τeq
(1)

Table 2 shows the values of the amount of overshoot and the elapsed time necessary to reach
this overshoot peak (tmax) for the lubricating greases studied, as a function of shear rate. As already
mentioned, this time is related to the beginning of the structural breakdown process [35], which
decreases with shear rate for all greases.

Table 2. Values of the amount of overshoot (S+) and time to reach the stress overshoot at different shear
rates for all the lubricating greases studied.

Lubricating Greases
0.0125 s−1 0.1 s−1 1 s−1

S+ tmax (s) S+ tmax (s) S+ tmax (s)

Aluminum Complex 0.282 74 0.321 16.8 0.439 1.91

Lithium 0.172 128 0.157 22.1 0.238 3.08

Lithium complex 0.392 85 0.397 15.7 0.351 1.67

Calcium complex 2.946 26 1.635 2.6 3.043 0.24

Polyurea 0.708 52 0.890 6.8 1.477 0.65
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The stress growth curves of lubricating greases have been previously related to shear-induced
microstructural changes and associated frictional energy dissipation [36,37]. Thus, the aluminum
complex grease, which shows low values of the amount of overshoot and a microstructure based on
small dispersed particles (Figure 2a), seems to be relatively stable under low shear rates, similarly
to the lithium complex grease, which shows a high density of small fiber-like particles (Figure 2c).
The lithium grease shows the highest structural stability against shear, providing the lowest values of
the amount of overshoot for all the shear rates applied. These structural features bring about a high
level of interactions among soap particles, conferring high elasticity, associated with high tmax values,
and consistency, backed up by higher values of the stress overshoot and storage modulus in the entire
frequency range studied (Figure 1). On the other hand, although the calcium complex grease shows
relatively low values of stress overshoot in comparison with other greases (Figure 4), which must be
attributed to its lower NLGI grade, it also shows the most pronounced time-dependent behaviour,
with the highest value of the amount of overshoot (Table 2); exhibiting stress overshoot values at least
three times higher than the corresponding steady-state value, for each shear rate evaluated (Figure 4).
Furthermore, the lowest elapsed time at the overshoot peak (tmax) was detected for this grease. These
transient flow properties, followed by those exhibited by the polyurea grease, are a consequence of
the lower particle dispersion degree and not so entangled structures like those observed in the case
of fibers.

As it has been mentioned above, these transient experiments at a constant shear rate allow us
to evaluate the achievement of the steady-state in the previously discussed stepped-ramp flow tests.
As can be appreciated in Figure 4, the equilibrium state is reached at 0.0125 and 0.1 s−1 much longer
than the 3 min applied in the stepped ramps, for all greases. Consequently, the “practical” flow curves
displayed in Figure 3 must be significantly corrected in this shear rate range in order to get a more
realistic steady-state flow behaviour. On the other hand, fracture, followed by the expulsion of the
sample to some extent, was observed when some of the greases were submitted to moderate constant
shear rates. This phenomenon hinders the consecution of the final equilibrium stress value. As a
consequence, in those cases, the equilibrium time was considered to be reached when a variation of
less than 5% of shear stress was maintained for 400 s. Thus, equilibrium times of around 1800, 1400,
and 800 s were taken at 0.0125, 0.1, and 1 s−1, respectively, for most of the samples. However, for
calcium complex and polyurea greases, variations of up to 19% and 13%, respectively, have to be
considered at 0.0125 s−1 after 2000 s.

Additionally, creep experiments were also performed. The main benefit of these tests was the
relatively low stress values able to be applied, which do not significantly perturb the grease structural
skeleton. When the applied shear stress was inferior to the yield stress, an equilibrium time of around
eight hours was fixed to reach and effectively verify the steady-state, whereas 4 h allowed us to obtain
the steady-state when the applied stress was slightly higher than the yield stress. These equilibrium
times were imposed to obtain a variation of the shear rate lower than 2% for at least 300 s.

As can be observed in Figure 5, creep experiments evidence different transient responses,
depending on the type of grease. All greases reveal a noticeable jump of the shear rate at a given value
of shear stress, which again is indicative of the yielding behaviour of these materials. In addition, it
is worth pointing out that for aluminum complex, lithium, and polyurea greases, the shear rate may
increase suddenly and sharply from a zero-near value to a high-shear rate value in the same test after
a certain shearing time. This fact is appreciated at 700, 490, and 1100 Pa, respectively, which roughly
correspond to the apparent yield stress values, i.e., the stress values for which a sudden jump in shear
rate was observed in the stepped-stress ramps obtained in the CS mode. Coussot et al. [38] observed a
similar phenomenon with a bentonite-water mixture, which was described as “heavy creep instability”.
This fact could be associated with the well-known shear banding effect, for which different values
of shear rate can coexist for the same shear stress value applied [10,28,31]. Thus, at very low shear
stress, the material behaves as a stiff material; however, when grease starts to flow, it seems to do so
heterogeneously, and the shear banding phenomenon finally promotes the fracture of the sample.
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Figure 6 shows the viscous flow behaviour for the calcium complex grease obtained from the
creep test. As can be observed, a quite pronounced drop in viscosity, from 5 × 108 to 3 Pa·s, was
noticed when the shear stress was slightly increased from 590 Pa to 595 Pa, i.e., the yield stress.
This particularly dramatic drop in viscosity is favored by the relatively weak structural skeleton that,
as already discussed, is greatly affected by this critical shear stress value.

Figure 5. Creep tests for the lubricating greases studied: aluminum complex (a), lithium (b), lithium
complex (c), calcium complex (d), and polyurea-based grease (e).

3.4. Correction of the “Practical” Steady-State Flow Curve

Figures 7 and 8 display the correction of the “practical” steady-state flow curves for the five
lubricating greases studied, by inserting the equilibrium shear rate/stress values obtained from
both creep and stress-growth tests, respectively. The transient stress values at a constant shear rate
obtained in stress-growth experiments are not included in Figure 8 because of the difficulty to reach
the equilibrium values for both the calcium complex and polyurea greases, as a consequence of the
fracture and subsequent partial sample expelling from the measuring gap.

As can be observed in Figures 7 and 8, the non-monotonic evolution observed in stepped-shear
rate ramp flow curves was not clearly observed, or significantly dampened, when the equilibrium
(or pseudo-equilibrium) stress or shear rate values obtained from stress-growth and creep experiments,
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respectively, were plotted. Once again, it must be noticed that the pseudo-equilibrium stress value is
that obtained previously for the detection of a significant fracture on samples submitted to a specific
constant high shear rate.

Figure 6. Viscosity vs. shear stress plot obtained from creep tests for the calcium complex grease.

On the other hand and more remarkably, the particularly relevant time-dependent flow behaviour
of lubricating greases needs to be considered, especially at low shear rates. Thus, when the shear
stress vs. shear rate plots obtained from the stepped-stress or shear rate ramp tests are compared
with the equilibrium values obtained from transient experiments, minor correction is necessary for
shear rate values higher than 0.1 s−1. However, significant deviations were found below 10−3 s−1, as a
consequence of the extremely long time required to achieve the steady-state regime at low shear rates
or shear stress values. This implies that stress values are noticeably underestimated in stepped-shear
rate/stress ramp tests before the yielding flow behavior is apparent (see Figure 3).

Therefore, although stepped-shear rate/stress ramps provide reasonably accurate steady-state
data at high shear rates, i.e., above 0.1 s−1 for lithium and aluminum greases, long-term experiments
are necessary to obtain the steady-state values for lower shear rates and particularly to satisfactorily
determine the extension of the yielding region. Overall, the discrepancies of data found in the
medium shear rate range, i.e., 10−3–0.1 s−1, are due to both the time effects already discussed and
the non-monotonicity found in the stress evolution, caused by flow instabilities which are favored at
shorter times in the stepped shear rate tests, especially in polyurea and calcium greases, but also in the
aluminum grease.

In all cases, the Herschel-Bulkley model (Equation (2)) has been used to fit these corrected
steady-state flow curves:

τ = τ0 + kH· .
γ

n (2)

where τ0 is the yield stress (Pa), kH is the plastic viscosity (Pa·sn), and n is the flow index. These fitting
parameters are shown in Table 3.
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Table 3. Herschel-Bulkley fitting parameters.

Lubricating Greases τ0 (Pa) kH (Pa·sn) n

Aluminum Complex 654 232 0.28

Lithium 448 301 0.35

Lithium Complex 626 105 0.72

Calcium Complex 543 40 0.15

Polyurea 859 47 0.20

Figure 7. Steady-state flow curves obtained with different rheological tests and fitted to the
Herschel-Bulkley model for aluminum complex (a), lithium (b), and lithium complex (c) greases.
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As it has been discussed before, the polyurea-based grease exhibits a relatively strong gel-like
behaviour in the linear viscoelastic regime and, accordingly, the highest value of τ0 was obtained for
this grease. On the other hand, both calcium complex soap- and polyurea-based greases show the
lowest values of the flow index, closely related to the shear-induced structural breakdown [39], which
are also in agreement with the values of the amount of overshoot collected in Table 2. In general,
lubricating greases with the highest values of the elapsed time at the overshoot reveal the highest
values of flow index (Tables 2 and 3). This fact indicates an easier reorientation of the thickener particles
in the oily medium, better supporting the shearing action. In consequence, lithium, lithium complex,
and aluminum complex greases show a much lower tendency to instabilities during flow.

Figure 8. Steady-state flow curves obtained with different rheological tests and fitted to the
Herschel-Bulkley model for calcium complex (a) and polyurea (b) greases.

4. Concluding Remarks

Practical viscous flow curves of some lubricating grease formulations evaluated through
stepped-shear rate/stress ramp tests exhibit a non-monotonic evolution of shear stress in a wide
range of shear rates, which is mainly the consequence of the non-consecution of the steady conditions.
In this sense, long-term transient experiments must be conducted to correctly achieve the steady-state
for theses greases. Transient tests at a constant shear rate are affected by the fracture phenomenon
in the shear rate range of 0.0125–1 s−1. Creep experiments make it possible to avoid or minimize
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these adverse situations. Both types of transient tests effectively allow the correction of the “practical”
flow curves obtained in shear rate/stress-stepped ramps, noticeably dampening the non-monotonic
evolution of the stress in the yielding region when considering the real equilibrium stresses or shear
rates. These findings may contribute to better understanding the grease flow dynamics in real situations
(bearings, seals, ducts, . . . ). On one hand, the suitable rheological evaluation of the steady-state flow is
necessary to deduce accurate values of rheological parameters, like those of the commonly employed
Herschel-Bulkley model, to be used in simulations. On the other hand, the strong effect of time to
achieve the steady-state viscosity values and the correct extension of the yielding flow regime must be
incorporated in more complex analytical models in order to predict and/or simulated the grease fluid
dynamics in practical situations like those described in recent literature [11–17].

Regarding the composition of greases, in spite of the same NLGI grade (except for the calcium
complex grease), important differences between them have been detected from both rheological
and microstructural points of view, which differentiate these greases in terms of applications and
performance levels. Under the same test conditions, while aluminum complex, lithium complex, and
lithium greases exhibit the actual flow behaviour of yielding structured materials, calcium complex and
polyurea greases show a clearly apparent minimum in the shear stress vs. shear rate plots. Moreover,
both of them exhibit the higher values of amount of overshoot in the entire studied shear rate range.
Indeed, the calcium complex grease displays a weaker and not so interconnected structure composed
of polydisperse and large particle aggregates, which entails a certain brittle character. This fact justifies
the highest relative elasticity in the linear viscoelasticity regime and the dramatic drop in viscosity
when the yield stress is reached, characterized by the lowest values of the flow index. On the other
hand, the low values of the amount of overshoot and the high values of the elapsed time at the
overshoot, together with the highest values of the flow index, reveal that lithium and lithium complex
greases have the highest structural stability against shearing. In fact, the fiber-like structural units
confer a high level of interactions to these greases, without detriment to the easier reorientation of the
soap particles in the oil medium, better supporting the shearing action. Finally, it is worth pointing
out the stronger gel-like behavior exhibited by the polyurea-based grease in the linear viscoelasticity
regime, which confers to this grease the highest values of the yield stress under steady conditions
and stress overshoot in transient experiments. Overall, lubricating greases display a complex yielding
steady-state flow behaviour, strong time dependence, and associated flow instability effects, which
depend on the microstructural characteristics.
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Abstract: The influence of the solvent type on the rheological properties of Carbopol® NF 980 dispersions
in water and in water/glycerol solutions is investigated. The material formulation, preparation procedure,
common experimental challenges and artifact sources are all addressed. Transient and steady-state
experiments were performed. For both solvent types, a clearly thixotropic behavior occurs slightly above
the yield stress, where the avalanche effect is observed. For larger stresses, thixotropy is always negligible.
Among other findings, it is observed that, for a given Carbopol concentration, the dispersion in the more
viscous solvent possesses a lower yield stress and moduli, a larger power-law index, and a longer time to
reach steady state.

Keywords: Carbopol; yield stress; thixotropy

1. Introduction

Materials like colloidal suspensions, emulsions, foams, gels, and granular materials only flow
irreversibly when a finite threshold shear stress—known as the yield stress—is exceeded [1–9].

Carbopol®, a trademark owned by Lubrizol Corporation (Wickliffe, OH, USA), is a family of
commercial polymers frequently employed in the cosmetics, pharmaceutical, paint, and food industry as
a thickening, suspending, dispersing, and stabilizing agent [10]. In research activities, its solutions are
frequently employed in flow visualization experiments [11–14], because they are transparent gels that are
relatively easy to prepare [15–17].

There are more than 10 grades of Carbopol polymers, which may be subdivided into several
categories based on their physical structure and chemical composition, crosslink density, polymerization
solvent, type of cross-linking, network electrical charge, and physical appearance [18]. Carbopol is
a high molecular weight, hydrophilic, and crosslinked polyacrylic acid polymer. This physical hydrogel
presents a three-dimensional polymer network that is swollen by water, and presents temporary, reversible
interchain entanglements that are stronger when compared to chemical hydrogels.

Specifically, in the present research we employed Carbopol NF 980, also known as a monograph
Carbomer Homopolymer Type C (former Carbomer 940) by U.S. Pharmacopeia/National Formulary
(USP/NF) in the United States. Carbopol NF 980 is a synthetic homopolymer, polyacrylic acid crosslinked
with allyl sucrose or allyl pentaerythritol, which is polymerized in a co-solvent system. It is supplied
as a white and dry powder of primary particles averaging 0.2μm in diameter. It is a weak anionic
polyelectrolyte polymer that must be neutralized in order to achieve a high viscosity. Each particle
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(or network structure) is a mixture of tightly coiled linear polymer chains, which are soluble in polar
solvents. The viscosity of Carbopol solutions is not a function of the size of its powder particles [19].

It is well known that this polymer forms a colloidal dispersion when hydrated in water at controlled
pH and temperature. Frequently, a Carbopol aqueous dispersion is neutralized with a common base, such as
sodium hydroxide (NaOH), converting the acidic polymer into a salt. When neutralized, the polymer
presents the ability to absorb and retain water. Polymer chains interconnected by crosslinks begin to
hydrate, and partially uncoil due to electrostatic repulsion in order to form irreversible agglomerates [20].
The desired yield stress nature is due to the presence of high molecular weight polyacrylate branched chains
that form interchain entanglements which prevent flow at low shear stresses [19,21,22]. During hydration
the chains may increase up to 10 times their original diameter [23], and the ionization process leads to
a crosslink of the swollen molecules, forming a microgel network with stronger bonds.

In order to better understand the rheological properties of Carbopol solutions, it is fundamental to
improve the knowledge of their relation with the material microstructure [24]. Data obtained in rheological
measurements are better interpreted when supported by visualization techniques such as microscopy,
X-ray, neutron and light scattering, nuclear magnetic resonance (NMR) or differential scanning calorimetry
(DSC) [25]. Indeed, Ref. [23] investigated Carbopol viscoelastic properties through direct analysis of the
microscopic network structure by scanning electron cryomicroscopy (cryoSEM). Likewise, Ref. [26] studied
elasticity through microrheology. On the other hand, Ref. [20] emphasized the need for novel microscopic
scale experiments, that would be able to simultaneously describe local dynamics and flow behavior.

Steady and oscillatory simple shear flows provide information on the relationship between the
rheological properties and the macromolecular structure. Viscoelastic effects are a result of the interaction
between polymer chains that is related to the viscous behavior, and the chains recoiling due to thermal
motion, which is related to the elastic behavior [27]. Colloidal dispersions such as Carbopol present
a typical viscoelastic behavior at low stresses [28]. On the other hand, elastic effects decrease and eventually
tend to become negligible at the higher stresses found in the nonlinear steady state.

The rheological properties of Carbopol dispersions have been extensively investigated [16,23,29–31].
These properties depend on the type and degree of crosslinking, which in turn depend on molecule
swelling and medium density. Carbopol dispersion is usually seen as simple model yield stress fluids [32,33].
Their viscoplastic steady state behavior is well represented by the Herschel-Bulkley equation [34], which can
accommodate a yield stress and a power-law shear-thinning behavior. However, for some soft glassy materials,
other important features cannot be neglected, such as pronounced elastic and thixotropic behavior (especially
when the stress is close to the yield stress), transient and initial internal stresses, normal stress differences,
and irreversibility of the deformed states [9,32,35–37]. Ref. [38] argue that, at low stresses, the microgels do
not move relatively to each other, but are able to deform, resulting in a solid-like elastic behavior. At large
stresses, there is relative mobility of the microgels, leading to a liquid-like viscoelastic behavior.

Yield stress materials can be classified according to their microstructure as repulsive-dominated
jammed glasses, networked gels with attractive interactions or a combination thereof [39,40]. According
to [39], Carbopol gels are classified into the first category.

Ref. [16] describes Carbopol gels as concentrated, percolated, and disordered dispersions with
glassy structure. Structural variations occur as the polymer concentration is increased. For c < 0.035 wt%,
the dispersion obtained possesses no yield stress; for 0.035 < c < 0.12 wt% a percolated viscoelastic
dispersion is obtained; for 0.12 < c < 0.21 wt% the dispersion obtained is phase-inverted percolated
with excess of solvent; and for c > 0.21 wt% a closely packed and disordered structure is observed,
due to polydispersity.

Using confocal fluorescence microscopy, Ref. [17] observed that the Carbopol microgels are indeed
polydisperse. They also observed that, at the same concentration, Carbopol Ultrez 10 and ETD 2050
(Lubrizol Corporation, Wickliffe, OH, USA) present the same mesostructure, despite a difference in

19



Fluids 2019, 4, 3

particle size. The microgels have complex shape when unconstrained, and possess soft elasticity and
capacity to adapt their outer shape and swelling ratio to local space and solvent availability conditions.
In addition, the maximum volume concentration can be quite high due to the also high albeit as yet not
quantified polydispersity.

For a 1.5 wt% concentration, Ref. [19] observed the existence of highly swollen deformable microgel
particles closely packed and in intimate contact. The high viscosity is determined by network cross-link
density, which governs particle-particle interaction. On the other hand, dilute dispersions, i.e., dispersions
of fully swollen particles with no contact, the particle-solvent interactions result in lower viscosity
and elasticity.

Carbopol dispersions show different behavior depending on the solvent [41]. In general, water is
used as a solvent. However, co-solvent and anhydrous systems have also been used [42]. Ethanol and
isopropanol can be thickened adding Carbopol polymers [43]. In this case, it is crucial to use the appropriate
neutralizer, which varies depending upon the alcohol content. In addition, previous works have already
demonstrated the possibility of formulating Carbopol systems using different hydrophilic solvents such as
polyethylene glycol (PEG) 400, glycerol, silicone, and tetraglycol without neutralization [44].

The choice of the solvent is also important because solvents such as glycerol and propylene glycol
can modify hydrogen bond characteristics between water, solvent, and polymer, thereby affecting polymer
swelling and the viscoelastic properties [30,41,45].

The present research aims to explore the rheological properties of Carbopol NF 980 dispersions
in different formulations. Solvent type, polymer concentration, gel preparation, mechanical properties,
and phenomenological behavior are all discussed. We carried out systematic rheological experiments,
in transient and steady state regimes, from which we observe that Carbopol gels are not as “simple” as
usually assumed.

2. Experimental Protocol

2.1. The Carbopol

Carbopol NF 980 polymer presents a bulk density of 176 Kg/m3 and in the crosslinked form shows
a molecular weight as high as 4.5 billion due to the interlinkage of many polymer chains [46]. Ref. [10]
estimated the Carbopol 940 molecular weight between crosslinks as 1.04 × 105, while [19] calculated
5 × 106. In general, all members of the Carbopol family possess a considerably high molecular weight.

2.2. Fluid Preparation

Carbopol aqueous and water/glycerol dispersions were prepared based on the procedures
recommended by the manufacturer [43,45,47,48]. Weight concentrations ranging from 0.1 wt% to 0.15 wt%
were investigated. All the water/glycerol solutions used as continuous phase were composed of 60% of
glycerol and 40% of water, in volume.

Ref. [16] emphasized that a strict protocol for preparation of Carbopol dispersions is fundamental to
achieve reproducibility. For the same concentration, he affirms that water properties, reagents involved,
dispersion methods, and also the reservoir used during the mixing process can affect the dispersion
properties. Therefore, its rheology is a function of concentration, composition, pH, temperature, aging and
preparation procedure [31].

A detailed description of the dispersion preparation is now presented. Before preparation,
it is important to sift the Carbopol dry powder through a 20-mesh metallic screen to eliminate aggregates
which prevent complete hydration, severely affecting the quality of the dispersion.
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A 6 L plastic vessel is used to prepare and store the dispersion. Initially, it is filled with a predetermined
mass of water obtained from a reverse osmosis system. The vessel with water is placed on a mechanical
stirrer equipped with a 3-blade marine impeller positioned close to vessel bottom. The stirrer is turned on
at 1200 rpm. A cover is used to minimize solvent evaporation and contamination. Carbopol should be
carefully and slowly added to the vessel, approximately halfway between the blade and the vessel wall, to
avoid adhesion to solid surfaces.

For Carbopol aqueous dispersions, after polymer addition the agitation is maintained at 1200 rpm for
15 min and then kept at rest for 30 min. On the other hand, for dispersions of Carbopol in water/glycerol
solutions, the water/glycerol solution is added after powder addition, with the mixer at 700 rpm. Stirring
is applied for 15 min, and then the dispersion is kept at rest.

For both types of dispersion, the 3-blade marine impeller is then replaced by a naval blade and the
mixer is set to 150 rpm, to minimize formation of air bubbles. A 18 wt% NaOH aqueous solution is then
added to neutralize the dispersion.

Finally, for the aqueous dispersion, the agitation is increased to 300 rpm and maintained
uninterruptedly for 5 days, to homogenize the dispersion. In the presence of glycerol, the agitation
is kept at 150 rpm for 7 days. This final step is very important since we observed that longer mixing
times favor reproducible data as they improve the complete process of hydration and material stability
over time [31,49].

2.3. Rheological Measurements

The rheological properties of the Carbopol dispersions are measured using two stress-controlled
rheometers, namely the AR-G2 and the DHR-3 by TA Instruments (New Castle, DE, USA). Both are
combined motor and transducer (CMT) instruments. Instrument inertia is an important source of artifact,
especially for low-viscosity liquids. Therefore, it is important to apply the suitable corrections [50–53].

The rheology of Carbopol dispersions depends very weakly on temperature [23,30]. Nevertheless,
all tests were performed at 25 °C. A Peltier system was employed to control the sample temperature.
Carbopol dispersions are volatile [15–17]. Therefore, to minimize evaporation and keep constant the
shape of the free meniscus, a solvent trap with water was used to create a saturated atmosphere around
the sample [54].

In general, the geometry selection is based on the characteristics of the material to be tested. Due to the
yield stress, Carbopol dispersions tend to present apparent wall slip at low strain rates [55–57], as usually
observed in structured materials. Therefore, roughened surfaces are in order. The plate-plate geometry
is usually preferred for dispersions as opposed to the cone-plate geometry, to ensure that the minimum
gap throughout the sample is about 10 times the characteristic size of the dispersed phase [54]. In the
present research, a 60 mm diameter cross-hatched plate-plate geometry with a 1 mm gap was used in the
tests. This geometry was made of titanium, which has the advantage of preventing chemical attacks and
minimizing instrument inertia.

A disadvantage of the plate-plate geometry is the flow inhomogeneity, in the sense that the
shear rate throughout the sample is not uniform. Rather, it varies linearly with the radial position,
and hence for non-Newtonian liquids the viscosity also varies with the radial position. For steady flow,
the Weissenberg-Rabinowitsch equation circumvents this problem by giving the shear stress at the rim [58].
A similar treatment was proposed by [59] to evaluate the stress amplitude at the rim for oscillatory flows.
For creep (viscosity or shear-rate bifurcation) tests, no correction is needed, because the material behaves
as a solid below the yield stress [59].

With the aid of a glass syringe, the sample is positioned at the center of the bottom plate. Carbopol
dispersions tend to retain bubbles [15–17]. If bubbles are trapped during loading, they should be removed
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by suction with a needle syringe. Then the upper plate is positioned slightly above its final position,
and the sample excess is trimmed. The upper plate is then brought to the measuring position, the free
surface at the rim is checked for irregularities, and the solvent trap is positioned.

Before the beginning of the test, the sample is kept at rest for 30 min to allow for thermal equilibrium
and rebuilding of the microstructure which is partially broken during loading. Ref. [60] argues that the
resting time essentially eliminates residual stresses.

To verify repeatability, the tests should be repeated at least once, always with a fresh sample.

3. Results and Discussion

3.1. Stress Amplitude Sweep Tests

Typical results for a stress amplitude sweep test are presented in Figure 1. The material is a 0.123 wt%
Carbopol aqueous dispersion, and the frequency was kept fixed at 1 Hz. In this figure, the storage modulus
G′, loss modulus G′′, and complex modulus G∗ are given as a function of the imposed shear stress
amplitude, τa. Instrument inertia [61] and flow inhomogeneity [59] effects are corrected for.

Figure 1. Stress amplitude sweep test results for a 0.123 wt% Carbopol aqueous dispersion.

Figure 1 can be divided into three regions, namely the linear viscoelastic region (LVR), the yielding
region, and the non-linear region. The LVR occurs in the low stress amplitude range, and is characterized
by constant (i.e., stress-amplitude independent) moduli. It corresponds to the so-called “small-amplitude
oscillatory shear” (SAOS) flow regime. Both the yielding and the non-linear region are in the domain of
the so-called “large-amplitude oscillatory shear” (LAOS) flow regime.

In the LVR, the imposed stress is small in comparison to the strength of the bonds that sustain the
microstructure, so that its integrity is unaffected. The microgels remain in their “cages”, i.e., are allowed
to deform elastically but do not move significantly relative to each other. This microstructure confers
a predominantly elastic behavior to the material, as indicated by a large G′ in comparison with G′′.
The elastic preponderance indicates a low internal dissipation within microgels [16].

At this point it is interesting to emphasize that the definitions of G′ and G′′ originate from the
assumption that both the input and output waves be sinusoidal, i.e., that the stress depends linearly on
the shear strain and on the shear rate. In other words, G′ and G′′ cannot depend on the stress amplitude,
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by definition. Therefore, in principle the values of G′ and G′′ shown in Figure 1 would be meaningless
beyond the LVR, because they do depend on the stress amplitude. There is no guarantee that the output
(strain) wave is sinusoidal outside the LVR, in potential conflict with the basic hypothesis of the theory
from which G′ and G′′ arise. This fact is typically overlooked in the literature, probably because the trends
observed for G′ and G′′ beyond the LVR seem to be in qualitative agreement with the expected behavior.

The reason for the successful performance of G′ and G′′ outside their domain is the fact that in this
case the output waves are not too far from sinusoidal beyond the SAOS regime. This is illustrated in
Figure 2. That is, for this Carbopol dispersion at 1 Hz (and seemingly for Carbopol dispersions in general at
1 Hz), the so-called quasilinear large-amplitude oscillatory shear (QL-LAOS) flow regime prevails beyond
the LVR. The existence of this regime was recently discovered theoretically by [62] and later confirmed
experimentally [63]. The quasilinearity (sinusoidal output wave) occurs because at a given stress amplitude
the microscopic state does not change along the cycle (as in SAOS), although it changes with the stress
amplitude, in contrast to what is observed in the SAOS regime. The microscopic state remains unchanged
along the cycle because the characteristic time needed for changes in the microscopic state is longer than
the characteristic time of the flow, namely 1/2π s in the present case.
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Figure 2. The input and output waves for two different stress amplitudes. (a) τa = 0.215 Pa [in the linear
viscoelastic region (LVR)]; and (b) τa = 9.97 Pa (in the yielding region).

In addition, the characteristic time needed for changes in the microscopic state is expected to decrease
as the stress amplitude is increased, i.e., the microstructure is expected to break faster at larger stresses.
Therefore, at large enough stress amplitudes the output waves should cease to be sinusoidal, i.e., the flow
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should no longer be within the QL-LAOS regime. This is because, when the time required for changes in
the microscopic state is shorter or comparable with the characteristic time of the flow (namely the cycle
period), then the microscopic state changes along the cycle. Since the mechanical behavior is a function
of the microscopic state, the mechanical behavior varies along the cycle, rendering the output wave
non-sinusoidal. In our experiments, however, we did not attain large enough stress amplitudes to leave
significantly the QL-LAOS regime.

The dependence of G′ and G′′ on the stress amplitude is a result of the onset of a bond breaking
process (yielding). The larger the stress amplitude the lower the structuring level, which results in less
elasticity, as indicated by the decreasing G′ as the stress amplitude is increased. In the yielding region,
located in the middle range of stress amplitude and around the crossover point, the stress amplitude is
high enough to cause some bond breaking, i.e., some microgels escape from their cages and more relative
motion occurs. The frictional forces that arise due to relative motion dissipate more mechanical energy,
which explains the increase in G′′. Within this range of stress amplitude the structuring level is still high
enough to retain a percolated microstructure and a sizable elasticity response, as indicated by the still high
values of G′ found in this region.

It is tempting to take a characteristic stress amplitude of the yielding region as the yield stress,
because it is throughout this region that yielding takes place. An obvious choice of characteristic stress
amplitude would be the one at which the G′ and G′′ curves cross. However, the crossover stress amplitude
depends to a great extent on the frequency of oscillation, while the definition of yield stress precludes such
a dependence. This frequency dependence occurs because the bond breaking process depends both on the
stress intensity and on the time period during which the imposed stress persists, in consonance with the
discussion above regarding the characteristic time needed for changes in the microscopic state. The larger
the imposed stress the lower the time period required to break the bonds, and vice versa. Therefore,
in oscillatory flows, for a given stress amplitude the larger the frequency the shorter the stress persistence.
Hence, for larger frequencies (shorter stress persistencies) larger stress amplitudes are required to break
the bonds. In view of this discussion it might be argued that the yield stress can be identified as the
limit as the frequency approaches zero of the crossover stress amplitude. However, as the frequency is
reduced, the output wave will eventually cease to be sinusoidal, and hence G′ and G′′ will lose their
physical meanings.

The non-linear region starts beyond the crossover point, where G′′ attains its maximum and starts
decreasing, and where G′ starts decreasing much faster than G′′. The high stress amplitudes found in this
region cause a massive bond breakage, so that the microstructure is no longer percolated. This confers
a liquid behavior to the material. Moreover, the higher the stress amplitude, the lower the structuring
level, leading to a more viscous and less elastic behavior.

Figure 3 shows the complex shear modulus as a function of the stress amplitude for three different
dispersions, namely two in water and one in a water/glycerol solution. Comparing the results for the
two aqueous dispersions, it is seen that G∗ is larger for the more concentrated one throughout the stress
amplitude range, as expected. Moreover, the LVR range does not change significantly with concentration,
as also observed by [38].

Figure 3 also illustrates the influence of the solvent on the complex modulus. It is seen that the G∗

curve for the water/glycerol Carbopol dispersion lies below the curves for the two aqueous dispersions,
despite the fact that its Carbopol concentration is the highest, illustrating that the presence of glycerol
reduces the complex modulus. Since in the LVR G∗ ≈ G′ for the three dispersions, this G∗ reduction
indicates that glycerol leads to a less elastic structure. The presence of glycerol slightly increases the loss
modulus (not shown), as a consequence of the fact that glycerol is more viscous than water. It is interesting
to observe that the 0.1 wt% Carbopol aqueous dispersion and the 0.125 wt% Carbopol dispersion in
water/glycerol were designed to possess the same yield stress, namely τy = 2.7 Pa.
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Figure 3. Stress amplitude sweep test resuts for three Carbopol dispersions: effects of the concentration
and of the solvent.

3.1.1. Frequency Sweep Tests

Frequency sweep tests are a useful tool to assess the mechanical response of the material
microstructure in its quiescent state [23]. It is known that the magnitude of the storage modulus G′

can be related to the molecular weight and network density [18]. In this test, the stress amplitude is
kept constant at a value low enough to ensure that the flow is kept within the linear viscoelastic regime
throughout the range of frequency.

Figure 4 shows the storage modulus G′ and the loss modulus G′′ as a function of the frequency, for the
0.1 wt% aqueous Carbopol dispersion and for the 0.125 wt% Carbopol dispersion in the water/glicerol
solution. It is worth recalling that the composition of these two solutions were chosen such that both
possess the same yield stress. Comparison of the curves for the two dispersions illustrates the influence of
the solvent type on the moduli.

It is seen in this figure that our data lie within the classic rubbery region (or frequency range) [54],
since G′ remains essentially constant and much larger than G′′ throughout the frequency range, as expected
for viscoelastic solids and crosslinked systems [64,65]. The G′′ curves, on the other hand, increase
with frequency.

Moreover, it is seen in this figure that the G′ and G′′ curves for the two materials are essentially
coincident, except towards the high end of the frequency range, where the curve for G′′ the aqueous
dispersion lies below the one for the dispersion in water/glycerol, while for the G′ curves the reverse is
true. This indicates that more mechanical energy is dissipated at larger frequencies, and that the more
viscous continuous phase tends to dissipate more energy. Moreover, the fact that the moduli of the two
dispersions are essentially coincident suggests that the yield stress and the moduli—which are completely
distinct properties—are closely related to the microstructure characteristics at its quiescent state, which is
expected to be similar for both dispersions.
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Figure 4. Results of the frequency sweep test for the Carbopol dispersions with the same yield stress.

3.1.2. Time Sweep Tests

The time sweep test consists of observing how the moduli change over time for a constant frequency
and stress amplitude. The choice of stress amplitude and frequency should be such as to ensure that the
flow is within the linear viscoelastic regime, i.e., the imposed stresses should be negligible when compared
to the strength of the microstructure. This test is usually employed to investigate the material stability,
i.e., if microscopic changes occur over time. Useful information such as polymer degradation, molecular
weight building, cross-linking, solvent evaporation, sedimentation, setting and curing can be obtained
with this test. It also allows the determination of the maximum time duration of a test to ensure that none
of the just listed effects will interfere in the results.

Figure 5 compares the complex modulus G∗ time sweep results for the 0.1 wt% Carbopol aqueous
dispersion and for the 0.125 wt% dispersion of Carbopol in water/glycerol solution. Both curves were
obtained at 1 Hz and at stress amplitudes well below the yield stress (which is 2.7 Pa), namely 0.08 and
0.1 Pa, respectively.

The results in Figure 5 show that the dispersions under investigation are very stable and free from
aging, as indicated by the fact that the G∗ curves are essentially horizontal, except for a very short transient
behavior probably due to microstructure rebuilding after sample loading. The curve for the water/glycerol
dispersion lies above the one for the aqueous dispersion, in accordance with the discussion and results
presented above.
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Figure 5. Evaluation of the stability of Carbopol dispersions by means of the time sweep test.

3.2. Constant Shear Rate Tests

Figure 6 shows the transient viscosity of the two Carbopol dispersions that possess the same yield
stress. In this test, the sample is loaded on the rheometer and left to rest for a few minutes to allow for
the microstructure reconstruction. Then, at time t = 0 we impose a constant shear rate, and record the
transient shear stress (or viscosity) response. Due to the error caused by the instrument inertia, the data
pertaining to the first second of each test were discarded.

100 101 102 103 104
10-4

10-3

10-2

10-1

100

101

102

103

100 101 102 103

50

100

150

200

250

300

350

400

450

Figure 6. The constant shear rate test for the dispersions with the same yield stress.

For both dispersions and all shear rate values investigated, it is seen in Figure 6 that the viscosity
eventually reaches a steady state. The larger the shear rate the lower the steady-state viscosity, because
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larger shear rates imply larger shear stresses, which in turn result in more intense microstructure
breakdown. Consequently, structuring levels pertaining to larger shear rates are lower, and there is
a one-to-one relationship between the steady-state viscosity and the structuring level (e.g., [62,66,67]).

Figure 6 also shows that for both dispersions the time required for the steady state to be reached,
say tss, decreases as the shear rate is increased. Specifically, tss ≈ 100; 10; 0 s for γ̇ = 0.01; 0.1; 100 s−1,
respectively. These results are in agreement with the generally accepted rule of thumb tss ≈ 1/γ̇ used to
estimate tss. To understand this trend we first note that the steady-state stresses corresponding to very
low shear rates are always very close to the yield stress, while for high shear rates the corresponding
shear stresses are well above the yield stress. Therefore, the long times required for the achievement of the
steady state at low shear rates mean that the Carbopol dispersions display a sizable thixotropic effect when
the stress is very close but above the yield stress. For larger stresses there is no thixotropy, as indicated by
the very short times required for the steady state to be achieved.

The shear stress evolution with time is well illustrated by the curve for the 0.125 wt% Carbopol
dispersion in glycerol/water at γ̇ = 0.01 s−1, highlighted in the insert of Figure 6. At time t < 0, the gel
is unstrained and fully structured, and thus it is a viscoelastic solid. At t = 0, when the shear rate jump
occurs, a corresponding shear stress jump is expected due to an initially purely viscous response of the still
unstrained sample. This viscous contribution to the stress is expected to remain fixed while the material
remains fully structured, because the shear rate remains fixed in this test. The strain increases linearly,
starting from zero at t = 0, causing the growth (also from zero) of the elastic contribution to the stress.

At large enough strains (but still below the yield point), the elastic contribution to the stress becomes
much larger than the viscous one, and a linear growth of the (total) stress is observed. When the stress
reaches the yield stress, the microstructure undergoes a major collapse and ceases to be percolated, and
hence the material becomes a viscoelastic liquid and eventually a steady state is reached.

A sizable stress overshoot followed by a slight undershoot is observed in this curve, because in
this case the imposed shear rate is small enough to cause stresses just above the yield stress, so that the
microstructure does not respond instantaneously to the stress changes (i.e., thixotropic behavior).

For larger imposed shear rate values, most of the features of the stress evolution described here for
γ̇ = 0.01 s−1 are expected to be preserved, but occur too fast to be observable in this test.

The influence of the solvent type on the transient viscosity is quite mild. It is observed that for
the lower shear rates, slightly longer tss values are required for Carbopol dispersions in water/glycerol.
This suggests that the breakup process is hindered by the higher viscosity of the water/glycerol solution.

3.3. Flow Curves

The effect of the type of solvent and Carbopol concentration on the flow curve is illustrated in Figure 7,
where the (steady-state) shear stress is given as a function of the shear rate for the 0.1 wt%, 0.123 wt%
and the 0.125 wt% Carbopol aqueous dispersions, and also for the 0.125 wt% and 0.15 wt% Carbopol
dispersions in the water/glycerol solution.

All flow curves are obtained by decreasing the shear rate from 100 to 10−3 1/s. This procedure
reduces significantly the time duration of the tests, as compared to imposing ascending shear rate values.
It is worth emphasizing the importance of determining a large enough time t ≥ tss at each applied shear
rate, to allow steady state to be achieved before moving to the next shear rate value. As mentioned above,
the steady-state time can be estimated as tss ≈ 1/γ̇. In our experiments, we impose each shear rate value
for a maximum period of 1000 s. At each 30 s, an averaged torque is recorded. After three consecutive 30-s
periods the corresponding values of the averaged torque are compared, and steady state is assumed when
they are the same within 0.1%.
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Figure 7. Solvent and polymer concentration influence on flow curve tests: shear stress as a function of
shear rate.

The range of shear rate is limited from below by the rheometer torque resolution and from above by
sample inertia effects. In addition, the use of cross-hatched parallel plates should be limited to moderate
shear stresses, to avoid the occurrence of flow within the protuberances. In this connection, a smooth
Couette geometry was used in the range between 3000 and 100 s−1.

All the flow curves given in Figure 7 possess the usual Herschel-Bulkley shape. In addition, all of
them are monotonic, indicating that shear banding does not occur [68,69].

The Herschel-Bulkley parameters for all curves are also given in Figure 7. As expected, it is seen that,
for a given continuous phase, increasing the Carbopol concentration causes both the yield stress and the
consistency index to increase, and the power law index to slightly decrease [70]. Moreover, the values
found for the power-law index ranged from 0.38 to 0.48, in good agreement with the observations of [17].

It can be seen in Figure 7 that the flow curve for the 0.125 wt% aqueous dispersion lies well above
the one for the 0.125 wt% dispersion in water/glycerol, demonstrating that at the same, Carbopol
concentration, the one with a more viscous solvent, possesses a significantly lower viscosity level.
In addition, the dispersion in water/glycerol possesses a higher power-law index than the aqueous
dispersion, and hence the former is less pseudoplastic than the latter.

Comparing now the flow curves of two dispersions with the same yield stress (0.1 wt% aqueous
dispersion and 0.125 wt% dispersion in water/glycerol; and 0.125 wt% aqueous dispersion and 0.15 wt%
dispersion in water/glycerol), the dispersions in water/glycerol possess a viscosity level higher than the
one of the corresponding aqueous dispersions, as it can be directly observed in Figure 7.

3.4. Creep Tests

The creep test consists of imposing a constant shear stress to an initially unstrained and fully structured
sample, and recording the time evolution of the shear rate (or viscosity). It is commonly employed to assess
viscoplastic and thixotropic effects of complex fluids, and especially to measure the yield stress [9,71–73].
A number of creep tests are required in order to identify the yield stress: if the imposed stress is lower than
the yield stress, then the shear rate approaches zero as a maximum elastic strain is approached, as expected
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for solids of amorphous microstructure [60,61,74]; and if the imposed stress is above the yield stress then
the shear rate eventually attains a constant (steady-state) value [75].

The yield stress obtained from creep tests is the so-called static yield stress, τy,s, i.e., it is the stress
needed to cause irreversible flow on a sample initially unstrained and fully structured [9,71,72]. In contrast,
the shear stress obtained from curve fitting to data of a flow curve test is the so-called dynamic yield stress,
τy,d. In general, these two yield stresses are distinct from each other, the dynamic yield stress being smaller
than static yield stress [71].

Figure 8 presents creep test results for the 0.1 wt% Carbopol aqueous dispersion and for the 0.125 wt%
Carbopol dispersion in water/glycerol. In Figure 8a the shear rate is plotted as a function of time, while in
Figure 8b the same data are plotted as a function of the shear strain, γ =

∫ t
0 γ̇dt′. For all curves shown in

Figure 8, the data obtained below one second were discarded due to contamination with the instrument
inertia [76,77]. Therefore, for each curve in Figure 8b a different initial strain is observed.

Figure 8 illustrates that the two dispersions possess similar static yield stresses, namely between 4
and 5 Pa for the dispersion in water/glycerol and between 3.5 and 4 Pa for the aqueous dispersion. It is
noted that the curve for 4 Pa pertaining to the aqueous dispersion possesses a minimum at about 1400 s
(or at a Hencky strain of about 2.5). Therefore, at 4 Pa the sample deformed elastically up to about 1400 s
and then the microstructure collapsed, leading to the onset of irreversible flow. This long time delay before
the occurrence of yielding is usually referred to as the avalanche effect [78], and is another manifestation
of the thixotropic behavior of Carbopol dispersions when the imposed stress is very close but above the
yield stress. It is interesting to comment that had we conducted the creep tests for 1000 s only, we would
have concluded that the static yield stress of the aqueous dispersion is above 4 Pa, because at this point
there was no sign of irreversible flow. On the other hand, if the tests had lasted for two hours, for example,
it is possible that the aqueous dispersion would flow at stresses below 3.5 Pa. Therefore, the static yield
stress obtained with this test is a function of the time duration of the test. In fact, this is also true for any
other method for measuring the yield stress, as extensively discussed in the literature (e.g., [62]).

Ref. [36] observed a similar behavior for a dispersion of Carbopol ETD 2050, and interpreted it as
an avalanche-like behavior involving wall slip and transient shear banding. They assumed the Carbopol
dispersion as a “simple yield stress fluid”, i.e., a non-thixotropic viscoplastic material. A roughened
Couette cell was employed and shear-rate controlled experiments were performed. The same behavior
was later reported by [79] for shear-stress controlled experiments. On the other hand, the transient
shear banding phenomenon was not observed by [80] under similar conditions for a yield stress fluid.
Ref. [81] affirm that steady state is very difficult to be achieved under the influence of wall slip. Likewise,
they observed that the solid-liquid transition is not reversible upon increasing or decreasing of the applied
stresses, due to elastic and thixotropic effects. According to [82], imposing a constant shear stress, the glass
fluidization near yielding is very slow, and persistent spatial heterogeneities remain present. Ref. [83]
obtained a monotonic flow curve for a material that presented a time delay before yielding [78], and
concluded that thixotropy cannot be ignored. More recently, Ref. [84] emphasized that the preparation
procedure of Carbopol dispersions is of paramount importance as far as the final mechanical behavior
is concerned. Low stirring times lead to large (non-colloidal) microgels and a non-thixotropic behavior.
Long stirring times, on the other hand, lead to colloidal microgels and a time-dependent behavior. All this
discussion attests that the physical origin of the time delay before yielding is not fully understood.
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(a)

(b)

Figure 8. The creep tests. (a) Shear rate vs. time; (b) Shear rate vs. strain.

3.5. Constant Shear Rate vs. Constant Shear Stress Tests

Figure 9 presents a comparison between results obtained by imposing a constant shear rate, as in
Figure 6, and a constant shear stress, as in Figure 8. For each dispersion, the values of imposed stress and
shear rate were selected such that the steady-state viscosity was roughly the same both for imposed stress
and rate.

For both dispersions considered in Figure 9, a viscosity overshoot is observed when a constant shear
stress just above the yield stress is applied. On the other hand, imposing a constant shear rate leads to
a much milder and difficult to observe viscosity overshoot, and to a faster achievement of steady state.
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Figure 9. The transient viscosity obtained in constant-stress and constant-rate tests.

This behavior can be explained by observing that the viscosity overshoot that occurs with the
application of a constant stress just above the yield stress is due to thixotropy, i.e., due to the time lag that
is observed between the application of the stress and the microstructure collapse (yielding). Moreover,
the viscosity overshoot is milder when the shear rate is imposed because in this case the transient shear
stress is larger, which reduces or eliminates the thixotropic effect.

Creep-Recovery Tests

The creep-recovery test consists of imposing a stress above the yield stress until steady state is
achieved, and then imposing a step change to a stress below the yield stress. The shear strain is recorded,
and plotted as a function of time. This test is useful to assess the elasticity of the yielded material and also
to provide the time required for the microstructure to rebuild. During the first step of the test, namely
when a stress above the yield stress is imposed, the structuring level is brought down to a certain extent,
while during the second step when the stress is below the yield stress the microstructure rebuilds.

Figure 10 presents the time evolution of the shear strain for the 0.1 wt% Carbopol aqueous dispersion
and the 0.125 wt% Carbopol dispersion in water/glycerol. Upon inspection of these figures, it becomes
clear that the qualitative behavior of both solutions is the same. The results indicate that the dispersions
possess no elasticity whatsoever at the structuring levels that correspond to 5 and 3.5 Pa respectively,
as attested by the absence of recoil right after the stress reduction. Another result is that the microstructure
of both dispersions rebuild instantaneously, since no flow is observed after the stress reduction.
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Figure 10. The strain evolution in the creep-recovery test for two Carbopol dispersions.

4. Final Remarks

The rheological properties of Carbopol dispersions in water and in water/glycerol solutions were
investigated for concentrations ranging from 0.1 to 0.15 wt%. The preparation procedure and rheological
experiments were discussed in detail.

For both formulations, an elasto-viscoplastic behavior was observed as well as a remarkable material
stability over time (no aging). The elastic effects are dominant when the microstructure is fully structured,
while viscous effects dominate after yielding. At stresses just above the yield stress, thixotropic effects are
observed, in contrast to the observed absence of thixotropy at larger stresses. No elasticity was observed
in the dispersions while unstructured, and their microstructure rebuilds instantaneously after reduction of
the imposed stress to a value below the yield stress.

Comparing aqueous dispersions with dispersions in water/glycerol for the same Carbopol
concentration, it is shown that the dispersion in water/glycerol possesses lower yield stress and moduli,
while the power-law index is larger (less shear thinning) and the time required for steady state is longer.
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Abstract: This review provides an overview of the recent progress in the field of the rheology of
grouts for historic masonry consolidation. During the last two decades, significant research has been
devoted on the grouting technique for stone masonry consolidation but most results are scattered by
scientific papers, congress communications, and thesis. This paper compiles and briefly demonstrates
the effect of several intrinsic and extrinsic parameters, such as admixtures, additions, pressure,
temperature, and measuring instrumentation, on the rheological performance of natural hydraulic
lime-based grouts.

Keywords: grout; rheology; natural hydraulic lime; masonry; consolidation

1. Introduction

Grouting is generally used as a means of changing or improving the masonry’s load bearing
capacity to vertical and horizontal actions. A commonly used method for grouting is the grout injection,
whereby the grout material, i.e., the suspension of binder particles in an aqueous medium, is forced by
pressure into voids and fractures of stone masonry wall (Figure 1). It has been largely used in Europe,
since the beginning of the twentieth century for consolidation of stone masonry walls, particularly in
seismic areas [1–6].

Grouting is an invisible retrofitting technique, which is an advantage when working on historic
buildings. On the other hand, it is an irreversible technique, which means that a badly designed
grout can lead to regrettable consolidation failures [7,8]. Cement based grouts are the most widely
used reinforcing material in concrete structures. However, it is not suitable for consolidation works
of stone masonry buildings and the main reasons are the mechanical strength and rigidity (higher
modulus of elasticity) of cement, which results in poor compatibility with the masonry characteristics
in mechanical, physical, and chemical aspects. In this sense, the natural hydraulic lime (NHL) is today
the most commonly used material for grouting operations in historic masonry buildings because of its
moderate mechanical strength, water vapor permeability and chemical compatibility with traditional
materials found in old masonry walls [7,9].

Depending on the prevailing masonry conditions, grouts with different characteristics must
be designed [10–12]. Although, most grout’ characteristics like penetrability, rheology, mechanical
strength, stability, and durability are characteristics that need measurement techniques and standards,
many of which have yet to be undertaken. Nevertheless, when it comes to penetrability and
rheology of natural hydraulic lime-based grouts, several research works have been done in the
last decades [13–19]. Among the various grouts characteristics, fluidity appears as one of the most
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determinant characteristics in the grouting performance, since it is important to ensure that the grout
can flow and fill well the cracks and voids in the masonry core.

Figure 1. Detail of the grout injection on a stone masonry wall.

NHL-based grout is a suspension of particles in water and the NHL is the element that gives the
grout its binder character. However, different elements, currently used by the cement and concrete
industries, can be added to the grout, to either optimize its performance or lower the cost. In fact,
it is the suspended particles that have an important contribution on the rheological behavior of the
grout [20,21]. The particles will influence the flow properties and set a limit to void size that can be
penetrated. Notwithstanding, apart from the penetration issues due to particle size, understanding and
controlling the rheology of the grout is essential for a successful grouting intervention. The knowledge
will, under the prevailing conditions, facilitate the choice of additive, admixtures, grouting pressure,
and temperature. The present paper reviews the current knowledge concerning the measurements of
the rheological properties of NHL-based grouts, with emphasis on a contribution of different factors,
additives, and admixtures on the rheology of injection grouts.

2. Rheology of Natural Hydraulic Lime Grouts

Rheology plays an important role in injection grouts since it provides valuable data about the
influence of composition, temperature, pressure, resting time, among others, on flowability of grouts.
The rheological behavior of NHL-based grouts is a difficult task since it can be considered a complex
system due to simultaneous interactions between the two phases and also between the particles
themselves. Moreover, the fresh behavior is also influenced by the hydration of the NHL; despite
considering that the hydration of lime during the dormant period is practically stationary, it will
inevitably lead to changes in the rheological properties with time.

2.1. Yield Stress

The interactions between the particles in a suspension (like a grout) result in a yield stress value.
The presence of yield stress means that under static conditions, the grout essentially acts as a solid and
will continue acting as a solid until the stress reaches the shear force needed to overcome the internal
bonding between the particles. This yield stress (also called static yield stress) can thus be regarded as
the property that represents the transition between solid and liquid behavior [22,23]. This behavior
can also be characterized by the flow curves, resulting from the relation between shear stress (τ) and
shear rate (

.
γ) under simple steady shear; so the yield stress is equal to the intersection point on the

stress axis, as shown in Figure 2.
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Figure 2. Example of a flow curve of a fluid with yield stress.

In addition to a yield stress, cementitious grout compositions display another peculiarity, which
is the change of its properties during time, namely due to hydration. Therefore, from a practical
point of view, the grout fluidity is not only a function of the instantaneous shear rate but also
presents time-dependent behavior. Shaking or shearing the grouts causes a gradual breakdown
of its microstructure, which is recovered when the grout is at rest. A reversible and time-dependent
microstructure defines thixotropy that will be discussed below. Nevertheless, this behavior causes
several challenges in defining the yield stress as a constant property since different measuring protocols,
history of shear, and type of geometry lead to different yield stress results [24,25]. Thus, to solve
these issues, two yield stress values, namely static and dynamic yield stress, were proposed [26,27].
The static yield stress has already been defined above, while the dynamic yield stress can be seen as the
yield stress when the grout is subjected to shear and is in a fully broken down state. Rahman et al. [28]
measured the yield stress of cement-based grout considering the effect of thixotropy and hydration.
In the same work, it was shown that there exists a critical shear rate range, below which there is a
transition from the dynamic to the static yield stress, which should be taken into account for grout
design. It should be noted, however, that despite the importance of yield stress in cementitious
suspensions design, no standard methods are yet available to determine the yield stress of grouts.

2.2. Thixotropy

Thixotropy is a gradual decrease of the viscosity under constant shear stress followed by a gradual
recovery of structure when the stress is removed [29,30]. Thixotropy should not be confused with
shear thinning. When a material is shear thinning it changes the microstructure instantly while in
a thixotropic material the microstructure does change (by breaking down or building up) and such
changes take time [29,30]. It can be said that thixotropy is due to the structure degradation resulting
from rupturing flocs or linked particles when the grout is sheared. When the shearing stress is removed,
the grout microstructure rebuilds and is eventually restored to its original condition [31,32]. According
to Billberg [30] with today’s knowledge of microstructural changes it is probably safe to say that
shear thinning materials are also thixotropic since it always takes time, even limited, to create the
re-grouping of the microstructural elements to result in shear thinning.

A quantitative measurement of thixotropy can be performed in several ways. The most apparent
characteristic of a thixotropic system is the hysteresis loop, which is formed by the up-and down-curves
of the flow curve [23,33]. If the grout is thixotropic, the resulting two curves (up and down curves) do
not coincide, as shown in Figure 3. The degree of thixotropic behavior can be quantified by the area of
the hysteresis loop, which indicates a breakdown of structure that does not reform immediately when
the stress is removed or reduced.
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Figure 3. Illustration of thixotropic behavior.

2.3. Rheological Models

The injection grouts are often referred to as non-Newtonian, thixotropic, and in possession of a
yield stress [14,34–36]. This non-Newtonian behavior can be attributed to mechanisms in which the
shear stress orients the suspended binder particles in opposition to the randomizing effects of Brownian
motion [14,37–39]. The rheological behavior of cementitious suspensions is often approximated by a
rheological model, incorporating various rheological parameters. The typical model used for NHL
grouts have to take into account the yield stress. The yield stress value will limit the penetration
distance that the grout will reach at a certain injection pressure. A review of the literature shows that
several mathematical models have been proposed for the behavior of the injection grouts. Some of the
more widely used models include Bingham, Modified Bingham, Casson, Herschel Bulkley, and Power
Law, as shown in Table 1.

Table 1. Rheological models used for describing the flow curve of injection grouts.

Model Equation Description Parameters

Bingham τ = τ0 + ηp
.
γ Yield and linear τ0 = yield stress, ηp = plastic viscosity

Modified Bingham τ = τ0 + ηp
.
γ + c

.
γ

2 Yield and nonlinear τ0 = yield stress, ηp =
plastic viscosity, c = constant

Herschel-Bulkley τ = τ0 + k
.
γ

n Shear thinning τ0 = yield stress, k =
consistency, n = power law index

Power law τ = k
.
γ

n Shear thinning k = consistency; n = power law index

Casson
√

τ =
√

τ0 +
√

η.
.
γ

Linear between the square root
of shear stress and the square

root of the shear rate
τ0 = yield stress, η = viscosity

The simplest model including a yield stress is the Bingham model which is a two parameter
model widely used in the injection grouts. The grout behavior has been modeled with Bingham
model by several authors [40–44]. However, for injection grouts that exhibit a pronounced shear
thinning behavior, and according to several studies [14,20,45,46], the modified Bingham model or
the Herchel–Bulkley leads to better fittings especially at very low shear rates. The Hershel–Bulkley
model is an extension of the Bingham model to include shear rate dependence by replacing the plastic
viscosity term (in the Bingham model) with the power law expression, where k is the consistency
(Pa.sn) and n is the flow behavior index (dimensionless) [47]. Non-linear relations between shear stress
and shear rate can be described by the power law model. However, care should be taken in the use of
this model outside the range of the data used to define it. For instance, the power law model fails at
high shear rates, where the viscosity approaches a constant value. This weakness of the power law
model can be rectified by the use of other models which can fit different parts of the flow curve.

The Casson model is a structure based model traditionally used to describe the flow of viscoelastic
fluids [48]. This model has a more gradual transition from Newtonian to the yield region. Taking
into account the testimonies of various authors [14,18,49,50] the geometry and morphology of the
flow channels in the core of the masonry that is to be consolidated is very difficult to define, so the
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development of sophisticated rheological models may not be justified when most of the time the
Bingham model is the model used because the cementitious suspensions in general follows this
equation fairly well and the two parameters in the Bingham model, yielding stress and viscosity, can be
determined. In this sense, it can be concluded that researchers have not agreed upon a rheological
model which satisfactorily describes the flow of injection grouts. Many researchers [25,51,52] are in
effect using the Bingham model due to its simplicity.

It should be mentioned, however, that there are some practical difficulties in using theses classical
rheological models especially in computational simulations of viscoplastic materials, due to their
intrinsic singularities [53]. All rheological models presented in Table 1 are discontinuous, which means
that for flow field of viscoplastic suspensions it is often required to develop numerical techniques to
track down yielded/unyielded regions in flow fields. In this sense, regularized versions of the original
rheological models have been proposed and are often used for the simulations of viscoplastic flows,
such as the Bingham–Papanastasiou model (equation 1) proposed by Papanastasiou [54].

τ = ηp
.
γ + τ0

[
1 − exp

(−m.
.
γ
)]

, (1)

where m is a non-rheological parameter acting on yield stress term.
This regularized model rendered the original discontinuous Bingham viscoplastic model as a

purely viscous one by introducing into a continuation parameter, which facilitates the solution process
and is valid for all rates of deformation.

3. Rheological Measurements Apparatus

The rheological characterization of injection grouts can be challenging because of the need for
suitable devices as well as measurement procedures and data analysis appropriate to each grout
composition [27,55]. Below, a summary is given of each general method along with descriptions of
common measurement devices and geometries.

3.1. Viscometer

The viscometers measure the grout apparent viscosity as a function of rotation speeds by driving a
measurement tool (called spindle), immersed in the test sample (Figure 4a). According to Hackley and
Ferraris [56] the viscous drag of the sample against the spindle causes the spring to deflect, and this
deflection is correlated with torque. The calculated shear rate depends on the rotation speed, the tool
geometry and the size and shape of the sample container. Furthermore, the conversion factors are
needed to calculate shear stress vs. shear rate curve and are typically pre-calibrated for specific tool
and container geometries [57,58]. Despite some limitations that are often pointed to viscometers
(for example related to the range of shear rates, accuracy in measurements and inability to perform
some types of measurements) these devices can be used to measure the typical rheological properties
of injection grouts. Previous studies [14,59] where the effect of mixing procedures on some fresh
properties of hydraulic grout, including the rheological ones, were conducted using a Brookfield
viscometer (Figure 4b).
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(a) 

 
(b) 

Figure 4. Viscometer: (a) Schematic diagram of a Brookfield-type viscometer; (b) Brookfield viscometer
LV DV-II + PRO with spindle immersed in the sample.

3.2. Rotational Rheometer

These kind of devices (Figure 5a) are of higher precision when compared with viscometers and
are some of the most commonly used devices for measuring the rheological properties of cementitious
pastes and grouts. The basic rotational system consists of four parts: (i) a measurement tool with
a well-defined geometry, (ii) a device to apply a constant torque or rotation speed to the tool over
a wide range of shear stress or shear rate values, (iii) a device to determine the stress or shear rate
response and (iv) the temperature unit control for the test sample and tool. Depending on the design
specifications, rheometers may also include built-in corrections or compensations for inertia and
temperature fluctuations during measurements. The measurement of the forces and torques acting on
the geometry yields the stresses, and the ratio of shear stress to the shear rate (which is related with
the rotation speed) gives the apparent viscosity.

 
(a) 

 
(b) 

Figure 5. Rheometer: (a) Rotational rheometer; (b) Illustration of parallel plates geometry.

Most rheometers are based on the relative rotation about a common axis of three alternative tool
geometries: concentric cylinder, cone and plate, or parallel plates. In concentric cylinder geometry,
either the inner, outer, or both cylinders may rotate, depending on instrument design. The test material
is maintained in the annulus between the cylinder surfaces. The large surface area of this geometry
improves sensitivity when measuring samples with low viscosity. Furthermore, it allows good thermal
control and when this geometry is used in conjunction with solvent traps, the sample evaporation can
be minimized.

On the other hand, a concentric cylinder generally requires greater sample volumes than the
others geometries. The cone and plate geometry consists of an inverted cone in near contact with
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a lower plate. The geometry advantages are that only a small sample is required, the shear rate
is constant all over the gap, and the shear fracture is minimized because of the small free surface.
The parallel plate geometry (see Figure 5b) can be considered a simplified version of the cone and
plate, having an angle of 0◦. The test sample is constrained in the narrow gap between the two surfaces.
An advantage of the parallel-disk geometry is that the gap height can easily be changed, even without
reloading the sample. One disadvantage when compared to the cone and plate geometry is the fact
that the shear rate varies with the radius of the plate. However, the parallel plate geometry is more
suitable than the cone and plate for large particles, since the gap is fixed in the cone and plate and
is very small (the order of tens of microns in the top of the truncated cone) [60]. Measuring grouts
with large particle sizes can then be problematic because of the limited small gap size of the cone and
plate geometry.

3.3. Ultrasound Velocity Profiling Method

The in-line rheological instruments appear as a response to the ever-increasing demand for
the development of rheometers capable of dealing with complex fluids. The in-line measurement
techniques that combine the ultrasound velocity profiling (UVP) method with the pressure
difference (PD) measurements (also known as UVP+PD) belongs to the non-invasive rheological
measurement techniques, which has been investigated and applied on the characterization of cement
grouts [43,61,62].

The UVP+PD measurement method is based on the emission of pulsed ultrasound bursts and echo
reception. This method determines the relative time lags of the echoes received between successive
emitted pulses [63,64]. The time lags are related to the speed of the moving fluid. The UVP+PD
method contrasts with conventional off-line rheometers, in which a data fitting is required to determine
the rheological behavior and the velocity profiles. One of the greatest advantages of the UVP+PD
method is the determination of the true rheological properties using the non-model approach [62].
This means that common unreliable determination of rheological properties due to the influence on
the microstructure of the measuring geometry can be avoided with this non-invasive measurement
method. It was evidenced by Håkansson and Rahman [65] that the UVP+PD technique can also be
used for continuous monitoring of grout concentrations, which will confirm the water/cement ratio
of the grout and thereby act as a quality control. The potential of UVP+PD as rheometric method for
measuring the rheological properties of cement-based grouts has been studied and demonstrated in
several works carried out at the Royal Institute of Technology in Sweden [43,62,63,65].

3.4. Marsh Cone and Slump Test

The Marsh cone is a simple instrument (see Figure 6) that initially started to be used in the oil
industry to measure the flow performance of drill muds in the field. The instrument is currently
used in the construction industry to empirically measure fluidity of consolidation grouts or pastes for
preplaced-aggregate concrete as specified in the standard ASTM C939:02 [66]. Based on this standard
from the time it takes a certain volume to flow out of the cone, the flow properties can be estimated.
In order to improve the physical significance of the Marsh cone test some authors suggest that the
grout fluidity (especially in very fluid grouts) should be evaluated using a modified Marsh cone having
an outlet diameter of 5 mm [17,50]. However, the only property that can be measured with the Marsh
cone is the fluidity, which is an empirical measurement since the physical parameter “viscosity” is not
in fact determined. In this sense, mathematical models were proposed by Baltazar & Henriques [67]
that allow predicting the rheological properties of the grout just by performing the Marsh cone test
on field. The proposed models can be very useful to streamline the grout design methodology since
these models are able to calculate a physical parameter (e.g., viscosity) instead of an empirical one
(e.g., fluidity).
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Figure 6. Illustration of the Marsh cone apparatus.

Despite the Marsh cone has been extensively used to make rapid measurements, its accuracy
still raises some controversy. However, the growing development of computational fluid dynamics,
has prompted several attempts of numerical and analytical simulation of Marsh cone flows [25,42,68,69].
Nowadays, it is already possible to predict the flow of some fluids through the Marsh cone as
an alternative to the experiments. Notwithstanding, according to Sadrizadeh et al. [70] limited
investigations with numerical and analytical calculations have been done, thus further investigation
is needed to develop an easy, fast, and reliable fluid viscosity analysis in terms of numerical and
analytical calculations of the Marsh cone.

The slump test is another common method to quantify the fluidity of cementitious mixtures.
This measurement technique is used extensively for the evaluation of self compacting concrete due
to the low yield stress of such materials. The modus operandi is the following: the cone is laid on a
horizontal glass surface. After the careful placing of the grout into the cone, to avoid bubble formation
and grout overflow, the cone is vertically lifted (Figure 7a). After lifting the cone, the grout flows by
gravity and the slump occurs. The grout will flow while the local stress is higher than the material yield
stress. The spread diameter is measured when the flow stops. Each spread diameter value is the mean
of two measurements along two perpendicular directions (Figure 7b). The spread at stoppage is directly
linked to the yield value, which may even be calculated. In fact, the relation between yield value and
slump has been studied by Hu [71] or Christensen [72]. More recently Roussel et al. [73] proposed
another approach, the mini-cone test, which is very suitable for yield stress measurements of cement
pastes and grouts. From a practical point of view, it is desirable to perform “in site” measurements,
whereby the significant rheological properties are measured during the grouting operations. In this
sense, the research work should be guided in this direction.

 
(a) (b) 

Figure 7. Slump test, (a) Lift the cone; (b) Spread sample at stoppage.

3.5. Important Features Affecting the Rheological Measurements of Grouts

During rheological measurements many disturbing effects may arise. They often reflect the
changes that are happening in the microstructure of the sample. For instance, particle suspension
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sedimentation and migration of particles can significantly alter the stress distribution and thus
the measured torque [60]. Other disturbing effects are experimental problems pertaining to the
geometry type. For instance, when using a smooth metallic shearing surface, wall slip can occur
(the called slippage).

A substantial source of problems may arise due to the presence of a wall, since a wall modifies
the particle arrangement. This phenomenon called particle depletion involves a decrease in particle
concentration close to the wall, which leads to the development of a lubricated fluid layer close to
the solid boundary and to the slipping of the bulk. This is consequence of several factors, such as
hydrodynamic, viscoelastic, chemical and gravitacional forces acting on the disperse phase [74].
Depending on the grout properties, there may be interactions between the metallic surface of the
geometry and the constituents of the suspension. This is particularly problematic for particle
suspensions like injection grouts; the presence of a solid boundary may alter the local structure
within the liquid, thus producing local viscosity, and may lead to an under-evaluation of apparent
viscosity and an improper evaluation of yield stress, as demonstrated in [75].

Other important factors that influence the rheological measurement is the lack of reaching a state
of equilibrium of shear stress at each shear rate (steady state). During measurements this is one of the
main problems in obtaining precise data on grout parameters like the yield stress and plastic viscosity.
This can be a problem when a linear change in rate of shear is applied. This would not be a problem
when testing Newtonian liquid, but when testing a very thixotropic and non-Newtonian suspension
like NHL-grouts, it can influence the measurement significantly [76,77].

4. Intrinsic and Extrinsic Factors That Influence the Grouts’ Rheology

NHL-based grouts are complex suspensions and there are several intrinsic and extrinsic factors
that can influence the rheological behavior of injection grouts, such as: chemical admixtures, mineral
additions, particle size distribution, particles shape, volume fraction of particles, temperature, pressure,
etc. Different factors and materials that have been reported in several research works, which should be
taken into account in the grout design, are briefly outlined in this review in order to highlight their
contribution on the rheology of the injection grouts.

4.1. High Range Water Reducer

High range water reducers (HRWRs) like superplasticizers have a significant influence on the
rheology of the grout, since they are capable of reducing the water contents by 30% or, for the same
water content, will improve the fluidity of the grout [78]. The most available HRWR is based upon the
polycarboxylates, which are high molecular weight polymers. The HRWR will disperse the binder
agglomerates into primary particles and give them a negatively charged surface leading to repulsion
between the particles, which causes a reduction of yield stress and plastic viscosity values [20,21,35].
Different works have shown that the HRWRs effect is only pronounced to dosages around 1% of the
binder weight and their efficiency is also a function of their own chemical composition [18,30].

Nevertheless, other authors [79] suggested that some HRWR, when used at higher dosages,
have the reverse effect. A higher dosage worsens the fluidity and consequently the injecatbility of
the mixture [79–81]. Furthermore, it must be highlighted that the HRWR effect is dependent on the
moment at which the HRWR is added during the mixing stage and its action is limited (ranging from
30–60 min). Baltazar et al. [59] concluded that adding the HRWR 10 min after the beginning of the
mixing improves the grout fluidity. Other studies [51,82,83] for cement-based systems corroborate this
result, showing that the delay in the addition of HRWR improves the effectiveness of the particles
dispersing, when compared to an addition without delay. As the delay addition leads to a lower
amount of HRWR being intercalated in diverse hydration products [84], a higher amount of HRWR
will be available for an effective dispersion of binder particles.
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4.2. Water

Water is one of the main elements that assures fluidity of the grout and enables the hydration of
the NHL components. The determination of proper water dosage, i.e., the water/solids ratio (w/s),
is an important aspect. The w/s ratio has a similar behavior of the HRWR since high water content
gives improved flow and injectability [85,86]. However, simple addition of water to make the grout
more fluid is an inappropriate decision because a higher w/s ratio decreases the mechanical properties
of the hardened grout and will increase the shrinkage deformation as well as the free water amount
that might cause instability of the grout.

Grouts for consolidation of old masonry buildings have a w/s ratio in the range of 0.5-1.5 [4],
which is dependent on the presence of admixtures (like HRWR) and/or additives. In the same field,
Bras [14] studied the optimization of hydraulic lime grout with a w/b ratio in the range 0.6–0.8. In the
case of permeation grouting, the typical water/cement ratios are 0.6 to 1.0 [61,62].

4.3. Silica Fume

Silica fume is an ultrafine powder that works as pozzolan and is a by-product of the silicon metal
production using electric arc furnaces. The addition of silica fume will contribute to the formation of
additional C–S–H (calcium silicate hydrate), and it is expected that the small and spherical silica fume
particles will fill the voids between binder particles and produce a ball-bearing effect [87–89].

On the other hand, the addition of silica fume leads to some difficulties regarding the workability
of the cementitious materials, requiring the presence of HRWR to minimize these problems. According
to Kadri et al. [90], the influence of silica fume on workability is a complex issue since the silica fume
increases the volume concentration of the solid phase and also the specific surface; besides, it should be
mentioned that silica fume, HRWR and binder constituents will interact with each other as a function
of its concentrations.

This complex contribution was confirmed in previous studies, for instance Baltazar et al. [21]
concluded that silica fume has an adverse effect on the rheological properties of grouts; the yield
stress increases exponentially with the increasing of the content of silica fume and the use of HRWR is
indispensable. A similar behavior was also observed on the results of Park et al. [91] that reported
that flow resistance of cementitious-based suspensions increases with increasing silica fume dosage.
Moreover, Vikan et al. [92] and Zhang & Han [93] concluded that the effect of silica fume on the
rheology of cementitious materials depends on the dispersion ability of the HRWR used. Despite some
rheological issues, the use of silica fume will enhance the stability which leads to less risk for grout
settlement [14,27].

Knowing that a reduced workability is associated with a high water demand when silica fume is
used, a recent research work [94] put forward a pretreatment with a polydimethylsiloxane solution
for ordinary silica fume in order to obtain a silica fume with hydrophobic behavior to be used in
injection grouts. Therefore, this study found that the majority of fluidity and workability problems of
injection grouts may be easily overcome with hydrophobic silica fume. The idea can be explained by
the combined effect of hydrophobicity and the spherical shape of the silica fume particles, which cause
a pure ball-bearing action between the bigger and elongated NHL particles.

Different dosages of silica fume (0, 10, 20, and 30% as replacement of NHL in weight percentage)
were tested, revealing that the rheological properties of grouts containing hydrophobic silica fume are
significantly improved [94]. Silica fume has a strong impact on the shear thinning behavior of NHL
grouts and the presence of hydrophobic silica fume leads to a more Newtonian behavior. The grouts
containing 10 wt% of hydrophobic silica fume showed the best rheological performance. Additionally,
hydrophobic silica fume has made the hardened grout hydrophobic as well, which significantly
contributed to a higher durability of grouts. Therefore, this result should be considered in a
consolidation intervention, whenever problems of rising dampness must be also solved. This way,
both problems can be overcome with a lower number of physical interventions on the building.
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4.4. Fly Ash

Fly ash is a by-product of coal burning from thermal electric power plants and is widely used in
the concrete manufacture. It is a very fine powder that can react with calcium hydroxide (Ca(OH)2)
or in other words it has a pozzolanic reactivity and consequently it must be used with hydraulic
binders such as cement and hydraulic lime, which produce Ca(OH)2. Fly ashes have been used
in cementitious-based systems since they improve the durability [95] and contribute to mechanical
strength development by both the pozzolanic and filler effect [96,97].

Besides that, the replacement of a certain amount of binder by fly ash will reduce the costs and the
environmental impacts [98]. Mirza et al. [99] reported the improvement of stability and the reduction
of drying shrinkage in cementitious grouts proportioned by fly ash. A reduced shrinkage of injection
grouts is desirable since it interfaces between the grout and the original materials of the masonry.

Sonebi [100] demonstrated that the small size and spherical shape of fly ash particles increase
the grout density and reduces the yield stress values due to the ball bearing effect between the binder
particles, which reduces the friction forces and consequently reduces the shear stress needed to start the
flow. Similar trends of higher fluidity in the presence of fly ash were observed by Baltazar et al. [34].

4.5. Ambient Temperature

In general, a decrease in temperature leads to an increase in viscosity and vice versa, approximately
following the Arrhenius relationship [22]. This is also true for hydraulic grouts and seems to be equally
true for the yield stress. Bras [14], Baltazar et al. [20] and Jorne et al. [35] have focused on the effect of
temperature (ranging from 5 ◦C to 40 ◦C) on the rheological properties of hydraulic grouts. From the
results presented by these authors, it is clear that the rheological behavior of the hydraulic grout is a
strong function of temperature. Yield stress is slightly influenced by temperatures between 5 ◦C and
20 ◦C and tends to a higher value with temperature increase. Plastic viscosity decreases between 5 ◦C
and 20 ◦C but shows an incremental increase between 20 ◦C and 40 ◦C, which means a workability
loss. The decrease of viscosity with the increase of temperature can be attributed to an increase in the
Brownian motion of the particles, which partially weakens the interactions between agglomerates
and keeps the particles away from each other. Based on the conclusion of these authors, the ambient
temperature of 20 ◦C is the one that leads to the best grout rheological behavior and consequently the
most suitable for performing the masonry injection [14,20,35].

As a consequence of the temperature dependence it is obvious that the rheological properties must
be measured at the temperature that will be prevailing in the application site. Moreover, it should be
noted that it is not only the ambient temperature that influences the rheology but also the temperature
rise due to hydration reactions and shearing induced in high-shear mixers.

4.6. Nano-Silica

There have been progressive developments in the field of nanotechnology, which enabled the
manufacture of nanoscale materials (e.g., nanosilica, carbon nanotubes, etc.) that can be incorporated
in a cementitious systems [101]. With more studies on the behavior of cement-based systems
incorporating nanoscale particles, a better understanding of such composites can be gained and
contribute to producing cementitious materials with improved overall performance. Nanoparticles of
silica can fill the spaces between/within layers of C–S–H, acting as a nanofiller.

Furthermore, the pozzolanic reaction of nanosilica with calcium hydroxide produces secondary
C–S–H, resulting in a higher densification of the matrix, which improves the strength and durability of
the material [102]. Other studies [103–105] also reported that the inclusion of nanosilica modifies fresh
and hardened properties of cementitious materials compared to conventional mineral additions
(at microscale). For example, relative to silica fume, nanosilica shortened the setting time of
hydraulic binder mixture and reduced bleeding water and segregation in a more meaningful way.
Baltazar et al. [106] investigated the effect of nanosilica dosages from 0 to 3.5 wt%, by mass of binder,
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on NHL-based grouts prepared with w/s of 0.5 and a HRWR dosage ranging from 0.8 to 1.6 wt%.
In the same study they reported that the yield stress increased considerably when the nanosilica dosage
increased; however, the effect on plastic viscosity was less pronounced. It was also observed that
higher nanosilica dosage (>1.5 wt%) significantly affects the rheological performance of grouts, which
compromises the expected injection capacity; thus, it is recommended that the use of nanosilica is
always accompanied by the incorporation of a superplasticizer. Senff et al. [103] also concluded that
the fluidity of cement pastes and mortars is reduced when incorporating high nanosilica dosages.

Moreover, it is believed that the reduced particle size of nanosilica (even at lower dosages)
can contribute to overcome most of the grout’s penetrability problems (like the so-called blockage
phenomenon). It is known that grout’s penetrability problems are due to the grain size characteristics
of the solid phase of the grout [4,17,50]. Unfortunately, the uses of these materials to get a specific
grading of the solid phase is difficult to implement and supervise on site, which in addition to higher
difficulties in the mixing procedure, are real setbacks to the use of these materials. To make these
grouts injectable a specific mixing procedure is essential and the use of the ultrasonic mixing procedure
is crucial. An ultrasonic mixing time of around ten min (the first five with only the nanoparticles and
the other five with NHL included) was set ideal to deflocculate the grain elements and obtain the
appropriate fluidity of the mixtures [106].

4.7. Injection Pressure and Resting Time

A proper choice of the injection pressure is of great importance in grouting operations since it is
the injection pressure that guarantees the sufficient shear rates within the injection pipes in order to
cause a reduction of the grout viscosity. Nevertheless, very high pressure should not be adopted to
avoid an excessive outward pressure loading, which could endanger the stability of the structure or
cause fewer attached stones to blow from the surface. Thus, the pressure must be limited to a few bars
in order to avoid any damage with the weakened masonry. It can be found in the literature [5,107,108]
that grout injection for old masonry consolidation should be made with a pressure in the range of
0.2–1.5 bar.

The results presented by Baltazar et al. [20] clearly show the influence of injection pressure on
the rheological properties of grouts, using a rotational rheometer equipped with a high pressure cell.
The analysis of these results reveals that an increase of the yield stress as well as of the viscosity occurs
with the increase of pressure. Moreover, this study also shows that almost no difference exists between
the rheological properties of the grout at pressure of 0.5 bar (above the atmospheric pressure) and
the one at atmospheric pressure. The biggest difference in rheological parameters was observed for
pressures above 0.5 bar. Thus, considering these conclusions and the fact that the injection pressure
should be limited to a few bars to avoid the masonry disruption, the injection pressure around 0.5 bar
is recommended for the grouting operation of stone masonry [20,109]. These results emphasize how
harmful it is to increase the injection pressure to overcome some injectability difficulties, which is
caused by several phenomena such as grout blockage. It is worth highlight that the phenomenon
behind the blocking is mainly due to particles or agglomerates that get stuck at constrictions [110,111].
Either the solid particle size is too big to allow them to go through the pores or there is segregation.
The binder particles deposit themselves at the opening of the pores, producing a “cork” that hinders
the injection. Moreover, an experimental program presented by Binda [112] showed that the injection
pressure of grout (although it is based on another binder than NHL) should not be higher than 0.6 bar,
to optimize the diffusion and penetration of the grout.

As previously mentioned, NHL-based grouts can be considered as thixotropic materials, since they
show a shear thinning and time dependent behavior. During shearing of hydraulic lime grout,
the weak interparticle bonds are broken by the mechanical stress and the network among them
breaks down into separate agglomerates (structural breakdown). If the grout is at rest, the particles
will start to flocculate into agglomerates again (structural build-up), leading to a loss of workability.
In earlier investigations [14,20] NHL-based grouts were sheared using a rotational rheometer and
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parallel-plates at a constant shear rate of 1 s−1 after different resting times and the initial shear
stress was plotted as a function of resting time. The initial shear stress can illustrate the intensity of
interactions between particles agglomerates in the grout before shearing takes place (solid-like particle
structure). Furthermore, the rate of increase of the initial shear stress, also known as the flocculation
rate [14], was used in thixotropic evaluation and it is a measure of the forces acting between particles,
namely the electrostatic forces and Van der Waals attractive forces [60]. Alongside the results of
different works [14,20,35], it is clear that the initial shear stress rate increases linearly with resting
time, which means more flocculation, which leads to workability loss according to the PFI-theory [36].
Moreover, the grout flocculation rate is of particularly relevance during a grouting operation, since it
may reduce the injectability up to 59% [35]. Taking these statements into account it is recommended
not to exceed 10 min and 60 min of resting time (before injection) for grouts without HRWR and with
HRWR, respectively.

Nevertheless, it is important to note that the grout flocculation can be a way to solve some
issues after injection. For example, when grouts are at rest in the masonry core, gravity can promote
sedimentation of grout particles at rest. Thus, a higher flocculation rate can be useful since it will
increase the interparticles bonds (structural build-up) which can be sufficient to prevent the particles
from settling [113]. This may seem somewhat contradictory considering what has been said previously
but from a practical point of view it is desirable to have grout with low flocculation rate before its
injection and with a high flocculation rate after its application. Some research works [25,113] were
found on this subject but in the field of self compacting concrete. Summarizing, care should be
taken during the whole grouting operation, namely to avoid stops during injection and to restrict
the resting time between the mixing and the injection in order to prevent flocculation, which causes
a considerable reduction on grout injectability and, consequently, compromises the efficiency of the
consolidation operation.

5. Conclusions

Despite the widespread use of NHL-based grouts for structural consolidation and repair of historic
masonry structures, research works on the subject are still insufficient. The lack of information and
fundamental understanding of the mechanics underlying the effect of some constituents and factors
emphasizes the importance of continuing to study this subject in order to contribute to the optimization
of the grout injection technique and to avoid new damage in historic masonry as a consequence of bad
practices. In this sense, some important aspects need further study, for example: (i) to study how the
slippage phenomenon, which is frequently observed in the rheological measurements, influences the
flow and penetration length of the grout in practice; (ii) since significant properties are continuously
changing during the grouting operation, it would also be interesting and desirable to perform “in-line”
measurements (i.e., under real injection conditions) in order to provide a fuller assessment of the
rheological performance of grouts. Nevertheless, and considering the review made, the following
aspects stand out:

• NHL-based injection grouts are often referred to as non-Newtonian, thixotropic, and possess a
yield stress. This non-Newtonian behavior can be attributed to mechanisms in which the shear
stress orients the suspended binder particles in opposition to the randomizing effects of the
Brownian motion.

• A non linear relationship between shear stress and shear rate implies that a shear thinning
relationship like a Herschel–Bulkley model should be adequate. However, in most grouting
applications a simple model like the Bingham one is used as it contains the fundamental properties,
yield stress, and plastic viscosity.

• Due to the complex nature of hydraulic binders, the rheological characterization of NHL-based
grouts is challenging. Therefore, it is important that standard protocols are developed in order
to allow the results comparison. Brookfield viscometers or rotational rheometers have been
successfully used to characterize the rheology of the injection grouts. However, several details
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should be taken into account, such as the type of geometry and other phenomena that may affect
the accuracy of the measurements, such as wall slip and segregation.

• The incorporation of HRWR will cause a reduction of yield stress and viscosity values. Several
studies have shown that their effect is only pronounced to an amount around 1% of the binder
weight. Nevertheless, a higher value worsens the fluidity and consequently the injectability of the
mixture. Furthermore, it must be highlighted that the HRWR effect is dependent on the moment
that the HRWR is added to during the mixing stage.

• High water content improves the flow and injectability of the grouts. However, a simple addition
of water to make the grout more fluid is inappropriate. Grouts for consolidation of old masonry
buildings should have a w/s ratio of around 0.5–1.5, the dosage of water depending on the
presence of HRWR and ultra fine materials such as silica fume.

• The use of fly ash additions, besides improving the mechanical properties, has a significant
influence on the rheology of the grouts. For instance, the small size and spherical shape of fly ash
particles increases the grout density and reduces the yield stress values due to the ball bearing
effect, which reduces the friction forces and consequently reduces the shear stress needed to start
the flow.

• The addition of silica fume leads to some difficulties regarding the rheological properties of grouts
and the use of HRWR is indispensable. However, a pretreatment with a polydimethylsiloxane
applied on ordinary silica fume was a proposed solution to mitigate the rheological disadvantages
of this material.

• The reduced particle size of nanosilica (even at lower dosages) may contribute to overcome
most of grout’s penetrability problems (like the so-called blockage phenomenon). Nevertheless,
the uses of these materials require a different mixing procedure.

• An ambient temperature of 20 ◦C is the one that leads to the best grout rheological behavior
and consequently the most suitable for performing the masonry injection. The injection pressure
around 0.5 bar is recommended for grouting operation. Moreover, a low resting time (less 10 min)
is desired, especially in the cases of grouts with low HRWR amount.
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Abstract: Rheology of a concrete is mainly controlled by the rheological behavior of its cement paste.
This is the main practical reason for the extensive research activity observed during 70 years in this
research subfield. In this brief review, some areas of the research on the rheological behavior of
fresh cement pastes (mixture method influence, microstructure analysis, mineral additions influence,
chemical additives influence, blended cements behavior, viscoelastic behavior, flow models, and flow
behavior analysis with alternative methods) are examined.
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1. Introduction

Concrete can be dealt with as a dispersion of gravel (around 20 mm diameter) in mortar,
and mortar can be dealt with as a dispersion of sand (around 1 mm diameter) in cement paste.
So, cement paste that is a dispersion of cement particles (around 10 μm) in water, is the fluid media
where aggregate particles (sand and gravel) are dispersed.

Interest in gaining information about the rheological behavior of fresh cement pastes (RBFCP)
is mainly due to the role played by this phase in concrete and mortar formulations. Tattersall firstly
pointed to this field of research in 1955 [1], enhancing the fact that this is a non-Newtonian fluid.
More precisely, he assumed a relationship between thixotropic behavior of the cement paste and the
performance of the vibration process commonly used when the concrete is placed. Although a direct
connection between cement paste and concrete rheology can be questioned [2] due to the effect of the
shape and grain size distribution of coarse aggregates, the subject left open the search for possible
relationships between both materials [3]. In this line, Ferraris and Gaidis [4] studied the rheology of the
paste with parallel plate geometry (Figure 1) in an attempt to simulate the effect of coarse aggregate on
the rheological behavior of pastes.

Figure 1. Cement paste flow in concrete is directly influenced by the action of coarse aggregate [4].
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Interest in the study of fresh cement paste rheological behavior is founded in the assumption
that concrete rheology is mainly determined by cement paste rheology [4]. Considering that the
hydration reaction of cement starts at the first contact between cement and water, and continues when
the rheological studies are usually made (10–60 min after), it is reasonably expected that rheometric
work with fresh cement pastes faces a variety of challenges. Even if it is assumed that during the
dormant period the hydration of cement is basically stopped, additional problems associated with
rheological measurements of cement pastes can be listed. Banfill [5,6] pointed to possible reasons for
these problems. Concretely, (a) discrepancies in time-dependent viscosity curves are usually reported,
that can be due to variable competition between shear-induced breakdown and by-hydration build-up
of structure when the design of hysteresis loops is modified; (b) the rheological results depend on the
mixing and handling protocol, probably due to the decrease of the yield stress with vigorous mixing;
(c) slippage of pastes at the walls of the rotor can certainly be overcome with roughened surfaces, but it
is not possible to determine to which extension; and (d) particle sedimentation during measurement
can be neglected when helical impeller or similar are used, or when the water/cement ratio is kept
below 0.4 with conventional geometries. All these problems can be overcome with a good experimental
design, however plug flow due to the existence of a range of stresses in the bulk of the material, some
of them with values lower than yield stress, is described as an unsolved problem [5,6].

It can be affirmed that the experimental study of the rheological behavior of fresh cement pastes
is a difficult task [5,6]. Generally, this is due to several factors and conditions that have certain
influence on the response of the material. We can include physical factors like water/cement ratio
or the morphology of cement grains, mineralogical factors like cement composition, chemical factors
like structural modifications due to hydration processes, mixing conditions like the type of stirrer,
or measurement conditions like experimental procedures.

The first interest for the study of RBFCP was initially practical; i.e., it was motivated by the
necessity to control and predict the rheological behavior of the concrete obtained when sand and
gravel are added to the cement paste. But, also, this study is interesting from a fundamental point of
view. This is because cement pastes are particle dispersions featured by a decisive hydration chemical
activity, which generates products of the reaction that form a gel phase interconnecting the core of
cement particles. It is easy to understand that a material with such a brand mark had been wide and
deeply studied. Different aspects of these particle suspensions have attracted the interest of researchers.
Some of them will be briefly described in this review:

a) Mixture method influence.
b) Microstructure analysis.
c) Mineral additions influence.
d) Chemical additives influence.
e) Blended cements behavior.
f) Viscoelastic behavior.
g) Flow models.
h) Flow behavior analysis with alternative methods.

2. Mixture Method Influence

The purpose of cement paste mixing processes is to reduce the size of particle clusters in order
to make effective the wetting of each individual cement particle. Additionally, specific interest in the
study of the mixture method influence on cement paste rheology is justified by the fact that cement
paste forms part of the medium where aggregates are dispersed. Certainly, when concrete flows
cement paste is mixed similarly to that which occurs in a laboratory stirrer. Therefore, it is of capital
importance to determine the influence of mixing procedure on cement paste rheology, because it
has been clearly demonstrated that the mixing procedure to obtain the cement paste has a direct
influence on its rheological behaviour. This is probably due to the fact that different water–cement
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contacts (in number and quality) can be obtained when the mixture is agitated or mixed following
different methods. Consequently, several research studies have been undertaken with the objective of
achieving an optimal mixing protocol, specifically referring to the reproducibility and repeatability
of the rheological results. In this line, Jones and Taylor [7] obtained rheological reproducible results
applying vibration to cement pastes that had been previously mixed by hand. Yang and Jennings [8]
investigated the effect of low and high mixing procedures on the peak stress value, which was
obtained when a constant shear rate was applied to samples just after they were at rest along different
time intervals. These authors observed that peak stress values were directly related to the size of
agglomerates, and concluded that the lack of hydration of the inner particles of the agglomerates is a
determinant source of microstructural defects. Additionally, they proposed a new empirical parameter,
the limiting gap, as a measure of the degree of mixing. As the shear stress increases when the gap
reduces, the limiting gap was defined as the gap that separates the two plates of plate–plate geometries
just when the shear stress was three times higher than the shear stress measured at high gaps. Although
some correlation between limiting gap and microstructure was induced, the utility of this parameter is
still open to discussion. Williams et al. [9] used, in a very detailed work, plastic viscosity and the area
enclosed by the up and down curves of the hysteresis loop to compare the effect of several mixing
methods (hand-, paddle-, high-shear-, and concrete-mixed) on the degree of structure remaining in
the cement paste. Results confirmed, as is reasonably expected, that the structure be comparatively
much more broken down when the mixed method was more vigorous. Additionally, they obtained
similar effects for concrete- and high-shear mixed pastes; a result that suggests that, in concrete, cement
paste is highly sheared by aggregates (see Figure 1). Therefore, it could be concluded that standard
initially used to prepare cement paste samples [10] is not adequate to simulate the ball-milling effect
of aggregates in concrete [8]. Then, another standard [11] for the preparation of cement pastes was
introduced. The capability of both standards to influence on structural and rheological properties
of cement pastes was evaluated by Han and Ferron [12]. These authors obtained an unexpected
result. They observed that the mixing intensity had much more influence on the yield stress and
the plastic viscosity for pastes formulated with chemical additives and lower particle concentration
(higher water/cement ratio). Their results were clearly counterintuitive because, while a decrease
in both rheological parameters was expected with the increase of the mixing intensity, the opposite
result was found using the ASTM C1738 protocol [11]. The discrepancy was especially high when
plasticizers form part of the cement paste formulation. Han and Ferron [12] pointed out that if,
certainly, the vigorous mixing breaks particle agglomerates, it also accelerates the cement hydration.
Then, a hindering effect of the plasticizer agent due to the high velocity of mixing, which leads to a
decrease in the extent of the steric diffuse double layer that surrounds cement particle and promotes
particle agglomeration, was claimed [12,13].

The main conclusion of this research area is that the mixing protocol applied to cement pastes
preparation is not a trivial issue. It should be intensive and lengthy enough to break all particle
agglomerates, but limited by the possibility of provoking the opposite effect, especially when chemical
additives form part of the cement paste formulation.

3. Microstructure Analysis

Breakdown of structure due to shear and rebuilding of structure-at-rest are phenomena of technical
interest in cement paste applications. The contact of cement pastes with water gives place to a process
of coagulation starting from a completely dispersed state. A gel layer of calcium silicate hydrate
(C-S-H) progressively surrounds cement particles, the process being very slow during the dormant or
induction period [14]. This phase initiates around 10 min after the first contact between cement and
water. During the induction period, fresh cement pastes can be properly analyzed from a rheological
point of view [15]. It is worth distinguishing when fresh cement pastes are studied between reversible
and irreversible microstructure evolutions. Reversible evolution of the cement paste microstructure
(breaking or building) can only be claimed when colloidal interactions between cement particles
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are taken into account. Hydration of cement particles is always connected to irreversible processes.
Fortunately, during the dormant period of the cement hydration, this reaction can be slow enough to
assume that chemical changes in cement pastes are negligible. However, it is important to consider
that these effects are not fully absent during rheological measurements. Hydration products generate
particle flocs that, finally, lead to the formation of clusters or 3D networks formed by aggregates
of flocculated cement particles [16]. If we consider only reversible evolution of the microstructure,
the picture can be described as follows. Initially, when the network immobilizes the liquid phase,
cement pastes behave in a solid-like way, and only when the stress achieves a threshold value, or yield
stress, due to the action of shear, does the structural breakdown begin. The increasing of shear rate
results in further deflocculation, i.e., the apparent viscosity will decrease with shear. This is the
basis for the concrete vibration technique that is applied after placing, which makes that previous
stiff material can after flow easily. Therefore, lower water/cement ratios can be used in concrete
formulations, and higher strength of the set concrete can, consequently, be obtained. So, it is justified
why an understanding of both, reversible (thixotropy) and irreversible (setting) breakdown of structure
of cement pastes, is of major importance: simply due to the role-played by cement pastes when a
vibratory force is applied in the placing of concrete [1,17].

First studies of the time evolution of the microstructure of Portland cement pastes [1] showed that
an exponential decrease of the torque with time, when a step-up in shear rate is applied to samples,
fits reasonably well experimental results,

M = Me + (Mo − Me)e−kt (1)

In Equation (1), M is the torque at time t, k is the rate for the stress decay, and Mo and Me are the
initial and the equilibrium torque values, respectively (see Figure 2). Tattersall’s results [1] showed that
k increases with the angular velocity of the rotor. The area under the torque-time curve (Figure 1) can
be used as a measure of pastes workability [17] because it is directly related to the net energy input or
work done by the rotor to (i) overcome viscous forces, (ii) breaking the structure, and (iii) maintaining
broken the structure [1].

Figure 2. Schematic plot of the evolution with time of the torque after a step-up in angular velocity
according with Tattersall [1].

Bouras et al. [18] found that the sum of two exponentials fitted better stress decay with time due to
breakdown microstructure, when pastes contain some viscosity-modifying admixture (polysaccharide).
They justified their result as due to the existence of two relaxation times for the rebuilding of
microstructure. The first one is related to particle–particle interconnections as usual, and the second one
refers to the alignment and disentanglement under flow of admixture molecules. Then, using Cheng
and Evans’ general thixotropic microstructural model [19], the kinetics equation for the structural
parameter λ should be expressed as,

dλ

dt
=

1
Ta

+
1
Tb

− λ
.
γ (2)
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In Equation (2), Ta is the characteristic time for cement particles aggregation, Tb is the characteristic
time for the admixture entanglement, and

.
γ is the shear rate. However, when Bouras et al. [18] analyzed

the microstructure rebuilt process assumed that, experimentally, stress increases exponentially with
time, avoiding the use of Equation (2) that predicts a linear increase of the stress with time.

Irreversible time-evolution of the microstructure is observed during the setting of cement pastes
due to the hydration chemical reaction is the dominant effect. It has been observed that in this case
the increase in the viscosity with time, which is partially attributed to shear-induced aggregation,
is opposite to that which could be expected, faster with increasing organic additives concentration [20].
These processes are dominated by the hydration of cement particles and fall out of the scope of
the rheological analysis proposed in this review. However, it is worth distinguishing between the
irreversible, or aging due to hydration, and the reversible part, or thixotropy, of the transient behavior
of cement pastes, as mentioned above. This is important to avoid misinterpretations of the experimental
results. For example, Roussel [21] proposed a thixotropic model for cement pastes. He started from
the assumption of the experimental results summarized in Equation (1) although he attributed it to
Lapasin et al. [22] instead of Tattersal [1]. Then, Roussel used Cheng and Evans’ general microstructure
thixotropic model [19] and assumed that the material restructuration occurs in a natural way at an
unique constant rate 1/T, although maintaining the idea that the destructuration is proportional to the
existing structure and to the shear rate,

dλ

dt
=

1
T
− αλ

.
γ (3)

Roussel assumption predicts, as Bouras et al. [18], unrealistic linear increase of the microstructure-
at-rest. When shear rate is zero,

dλ

dt
=

1
T

(4)

Solving Equation (4),

λ =
t
T
+ λo (5)

However, experimental tests have demonstrated that the microstructure-at-rest increases
exponentially until a maximum (reversible) structure is achieved [18,23]. This result is opposite
to which Equation (5) predicts [21].

Very recently, Ma et al. [24] have proposed a kinetics equation for the rebuilt process, which
expresses restoration of an equilibrium state from a non-equilibrium condition, i.e.,

dλ

dt
= − 1

T
(λ − λe) (6)

In Equation (6) λe > λ represents the structure of the paste at equilibrium. Effectively, solving
Equation (6) a most realistic exponential evolution of the microstructure towards the rest equilibrium
state is obtained (Figure 3),

λ = λe + (λo − λe)e−t/T (7)

It is worth noting that experimental results by Ma et al. [24] supported the existence of two
structural levels (particle flocs and C-S-H nucleation) in cement pastes, which were previously pointed
out by Roussel et al. [25].

Summarizing, fresh cement pastes are concentrated particle suspensions in which particle-particle
interaction is not only governed by colloidal and hydrodynamic forces, but also steric (admixtures) and
products of the hydration reaction (C-S-H) play a specific role for the development of microstructures.
These aspects of cement particle interactions make the study of the microstructural evolution of cement
pastes with time (thixotropy) especially interesting.
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Figure 3. Schematic plot of the evolution with time of the atructure at rest according with Ma et al. [24].

4. Mineral Additions Influence

The flow behavior of cement pastes is characterized by a variety of rheological parameters. It is
a task of major importance to determine the influence of the cement properties, and of mineral and
chemical additions on these parameters. So, a lot of work has been done with the aim to determine
correlations between different geometric, physical and chemical modifications of cement pastes with
their rheological properties.

Some results corresponding to this research sub-area refer to the yield stress value. For example,
it has been observed that the yield stress increases with the specific surface area of cement particles
and the water/cement ratio [26]. Ivanov et al. [27] obtained an increasing dependence of the yield
stress and the plastic viscosity with a variety of factors; concretely, they observed that the yield stress
is more dependent according to the following succession, superplasticizer > addition of silica fume >
water/cement ratio; while the plastic viscosity is dependent in the following succession, water/cement
ratio > superplasticizer > addition of silica fume. Nehdi et al. [28] observed that the replacement of
cement with limestone filler slightly increased the yield stress of cement paste with added plasticizer,
but its plastic viscosity decreased. Latter, Rubio-Hernández et al. [23] observed that when the limestone
filler concentration is lower than 3% weight the opposite effect appears, i.e., the yield stress decreases
and the plastic viscosity increases.

It is reasonably expected that the different factors on which the rheological behavior of cement
pastes is dependent, interact among them giving place to complex dependencies. Then, it is necessary
to define combinations of them. So, Wong and Kwan [29] considered the effect of the excess water
to solid surface area ratio on the rheological properties of cement pastes. In this way, water content,
packing density and solid surface area effects were simultaneously considered. They found that yield
stress and plastic viscosity versus excess water/solid surface area ratio curves overlap when this
parameter was higher than 0.05 μm, while at lower values the yield stress and the plastic viscosity
curves separate, distinguishing between pastes with and without silica fume, i.e., the rheology of
cement pastes also depends on silica fume content at the lower water/solid surface area ratios.

One of the technical applications pursued by means of mineral additions is the design of highly
concentrated suspensions with moderate yield stress and plastic viscosity values [30]. To this end,
advantages resulting from the use of bimodal suspensions have been considered. This strategy can be
useful to improve the performance of, for example, extruded materials [31]. For example, bimodal
suspensions of cement and clay particles showed higher yield stress values than those obtained for
the original cement suspension, despite the maximum packing fraction practically did not vary [32].
This apparently contradictory result was justified as due to the water adsorption of clays, which
eliminates lubricant water phase and increases the effective size of clay particles [33]. Fine mineral
additions like limestone, silica fume, fly ash, etc. increase maximum packing fraction with good
lubricant effect, and the resulting cement pastes can serve as the base for self-compacting concrete
design [33]. However, not only the particle size but also the geometric shape have a determinant
effect on the cement paste and, consequently, on the concrete fluidity. So, when fly ash particles of
spherical shape substituted amorphous cement particles, the viscosity or consistency of fresh cement
pastes decreases, and even lower yield stress values can be obtained although the water/binder ratio
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decreases [34]. Nevertheless, high dosages of fly ash can lead to fluidity loss due to its high specific
surface area, which provokes higher water demand and admixture consumption. The combined
effects of spherical shape and high polydispersity of fly ash added to cement pastes can enhance
the results before pointed out, i.e., for a given solid volume fraction, the plastic viscosity increases
and the yield stress decreases with particle polydispersity [35]. In the last sense, the main objective
pursued adding fine mineral additions with a high polydispersity index is to reduce, as low as possible,
water/binder ratio in order to obtain optimal conditions for the production of high-strength and
high-performance concretes [36]. Sometimes, mineral additions are used in combination with chemical
additives (superplasticizers) [37]. The objective is to reduce water demand maintaining workability
and strength at hardened state. Not all mineral additions can be used to this end. For example, this can
be achieved using fly ash but not limestone [38] or nano-CaCO3 [39].

Summarizing, mineral additions are used to improve hardened properties of cementitious
materials maintaining or refining fresh state behaviour. Two main types of mineral additions are used,
with and without pozzolanic activity. The first type will be specifically considered in part 6 when
advances in blended cement are reviewed. The main characteristics of mineral additions without
pozzolanic activity that have an influence on the rheology of cement pastes are size, shape and particle
polydispersity. In both cases, combined action of mineral additions with plasticizers gives place to
cement paste formulations optimal for high-performance concretes design.

5. Chemical Admixtures Influence

There are two most important effects that the presence of chemical additives has on the rheology
of fresh cement pastes,

a) the increase of the duration of the dormant period [40], because hydration reaction of cement
slows down [41], allowing considering cement pastes as a chemically stable suspension during
longer time intervals [42],

b) and the modification of its viscosity [43,44].

The type of chemical additive is determinant for the observation of different rheological behaviors.
Specifically, polysaccharide gums increase the viscosity of pastes, enhance rebuilt-up kinetics at rest,
and increase the yield stress [18], the effect being much more significant at low than at high shear
rates [43]. So, the cement paste will be stable against sedimentation at rest and resistive to solid–liquid
separation, but will flow easily when, for example, being pumped.

Sometimes, counterintuitive effects, like a decrease of the viscosity of cement paste when the
viscosity of the interstitial liquid phase is increased due to the addition of a chemical admixture, are
also observed. This phenomenon has been justified by the lubricant action of the liquid phase with
respect to solid particles [45], which is higher when the admixture viscosity is higher [46].

Whatever the case is, the performance of a chemical additive is determined by its compatibility
with cements, i.e., the adsorption capability of each type of cement particles [44,47], and
temperature [48]. Bonen and Sarkar [49] analyzed the adsorption capacity of sodium salt of
polynaphthalene sulfonate superplasticizer by different cement types, and concluded that cement
fineness and superplasticizer molecular weight are the main factors determining the adsorption
capacity of pastes. Bessaies-Bey et al. [50] studied polyacrylamide adsorption on cement particles,
and observed the formation of polymer micro-gels that not only adsorb on particles but also bridge
them increasing consequently the yield stress of the cement paste. Then, Mukhopadhyay and Jang [51]
proposed a rheological method to quantify cement-admixture incompatibilities. They measured the
time evolution of the yield stress and plastic viscosity of pastes and justified, combined with heat of
hydration evolution data, that incompatibility of the admixture corresponded to a rate of change of
yield stress lower than 14 Pa/h and a rate of change of plastic viscosity lower than 0.02 Pas/h.
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Two main types of chemical admixtures can be distinguished, viscosity-modifying admixtures,
which increase the viscosity of cement pastes [43,44], and superplasticizers, which disperse cement
particles [52,53].

In order to design adequate formulations of cementitious materials, the optimal dosage of chemical
admixtures must be determined [54–56]. Sometimes, this does not coincide with that recommended by
the producer [57] or is clearly dependent on physical conditions of the cement paste, as temperature [58].
Moreover, incompatibilities before cited between cement and chemical admixtures should be well
established to avoid problems in fluidity [58]. In fact, the same chemical admixture can show
a different performance when added to different cement types [59]. It appears that polycarboxylate
type superplasticizer have the best compatibility with a wider variety of cements [60]. So, the study of
this kind of superplasticizers has extended to consider a variety of molecular conformations due to the
incorporation of different hydrophobic groups to the polycarboxylate molecule [61].

Another aspect that must be considered when several chemical admixtures are simultaneously
used in the formulation of the same cement paste is its synergic effect [62–65]. For example,
it was observed that a polysaccharide viscosity-modifying agent (Welan Gum) has a higher
influence on rheological properties of cement pastes formulated with an ester polycarboxylate
superplasticizer than when it was formulated with an ether polycarboxylate [66]. Nanoclay enhances
or modifies [24] thixotropy behavior of cement pastes with polycarboxylate ether superplasticizer [67].
Hydroxypropyl-methyl cellulose ether [68] and polyacrylic acid [69] acts opposite to the dispersive
capability of polycarboxylate type superplasticizers. The presence of other mineral additions, as borax,
in order to retard cement paste setting must be analyzed in depth due to the negative effect that can
induce in the adsorption of superplasticizer molecules onto the particle surface [70]. On the other
hand, specific plasticizer and viscosity-modifying admixture concentrations are necessary to achieve
the best rheological performance of cement pastes [30]. Although polycarboxylates are more effective
than lignosulfonates, i.e., a lower concentration of polycarboxylates is necessary to obtain the same
yield stress and consistency reductions, when they are combined, lignosulfonates adsorption onto the
cement particle surface is dominant [71], although limited by the amount of C3A in the composition of
the clinker from which the cement powder is obtained [72].

Viscosity-modifying admixture of starch type can give place to different viscous behavior at
low (shear-thinning) and high (shear-thickening) shear rates. These opposite behaviours have been
ascribed to disentanglement and alignment of admixture molecules at low shear, and the increase of
repulsive interparticle forces at high shear [73].

Summarizing, two main types of chemical admixtures are used to modify cement paste rheological
behavior, viscosity-modifying admixtures and superplasticizers. The first are used to improve stability
of pastes against sedimentation and bleeding, while superplasticizers increase the dormant period and
allow for reduction of water content, which leads to higher strength when pastes set. Synergic effects
must be carefully considered when different chemical admixtures are tested.

6. Blended Cements Behavior

Although the term blended cements generally refers to materials obtained when the ligand phase
is obtained with water added to the mixture of cement and another material in different states of
aggregation [74–76], here we will limit the definition to materials that are obtained when cement
is partially substituted by another solid phase. This last can or cannot show pozzolanic activity.
The term “binder” is used for the mixture cement + solid addition. It is widely accepted that particle
morphology [77] and pozzolanic activity [78] of binders are the main features that determine their
influence on the rheological behaviour of blend cement pastes.

Limestone filler and silica fume are two examples of solid substitutions without pozzolanic
activity. It has been observed that the substitution of cement by limestone filler, maintaining constant
the water/binder ratio, increases the yield stress and decreases the plastic viscosity of pastes [28]. Then,
the stability at rest of cement pastes is enhanced, although the increase of the segregation of the phases
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can be an undesirable consequence. It has been also observed that the particle morphology of limestone
has much more influence on the rheological behavior of pastes than its chemical composition [79].

Activated kaolinite (metakaolin) is a widely used example of the solid phase with pozzolanic
activity [80]. The yield stress of blended pastes increases when the amount of activated kaolin
increases [81] or the pozzolanic activation of kaolinite is enhanced [82]. Even then it can give to cement
paste adequate characteristics for use in self-compacting concrete formulation [83]. Fly ash is another
binder extensively used due to its pozzolanic activity. The origin of fly ash can be the combustion
of fuel [34] or different biomasses [84]. In both cases, the regular shape of particles is a characteristic
demanded for the optimal rheological behavior of pastes.

The use of natural pozzolans (mixtures of volcanic ash and pumice powder) as partial substitution
of Portland cement has been shown to be an economic and very useful alternative in volcanic
zones. Again, the yield stress increases and the plastic viscosity decreases with cement substitution.
This variation of the rheological parameters has been justified by using a model that treats fresh
volcanic cement pastes as suspensions of particles in a fluid phase formed by water and the gel
resulting from the chemical hydration reaction of cement [78].

Blended cements contribute to the reduction of CO2 emissions that result from cement production,
and help to conserve the environment when waste solid materials are used. These are two important
reasons that justify the interest for this research area that can be added to the increase of concrete
durability thanks to improving the resistance to salts, freeze-thaw and carbonation effects.

7. Viscoelastic Behaviour

The objective of the rheological studies of cement pastes is to obtain rheological parameters with
some practical meaning. This has traditionally been the case with viscosity, yield stress, and plastic
viscosity, which are related to workability, fluidity and resistance to segregation, respectively. However,
these rheological parameters account only for the viscous behaviour of the pastes. Additionally,
time dependence of viscosity (thixotropy) is used to quantify microstructure changes, which is
information useful to avoid, for example, cold joints in sequential casting applications. Moreover,
viscoelastic studies are considered when useful knowledge for practical applications is obtained, i.e., on
workability [57], microstructural evolution [85,86], and pumping [87].

Creep-recovery tests have been used for cement pastes to determine with much more precision
the yield stress value. This is the stress value that limits the transition from viscoelastic solid-like to
liquid-like behaviour [88,89].

Small-amplitude oscillatory shear applied to cement pastes has been shown to be the main
evolution of the microstructure of the paste occuring just after the first contact of the cement with
water [85,86]; the linear viscoelastic behaviour is limited by lower shear strain values when the
water/cement ratio increases [88]. Moreover, as is reasonably expected, the storage modulus also
decreases when the water/cement ratio increases [90]. Large-amplitude oscillatory shear will be of
interest when the meaning for the results is proposed.

8. Flow Models

As cement pastes need, in general, for a threshold shear stress to be surpassed in order to observe
flow, viscoplastic models [26,57,91–97] have been largely used to describe shear-stress-shear-rate or
steady flow curves (Table 1). Some confusion results from the use of ramp flow curves (non-steady)
to fit or describe new viscoplastic models [98]. Whatever the case, the influence of cement paste
composition (cement type, water/cement ratio, type and concentration of different additions and
admixtures, etc.) on the value of the model parameters, has been the subject of a large number
of publications [2,27,59,99–101]. For example, Jones and Taylor [7] proposed a model based on
Robertson–Stiff’s to relate the flow curve of cement pastes to water/cement ratio,

τ = (aw + b)
{ .

γ + (cw + d)
}( r

w +se−w) (8)
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where w is the water/cement ratio, and a, b, c, d, r, and s are constants to be determined. However,
this 6-parameter model is capable for describing only qualitatively shear-stress-shear-rate-water/
cement-ratio curves [7].

Table 1. Viscoplastic models used for describing steady flow curve of cement pastes.

Model Name Equation Reference

Bingham τ = τy + ηp
.
γ [90]

Modified Bingham τ = τy + ηp
.
γ + c

.
γ

2 [91]
Herschel–Bulkley τ = τy + K

.
γ

n [92]
Robertson–Stiff τ = A

(
C +

.
γ
)B [93]

Karam τ = Aexp(kφ)
( .
γo −

.
γ
)

[94]
Casson τ = τy + η∞

.
γ + 2√τyη∞

√ .
γ [95]

Modified Casson τm = τm
y + η∞

.
γ

m [96]
Papo–Piani τ = τy + ηp

.
γ + K

.
γ

n [57]

Vom Berg
.
γ = Bsinh

(
τ−τy

A

)
[97]

The responses of cementitious materials to flow after rest state cycles have been also modeled [102].

9. Flow Behavior Analysis with Alternative Methods

It has been recognized the influence of the measurement device on the results of rheological
testing. A study on concentric cylindrical geometries [103] lead to acknowledge that the surfaces in
contact with cement pastes must be roughness to avoid wall-slip phenomena, and the gap between
rotor and stator must be large enough to guarantee laminar and homogeneous flow of the fluid.
The use of cone-plate geometry to obtain rheological data is not appropriate due to the size of cement
particles (10–100 μm) despite, surprisingly, some authors affirming the reproducibility of the results
when the gap was the same order than particle size [7].

The sedimentation of cement grains is one of the most important problems that must be
avoided to obtain valid results. With the aim to reduce its negative impact on rheological
measurements, alternatives to rotational rheometers have been explored. For example, the turning-tube
viscometer [104] avoids cement grain sedimentation, although rheometric measurements are relative,
i.e., it does not supply absolute or fundamental rheological parameters.

Squeeze flow has been also used to characterize rheologically cement pastes [105]. However, it is
necessary to assume a variety of simplifications in the experimental procedure (infinite volume of
the sample, neglecting buoyancy force on the top plate, and neglecting of stress due to friction) to
obtain results with some physical meaning. Despite squeeze and shear experiments results did not
coincide [104], it is a valuable technique to mimic the flow conditions experienced by the cement paste
in the inner granular space of concretes [106].

The inclined plane test has been shown to be a valuable way to infer rheological characteristics of
cement pastes [107]. Shear stress-shear rate curves show reasonable agreement with those obtained
with conventional rotational rheometers but what is most remarkable is that they allow us to show
directly that the yield stress increases with the time that the sample is at rest before the test was made.

Extrusion is used in the formation of cement pastes. To determine the conditions that maintain
constant the shape and cohesion of the extruder, specific studies complementary to rotational rheometry
must be undertaken. Another reason for the use of this technique is the possibility to test materials
with very low water/binder ratios [108]. In this respect, the presence of fly ash reduces the value of
the extrusion load due to the lower size and the spherical shape of fly ash particles gives place to a
lubricant effect [31].

Flow measurements at high pressure conditions can be made with specific cells that can be coupled
to conventional rotational rheometers. They are designed to simulate pumping processes [109].
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10. Conclusions

Interest in gaining information about the rheological behavior of fresh cement pastes (RBFCP) is
mainly due to the role played by this phase in concrete and mortar formulations. Moreover, as cement
pastes are particle dispersions featured by a decisive hydration chemical activity, which generates
products from the reaction that form a gel phase interconnecting the core of cement particles, academic
interest in the study of this material has also given rise to a variety of research sub-fields on RBFCP.
Briefly, the state of the art can be summarized as follows:

a) The mixing protocol applied to cement paste preparation is not a trivial issue. It should be
intensive and lengthy enough to break all particle agglomerates, but limited by the possibility
of provoking the opposite effect, especially when chemical additives form part of the cement
paste formulation.

b) Fresh cement pastes are concentrated particle suspensions in which particle–particle interactions
are governed by colloidal, steric, and hydrodynamic forces, and also by products of the hydration
reaction (C–S–H).

a) The combined action of mineral additions with plasticizers gives rise to cement paste formulations
optimal for high-performance concrete design.

d) Viscosity-modifying admixtures and superplasticizers are used to improve the stability of pastes
against sedimentation and bleeding, and to increase the duration of the dormant period and allow
for a reduction in water content. Synergic effects must be carefully considered when different
chemical admixtures are jointly tested.

e) Studies on blended cements are justified by the benefits on the environment and the possibility to
develop new and improved concrete formulations.

f) Viscoelastic studies on cement pastes need to be properly justified, giving practical meaning to
the rheological parameters thus obtained.

g) Cement paste is a viscoplastic material. In this case, the rheological parameters commonly
analyzed, the yield stress and the plastic viscosity, are related to practical uses. This is because
steady viscous flow studies have traditionally been undertaken.

h) Sedimentation and wall slip are two error sources in rheological tests. Then, new experimental
methods must be developed that, in addition, can inform us about other flow cement
pastes characteristics.
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Abstract: The correlation between interfacial properties and emulsion microstructure is a topic of
special interest that has many industrial applications. This study deals with the comparison between
the rheological properties of oil-water interfaces with adsorbed proteins from legumes (chickpea or
faba bean) and the properties of the emulsions using them as the only emulsifier, both at microscopic
(droplet size distribution) and macroscopic level (linear viscoelasticity). Two different pH values
(2.5 and 7.5) were studied as a function of storage time. Interfaces were characterized by means of
dilatational and interfacial shear rheology measurements. Subsequently, the microstructure of the
final emulsions obtained was evaluated thorough droplet size distribution (DSD), light scattering
and rheological measurements. Results obtained evidenced that pH value has a strong influence on
interfacial properties and emulsion microstructure. The best interfacial results were obtained for the
lower pH value using chickpea protein, which also corresponded to smaller droplet sizes, higher
viscoelastic moduli, and higher emulsion stability. Thus, results put forward the relevance of the
interfacial tension values, the adsorption kinetics, the viscoelastic properties of the interfacial film,
and the electrostatic interactions among droplets, which depend on pH and the type of protein, on
the microstructure, rheological properties, and stability of legume protein-stabilized emulsions.

Keywords: bulk rheology; droplet size distribution (DSD); dilatational rheology; emulsion stability;
interfacial shear rheology

1. Introduction

A wide variety of commercial fluid products (e.g., for food or pharmaceutical applications)
basically consist of colloidal disperse systems, such as emulsions and foams, whose primary
characteristic is the formation and stabilization of a large interfacial area. Proteins are highly efficient
for the stabilization of fluid–fluid interfaces as they tend to form two-dimensional (2D) microstructures
at the interface, which are referred to as complex interfaces. Such complex interfacial microstructure
leads to rheological complexity. In fact, the properties of the fluid-fluid interfaces (e.g., surface tension,
surface dilatational, or surface shear moduli) may show a dominant effect on the overall dynamics
of these systems. Hence, an understanding of the interfacial properties of adsorbed protein layers is
considered to be essential for controlling the physio-chemical stability properties of such colloids [1,2].
However, the dynamic behavior of protein-adsorbed fluid-fluid interfaces can be analyzed by using
different rheological approaches. Dilatational rheology has been related to the dynamics of emulsion
formation [3,4] but involves changes in the surface area and surface concentration [5,6]. On the other
hand, interfacial shear rheology is attracting increasing attention since it has been postulated to be
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more sensitive to the application of small deformations over which the surface area remains unaltered.
In addition, the interpretation of these measurements is analogous to that of widely used techniques in
bulk rheology [7,8]. However, a correct interpretation of interfacial films requires of both techniques
(dilatational and interfacial shear rheology). Although several tools have been used to overcome the
challenges of interfacial shear rheology, double wall ring (DWR) geometry has demonstrated many
advantages, where the effect of adjoining subphases may be conveniently neglected in most of practical
conditions [9,10].

The dynamics of model proteins (mainly coming from milk fractions), adsorbed at oil/water
(O/W) interface, has been widely studied [9–11]. However, these proteins systems are not
cost-competitive enough for the manufacturing of commercial emulsions. An attractive alternative for
the formation and stabilization of emulsions has been the use of plant proteins, not only because they
are more cost-competitive but also because they exhibit high nutritional quality and allow avoiding
the use of animal sources. Among them: legume proteins, which constitute the world’s fourth
most important crop and are particularly interesting due to their excellent nutritional properties and
composition as they are rich in carbohydrates, proteins, fibers, vitamins, and minerals [12,13]. In fact,
the protein content in legumes is higher than in cereals (reaching up to 20 wt.%) and similar to that
found in meat products [14].

In addition to the characterization of the emulsion at a nanoscale (interfacial properties), it is
essential to relate the emulsion stability to its properties at a microscale (i.e., droplet size distribution,
DSD), as well as to the macroscopic properties, such as the rheology of the continuous phase, both of
which depend on the interactions among droplets [15] and can be used to predict some destabilization
phenomena (e.g., creaming and flocculation) [16].

The aim of this work was to evaluate the links between the interfacial properties of legume
protein-adsorbed O/W layers and the microscopic and macroscopic properties of emulsions stabilized
by using these proteins, either from chickpea (CP) or faba bean (FB). Additionally, the influence of
pH value was analyzed (pH 2.5 and 7.5). To achieve this objective, the interfacial characterization
was carried out by means of dilatational and interfacial shear rheology measurements (using a
DWR geometry). Moreover, the microstructure and stability of final emulsions were evaluated
by means of droplet size distribution (DSD) and multiple light scattering (MLS) analysis whereas
their bulk rheological properties were determined by using small amplitude oscillatory shear
(SAOS) measurements.

2. Materials and Methods

2.1. Materials

Two protein systems were used in this study. The HerbaPro F65 (from faba bean) and the CD
300 (from chickpea). Both protein concentrates were supplied by Herba Ingredients (San José de la
Rinconada, Seville, Spain). The former protein system was obtained by direct milling, followed by a
dry densification process. The light effluent rich in proteins (56.4 ± 0.1 wt.%) was used in this work [17].
The later protein system was obtained by direct milling of chickpea, however it was concentrated by
protein solubilization, followed by isoelectric precipitation (pH 4.0) [18]. The final protein content of
this protein system (CP) was previously reported by the authors (65.2 ± 0.1 wt.%) [18]. On the other
hand, the sunflower oil was purchased from a local producer (COREYSA, Seville, Spain) and all other
chemical reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA). The isoelectric point of
each protein system was previously determined, being 3.5 for the FB protein system [17] and 4.0 for
the CP protein system [18].
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2.2. Interfacial Characterization

2.2.1. Pendant Droplet Measurements

Kinetics of protein adsorption was determined by pendant droplet measurements. Transient
and steady-state interfacial dilatational measurements were carried out using the TRACKER
pendant-droplet tensiometer (IT Concept, Nice, France). The shape of an axisymmetric droplet
was analyzed through a charge-coupled device (CCD) camera coupled to a computer. Droplet
profiles were processed according to the Laplace equation as was described by Castellani et al. [19].
Transient measurements were carried out at 0.62 rad/s and 10% strain amplitude. On the other hand,
after reaching the pseudo-equilibrium state (i.e., after 10,800 s), the mechanical spectra were obtained
by means of a frequency sweep test (from 0.048 to 0.62 rad/s). All the experiments were carried out, at
least in triplicate, at the saturation protein concentration of the O/W interface, using an optical glass
cuvette (8 mL), which contained the oil phase, at 20.0 ± 0.1 ◦C.

2.2.2. Interfacial Shear Rheological Properties

Protein adsorption kinetics was also determined by interfacial measurements. Transient and
steady-state interfacial shear measurements were carried out using the Double wall-ring geometry,
coupled to the high-sensitive DHR-3 rheometer (TA Instruments, New Castle, DE, USA). Interfacial
shear characterization was carried out by means of interfacial small amplitude oscillatory shear
measurements (i-SAOS) measurements [8]. Time sweep experiments were carried out during the
protein adsorption (i.e., over 10,800 s) at 0.62 rad/s, obtaining the interfacial shear mechanical spectra.
Subsequently, frequency sweep tests were performed after protein adsorption from 0.062 to 6.2 rad/s.
Prior to frequency sweep tests, stress swept tests were performed to determinate the linear viscoelastic
region (LVR). All these experiments were carried out at the saturation protein concentration of the
O/W interface, at least in duplicate, where the experimental set-up was thermostated at 20.0 ± 0.1 ◦C
by placing the double wall cup directly onto the Peltier bottom plate.

Moreover, the contribution of the subphase to i-SAOS results was assessed by calculating the
Boussinesq number (Bo) (Equation (1)):

Bo =
ηs

a × ηb
(1)

where ηs and ηb represent the viscosities of the interface and the bulk, respectively and a is the
characteristic length for the for geometry used (0.07 mm).

Bo was higher than 100 in all cases (Bo > 100), indicating that the response obtained is solely
related to the interfacial contribution [8,20].

2.3. Emulsion Preparation

Emulsions were prepared following a two-stages method. In the first stage, protein dispersion
(50/50) was adjusted at the selected pH value: either below the isoelectric point (IEP) (pH 2.5) or
above the IEP (pH 7.5) [17,18]. Subsequently, high-oleic sunflower oil (Coreysa S.A. de C.V., Sevilla,
Spain) was gradually blended with the aqueous protein dispersion. The protein concentration was
selected according to the concentration of protein required for the saturation of the O/W interface:
2.5 wt.% for pH 2.5 and 4 wt.% for pH 7.5. Blends were subjected to high-shear mixing using the
Ultraturrax T-50 (IKA, Staufen, Germany) over 2 min at 5000 rpm, obtaining pre-emulsions. The second
stage consisted on passing once the pre-emulsions through the high-pressure valve homogenizer
EmulsiFlex-C5 (Avestin, Mannheim, Germany) at 200 KPa. After that, the emulsions were ready for
further characterization.
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2.4. Emulsion Characterization

2.4.1. Droplet Size Distribution Measurements

DSD measurements were carried out by laser diffraction with the Mastersizer X (Malvern
Instruments, Malvern, UK). To disrupt floccules, 1 wt.% of sodium dodecyl sulphate (SDS) was
added to the water/emulsion dispersion, followed by a soft stirring [21]. The Sauter mean droplet
diameter was calculated as follows:

D(3, 2) =
∑ nid3

i

∑ nid2
i

(2)

where ni is the number of droplets which have di as diameter. DSD measurements were carried out the
day after emulsion preparation and 28 days later.

2.4.2. Bulk Rheological Properties

Linear viscoelastic properties of legume protein-stabilized emulsions were determined by SAOS
measurements, carried out using the AR-2000 rheometer (TA Instruments, New Castle, DE, USA).
Prior to frequency sweep tests, stress sweep tests were performed at three different frequencies (0.62,
6.20, and 12.52 rad/s) to define the linear viscoelastic region (LVR). Subsequently, frequency sweep
tests were carried out from 0.062 to 125 rad/s, at constant stress within the LVR. Serrated plates of
35 mm were used in these measurements to avoid slipping phenomena. SAOS measurements were
carried out the day after emulsion preparation and 28 days later.

2.4.3. Backscattering Measurements

MLS measurements were carried out with a Turbiscan Lab Expert (L’Union, Toulouse, France).
A light source on a glass tube, which contains the sample, was applied. The backscattering profile
was obtained as a function of the tube length. The stability of these emulsions was analyzed during
28 days. Relative backscattering (ΔBS) as a function of time was defined as follows:

ΔBS (%) = (BS0 − BSt)× 100 (3)

where BS0 and BSt are the BS values obtained for the full profile at 50 mm tube length the day 0 and
after time, t (1, 7, 14, 21, and 28 days), respectively.

2.5. Statistical Analysis

At least three replicates of each measurement were carried out. Measurement uncertainty was
determined by means of standard deviation. Moreover, significant differences (p < 0.05) were analyzed
by means of analysis of variance (ANOVA) tests (Excel statistical package). Different letters in tables
indicate significant differences.

3. Results

3.1. Interfacial Characterization

3.1.1. Dilatational Measurements

Figure 1A shows the rheokinetics of the protein adsorption at O/W interface at two different pH
values (2.5 and 7.5) for the two protein systems studied (FB and CP). As can be observed, the initial
adsorption of the protein at the interface involves an increase in the apparent elastic modulus (E’s), as
well as a decrease in the apparent viscous modulus (E”s) which corroborates that the interfacial film is
progressively being formed in all cases [7,22,23].
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Figure 1. Evolution of the dilatational viscoelastic moduli (E’s and E”s) of the oil/water O/W interface
at two different pH values (2.5 and 7.5) for the two protein systems studied (faba bean (FB) and chickpea
(CP)): (A) during protein adsorption; (B) after reaching the pseudo equilibrium state.

This initial behavior has been previously related with protein diffusion and penetration to the
O/W interface. This first step is typically followed by protein opening and consequently unfolding,
leading to a decrease in rate changes of the apparent viscoelastic moduli (E’s and E”s), eventually
showing a tendency to reach a constant value of E”s or E’s. This is the behavior observed for both
protein systems at pH 2.5, however at pH 7.5 the trend to a constant value is achieved after a shoulder
in E’s. This different behavior, regardless of the protein used, has been attributed to some protein
rearrangements which might take place at this pH value [24], as well as to the formation of a protein
multilayer [25]. In any case, previous studies indicated that the protein adsorption at low pH value
(i.e., 2.5) took place faster since protein is denatured before reaching the O/W interface, leading to a
faster protein unfolding at the interface.

This plot also reveals that the interfacial films developed are stronger for pH 2.5 than for pH 7.5,
regardless of the protein system that studied FB or CP. Among them, CP interfacial films exhibit higher
viscoelastic response. On the other hand, Figure 1B exhibits apparent dilatational viscoelastic moduli
after 10,800 s protein adsorption at two different pH values (2.5 and 7.5) as a function of frequency
value (from 0.048 to 0.62 rad/s). As can be observed, E’s is always above E”s, corroborating that
the formation of a gel-like interfacial film at the O/W interface takes place [9]. These gel-like results
(low frequency dependence and high apparent viscoelastic moduli) have been previously obtained
for other protein adsorbed at O/W interface [22,26,27]. Moreover, this plot also indicates that the
pH value exerts a marked effect on both apparent viscoelastic moduli (E’s and E”s). In this sense,
the mechanical spectra obtained for the different systems studied also indicate that the best results (i.e.,
the strongest gel-like response) were obtained for CP-adsorbed films at pH 2.5. These results were
related to unfolded proteins found at this pH value, allowing better interaction among different protein
chains [28] and leading to stronger interfacial films at low pH value due to higher protein-protein
interactions (related to hydrophobic forces) [29]. However, some precautions should be taken upon
analysis of these results since it is recognized that the apparent dilatational moduli obtained in complex
fluid-fluid interfaces may be affected by bending rigidity, as well as by the changes in the surface area
which take place during dilation and contraction [30].

3.1.2. Interfacial Shear Measurements

Figure 2A shows the protein adsorption rheokinetics of the O/W interface at two different pH
values (2.5 and 7.5) for the two protein systems studied (FB and CP) obtained by means of interfacial
shear measurement.
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Figure 2. Evolution of the interfacial shear viscoelastic moduli (G’s and G”s) of the O/W interface
at two different pH values (2.5 and 7.5) for the two protein systems studied (FB and CP): (A) during
protein adsorption; (B) after reaching the pseudo equilibrium state.

The comparison between interfacial dilatational and shear measurements have been proposed as
a key tool to understand the rheological behavior of complex interfaces. Thus, whereas the former
may be affected by bending rigidity and changes in surface area, the latter is not affected by these
phenomena. According to this plot, the evolution of G’s and G”s is similar to the behavior found from
dilatational measurements (E’s and E”s), where G’s experienced a fast initial increase followed by a
tendency to reach a plateau zone. Interestingly, the interfacial shear measurements do not show the
above-mentioned shoulder found at pH 7.5. Moreover, the G”s modulus decreases until reaching a
constant value. This response reflects the protein adsorption at the O/W interface which leads to the
development of an interfacial film [31]. The interfacial films formed at low pH value exhibit higher
elastic interfacial modulus than the interfaces stabilized at higher pH value, which is consistent with
the results obtained from dilatational measurements.

In contrast, when comparing the two protein systems, the consistency between interfacial shear
and dilatational measurements only remains at pH 7.5, at which CP displays higher values than
FB. However, the strongest gel-like response found at pH 2.5 for CP over FB-adsorbed films, under
dilatational measurement, is not observed by interfacial shear measurements.

On the other hand, Figure 1B shows the experimental mechanical spectra of the O/W
interfaces obtained for CP and FB protein systems adsorbed at the O/W interface after reaching
the pseudo-equilibrium state at two different pH values (2.5 and 7.5). These mechanical spectra
confirm the development of the protein network, which is reflected by a 2D gel-like behavior. However,
the G’s values obtained by interfacial shear measurements are more frequency-dependent, suggesting
that the E’s values may be affected by Gibbs elasticity caused by changes in surface area, which takes
place in dilatational measurements [7]. The above-mentioned inconsistency found between both
techniques over protein adsorption at pH 2.5 remains for the mechanical spectra obtained after the
pseudo-equilibrium. At pH 7.5, however, both techniques lead to highest mechanical spectra for
CP-adsorbed films.

3.2. Emulsion Characterization

3.2.1. Droplet Size Distribution Measurements

Figure 3 shows the DSD profiles obtained for CP or FB-stabilized emulsions the same day of
emulsion preparation (Figure 3A) and 28 days later (Figure 3B) at two different pH values (2.5 and 7.5).
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Figure 3. Droplet size distribution (DSD) profiles for FB and CP-stabilized emulsions at two pH values
(2.5 and 7.5): (A) the same day of the emulsion preparation; (B) after 28 days emulsion storage.

In order to explain the results from DSD measurements, the equilibrium interfacial tension
values for CP or FB-adsorbed O/W interfaces were previously measured by tensiometry (using a
Whilhelmy plate fitted to a KSV-Sigma 701 tensiometer (KSV Instruments Ltd, Helsinki, Finland)).
The values obtained for CP films at pH 2.5 and 7.5 were 5.0 ± 0.3 and 2.5 ± 0.5 mN/m, respectively,
whereas FB-adsorbed films at pH 2.5 and 7.5 showed interfacial tension values of 9.3 ± 0.4 and
3.5 ± 0.3 mN/m, respectively.

According to Figure 3A the lower droplet sizes were obtained with CP protein at pH 2.5, despite
the higher tension value shown at this pH as compared to pH 7.5. Similar results were found
previously for other protein systems, being related with the ability of proteins to cover the overall
surface droplet [32]. In fact, the adsorption kinetics is faster at low pH, as was shown in Figure 1A
and Figure 2A, leading to faster droplet breakage. In addition, the faster development of the 2D
network found at this pH also seems to contribute to protect the interface against recoalescence,
which is particular important at the beginning of the emulsification process. Thus, higher interfacial
viscoelastic response was related to smaller droplet sizes and stronger interfacial films for the same
protein system [33]. In contrast, the high value obtained for the interfacial tension of FB at low pH
seems to be dominant leading to a DSD profile with the highest droplet sizes. In any case, the lower
interfacial tension values of CP-adsorbed films as well as its faster adsorption kinetics contribute to
obtain lower droplet sizes for CP-stabilized emulsions. The lower values found for the loss tangent of
CP-adsorbed layers (data not shown) also contributes to protect the O/W interface against coalescence.

Nevertheless, when comparing DSD profiles for emulsions measured at the same day of
preparation (Figure 3A) with those measured 28 days after emulsion preparation (Figure 3B), it
may be concluded that these emulsions are rather stable regardless of the pH or protein system used.
The only exception is the FB-stabilized emulsion at low pH which shows a moderate evolution of the
DSD profile towards higher sizes, which may be associated to some coalescence. According to previous
studies on O/W emulsions stabilized by protein as the only emulsifier, an average size (D(3,2)) lower
than 3 μm would lead to highly stable emulsions [34]. All the emulsions studied show D(3,2) values
well below this value, excepting for the FB-stabilized emulsion prepared at pH 2.5 whose D(3,2) is
close to this limit.

These excellent results of emulsion stability, obtained in absence of any stabilizer, are closely
related to the gel-like viscoelastic response found for these O/W complex interfaces, since the
development of strong interfacial films avoid droplet coalescence which eventually would lead to
emulsion destabilization by creaming.

3.2.2. Bulk Rheology

Figure 4 shows the mechanical spectra obtained by means of frequency sweep tests for CP and
FB-stabilized emulsions, just the same day after emulsion preparation at two different pH values (2.5
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and 7.5). The frequency sweep tests showed that the values of G’ were always above G” within the
frequency interval studied, indicating that these emulsions have a gel-like behavior regardless of the
protein and pH value studied. In agreement with the mechanical spectra obtained from interfacial
films, the G’ and G” values obtained from emulsions showed a moderate frequency-dependence, which
is particularly remarkable for CP-stabilized emulsions at pH 2.5. In fact, this is the emulsion showing
higher values for the viscoelastic functions, whose response is typical of a well-developed elastic
network. On the other side, the lowest G’ values were obtained for the system stabilized with FB at pH
7.5, which confirm the weakness of the network formed [35,36]. As may be observed, CP-stabilized
emulsions show higher viscoelastic responses at both pH values. This viscoelastic behavior is similar
to the viscoelastic response found for full-fat emulsions stabilized by whey proteins [37]. This study
indicated that the viscoelastic moduli of these emulsions exhibited a soft frequency dependence,
whereas the elastic moduli reached a value of c.a. 2000 Pa.

 

Figure 4. Mechanical spectra from frequency sweep tests obtained for FB and CP-stabilized emulsions
at two different pH values (2.5 and 7.5) the same day of emulsion preparation.

SAOS results for emulsions are generally in agreement with DSD results shown in Figure 3, where
the smaller droplet sizes correspond to the higher elastic moduli, and consequently to the most stable
emulsions. Previous studies also found the same relationship between droplet sizes and viscoelastic
properties, where the more stable systems correspond to the lower droplet sizes and higher viscoelastic
moduli [38,39]. However, the viscoelastic properties of the emulsions are also strongly dependent on
pH that may have a relevant role on the electrostatic interactions among droplets, thus conditioning
the formation of the 3D elastic network.

3.2.3. Back Scattering Measurements

Figure 5 shows Backscattering ΔBS profiles and results for CP and FB-stabilized emulsions at two
different pH values (2.5 and 7.5). Although one of the greatest advantages of these measurements is
the prediction of emulsion destabilization in early stages, the profiles obtained for these emulsions
are fairly constant after 28 days of ageing, especially for CP-based emulsions. Thus, ΔBS profiles
were calculated in order to elucidate any slight change. These results indicate that only the emulsion
stabilized with FB at the lowest pH value shows an apparent change over storage time. This poorer
stability has been also observed by analyzing the evolution of DSD profiles. The rest of the emulsions
show only very slight increases of droplet sizes over storage time and small slopes for ΔBS profiles
(lower than 0.04), which reflect a good emulsion stability response against coalescence and creaming.
This type of kinetic stabilization has been previously found for other emulsions systems, and it is able
to provide them quite fairly long-term stability [40].
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Figure 5. Results from multiple light scattering measurements as a function of storage time:
(A) Backscattering (BS) profiles for CP-stabilized emulsions at pH 2.5; (B) BS profiles for FB-stabilized
emulsions at pH 2.5; (C) ΔBS for FB and CP-stabilized emulsions at pH 2.5 and 7.5.

4. Conclusions

The results from the interfacial dilatational and shear viscoelastic measurements indicate that
proteins are able to form a film with a gel-like behavior at the O/W interface, whose strength depends
on the pH value and the type of protein used. Comparing the two techniques it can be inferred that,
i-SAOS measurements have shown to be more sensitive to pH modifications and more useful to follow
the evolution of viscoelastic properties over protein adsorption.

As for the macroscopic results obtained for legume protein-stabilized emulsions it may be
concluded that DSD profiles, which is also strongly affected by pH and the type of protein, depend
on the interfacial tension value and on the adsorption kinetics and on the viscoelastic properties of
the interfacial film. SAOS and DSD results for legume protein-stabilized emulsions are generally in
agreement, where the smaller droplet sizes correspond to the higher elastic moduli, and consequently
to the most stable emulsions. However, electrostatic interactions among droplets also promote an
enhancement of the 3D elastic network.

A comparison between the bulk and interfacial mechanical spectra of these systems reveals
that both the pH of the continuous phase and the type of protein yield analogous effects on their
corresponding bulk and interfacial viscoelastic moduli. However, it is also apparent that the changes
induced on the mechanical spectra of the bulk are much more remarkable. There is a direct relationship
between interfacial and bulk properties, which is more evident for the CP protein concentrate,
particularly at pH 2.5. In any case, emulsions stabilized with FB at pH 2.5, at which the highest
interfacial tension value was obtained, show the poorest DSD results and emulsion stability.

Moreover, results obtained from emulsion stability seem to agree with the interfacial rheology
response of legume protein systems. This is particularly clear for the results obtained from i-SAOS
measurements, since dilatational measurements seems to overestimate the solid character of the
interface. Therefore, it may be concluded that emulsion stability cannot be solely predicted by
interfacial rheology since interactions among droplets may also show a significant contribution on the
bulk rheological response.
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Abstract: The droplet formation of Newtonian fluids and suspensions modified by spherical,
non-colloidal particles has attracted much interest in practical and theoretical research. For the
present study, a jetting technique was used which accelerates a geometrically defined plunger by
a piezoelectric actuator. Changing rheological properties of materials and extending deformation rates
towards nonlinear viscoelastic regimes created the requirement to extend dosage impulses towards
larger magnitudes. To mimic the rheological characteristics of nonconductive adhesives we modified
Newtonian epoxy resins by thixotropic additives and micro-scale glass spheres. Rheological analysis
at steady shear and oscillatory shear ensured a differentiation between material and process-related
factors. Evaluation of high-speed images allowed the investigation of drop dynamics and highlighted
the dispense impulse reduction by material-specific dampening properties.

Keywords: complex fluids; drop formation; epoxy; jetting; polymers; polymer processing;
prototyping; rheology

1. Introduction

The progressive evolution of micro-systems technology and its transition into consumer products
requires continuous miniaturization of electronic components. The first step in the development
of chip interconnection technology for advanced applications is the combination of electronic and
optoelectronic devices for which suitable support structures are essential. For this strategic aim, jetting
with piezo-controlled dosing valves is a technology with high potential due to its adaptability and
flexibility. By only a few changes in dosing mechanics, this widely used technology can be customized
from inkjet applications towards new and more complex materials [1,2]. General requirements for
dispensing small quantities of fluids by jetting are high spatial resolution and short process times.
To fulfill these requirements, it is necessary to improve the understanding of drop formation pinch-off
and thread movement for fluids with complex rheological behavior [3]. As discussed in the following,
fundamental differences exist in comparison to recent studies (as detailed below) on fluid application,
drop formation, or dot deformation for plunger-based dispensing methods of paste-like fluids at short
dosage times.

2. Background

Drop formation and drop constriction are intensively investigated topics of research. The wide
interest in analyzing these phenomena in the context of jetting has resulted in an increasing number
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of scientific discourses. Major topics are, for example, studies on complex materials [4–7], on drop
formation stages [8–11], or changes of the dispense mechanisms applied [11–15].

Dong, Carr, and Morris [16] focused their experimental research on drop-on-demand (DOD)
formation. In combination with a piezoelectric inkjet print head and a 53-μm nozzle orifice, the authors
used water and water-glycerin mixtures. A shockwave was directly coupled into the fluid leading
to five stages of drop formation. Pinch-off from the nozzle orifice occurred during the stretching
phase (primary break-up) whereas end-pinching evolved during the contraction phase (secondary
break-up). With increasing surface tension and/or decreasing viscosity, the dispensed volumes of the
primary drop and satellite drops increased. Additionally, the break-up depended critically on the fluid
properties as well as on the type of shockwave applied.

Investigations by Rother, Richter, and Rehberg [17] focused on the pinch-off itself and revealed
three categories of fluid flow. Drop formation measurements were executed by use of water-glycerin
mixtures while the droplet release was induced only by gravitational and capillary forces. During the
initial stage, drop shrinkage was observed in close proximity to the pinch point with the initiation
of a self-similar motion. Two separate flow regimes became discernible by the transition from
a viscosity-dominated Stokes regime towards an inertia-dominated Navier–Stokes regime which
led to a slope change in the shrinkage velocity of the neck diameter. The transition points depended
on the fluid viscosity. Due to self-similar motion, the classical linear stability analysis failed.

Henderson, Pritchard, and Smolka [18] analyzed the pinch-off of low-viscosity Newtonian fluids
in a pendant drop setup with gravitationally induced drop detachment. Detailed observations of the
fine structure of secondary breakups revealed wavelike instabilities which led to multiple breakups
and a comprehensive number of satellite droplets. The primary pinch-off started with a monotonous
necking near the drop and led to simultaneous breakups at different thread locations. Wavelike
instabilities were not observed for the primary thread but were generated during the breakup stage.

Computational models give additional insight into drop formation characteristics. Xu and
Basaran [19] focused their work on the detachment of incompressible Newtonian fluids from a 10-μm
capillary. They used Galerkin/finite element method (FEM) methods to characterize the stripping of
monodisperse droplets from a DOD-inkjet valve. The first of two stages started with an increasing fluid
volume ejection directed to the nozzle orifice. Subsequently, a constant flow rate could be calculated.
With increasing process time, the piezo actuator relaxed and the second phase commenced with reflux
of the fluid. This stage was referred to as the meniscus retraction stage. Fluid inertia and disturbances
led to drop shrinkage and primary drop breakup. For the starting time of flow inversion during jetting,
the authors found a correlation with the Ohnesorge number. Additionally, the Weber number was
used to characterize a positive axial velocity of the lower drop fragment and the meniscus retraction
to the capillary orifice. Reflecting the importance of the Ohnesorge and Weber numbers, the authors
developed a phase diagram for DOD drop formation.

The scope of the present research was to achieve a better understanding of mechanisms in
plunger-based DOD drop formation for highly filled polymers. In contrast to studies on inkjet printing
of Newtonian fluids or diluted polymer solutions [20,21] with equilibrium droplet constriction or
pendant drop setups [17,22], a massive jet impulse is required for highly filled fluids. As a compromise
between minimization of the drop size and microscale particle-based polymer modifications, we choose
a nozzle orifice of 100 μm. The modifications of fluids investigated started with neat Newtonian resins
and successively included high concentrations of thixotropic nanoscale additives and microscale glass
spheres. The jetting process used is characterized by high-speed fluid deformation and short dispensing
times. We could distinguish between dominating process conditions and optimal rheological properties
for commercial adaption of the jetting process, e.g., in chip interconnection technologies.
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3. Experimental

3.1. Materials

The selection of materials and their modification was motivated by the relevant application
properties, see Table 1. Starting with Newtonian flow characteristics of different epoxy resins
we increased the rheological complexity of the fluids by the addition of nanoscale and microscale
inorganic fillers.

Table 1. Material composition overview.

Material
Category

Matrix
Resin

Microscale Filler
(Glass Spheres)

Nanoscale Filler
(Aerosil R805)

Fluid
Characteristic

Sample Name

wt.-% Diameter wt.-%

I.

REPDTP - - - Newtonian REPDTP
REPDTP - - 5 Thixotropic REPDTP-R
R0161 - - - Newtonian R0161
R0161 - - 5 Thixotropic R0161-R

II.
R0161 62 <24 μm - Newtonian-like R0161-SiO
R3001 Commercial system <24 μm - Newtonian-like R3001

III.
REPDTP 62 <24 μm 2 Paste-like REPDTP-R-SiO
R0161 62 <24 μm 2 Paste-like R0161-R-SiO

To investigate the influence of nanoscale fillers on fluid cohesion by increasing elasticity and
thixotropy, the Newtonian resins REPDTP1 and R01612 (material category I) were modified by adding
5 wt.-% Aerosil R8053. The fluids of category II are equivalent to so-called Underfillers which are widely
used in microsystems technology. They show Newtonian-like flow behavior but also include glass
spheres4 with diameters of around 20 μm (microscale fillers) at a typical concentration of 60–70 wt.-%.
To avoid any kind of sedimentation only the high viscosity resin, R0161 was used as a matrix for
the category II fluids which were compared with the commercial Underfiller R30015. With fluids of
category III of the material matrix, we aimed to investigate both epoxy resins REPDTP6 and R01617

with the added combination of the nanoscale thixotropic agent Aerosil R805 and microscale glass
spheres. To ensure a comparison between category II and category III fluids, we kept the glass sphere
concentration at 62 wt.-%, but reduced the Aerosil R805 concentration to 2 wt.-% to guarantee optimal
dispersion of the fillers.

1 Ruetapox EPD TP (Trimethylolpropane triglycidyl ether, Martin Aerospace, Los Angeles,
CA, USA)

2 Ruetapox 0161 (Bisphenol F Diglycidyl ether)
3 AEROSIL R805 (Business Line AEROSIL®, Evonik Degussa GmbH, Essen, Germany)
4 SPHERIGLASS®Solid Glass Spheres: A Glass, Product Grade 5000 (Potters Industries Inc.,

Malvern, PA, USA)
5 R3001iEX Nagase ChemteX Corporation (Osaka, Japan)
6 Ruetapox EPD TP (Trimethylolpropane triglycidyl ether)
7 Ruetapox 0161 (Bisphenol F Diglycidyl ether)

3.2. Jetting Apparatus

Considering the complex rheology of the test fluids, a plunger-based jetting technique had to be
selected. The piezoelectric actuator ensured a well-defined material dosage. Small dimensional changes
of the actuator are induced by electrical impulses and are translated into high plunger paths (needle
lifts) with the assistance of a lever arm. As soon as the jetting sequence is triggered, the plunger moves
upwards to a defined position that is given as a percentage of the overall plunger path. The jetting
valve opens, and the test liquid is delivered into the fluidic module. To achieve high dosage impulses
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and ensure jetting of all viscous and paste-like fluids at the same comparable parameter set, the needle
lift is set to its maximum height of 100%. Subsequently, the plunger is accelerated downwards to the
nozzle (falling step). Due to the motion characteristic of the plunger, its kinetic energy is transferred to
the test liquid and pushes the material through the nozzle orifice. Figure 1 shows a schematic of the
needle lift as a function of time for a typical dispense sequence.

Figure 1. Schematic of dispense sequence and relevant process parameters.

The influence of individual motion parameters on the jetting process is obvious and,
in combination with various nozzles and plunger geometries, a significant diversity of trigger impulses
is achievable. Considering different materials with different relaxation times, zero-shear viscosities,
and fluctuating networks, diverse dispense characteristics can be expected. When jetting particle-filled
fluids, it is also important to avoid particle squeezing. Therefore, it is essential to use nozzles with
a diameter of at least four to five times larger than the particle diameter. Thus, we choose a nozzle
diameter of 100 μm for all experiments to avoid particle squeezing and nozzle blockage and, at the
same time, to achieve the minimal drop diameters possible since the nozzle orifice and drop diameter
are proportional to each other.

We used a ceramic plunger with a diameter of 1.5 mm for all of the fluid compositions examined,
since it is superior with regard to the reduction of particle aggregation in comparison to metal plungers,
and it provides the best fit to the inner nozzle curvature. By implementation of the high-speed camera
Motion Pro-HS4 (Redlake MASD, LLC, Tucson, AZ, USA) and a zoom lens, drop formation and drop
deformation at high dosage velocities were recorded. The magnification remained fixed and drop
images were collected in a “free fall position” without a view of the target substrate (see Figure 2 for the
camera placement). To achieve stable droplet geometries, the dispensing was performed in a so-called
burst mode which is defined as jetting an infinite series of droplets at a set of fixed parameters. A delay
time of 400 ms was programmed between drops while the image recording was triggered at every
tenth drop.

With respect to high magnification and fast image sequences of 35,000 frames per second, a cold
light source was used ensuring high light intensities without heating the test liquids. The test
temperature was stabilized at 25 ◦C.

An ARES G2 rheometer (TA Instruments, New Castle, DE, USA) with plates of 25 mm in diameter
in a plate-plate geometry and a gap of 500 μm was used to collect shear flow data. To correlate the
rheological measurements with jetting experiments a test temperature of 25 ◦C was also used for the
shear experiments. In order to investigate and correlate the complex rheology of the samples with
a drop-on-demand formation, a wide range of shear flow conditions was applied. Shear rate sweeps
were performed in the range of 0.001 s−1 to 1000 s−1, as well as strain sweeps with oscillatory shear at
6 rad/s from 0.001% to 100% shear deformation.
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Figure 2. Experimental setup of jetting apparatus and high-speed image acquisition.

3.3. Material Deformation during Plunger-Based Jetting

Substantial dosage impulses had to be applied to utilize the valve system for dispensing
high-viscosity materials with increasing shear rates in the nozzle orifice. In order to achieve a suitable
correlation between the jetting sequence and fluid properties, laser vibrometer measurements of the
path of the plunger (needle lift) were performed. In Figure 3 a plot of two dispense phases as a function
of time is presented.

 
Figure 3. Laser vibrometer measurement of the linear plunger path as a function of time; parameters:
Rt 0.5 ms, Ft 0.1 ms, Ot 0.5 ms, 100% needle lift.

For the jetting parameters indicated in Figure 3 a plunger velocity of 4.16 m/s and a needle lift of
234 μm were measured. The equation of Hagen and Poiseuille was used to calculate the maximum
shear rate during the first jetting phase. Hereby, fluid incompressibility and a non-damped impulse
transfer from the plunger to the dispensed fluid are valid assumptions. For a single-sided open valve
geometry, a maximum shear rate of 3.8 × 104 s−1 was found, which led to solid-like fluid deformation.

4. Results

4.1. Rheological Characterization of Test Fluids

The change in shear flow behavior of the neat and modified epoxy resins is documented by shear
rate sweeps, as shown in Figures 4 and 5. Newtonian flow behavior for the unmodified fluids is verified
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at the shear rate range investigated with viscosities of 150 mPa·s for REPDTP and 3700 mPa·s for R0161.
For thixotropic modifications with Aerosil R805, a distinct correlation between shear rate and viscosity
is observed. Due to the strong polarization effects of the Aerosil R805 nanoparticles, a temporary
network of secondary forces is created in the polymer leading to a viscosity increase by several orders
of magnitude. Increasing shear rates weaken the secondary forces and shear thinning results from
a breakdown of the superstructure. By plotting shear stress as a function of shear rate, it can be
observed that REPDTP-R is a plastic fluid with a yield stress and R0161-R is a pseudo-plastic fluid.

 
Figure 4. Shear rate sweeps of REPDTP and its modifications.

 
Figure 5. Shear rate sweeps of R0161 and its modifications.

The rheological data for REPDTP-R as a function of shear rate feature deviations from
a monotonous trend. In contrast to other standard epoxy resins, a dilatancy plateau appears at
a shear rate of 0.1 s−1. Given the fact that Aerosil R805 is characterized by high nanoparticle polarity
and additionally, by A high surface-to-volume ratio, the dipole interactions between the epoxy resin
and polar additive lead to temporary network formation. The epoxy system REPDTP is a technical
grade which is not fully epoxidized, and small quantities of polar groups remain in the resin. This leads
to further network stabilization by long-range interactions of polar polymer groups with Aerosil R805.
Up to shear rates of 0.1 s−1, a moderate network deformation translates into nanoparticle orientation
parallel to the flow direction. The viscosity decreases, and a viscosity plateau is reached at a shear
rate of approximately 0.1 s−1. However, due to its inherent nature, the superstructure is relatively
weak and becomes gradually destroyed with increasing shear rates. The flow resistance is weakened
in favor of a statistical distribution of the nanoparticles.

A combination of the resins REPDTP or R0161 with nanoscale fillers and glass spheres increases
the shear viscosity substantially (materials of category III, Figures 4 and 5). The so-called dispersions
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show a pseudo-plastic characteristic. In comparison with REPDTP-R and R0161-R, the viscosity
increases by one order of magnitude due to the addition of glass spheres. Furthermore, particle–particle
interactions affect the low-shear regime around 0.002 s−1 for R0161-R-SiO and the superstructure
plateau of REPDTP-R-SiO around 0.1 s−1 by an increase of flow resistance.

Figure 6 presents a shear rate sweep of fluids of material category II. As mentioned earlier,
Underfillers consist of a low-viscosity polymer matrix and glass fillers of several micrometers in
diameter. Incorporating a thixotropic effect in the property catalog of these materials is essential for
achieving an optimized flow at low shear rates driven only by capillary forces. For system R0161-SiO,
the steric impediment which is caused by particle–particle interactions can clearly be observed in
the low-shear regime. Due to the lack of network formation, hard elastic effects dominate the flow
behavior. Above 0.01 s−1, a viscosity plateau is observed over a significant shear rate range. The second
viscosity drop at high shear rates is caused by a breakdown of internal cohesion. Due to sensitivity
limitations of the rheometer, the used shear rate sweeps of low-viscosity materials such as R 3001 are
only reliable at shear stresses above 1 Pa. The observation of a constant shear stress slope for the test
system is in accordance with the behavior of commercial Underfiller R 3001.

 

Figure 6. Shear rate sweeps of category II Underfillers.

To determine sol and gel states, as well as the sol-gel transition strain, sweep tests under oscillatory
shear at a frequency of 6 rad/s were performed and are presented in Figure 7. Due to limited stress
responses of low-viscosity fluids at small shear deformations, a critical value of the shear strain has to
be reached in order to measure the storage modulus, G′, and loss modulus, G′′, accurately. tan δ is
referred to as the loss factor and is obtained as a ratio of the loss modulus G” to storage modulus G’.
It is important to note that a loss factor tan δ > 1 describes a gel state while a loss factor δ < 1 indicates
a sol state of the viscoelastic fluid. According to the Winter–Chambon Spectrum [23], the so-called
gel point is reached at a frequency-independent loss factor close to tan δ = 1. For the Newtonian
systems REPDTP and R0161, a sol state at a constant modulus can be verified for the deformation
range investigated. One can easily identify the viscosity difference between the two fluids by the
different values of the loss moduli G′′, see Figure 7A,B.
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Figure 7. Strain sweep tests under oscillatory shear at 6 rad/s; material category I (A–D) and material
category III (E,F).

The thixotropic modification, see Figure 7C,D, leads to a significant change in the material
response. At low values of deformation, both materials show a linear viscoelastic response, i.e., G′ and
G′′ remain constant and independent of the shear deformation. Since the values of G′ are larger than the
values of G′, the materials are in the gel state under these conditions. When the non-linear viscoelastic
regime is reached, a transition of the materials towards a sol state is observed. For both systems,
the storage modulus G′ decreases and the loss modulus G′′ increases with increasing shear deformation.
The characteristic slope of G′′ is more pronounced for REPDTP-R compared to R0161-R and can be
related to the superstructure effect discussed earlier. The resistance against structural deformations
results from dipole interactions between polar groups of the resin and of the thixotropic additive
which leads to an energy dissipation threshold for network deformation and network destruction.
Given the fact that the resin R0161 is of higher purity than the technical grade REPDTP, the effects
and consequences of the superstructure are negligible for R0161. Nevertheless, the storage moduli G′

are comparable for REPDTP-R and R0161-R since the same quantities of Aerosil R805 are used and
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dynamic networks with equivalent levels of stability are formed. Differences in the underlying resin
chemistry translate into individual G′′ values and correspond with specific viscosities.

Both test systems of category III show an equivalent flow behavior in comparison with modified
materials of category I, but with a Newtonian transition at smaller shear strain values, see Figure 7E,F.
A key factor is the enhanced local shear strain in the vicinity of the glass spheres. Similar to the
thixotropic modifications REPDTP-R and R0161-R, storage moduli of REPDTP-R-SiO and R0161-R-SiO
are also comparable whereas the dissipative effect of glass spheres leads to a higher G′′ level. For
increasing shear strains, a peak in the loss tangent is found which is caused by hard elastic particle
interactions between the glass spheres.

As discussed earlier, Underfillers show a viscosity plateau over a wide shear rate range. Due
to a Newtonian flow, characteristic sol states are observed in strain sweeps for R0161-SiO and R3001
with a nearly constant loss modulus G′′, see Figure 8. Although elastic softening is negligible for
R0161-SiO, a local minimum in the storage modulus G′ is seen with increasing deformation indicating
the presence of hard elastic interactions of glass spheres. In agreement with viscosity measurements
accomplished by strain rate sweeps, the loss modulus G′′ of Underfiller R3001 is lower by several
orders of magnitude compared to the model system R0161-SiO.

δ

δ

Figure 8. Strain sweep tests under oscillatory shear at 6 rad/s of material category II.

4.2. Plunger-Initiated Drop Formation

Figure 9 shows a schematic of the two jet stages as they evolve with time. For further analysis, we
define a reference time, t0, which corresponds to the time when the material exits the orifice. Jet phase
I (from t0 to t1) is characterized by (a) moderate flow rates out of the nozzle, (b) by the plunger being
in a raised position, and (c) an open valve status. Because of slow fluid accumulation at the nozzle
orifice, a standard drop with spherical shape is formed. As soon as the opening interval reaches its
pre-defined end-stage, the plunger is accelerated continuously downwards up to its maximum velocity.
A major amount of fluid is subsequently pushed through the nozzle and the primary drop undergoes
a geometrical change from a spherical to a primary thread (interval t1 to t2). When the plunger makes
contact with the nozzle pan, vibrational states are injected into the primary thread and stage II of
the jet process is reached. The primary thread elongates successively as the plunger impulse moves
through the fluid and accelerates the tip.

To analyze the drop evolution, we defined two position parameters (x1 and x2) and followed their
evolution in time. x1 marks the beginning of the primary drop whereas x2 refers to the primary drop
end. Depending on the rheological characteristics of the fluid, the primary drop can transition into
a primary thread. Hereby, the thread tip and thread end propagate at different velocities leading to
primary thread elongation and thus to different slopes of the x1 and x2 curves as a function of time.

All geometrical changes are linked to the reference (trigger) time and the progressive time frame
counting of the high-speed recording. Due to the field of view limitations, not all parameters are
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observable within one high-speed image until the thread breakup. Therefore, drop deformations
which occur at the target substrate are not discussed in this study.

In contrast to other studies related to drop formation and drop deformation, we do not consider
surface tension effects between the nozzle and fluid. Even for long dispense intervals, surface tension
is insignificant compared to the dominance of the plunger impulse and thread contraction was not
observed even for Newtonian systems.

Figure 9. Schematic dispense progress over time.

4.2.1. Category I, Newtonian, and Thixotropic Materials

In this study, REPDTP is the system with the lowest structural stability and viscosity. Both phases
of jet deformation are accessible and allow documentation of the drop development. Images 1 to 4 of
Figure 10 show slow fluid accumulation at the nozzle orifice in phase I. The fluid exits the orifice at
a low velocity until the opening time ends and the plunger acceleration starts. As soon as the plunger
hits the nozzle pan, the impulse carries over to the epoxy resin (frame 5) and stretches the primary
drop to a primary thread. The thread tip continues elongating while the filament end and the liquid
tail move with lower velocity (images 6 to 9). The stretching of the filament leads to a reduction in
the diameter and to multiple wavelike breakups (frame 12). The cohesion of this fluid is not strong
enough to allow compact dispensing.
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Figure 10. High-speed images of REPDTP drop formation with a time-interval of 67 μs between frames.
Left from top to down: Frames 1 to 6. Right from top to down: Frames 7 to 12.
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4.2.2. Category II, Underfillers

Similar to the neat resins REPDTP and R0161, the commercial Underfiller R3001 shows a classical
start of drop formation in jet phase I, see frames 1 to 6 in Figure 11. As soon as the plunger comes
into contact with the nozzle pan, a transition to jet phase II follows. Up to this transition point, the
structural evolution with time is comparable to category I materials, except for different damping of
the plunger impulse. Considering the Newtonian-like flow behavior and the low viscosity of R3001,
its damping ability is impressive since the drop stays compact even after complete impulse transfer
into the fluid (frame 7 to 12). During the filament-stretching phase, the evenly formed fluid tail shows
a Rayleigh-type breakup [16,21,24] (frame 14).
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Figure 11. High-speed images of R3001 drop formation with a time-interval of 50 μs between frames.
Left from top to down: Frames 1 to 7. Right from top to down: Frames 8 to 14.

4.2.3. Category III, Paste-Like Fluids

Paste-like systems of material category III show a shortened drop dynamic as evidenced by the
dispense imagines of REPDTP-R-SiO in Figure 12. Jet phase I is completely overruled and the overall
time period is reduced substantially to 0.07 ms in total. As soon as the plunger acceleration reaches
a sufficiently large value, the impulse is transferred to the test liquid instantaneously. No damping
characteristic can be detected, and a primary thread shoots out of the nozzle orifice. Additionally,
no wavelike breakups are observed and the jet stream fractures at a few localized positions into ligands
with diameters of approximately 60 μm.
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Figure 12. High-speed images of REPDTP-R-SiO drop formation with a time-interval of 33 μs between
frames. Left from top to down: Frames 1 to 6. Right from top to down: Frames 7 to 12.

The time-dependent drop deformation stages in terms of positions x1 and x2 (beginning and end)
of the primary drop/primary thread are presented in Figure 13. For the resins REPDTP and R0161,
one can easily observe an abrupt change of slope at 0.35 ms which corresponds to an acceleration
of the dispense velocity leading to a steep increase of x1 and x2 over time. Different slopes of x1

and x2 indicate different velocities of drop tip and drop end and thus a stretching of the thread.
Samples REPDTP and REPDTP-R are characterized by a specific starting point for the steep increase
of positions x1 and x2, as well as a continuous stretching and diameter reduction. We note that for
sample REPDTP-R, a delayed transition to jet phase II takes place. During impulse transfer from the
plunger to the fluid, the starting point of fluid stretching is shifted to later time frames compared
with the unmodified REPDTP. This observation correlates with the rheological data and we conclude
that the characteristic jet behavior of REPDTP-R is caused by enhanced viscoelasticity and thixotropy.
Thixotropic modifications of REPDTP systematically preserve a low loss modulus G′′, as shown in
strain sweeps, see Figure 7. Comparing REPDTP-R and R0161-R, both systems have comparable
network stability indicated by G′, whereas R0161-R does not show a transition from jet phase I to jet
phase II after impulse transfer from the plunger to the fluid.

In the case of Underfiller R3001, fluid stretching is delayed relative to impulse initiation as seen
from a moderate transition of the slope between 0.2 ms and 0.5 ms in Figure 14. Furthermore, the
drop tip and drop end detach from the nozzle with nearly identical velocities. Comparing the drop
dynamics with the ones of REPDTP and REPDTP-R, the evenly dispersed glass spheres of R3001
create an additional way to dissipate energy. In contrast to fluids with thixotropic modification and
strong network cohesion, particles in Underfillers interact with a non-elastic Newtonian matrix at low
flow resistance. Therefore, an impulse injection into the primary drop leads to a viscous deformation.
In addition, largely independent glass sphere realignment leads to additional dissipation of impulse
energy and compact dispensing of R3001 until a Rayleigh-type breakup occurs.

An equivalent velocity and dispense profile is found for the primary drop of R0161. Once the
neat epoxy polymer is modified with Aerosil R805, jet phase I is completely suppressed and only the
second phase is observed, see R0161-R in Figure 14. Drop dynamics of REPDTP, R0161, and R3001
are ideal examples of plunger-based jetting and drop evolution as a function of the dispense time.
With increasing rheological complexity and high dosage impulses, a strong dispense time decrease
occurs for paste-like fluids. The plunger impulse is transferred to the material without any noticeable
damping effects. The jetting characteristic of these materials which feature an elastic network in
combination with solid particle interactions can be described as solid-like. To overcome the yield stress
or the high zero-shear viscosity, all paste-like systems need a high plunger impulse and show identical
drop dynamics.
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Figure 13. Drop dynamics (positions x1 and x2 of the beginning and end of the primary drop/primary
thread) as a function of time for materials of category I (A–D) and materials of category III in plots (E,F).

Figure 14. Drop dynamics as a function of time for materials of category II.

5. Discussion and Conclusions

The plunger-based jetting of complex polymer resins can be separated into two stages of material
shaping: (a) classical drop formation with a stable structure at low deformation rates and (b) high-speed
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deformation with solid-like fluid dispensing. Here we presented a direct correlation between rheology
and jet formation.

Test systems with low viscosity and limited structural stability offer a wide spectrum of accessible
jet parameters. For systems of material category I, see Table 1, impulse damping and process time
up-scaling are documented. The classical drop formation during jet stage I is characterized by various
drop contours for identical jet parameters. Based on rheological data, the concept of a damping
influence on fluid dispensing was developed. Without microscale particles, the ability of the fluid to
reduce the jet impulse is limited, which leads to a continuous primary drop elongation. To verify the
concept of a damping influence, the primary drop contour evolution was analyzed as a function of time.
Here, a difference in slopes of drop tip and drop end positions reveals a significant damping effect.
Changes in the slope of both position curves highlight a change in the relevant damping mechanism
and thus a material-dependent influence of rheology.

A peculiarity is found for the commercial system, R3001, which allows for compact dispensing.
In this case, only small interactions of the glass spheres with the polymer matrix exist as can
be deduced from the sol character and the low viscosity of the fluid. Due to an adjustment of
the physicochemical properties of R3001, the internal cohesion nevertheless maintains a compact
drop-dispensing characteristic even though an elastic network could not be detected. However, neck
thinning of R3001 leads to multiple Rayleigh-type breakups and multiple satellite droplets.

In the case of paste-like fluids, the impact of jet parameters and fluid properties on drop contour
evolution becomes negligible. Equivalent drop shapes are obtained for various materials. Despite
the fact that in the second jet stage fluid properties are more important than process conditions,
a rheological study is generally advised in order to determine the level of dispensability. Glass spheres
and thixotropy additives generate an enhanced network stiffness which is characterized by reduced
glass sphere mobility within the dispersed Aerosil network. The average deformation range narrows
down and shifts to instantaneous material acceleration and primary threads without drop contour.
A brittle breakup at the nozzle orifice emerges.

In summary, for a variety of resins and resin modifications, the jetting process was investigated
in detail by high-speed imaging. Based on rheological classifications of the materials chosen, the
evolution of drop dynamics was studied in different stages of high-speed deformation. In general,
the jetting process can be separated into two jet phases and a significant influence on the jet
parameters was observed. With the increasing rheological complexity of the materials, jet phase
I is suppressed due to dispense impulse reduction by material-specific dampening properties resulting
in a stream-like material deposition. Plunger-based jetting was demonstrated to be a versatile technique
which allowed for the dosage of all test fluids investigated, regardless of the large variation in the
rheological characteristics.
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Abstract: Linear and nonlinear rheological features and electrical conductivity of two nanocomposite
systems based on polypropylene/multiwall carbon nanotubes (PP/MWCNT) are investigated.
The nanocomposites were irradiated with an electron beam following two different procedures.
Protocol A, where the nanocomposite mixture is irradiated, and Protocol B where only the PP
matrix is irradiated before mixing with MWCNT. The same irradiation dose adjusted to bring
about long chain branching (LCB) but not crosslinking, is used in both types of nanocomposites.
The modification of the polymer matrix viscosity caused by irradiation determines the MWCNT
dispersion and therefore the rheological and percolation thresholds. Elongational flow results reveal
that strain hardening, typical of irradiated PPs, is observed for the nanocomposites irradiated, but not
for the nanocomposites prepared with the irradiated PP. The hypothesis of a shear flow modification
that aligns the branches into the backbone, eliminating the strain hardening is considered.

Keywords: nanocomposites; LCB polypropylene; rheology; oscillatory flows; elongational flow

1. Introduction

One of the advantages of long chain branched PP is that it can be processed using techniques,
like extrusion-blowing, blow molding, foaming extrusion and thermoforming, not affordable for
linear PP. It is known that these industrial processing methods require the polymer melt showing
a strain-hardening behavior in elongational flow, i.e., a rapid increase of the uniaxial extensional
viscosity beyond a critical strain.

The inclusion of long chain branches (LCB) in a PP structure can be done by three different
methods: Radical chemical modification, radical grafting with different monomers (for instance
styrene and vinylsiloxane) and using electron-beam irradiation (EB) [1].

The modification of the molecular structure of linear isotactic polypropylene (PP) by electron-beam
irradiation has been a subject of interest during the last few decades [1–8]. Adequate doses of
irradiation lead to LCB, and chain scission (molecular weight reduction), still avoiding crosslinking.
The primary effect of irradiation on thermoplastic polymers is to produce free radicals after the
scission of bonds. These built radicals lead to further changes in molecular structure through chemical
reactions. The main molecular effects are chain scission, chain branching, and crosslinking. Usually,
all these reactions are in competition and take place simultaneously. Which reaction predominates
depends on chemical structure and morphology of the polymer, as well as on the irradiation conditions
(applied dose, dose rate and type of radiation) and annealing time and temperature. The specific
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conditions that favour the formation of LCB in polypropylene by EB irradiation and without additives,
were determined by Rätzsch et al. [1]. According to these authors, the material should be irradiated
under inert atmosphere and at a temperature below 100 ◦C, i.e., in solid state. Subsequent to the
irradiation process, the polypropylene should be submitted to a thermal treatment for two reasons:
First, the life time of macro-radicals is prolonged in order to raise the possibilities for branching, and
second, the residual macro-radicals can be eliminated.

Very few papers refer to the effect of irradiation on polymer nanocomposites [9–14]. With the
aim of improving the range of industrial applications, we have recently irradiated PP/MWCNT
(Multiwall Carbon Nanotubes) nanocomposites, obtaining an electrical conductive polypropylene with
strain-hardening behavior [12,14]. To our knowledge, elaboration of PP/MWCNT nanocomposites
using irradiated PPs as a polymer matrix has not been reported in the literature, so far. The type, length,
density and distribution of branches are known to dramatically affect polymer flow behavior and
processing characteristics. Understanding the role of LCB in relation to the properties of these materials
is of great academic and industrial interest, but, in general, the effect of the molecular architecture
of the matrix has deserved little attention on the characterization of polymer nanocomposites.
Espinoza-González et al. [15] reported that a patented method of extrusion assisted by a low-frequency
and high-power ultrasound method was able to induce different states of dispersion, as well as
chemical modifications promoted by branching reactions. The presence of branched structures affects
the quality of the dispersion of CNTs. Vega et al. [16] demonstrated that high molecular weights
or considerable molecular weight polydispersities can play a determining role in melt viscoelastic
properties of polyethylene/carbon nanotube nanocomposites, which have important implications on
determining rheological percolation thresholds, due to the viscoelastic screening effect of the CNTs.

The characterization of the structural modification produced by the electron-beam irradiation
process in PP/MWCNT nanocomposites is a challenging task. Size Exclusion Chromatography (SEC)
combined with MALLS (Multi-Angle Light Scattering) is a very suitable tool to ascertain the sparse
long chain branching level in polyolefins [17]. However, this technique cannot be employed in the
case of polymer nanocomposites, because proper solutions to be injected in SEC equipment cannot
be prepared. Therefore, rheological methods are used to face this issue. Our research focuses on
the influence of both, carbon nanotubes and the irradiation process on the rheological and electrical
properties. The rheological characterization of nanocomposites is based on the study of the dynamic
viscoelasticity and uniaxial elongational flow.

Two PP/MWCNT nanocomposites are compared: One is a PP/MWCNT nanocomposite that has
been submitted to irradiation (Protocol A); the other is a PP/MWCNT nanocomposite obtained
by mixing MWCNT with an irradiated PP (Protocol B). The same irradiation dose, adjusted to
bring about LCB, but not crosslinking, was used in both types of nanocomposites. Furthermore, the
mixing conditions (temperature, mixing time and applying torque) were the same in both elaboration
protocols. The paper is organized focusing on the following issues: (a) Similarity and differences found
between both nanocomposites; (b) effect of irradiation on polymer matrix viscosity and, subsequently,
influence on MWCNT dispersion; (c) influence of long chain branching developed by irradiation: strain
hardening in elongational flow; (d) capacity of the mixing process to annihilate LCB and, alternatively,
to promote shear modification (alignment of long branches to the backbone); (e) explaining why only
one of the nanocomposites displays strain hardening.

2. Materials and Methods

The basic material used in this study was a commercial isotactic polypropylene Moplen EP340K
(Mw = 440,000, Mw/Mn = 4.4) provided by Basell polyolefins company (London, UK). We refer to this
polymer as “neat PP”. Non-functionalized Multiwall Carbon Nanotubes (MWCNT) supplied by Cheap
Tubes Inc (Cambridgeport, VT, USA) were selected to be dispersed in neat PP matrix. These nanotubes
have specified diameters of D = 30–50 nm, lengths of L = 10–20 μm and purity greater than 95%.
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Before the melt-mixing process, polymer powder was prepared from pellets using a Mill Retsch®

ZM 200 (Haan, Germany) and both polymer powder and MWCNT were properly dried. PP was
dried at T = 80 ◦C in a vacuum oven during 2 h and MWCNT were dried at T = 100 ◦C during 2 h.
The polymer and MWCNT were stirred to obtain a homogeneous mixture. A blend of Irganox 1010
and Irgafos 168 (BASF, Basel, Switzerland) was added to prevent the degradation of the irradiated
polypropylene. The powder mixture was blended in a Haake Mini-Lab twin-screw extruder (Thermo
Electron Coorp., Hamburg, Germany). The mixing was processed for 10 min at T = 180 ◦C and 100 rpm
using a counter-rotating screw configuration.

Irradiated pure PP and MWCNT/PP nanocomposites were obtained by electron-beam irradiation.
The process was performed under inert atmosphere at room temperature with an EB by IONMED
(Cuenca, Spain). The acceleration energy was 10 MeV and the irradiation doses were 20, 50 and 80 kGy.
After irradiation, samples were heated to react with the residual radicals.

The nanocomposites were prepared following two different protocols. Protocol A consisted of
irradiating the prepared nanocomposites, whereas in protocol B neat PP powder was irradiated before
the mixing process and, after, nanocomposites were prepared using irradiated neat PP as the matrix.
To facilitate the comprehension to the reader, the specimens were named with the following sequential
nomenclature: Protocol A: PP/MWCNT, load and irradiation dose and Protocol B: PP, irradiation
dose/MWCNT, load.

The mixtures were compression molded using a hydraulic press at 180 ◦C for 5 min; the last 2 min
at a maximum pressure of 100 bars. Then, the sheets were allowed to cool at room temperature outside
the press. The thickness of the sheets was adjusted depending on the experiment.

The dynamic viscoelastic functions, storage or elastic modulus, G′, loss or viscous modulus,
G′′ and complex viscosity, η*, were determined in an ARG2 (TA Instrument, New Castle, DE, USA)
rheometer with parallel-plate fixture (25 mm diameter). Dynamic frequency sweep experiments
were carried out in a frequency range of 0.0628–628 rad/s at a temperature of T = 190 ◦C. Actually,
small amplitude oscillatory shear (SAOS) measurements were carried out, ensuring that the strain
amplitude was within the linear viscoelastic range. For the analysis of the non-linear viscoelasticity,
large amplitude oscillatory shear (LAOS) measurements were performed using an ARES rheometer
(Rheometric Scientific) to study the effect of the strain amplitude on G′ and G′′ at a constant frequency
of 6.28 rad/s. Parallel plates of 12 mm diameter were employed. For data acquisition a 16-bit ADC card
was used (National Instruments, Austin, TX, USA) and Fourier Transformation analysis was carried
out employing LabView Software Program developed and kindly supplied by Prof. M. Wilhelm [18].

Extensional measurements were performed at a temperature of T = 180 ◦C using the Extensional
Viscosity Fixture (EVF) of the ARES rheometer. The extensional viscosity was determined as a function
of time at different extensional rates ranging from 0.01 to 1 s−1.

Molecular parameters of non-irradiated and irradiated polypropylene were evaluated using
high temperature size exclusion chromatography (SEC) coupled with an infrared detector (IR) as
the primary detector and multiangle laser light scattering (MALLS). This was completed with an
on-line viscometer (VI) to determine the intrinsic viscosity, which allowed for evaluation of the LCB
degree. The solvent was trichlorobenzene (TCB) stabilized with 300 ppm butylated hydroxytoluene
(BHT). Mass recovery was always higher than 95%, and not a single impediment was found to
dissolve all the samples, which leads us to assume that irradiation did not cause crosslinking. Data
were acquired and processed by Polymer Char Company (Valencia, Spain) following the procedure
described elsewhere [12].

Electrical conductivity was measured at room temperature by means of the ARES Rheometer
Dielectric Analysis option (DETA) with an Agilent E4980A Bridge. Dielectric data (ε”) were recorded
for each sample as a function of frequency, and the conductivity was calculated using the equation:

σ′(ν) = ε02πνε′′(ν)
ε0 = 8.85 × 10−12 F·m−1
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Transmission Electron Microscopy (TEM) images were obtained to study the dispersion state of
the nanocomposites. Nanocomposites were trimmed using an ultramicrotome device at T = −60 ◦C
(Leica EMFC6; Leica Microsystems, Vienna, Austria) equipped with a diamond knife. The ultrathin
sections (100 nm) were placed on 300 mesh copper grids. The surfaces were observed by TEM (TECNAI
G2 20 TWIN; FEI Company, Eindhoven, THe Netherlands), operating at an accelerating voltage of
200 KeV in a bright-field image mode. TEM results display a two dimensional cut of a 3D structure
and, therefore, it is not possible to see through going pathways formed by agglomerates.

3. Results

3.1. Small Amplitude Oscillatory Shear (SAOS) Flow, Electrical Conductivity and TEM Results

The elastic or storage modulus G′ as a function of frequency for the nanocomposites prepared,
respectively, using Protocols A and B are presented in Figure 1a.

(a) (b)

Figure 1. (a) Storage modulus as a function of frequency for both nanocomposites. Line corresponds
to unloaded irradiated PP 80Kgy. Protocol A (filled symbols), PP/MWCNT 80 kGy: (�) 1%, (�) 2%,
(�) 4%, ( ) 6%, (+) 8%, Protocol B (empty symbols), PP 80 kGy/MWCNT: (�) 1%, (♦) 2%, (	) 4%,
(�) 6%, (×) 8%; (b) percolation plot: G′/G′

0 versus MWCNT load for both nanocomposites. The values
of the moduli are taken at a frequency of 0.0628 rad/s and G′

0 refers to the storage modulus of unloaded
irradiated PP.

The results show that the elastic modulus tended to level off as the nanotube’s concentration
increased, giving a scale law G~ωn with n values close to 0.5. Moreover, at these concentrations
the elastic modulus overcame the viscous modulus, G′ > G′′ (not shown to avoid data overlapping).
These results indicated that interactions between nanotubes and polymer chains where taking place,
bringing about a percolation network that suppressed reptation relaxation in flow, characterized by
frequency-dependent moduli, G′~ω2 and G′′~ω, with G′′ > G, at the terminal zone. Recently [19], the
observation of a scaling of G′~ω0.5 at low frequencies was proposed as a criterion for the determination
of the percolation threshold. In our case, an analysis of the data of Figure 1a at the light of the
statistical percolation theory [13] was carried out, which allowed to evaluate the percolation threshold
using the scaling law G′ = G′

0 (ϕ − ϕc)t, where ϕc is the percolation threshold and t is an adjustable
parameter. The rheological percolation threshold was evaluated considering the values of G′ taken at
the lowest frequency (0.0628 rad/s) divided by the lowest value of the elastic modulus for neat PP, G′

(0.0628 rad/s)/G0 value. The experimental data fitted to the scaling law of the percolation theory are
presented in Figure 1b: The obtained percolation thresholds were ϕc = 1 wt% for the nanocomposites
of Protocol A and ϕc = 0.3 wt% for the nanocomposites of Protocol B. This difference, found for two
nanocomposites which were prepared using different methods is discussed below.
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Electrical conductivity results obtained at room temperature are displayed in Figure 2.
Both nanocomposites showed electrical conductivities in the range of semiconductors for relatively
low MWCNT concentrations, notwithstanding higher conductivities which were found for the
nanocomposites prepared using protocol B. Actually, the electrical percolation threshold, which was
determined using equation X = X0 (ϕ − ϕc)t, taking X as the electrical conductivity at a frequency of
20 Hz, was ϕc = 3.5 wt% for the nanocomposites of Protocol A and ϕc = 2 wt% for the nanocomposites
of Protocol B. Therefore, in terms of industrial applications, mixing the nanocomposites after the
PP matrix was irradiated (Protocol B) brought about more conductive nanocomposites than those
obtained irradiating PP/MWCNT dispersions (Protocol A). This was certainly compatible with TEM
results of Figure 3 which show a better MWCNT dispersion (smaller aggregates) for nanocomposites
of Protocol B, as compared with Protocol A.

Figure 2. Electrical conductivity, σ, versus frequency for both nanocomposites elaborated using
Protocol A (filled symbols) and Protocol B (empty symbols) respectively.

(a) (b)

Figure 3. TEM microphotographs of 4% MWCNT nanocomposites. (a) Protocol A nanocomposite;
(b) Protocol B nanocomposite. Better dispersion is observed for the nanocomposite obtained using
Protocol B.
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It is well known [20–23] that the rheological behaviour of the matrix during mixing plays an
important role in the degree of dispersion of the nanoparticles. In our case, the same mixing conditions
(see Experimental Part) were employed to prepare the nanocomposites using both Protocol A and
Protocol B. However, the molecular characteristics of the matrices were different, since in Protocol A
non-irradiated PP was used, whereas in Protocol B an irradiated PP was employed. The most relevant
effect of irradiation is the constitution of LCBs that give rise to a strain-hardening effect observed in
elongational flow measurements. However, irradiation also produces typically a molecular weight
reduction that leads to a viscosity decrease. Eventually, depending on the dose and temperature
conditions, irradiations also leads to crosslinking, which was not the case in our work. Besides the
SEC-GPC analysis, which is shown in the last part of the paper, the viscosity results presented in
Figure 4 reveal the double effect of long chain branching and molecular weight decrease. Irradiated PP
displayed a lower viscosity, which constitutes a symptom of molecular weight reduction, in addition to
a shear thinning effect at low frequencies (instead of a Newtonian response, like in non-irradiated PP)
characteristic of long chain branching [2,5,24]. The observed lower viscosity of irradiated PP stood for
the better dispersion noticed by TEM (Figure 3) and, consequently, for the lower rheological percolation
threshold value (Figure 1), as well as the lower electrical percolation threshold value (Figure 2) of
the nanocomposites manufactured with Protocol B. A dispersion improvement is also observed for
polymers subjected to a high intensity ultrasound in the work of Espinoza-González et al. [15].

Figure 4. Comparison of the complex viscosity of pure PP before and after irradiation at 80 kGy.
The irradiated sample shows shear thinning (concavity) behavior at low frequencies.

3.2. Elongational Flow and Large Amplitude Oscillatory Shear (LAOS) Flow: Differences between Both Types
of Nanocomposites (Protocol A and Protocol B)

The results of linear elongational flow measurements of nanocomposites obtained respectively
with Protocol A and Protocol B are displayed in Figure 5. The most remarkable outcome was the
difference found at high times or elongational strains. Nanocomposites of Protocol A (Figure 5a)
show a rapid increase of the elongational viscosity beyond a critical strain, which is referred to as
strain hardening. Referring to polypropylene, this strain-hardening or dilatant behavior has been
only reported for long chain branched samples obtained either by irradiation [2,5,14,25,26] or by
peroxydicarbonate modification [27,28]. However, in the case of nanocomposites manufactured using
Protocol B (Figure 5b), no strain hardening was observed (strain softening was observed instead),
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suggesting that the polypropylene matrix was not long chain branched. This is an intriguing result,
because Protocol B implies mixing the nanotubes with a PP which was submitted to irradiation and
indeed produced strain-hardening behavior. This can be noticed in Figure 5b, which includes the data
of the irradiated PP matrix. The cause of this apparent vanishing of LCB is explained in the last part of
the paper.

Basically, the method used to analyse large amplitude oscillatory shear (LAOS) data in this
work is the Fourier Transform analysis that decomposes stress data in a time domain into a
frequency-dependent spectrum, with the first harmonic as the excitation frequency (ω1/2π). For the
case of a non-linear response, at large strain amplitudes the stress is no longer sinusoidal and further
odd harmonics are obtained. The non-linearity can be quantified using the ratio I3/I1 = I(nω1)/I(ω1)
with In = I(nω1) as the magnitude of the n-th harmonic and I1 = I(ω1) as the fundamental frequency.
When the non-linear regime is reached, the third harmonic I3 rises above the noise level and I3/I1

shows a quadratic scaling relationship as a function of strain amplitude [18,29].

(a) (b)

Figure 5. (a) Elongational viscosity vs. elongation time for the samples elaborated with Protocol A;
(b) elongational viscosity vs. elongation time for the samples elaborated with Protocol B. Irradiated
pure PP is also included for comparison purposes.

The capacity of LAOS to detect and evaluate long chain branching in irradiated MWCNT/PP
nanocomposites was described in a paper of our group [12], where the effect of irradiation on LAOS
results of pure PP and PP/MWCNT nanocomposites (equivalent to Protocol A of this paper) was
investigated. SEC-GPC results came to demonstrate that irradiation caused long chain branching and
LAOS data were correlated to the degree of LCB. An increase of the intensity of the third harmonic
relative to the intensity of the response at the fundamental frequency, I3/I1, was observed, as LCB
level increased, with respect to linear nonirradiated samples. The LAOS results of our nanocomposites
(Protocol A and Protocol B) are presented in Figure 6. I3/I1 values at large amplitudes were higher
for irradiated PP and Protocol A, than those of nonirradiated PP. A decrease of the intensity of the
third harmonic at the higher strains is observed for the Protocol B nanocomposite. Concomitantly with
elongational flow results, two groups of materials could be established: On the one hand, irradiated PP
and nanocomposites of Protocol A which showed strain-hardening and relatively high values of I3/I1,
and on the other hand, non-irradiated PP and nanocomposites of Protocol B which did not display any
of these rheological features. The results of nanocomposites of Protocol B, which behave like a linear
PP in both elongational flow and LAOS experiments, seemed to indicate that LCB disappeared during
the extrusion accomplished to prepare the nanocomposite.
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Figure 6. LAOS results (see text) for PP, irradiated PP (PP 80 kGy), Protocol A nanocomposite
(PP/MWCNT 4% 80 kGy) and Protocol B nanocomposite (PP 80 kGy/MWCNT 4%). The values
of I3/I1 at large amplitudes are higher for irradiated PP and nanocomposites of Protocol A, with respect
to PP and Protocol B.

3.3. Shear Modification and Recovery: Alignment and Misalignment

An analysis of the PP matrix was required to investigate the molecular changes suffered by the
irradiated PP during the extrusion carried out for mixing with MWCNTs to prepare the nanocomposites
of Protocol B. A GPC-SEC analysis of the irradiated PP matrix before and after submitting it to mixing
is shown in Figure 7. For comparison purposes, the results of PP irradiated at different irradiation
doses are also presented in this figure and in Table 1. Long chain branches were detected in irradiated
PP submitted to processing, although the level was considerably lower than that of the non-processed
sample. As an exception, the LCB level of the PP irradiated at 80 kGy and submitted to extrusion
was higher than that of the PP irradiated at 20 kGy (the lower irradiation dose) but not submitted
to extrusion. Interestingly enough, the latter brought about strain-hardening behavior (not shown
here), which was significant, because its LCB level was lower than that of the extruded PP (Figure 7
and Table 1). In consequence, although a considerable decrease of LCB level was observed in the
extruded PP, this was not responsible for the complete vanishing of strain-hardening observed in
Figure 5. Instead, the phenomenon of strain-hardening disappearance could be ascribed to the
conformation change of the branched structure, as alignment of long branches to the backbone chains
during processing took place. The aligned branches passed to behave like linear chains and, therefore,
strain hardening was not observed. This reasoning is based on the concept of shear modification
phenomenon, according to which the existence of long chain branches leads to rheological changes by
processing involving straining and thermal history [30–32].

Table 1. Molecular parameters including LCB density evaluated using SEC Chromatography coupled
with three detectors of non-irradiated, irradiated PP and processed irradiated PP.

Molecular Parameters PP PP 20 kGy PP50 kGy PP80 kGy PP80 Kg (Processed)

Mw (g/mol) 298,000 287,000 237,000 168,000 191,060
Mn (g/mol) 33,000 41,000 40,000 34,000 26,339
Mz (g/mol) 755,000 1,350,000 1,360,000 900,000 706,371

Mw/Mn 9 7 6 5 7.4
LCBf/1000C - 0.011 0.03 0.036 0.023
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Figure 7. Branching density λ (LCB/1000C) and cumulative molar mass distribution for irradiated PP
samples obtained by triple detection GPC-SEC.

To confirm this hypothesis, an analysis of the eventual recovery of the original conformation,
when the sample was submitted to temperatures T > Tm in the quiescent state, had to be done.
The elongational flow data of the extruded PP sample that was annealed at T = 160 ◦C during 8 h in a
vacuum oven (presented in Figure 8) suggests the recovery of the conformation. This was manifested
in the strain hardening shown by the annealed sample, which is in contrast to the sample not submitted
to thermal treatment.

Figure 8. Uniaxial viscosity as a function of time obtained at T = 180 ◦C at 0.3 s−1 elongational rate.
PP80 KGy is the Irradiated PP distinguished by the strain-hardening behaviour. PP80 kGy processed is
the extruded irradiated PP distinguished by the absence of strain hardening. PP80 kGy processed and
annealed shows the strain hardening behavior, which has been recovered during the annealing process
at T = 160 ◦C in a vacuum oven during 8 h.

Considering this result, the question of an eventual repercussion of the recovery on LAOS
results was posed. LAOS results of Figure 6 show a relative reduction of the value of I3/I1 at large
deformations for nanocomposites of Protocol B with respect to Protocol A, denoting the effect of the
extrusion process. At this point we wondered if a recovery of I3/I1 was possible, in parallel to the
observed strain-hardening recovery. The positive answer to this question is given in Figure 9, which
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shows that annealing during 8 h at 160 ◦C in the extruded irradiated PP led to I3/I1 values close to
those of non-extruded irradiated PP. The recovery similitude observed in two different experiments
(elongational flow and LAOS) leads us to assume that annealing was able to produce a misalignment
or return to the original chain conformation of the aligned long chain branches. Certainly, during
extrusion for the preparation of nanocomposites by Protocol B, the LCB level of PP was reduced (as can
be seen in Figure 7), but this reduction did not justify the strain hardening vanishing, because PP
with a lower amount of LCB was able to bring about strain hardening. This leads us to conclude that
although during processing two effects were produced, reduction of LCB level (irreversible) and chain
alignment (reversible), only the last one was responsible for the elimination of strain hardening and the
significant reduction of the value of I3/I1 at high deformations. The reversibility of the chain alignment
process was confirmed by the results achieved with the PP submitted to extrusion in conditions similar
to mixing and annealed during 8 h at T = 160 ◦C. Obviously, the thermal treatment could not be
able to recover the eliminated LCB, but was capable of misaligning the chains leading them to the
conformation previous to processing.

The analysis of the recovery was also carried out on the nanocomposites obtained with the
irradiated matrix. Samples were annealed at T = 160 ◦C during 8 h in vacuum, but no recovery was
observed. The viscoelastic response of the nanocomposites was clearly dependent on the MWCNT
content. The conformational structure previous to processing could not be recovered because the
viscous flow region was delayed to very long times, which prevented the misaligning capability of the
long chains at the annealing conditions.

Figure 9. LAOS results (see text) for PP, irradiated PP, irradiated PP processed and irradiated PP
processed and annealed during 8 h at T = 160 ◦C in vacuum.

4. Conclusions

Two protocols both involving an irradiation process were employed to prepare PP/MWCNT
nanocomposites. Protocol A was achieved mixing first PP and MWCNTs in an extruder and then
irradiating the obtained dispersion, and Protocol B was carried out irradiating first PP and then mixing
it after with MWCNTs in an extruder. As noticed by TEM, Protocol B led to a better dispersion,
bringing about lower rheological and electrical percolation thresholds. The reason for this outcome
was the lower viscosity found in the irradiated PP matrix involved in Protocol B, which in turn was
due to a molecular weight reduction.

Elongational flow results were striking at first sight. Strain hardening in elongational flow
measurements, typical of irradiated PPs, was observed for the nanocomposite of Protocol A, but not for
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the nanocomposite of Protocol B. The practical consequences of this result were relevant, because strain
hardening is a necessary condition to achieve certain industrial processes, such as extrusion-blowing,
blow molding, foaming extrusion and thermoforming.

Moreover, LAOS results showed large I3/I1 values for irradiated PP and the nanocomposite
of Protocol A, as compared with non-irradiated PP and the nanocomposite of Protocol B. Since it
is accepted that strain hardening observed in irradiated PPs owes to LCB, and, on the other hand,
larger I3/I1 values for long chain branched PPs have been reported, the initial conclusion was that
no LCB was in the matrix of the nanocomposite of Protocol B. However, SEC GPC analysis of a
polypropylene sample submitted to the same irradiation and mixing conditions as that carried out
in Protocol B, revealed a level of LCB that should have been enough to provoke strain hardening.
The hypothesis of a shear modification that aligned the branches into the backbone, eliminating the
strain hardening, was considered. Recovery of the strain hardening and I3/I1 values by annealing the
sample at T = 160 ◦C during 8 h to promote a misalignment of the branches, led us to demonstrate that
although an irreversible destruction of LCBs was taking place during mixing, the actual reason for the
observed rheological changes was shear modification.
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Abstract: The rheological properties exhibited by gums make its use in applications interesting,
such as foods, cosmetics, enhanced oil recovery, or constructions materials. Regardless of application
field, the effect of temperature on these properties is of great importance, since these properties can
be modified and cause the gum not to be useful for those conditions. Diutan and rhamsan gums are
biopolymers, belonging to the sphingans, with similar structures which differ in the substituents of
their side chains. It is known that both gums exhibit suitable viscoelastic properties and flow behavior
when used as a stabilizer, gelling agent, or thickener. Both gums are widely used in food industry,
personal care products, construction materials, oil operations, etc. For this reason, to know the effect
of the temperature on their rheological properties is very helpful. For this purpose, small amplitude
oscillatory shear measurements and flow curves, as a function of the temperature from 10 ◦C to
60 ◦C, have been performed, and the results obtained for both gums compared. The obtained results
provide interesting information from an industrial point of view, since they reveal that the rheological
properties remained almost unaltered in the temperature range assessed with diutan gum aqueous
solutions, being slightly more viscous and viscoelastic than rhamsan gum solutions.

Keywords: diutan gum; rhamsan gum; rheology; viscoelasticity; flow properties; weak gel

1. Introduction

The rheological properties of macromolecular solutions are important in many industrial fields,
such as the food industry, pharmaceutical and cosmetics, in the paper industry, in enhanced oil recovery
(EOR), in water treatment, etc. Water-soluble polymers are used in these fields as thickeners, gelling
agents, texture modifiers, stabilizers, etc. [1,2]. In the particular case of EOR, they are added to control
mobility and reduce the permeability of the tank by increasing the viscosity of the injected water.

Hence, an important requirement for a potential polymer to be used in EOR is that the
polymer-water solution has favorable rheological behavior. Gum diutan and rhamsan gum belong
to that group of water-soluble polymers of high molecular weight. They are exopolysaccharides
(EPS) belonging to the sphingans, as well as gellan gum or wellan gum [1,3,4]. The basic
structure of all these polysaccharides is constituted by a tetrasaccharide repeat unit based on
β-D-glucose, β-D-glucuronic acid, and α-L-rhamnose. Gum diutan, obtained by aerobic fermentation
of Sphingomonas S.PATCC53159, has this basic structure, and each glucosidic residue that is next
to a rhamnosil residue is substituted by two units of L-rhamnose. Rhamsan gum differs from gum
diutan in the side chain substituents, which in this case is a disaccharide chain of β-D-glucopyranosyl
or α-D-glucopyranosyl [5,6]. Both gums are non-gelling polysaccharides, unlike gellan gum, which
belongs to the same family. It is precisely the difference in the side-chains responsible for it, namely
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the occurrence of different side-chains’ influences on the behavior in aqueous media. Several studies
reveal that native diutan and rhamsan gum exhibit a double helical conformation, which is maintained
with the temperature as a consequence of their chains’ strength [6,7].

Regarding applications, rhamsan gum has wider applications in the food industry compared to
other sphingans, since it can tolerate high concentrations of sodium chloride and phosphates [8].
In general, they are used not only in the food industry but also in personal hygiene products,
in construction materials, in oil operations, etc.

Nowadays, it is not only important to know the rheological properties of these gums in solution
but also the modifications that these properties undergo when the temperature varies. This information
is of great interest in numerous industrial processes and in the conditions of use and application of
them. For example, in the food industry, sterilization, drying, extrusion, etc., are processes in which
temperature is of vital importance. In this work, the influence of temperature on the viscoelastic
properties and flow properties of aqueous solutions containing 1 wt % diutan gum or rhamsan gum
were studied in detail, establishing a comparison between both gums. In order to reach this objective,
stress and frequency sweep measurements and steady state tests were performed.

2. Materials and Methods

2.1. Materials

Diutan gum (CP Kelco 1A9722A) and rhamsan gum (OL9478A) used were cordially provided
by CP-Kelco (San Diego, CA, USA). Both gums exhibit high molecular weight. Their values and the
intrinsic viscosity values can be obtained from works published [6,7]. Sodium azide supplied by
Panreac was utilized as preservative. Distilled water was used as solvent.

The sample composition is shown in Table 1.

Table 1. Sample composition.

Ingredients wt %

Gum (Diutan or Rhamsan) 1
NaN3 0.1
Water 98.9

2.2. Gum Aqueous Solutions’ Preparation

Batches of 250 g were prepared. In order to obtain the sample, the gum amount necessary was
added on the water containing sodium azide. The samples were homogenized by means of Ika-Visc
MR-D1 (Ika, Staufen, Germany), at 1000 rpm for 3 h. The samples were kept refrigerated at 5 ◦C for
some hours, and then they were stored at 25 ◦C.

2.3. Rheological Characterization.

The rheological tests were carried out by means of a controlled stress rheometer, Haake RS100
(Haake Thermo Scientific, Karlsruhe, Germany), using a serrated parallel plate geometry of 60 mm of
diameter to avoid wall slip effects and using a measuring gap of 1 mm. To control the temperature
(10 ◦C, 25 ◦C, 40 ◦C, and 60 ◦C), a Julabo circulator thermostat was utilized.

In order to prevent the mechanical history effects due to the sample placing in the sensor system,
the samples were maintained at rest for 10 min before starting the measurements. To determine this
equilibration time, time sweeps were performed.

All tests were carried out at least three times. Fresh sample were used in each measurement.

2.3.1. Stress Sweep Tests

To determine the linear viscoelastic region (LVR), stress sweep tests were carried out ranging from
1.0 Pa to 50 Pa, at 1 Hz.
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2.3.2. Mechanical Spectra

The frequency sweep tests were performed from 0.01 to 10 Hz (0.0628 to 62.83 rad/s) at fixed
shear stress within the linear viscoelastic region.

2.3.3. Steady State Tests

The flow curves were carried out in the 10–40 Pa shear stress range using a step-wise method to
obtain the steady-state regime.

3. Results and Discussion

3.1. Influence of Temperature on the Linear Viscoelastic Region.

In order to study the viscoelastic behavior of gums studied, the linear viscoelastic regions were
determined. Figure 1a,b show the stress sweep results of diutan gum and rhamsan gum, respectively,
at the different studied temperatures (10 ◦C, 25 ◦C, 40 ◦C, and 60 ◦C). By increasing the stress,
two regions can be clearly differentiated: (a) the so-called linear viscoelastic region, in which G’
(storage or elastic modulus) and G” (loss or viscous modulus) remain practically constant, and (b)
the non-linear viscoelastic region in which viscoelastic functions begin to decrease. It must be noted
there was an increase of G” values before its decrease. This effect was observed in other systems and
it was attributed to the reorganization of the gum solution structure before the output of the linear
viscoelastic region [9,10].

  
(a) (b) 

Figure 1. Influence of the temperature on the linear viscoelastic region of aqueous solutions containing
(a) 1 wt % diutan gum and (b) 1 wt % rhamsan gum.

The shear stress from which the modules cease to be constant is called critical stress (τc), and it
corresponds to stress that leads to the first non-linear changes in the structure. As can be observed
in Figure 1, the G” values cease to be steady at smaller shear stress values than G’. For this reason,
it has been considered that the onset of the non-linear viscoelastic region begins when G” ceases to
be constant, particularly when the deviation of loss modulus becomes more than 5%. From Figure 1,
it can be stated that there is no influence of the temperature on critical stress values of diutan and
rhamsan gum aqueous solutions, being that these values are similar for both gums at 11.83 Pa and
11.68 Pa, respectively. Furthermore, it should be noted the broad extension of the linear viscoelastic
zone, which indicated a wide zone where the sample is not damaged, namely, high stability to shear.

Regardless of temperature studied, G’ is greater than G” within LVR, which indicates that diutan
and rhamsan gum dispersions are more elastic than viscous. The complex module (G*) as a function
of the shear stress is shown in Figure 2 in order to better compare the level of viscoelasticity of both
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polysaccharides. As can be observed, the values of G* were similar for both gums, however, they were
slightly greater for the diutan gum solutions.

 

Figure 2. Comparison of the temperature effect on the linear viscoelastic region of the diutan gum
aqueous solutions and rhamsan gum aqueous solutions.

3.2. Influence of Temperature on the Mechanical Spectra

Frequency sweep tests have been carried out at a fixed shear stress within the linear viscoelastic
region, so that the sample structure is not damaged by the stress imposed during test.

Figure 3 shows the influence of the temperature on the mechanical spectra of diutan and rhamsan
gums, respectively. Both gums (Figure 3) exhibited storage module values (G’) higher than those of loss
module (G”) in the whole studied frequency range, with a small frequency dependence. According
to bibliography [11,12], the shape of these mechanical spectra makes clarification of the diutan and
rhamsan gum aqueous solutions as weak gels possible. In addition, no crossover point occurred.
For this reason, it can be affirmed the solid character is higher than liquid character in aqueous
solutions of these gums. This rheological behavior is characteristic of systems with a high degree of
internal structuring, and coincides with that presented by other hydrocolloids, such as Sterculia apetala
or striata [12,13]. Regarding temperature, Figure 3 illustrates the high thermal stability exhibited for
both diutan and rhamsan gum.

  
(a) (b) 

Figure 3. Influence of the temperature on the mechanical spectra of (a) 1 wt % diutan gum and
(b) 1 wt % rhamsan gum.

In order to compare the results obtained for both gums, by way of example in Figure 4, the G’ and
G” values at 1 Hz against temperature for diutan and rhamsan gums are shown. As can be observed,
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the elastic module of diutan gum solutions was slightly higher than that of rhamsan gum solutions,
while the viscous module was clearly greater. Additionally, it is important to note that there was no
significant dependence on temperature in these results.

 
(a) (b) 

η η

Figure 4. (a) Elastic module and (b) Viscous module, at 1 Hz, against temperature for 1 wt % diutan
and rhamsan gum aqueous solutions. Additionally, standard deviation is plotted.

3.3. Steady State Measurements

The flow behavior of both gums is illustrated in Figure 5. These results pointed out the aqueous
solution containing 1 wt % of gum exhibited a shear thinning behavior, which was distinguished by a
fast decrease of the viscosity as shear rate increased. In addition, these samples exhibited a Newtonian
region at low shear rate, so-called zero shear viscosity, η0. This result was due to the fact that at
low shear rate, polymeric molecules are disordered and partially aligned in the direction of the flow,
resulting in a greater interaction between them, and therefore, a higher viscosity. By increasing the
shear rate, the molecules were easily aligned, decreasing the physical interactions that occur between
adjacent polymer chains. A marked shear thinning behavior is very interesting, since it facilitates
pumping and imparts a finer consistency during swallowing if it is a food product [14]. The flow
curves were fitted to the Ostwald-de-Waele Equation with a high degree of satisfaction.

η = η1·γn−1

where η is the viscosity, η1 is viscosity value at 1 s−1, γ is the shear rate, and n is the index flow.

 
(a) (b) 

Figure 5. Influence of the temperature on the flow curves of aqueous solutions containing (a) 1 wt %
diutan gum and (b) 1 wt % rhamsan gum.

The fitting parameters revealed a tendency to increase the viscosity at 1 s−1 for diutan gum
solutions, while this parameter remained unaltered for rhamsan gum solutions. Additionally,
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this viscosity illustrated that aqueous solutions of diutan gum were more viscous than rhamsan
gum solutions. In both gums, the flow index was independent of the temperature in the range of
10 ◦C to 60 ◦C, and its value revealed the occurrence of a marked non-Newtonian character, which was
maintained in both cases when the temperature increased (Table 2).

Table 2. Fitting parameter to Ostwald–Waele model for aqueous solutions of diutan gum and rhamsan
gum. SD is standard deviation of the mean (n = 3) for η1 and n.

Gum T (◦C) η1 (Pa·s) SDη1 n SDn R2

Diutan Gum

10 23.67 0.22 0.05 0.01 0.999
25 24.41 0.16 0.05 0.00 0.999
40 28.34 0.40 0.05 0.00 0.999
60 37.55 1.25 0.05 0.01 0.995

Rhamsan Gum

10 19.87 0.22 0.07 0.06 0.999
25 14.89 0.37 0.09 0.03 0.998
40 20.32 0.01 0.08 0.00 1
60 19.55 0.51 0.12 0.03 0.999

3.4. Cox-Merz Rule

The steady state properties have been compared with dynamic properties using the Cox-Merz
rule. The apparent viscosity obtained from the flow curve, η, and the complex viscosity obtained
from low amplitude oscillatory tests, |η*|, have been plotted against the frequency and the shear rate.
By way of example, the results are shown at a temperature of 60 ◦C, but similar results are obtained at
all the temperatures studied.

For both diutan gum and rhamsan gum (Figure 6a,b), |η*| was slightly greater than η. Therefore,
it can be deduced that the Cox-Merz rule is not met, even though the differences found between
both viscosities are very small. This means that the application of shear did not produce a significant
destruction of the structure.

  
(a) (b) 

Figure 6. Apparent viscosity and complex viscosity versus shear rate and frequency of aqueous
solutions containing (a) 1 wt % diutan gum and (b) 1 wt % rhamsan gum. Temperature 60 ◦C.

It is important to mention that these relationships are valid only for some types of materials
or some ranges of conditions. It has been verified that it is satisfactorily fulfilled for polymers of
homogeneous solutions and molten polymers, and that it failed in some other cases, such as linear and
branched polyethylenes, block copolymers, and rigid molecules [15].

Other microbial polysaccharides, such as Aeromonas gum [16] and xanthan gum [17] and aqueous
dispersions of exudates of gums [18], also demonstrated deviations from this rule. Clasen and
Kulicke [19] proposed that deviations from this rule arise from the formation of associations in the
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relaxed state. In a shear test, the imposed shear stress destroys the intermolecular associations formed
when the sample is relaxed. In contrast, in an oscillatory test, the gum solution is subjected to a
sinusoidal shear stress within the linear viscoelastic range small enough so that these molecular
associations are not destroyed. For this reason, the apparent viscosity calculated from a destructive
test showed a lower value than the complex viscosity obtained from a non-destructive oscillatory test.

A comparison of results obtained for both gums does not provide additional information to that
obtained in previous sections, namely the aqueous solutions of diutan gum are slightly more viscous
and viscoelastic than those of rhamsan gum, and both solutions exhibit high thermal stability within
the temperature range studied (10–60 ◦C).

4. Conclusions

The stress sweep measurements carried out to determine the linear viscoelastic region for both
gums demonstrated the diutan and rhamsan gum aqueous solutions presented a high resistance to
the shear, since its linear viscoelastic region was wide. In addition, this region remained practically
unaltered, with temperature increase in the range of temperature studied (10–60 ◦C) being the critical
stress similar for both gum solutions.

In both cases, the mechanical spectra showed a typical behavior of weak gel, whose structure
remained thermally stable, although this stability was greater for the diutan gum than for the rhamsan
gum. The flow curves exhibited a strongly non-Newtonian behavior, whose pseudoplasticity was
maintained even at high temperatures. The viscosities at 1s−1 of the diutan gum solutions showed
a slight tendency to grow with the temperature, while rhamsan gum solutions showed values of η1

practically independent of temperature. On the other hand, diutan gum solutions presented higher
values of viscosity.

Cox-Merz rule was not met. The viscous and elastic properties of diutan gum were higher than
those of rhamsan gum, although both properties were very stable against temperature.

The rheological properties showed by both biopolymers and their high stability with temperature
mean these gums have a great practical interest at the industrial level.
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Abstract: Different continuous phases formulated with ecofriendly ingredients such as AMIDET®N,
an ecological surfactant, as well as welan and rhamsan gums were developed. An experimental
design strategy was been in order to study the influence of the ratio of these two polysaccharides and
the homogenization pressure applied in a microfluidizer on the critical shear stress for the continuous
phases developed. A pure rhamsan gum solution was selected as the starting point for further study
based on the production of thyme oil-in-water emulsions. The effect of the homogenization pressure
on the physical stability, critical shear stress and droplet size distribution was analyzed for emulsions
with optimized values of the rhamsan–welan ratio. These bioactive thyme oil-in-water emulgels
could be considered as delivery systems with potential applications in the food industry.

Keywords: biopolymer; eco-friendly surfactant; microfluidization; rheology; thyme oil

1. Introduction

Emulsions are thermodynamically unstable and complex systems. They have several applications
in many fields like pharmaceutics, the food industry, paints, agrochemistry and cosmetics due
to their ability to act as drug delivery systems [1]. However, these fluids show some drawbacks
because of their physical stability. Emulsions could present some destabilization mechanisms such
as creaming, coalescence, flocculation and/or phase inversion. In order to extend the shelf life of
emulsions, polysaccharides are added to the continuous phase. Aqueous solutions of polysaccharides
possess some interesting rheological characteristics from the application point of view; i.e., viscoelastic
properties and desirable flow behavior. In addition, there are several investigations that prove the
essential role of polysaccharides to enhance the physical stability since they increase the continuous
phase viscosity and hence reduce the movement of the droplets [2–4]. The most-used polysaccharides
are xanthan and guar gum. However, there are some new ones that have recently attracted much
attention, such as welan and rhamsan gums [5–7].

Both welan and rhamsan gums belong to the sphingans group. This group has a common linear
tetrasaccharide backbone structure composed of glucose, glucuronic acid, rhamnose and mannose units.
The difference between the gums of this group lies in the occurrence of distinct side groups. Welan
gum has commercial application in the area of cement systems. It acts as a thickening, suspending,
binding and emulsifying agent, as well as a stabilizer and viscosifier. On the other hand, rhamsan
gum is considered a food-grade substance [8] and presents excellent suspension characteristics, even
better than xanthan gum [4,9]. The role of rhamsan gum as a stabilizer in emulsions has been recently
reported by Trujillo-Cayado et al. [5].
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Microfluidization technology involves forcing a system pass through microchannels to a particular
area by pressurizing compressed air up to about 150 MPa. It is an easy-to-use and effective method for
the development of nanoemulsions [10–12]. However, this technique has been also used to modify
functional properties of xanthan gum [13]. Xanthan gum can suffer ordered–disordered conformation
transition using microfluidization. In addition, xanthan gum solutions present the occurrence of
hydrogen bond and entanglements, which provoke the network formation [14]. Nevertheless, there
are no studies about the influence of microfluidization on the properties of rhamsan or welan gums.

Lately, the use of essential oils in emulsions has increased in popularity due to their beneficial
properties such as antimicrobial, antioxidant and anticancer activity. In addition, the natural
characteristic of essential oils makes them very attractive to be studied as potential ingredients for
emulsions [15–18]. Namely, thyme essential oil has been used to replace synthetic chemicals as food
preservatives [19]. However, the major drawback of essential oils is their high tendency for oxidation
and volatility.

AMIDET®N, an ecological surfactant mainly containing C18 unsaturated fatty acid, is derived
from renewable European rapeseed oil. This emulsifier is very interesting to be used in ecological
formulations because: (i) it has no aquatic toxicity, (ii) it is easily dispersible in aqueous solutions and
(iii) it has good biodegradability. Furthermore, it has been recently used in ecological matrices for
cosmetics applications [20].

In this research, an experimental design strategy was been in order to study the influence of
biopolymer dispersions processed by a microfluidization technique on critical shear stress. The
variables selected were the rhamsan–welan gum concentration ratio and the homogenization pressure.
The influence of the rhamsan–welan ratio is interesting from the applied point of view since some
mixtures of gums can present synergistic or antagonistic effects [14,21,22]. In addition, there are no
reported studies about the influence of homogenization pressure for these gum solutions. Furthermore,
the effect of the homogenization pressure on the physical stability, critical shear stress and droplet size
distribution were analyzed for emulgels with optimized values of the rhamsan–welan ratio. These
bioactive thyme oil-in-water emulgels could be considered as active ingredient delivery systems with
potential applications in the food industry.

2. Materials and Methods

2.1. Materials

Industrial grade welan gum (K1A96) and rhamsan gum (K2C401) were used as supplied by
CP Kelco Company (Atlanta, GA, USA). An ecological surfactant, AMIDET®N (INCI name: PEG-4
Rapeseedamide), was provided by KAO (Tokyo, Japan). Thyme oil (Thymus vulgaris) was purchased
from Sigma–Aldrich (St. Louis, MI, USA). Water used in this study was Milli-Q water (Merk Millipore,
Darmstadt, Germany).

2.2. Preparation of Samples

A scheme of the process followed for the preparation of samples is shown in Figure 1. The
surfactant (2.5 wt %) was added to the biopolymers (0.4 wt %) dispersion batches of 200 g and
mixed using an IKA Eurostar for 3 h at 700 rpm. In the first part of the study, the continuous phase
was directly passed through a Microfluidizer M110P (Microfluidics, Westwood, MA, USA) at the
corresponding homogenization pressure, taking into account the design of experiments. In the second
part, the development of emulsions, samples were produced by adding the oil phase (20 wt %) to the
continuous phase. Following this, they were homogenized for 120 s at 2000 rpm using an Ultraturrax
T50 (IKA, Shanghai, China). The secondary homogenization was performed using a Microfluidizer
M110P at different pressures for one pass. A total of 20 wt % thyme oil was chosen to obtain a
non-concentrated emulsion, since essential oils are used in this type of emulsion. In addition, the
concentrations of surfactant and polysaccharides were fixed, taking into account preliminary studies.
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Figure 1. Scheme of the continuous phases and emulsion development.

2.3. Rheological Characterization

Oscillatory experiments were carried out in a controlled stress rheometer (Haake Mars II, Thermo
Fisher Scientific, Waltham, MA, USA) equipped with serrated plate–plate (d = 60 mm) geometry. In
order to determine the linear viscoelastic zone and critical shear stress, stress sweep tests (0.1–20 Pa)
were conducted at a constant frequency (0.1 Hz). The temperature was fixed at 20 ◦C.

2.4. Droplet Size Distributions by Laser Diffraction Technique

A Malvern Mastersizer 2000 (Malvern, Worcestershire, UK) was used in order to measure the
Droplet Size Distributions (DSD) for the thyme oil-in-water emulsions developed. The measurements
were made in triplicate. The refraction indexes used were 1.495 and 1.33 for thyme oil and dispersed
phase, respectively.

2.5. Physical Stability of Emulsions

In order to detect and quantify the destabilization mechanisms for the thyme oil-in-water
emulsions developed, backscattering measurements (Turbiscan Lab Expert, Formulaction,
Worthington, OH, USA) were carried out with aging time. These measurements were performed
for at least 600 h at 25 ◦C. This technique, which is based in the multiple light scattering effect, has
been used for different systems such as emulsions, suspensions and suspoemulsions [20,23,24]. Some
authors have quantified the destabilization processes of emulsions by using the Turbiscan Stability
Index (TSI) [20,25–27].

TSI = ∑
J

∣∣∣∣∣scanre f (hj)− scani(hj)

∣∣∣∣∣ (1)

where scanref and scani are the initial transmission value and the transmission value at a specific time,
respectively and hj is a specific height in the measuring cell.

2.6. Statistical Analysis

In this work, design of experiments (DoE) and response surface methodology (RSM) were used
to study and optimize the biopolymers formulation and production conditions. Two independent
variables, the rhamsan–welan gum ratio (X1, G) and the homogenization pressure (X2, P) at five
levels (−1.414, −1, 0, 1 and 1.414), were carried out. The whole design, composed of 15 experimental
runs performed in random order, is shown in Table 1. Each experiment was duplicated, and the
average values were used in this paper. Experimental data were fitted to a quadratic model using
Echip Software.

Y = β0 + β1 X1 + β2 X2 + β11X2
1 + β22X2

2 + β12 X1X2 (2)

where Y is the response variable, β0 is a constant and βi are coefficients. For model construction, terms
with p > 0.05 were removed.
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Table 1. Experimental design carried out for the continuous phases studied. X1 = rhamsan–welan ratio.
X2 = homogenization pressure. (Rhamsan–welan ratio = 0 means 100 wt % of welan gum and 1 means
100 wt % of rhamsan gum).

Sample X1 X2 Rhamsan–Welan Ratio Pressure (bar)

1 −1 −1 0.3 100
2 1 −1 0.7 100
3 −1 1 0.3 600
4 1 1 0.7 600
5 0 0 0.5 350
6 0 0 0.5 350
7 0 0 0.5 350
8 −1.414 0 0 350
9 −1 0 0.3 350

10 1 0 0.7 350
11 1.414 0 1 350
12 0 −1.414 0.5 0
13 0 −1 0.5 100
14 0 1 0.5 600
15 0 1.414 0.5 700

3. Results and Discussion

3.1. Development of a Continuous Phase Containing Rhamsan and/or Welan Gums

The viscoelastic properties of the biopolymers used were determined via oscillatory shear tests.
Oscillatory shear tests, and more specifically stress sweeps, can be used to analyze the structure of
biopolymers. In a stress sweep, it is possible to distinguish two different zones, namely a linear
viscoelastic region (LVR), in which the storage modulus (G′) and the loss modulus (G”) are constant
up to a critical shear stress (σc), and a non-linear one where G′ and G” start to diminish. In the LVR,
which is defined as the stress and strain amplitudes ranges where G′ as well as G” remain independent
of the applied stress and strain, the deformation in the material structure is reversible. Therefore, the
amplitude of the linear viscoelastic range and the value of the critical stress can be utilized to describe
polymer structure strength. Stress sweeps were performed as a function of the rhamsan–welan ratio
(X1) and the homogenization pressure (X2) at 0.1 Hz. From Figures 2 and 3, it is possible to distinguish
the two distinct zones, namely the LVR (σ < σc) and the non-linear zone (σ > σc). With increasing stress
and after passing the critical shear stress, G′ and G” begin to decrease sharply due to the deformation
of the gum samples. The effect of the rhamsan–welan gum ratio on the viscoelastic properties was
studied, and the results are shown in Figure 2 and Table 2. The rhamsan–welan ratio was set at 0,
0.3, 0.5, 0.7 and 1 (where 0 means 100 wt % of welan gum and 1 means 100 wt % of rhamsan gum),
while the homogenization pressure was fixed at 350 bar. In all tested samples as a function of the
rhamsan–welan gum ratio (see Figure 2), the loss modulus was greater than the storage modulus in
the linear viscoelastic range, as the viscous component dominates the elastic component. This fact
may be due to the destruction of the three-dimensional structure of the biopolymer solution due to its
introduction into the homogenizer at high pressures (P = 350 bar). In addition, it was observed that
there was a tendency of higher values of the critical shear stress defining the LVR as the concentration
of welan gum decreased and the rhamsan gum concentration increased. This fact can be verified by the
comparison of the values of the critical shear stress of samples 5, 6, 7, 8, 9, 10 and 11 in Table 2 and in the
inset of Figure 2. Therefore, it can be concluded that increasing the rhamsan gum concentration led to
increase in the structural strength of samples and made it more rigid. The critical shear stress, storage
modulus and loss modulus increased with the rhamsan gum concentration, which may be associated
with the ability of this biopolymer to form stronger structures. This fact reveals that rhamsan gum
solutions may possess a higher number of molecular aggregates through hydrogen bonds and polymer
entanglement than welan gum solutions, similarly to xanthan gum solutions [14]. The use of welan
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and rhamsan gum in identical concentrations (samples 5, 6 and 7) did not lead to a positive synergistic
effect on the stress sweeps, which was shown by other mixtures of gums [22]. This means that the
resulting dispersion did not show more marked elastic properties. The influence of the homogenization
pressure on the G′, G” and σc is illustrated in Figure 3. To determine the effect of the homogenization
pressure (P) on the viscoelastic properties, the rhamsan–welan gum ratio was 0.5 (50W/50R) while P
was controlled at 0, 100, 350, 600 and 700 bar. It was observed that when the homogenization pressure
increased, the critical shear stress values decreased (inset Figure 3), showing weaker structures. In
addition, it is obviously shown in Figure 3 that the magnitudes of loss and storage moduli values
at the LVR decreased with an increase in homogenization pressure, thus resulting in deteriorating
structural strength of biopolymer solutions. Furthermore, the storage modulus was greater than
the loss modulus in the linear viscoelastic range for homogenization pressures equal to or below
100 bar. The abovementioned entanglements could break via the application of the homogenization
pressure by the microfluidization technique. This fact has been previously reported in xanthan gum
solutions [13,14].
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Figure 2. Stress sweeps for the continuous phases passed through a microfluidizer at 350 bar as a
function of the rhamsan–welan ratio at 0.1 Hz.
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Figure 3. Stress sweeps for the continuous phase studied (Rhamsan-Welan ratio 0.5) as a function of
the homogenization pressure applied in a microfluidizer at 0.1 Hz.
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Table 2. Critical shear stress obtained from stress sweeps for the continuous phases studied.

Sample Rhamsan–Welan Ratio Pressure (bar) τc (Pa)

1 0.3 100 1.45 ± 0.09
2 0.7 100 2.80 ± 0.14
3 0.3 600 0.13 ± 0.01
4 0.7 600 0.15 ± 0.01
5 0.5 350 0.83 ± 0.05
6 0.5 350 0.81 ± 0.06
7 0.5 350 0.84 ± 0.05
8 0 350 0.47 ± 0.02
9 0.3 350 0.79 ± 0.04
10 0.7 350 1.06 ± 0.08
11 1 350 1.24 ± 0.08
12 0.5 0 3.28 ± 0.19
13 0.5 100 2.27 ± 0.12
14 0.5 600 0.29 ± 0.02
15 0.5 700 0.11 ± 0.01

The design of experiment (DoE) and response surface methodology (RSM) allow the evaluation of
multiple interactions between independent variables in experiments. The analysis of the interactions
between the homogenization pressure (X2) and gums ratio (X1) and associated output response
(critical shear stress values), instead of the conventional one-factor-at-a-time method, allows a better
understanding of the influence of these input factors on the structure of biopolymer solutions. This can
be observed in Table 2, where critical shear stress ranges from 0.13 ± 0.01 to 3.28 ± 0.19 Pa. Moreover,
a quadratic model was performed to represent the critical stress as a function of the ratio of the gums
and the homogenization pressure in the chosen ranges, which is written according to the following
equation (R2 = 0.988):

σC = 0.89 + 0.28·X1 − 1.06·X2 − 0.33·X1·X2 + 0.38·X2
2. (3)

Interestingly, the critical stress was sensitive to all studied variables. In fact, σc increased with
the rhamsan gum concentration (lower rhamsan–welan ratio, X1) as indicated by the comparison of
systems 8, 9, 5/6/7, 10 and 11. This fact proves important in the selection of an adequate biopolymer
as a viscosity modifier for emulsions since it also modifies the continuous phase viscosity. In contrast,
the rise of the homogenization pressure (X2) yielded the most significant effect as supported by their
respective linear and quadratic coefficients values, since the critical stress decreased from 3.28 ± 0.19 to
0.11 ± 0.01 as the pressure increased from 0 to 700 bar. The contribution of the squared term coefficient
of X2 must be also taken into consideration. Finally, it an interaction between both factors, X1 and X2,
was observed. This fact may indicate that the gums have different behaviors against the application of
the homogenization pressure by means of the microfluidizer. Since the coefficient is negative, a higher
concentration of welan gum (lower value of X1) and an increase of homogenization pressures (higher
value of X2) reduce the critical stress. Thus, this biopolymer exhibits less resistance against the pressure
applied, reducing to a greater extent the strength of its structure.

Figure 4 illustrates the three-dimensional response surface curve of critical shear stress (σc)
for the rhamsan–welan gum concentration ratio and homogenization pressure. This figure is the
representation of Equation (3), which relates the critical shear stress with the variables studied.
An optimum formulation and homogenization pressure can be set for obtaining a biopolymer
dispersion with enhanced critical shear stress. According to the surface response analysis, the
maximum critical shear stress was obtained for X1 = 0 (rhamsan–welan ratio = 0.5) and X2 = −1.41
(P = 0 bar). However, taking into account Equation (3), the predicted and extrapolated maximum
critical shear stress was obtained when X1 = 1.414 (only rhamsan gum) and X2 = 0 (0 bar). In order
to produce emulsions with minimum droplet sizes and enhanced physical stability, the control of
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the formulation and processing conditions is required. As a result of these preliminary tests, it was
suggested that the use of pure rhamsan gum solutions allows the production of continuous phases
with higher critical shear stresses. For this reason, this ratio (100 rhamsan–0 welan) was fixed for
further study.

 

Figure 4. Three-dimensional response surface curve of critical shear stress (σc) for rhamsan gum (%)
and homogenization pressure applied in a microfluidizer.

3.2. Development of Thyme Oil-in-Water Emulsions

Figure 5 shows the droplet size distribution (DSD) for the selected emulsion (0.4 wt % rhamsan
gum) processed at different homogenization pressures in the microfluidizer. The pre-emulsion
(emulsion not homogenized in the microfluidizer) presents a bimodal distribution with a second
peak centered at above 50 μm. In contrast, emulsions developed using the microfluidizer exhibited
DSDs with only one peak centered below 10 μm. There was a clear reduction of droplet size using
the microfluidizer for these thyme oil-in-water emulsions. In addition, a more marked decrease of
droplet size was related to higher homogenization pressures. This fact has been reported before by
other authors for emulsions without gums [27–29]. However, this reduction of droplet size observed
for emulsions containing gums had not been reported yet. It is important to highlight that the
incorporation of rhamsan gum before microfluidization was not a drawback for the reduction of
droplet size. Furthermore, there was no existence of recoalescence due to overprocessing. This seems
to indicate that continuous phase development (surfactant and rhamsan gum) protects the interface
from a possible recoalescence effect.

Stress sweeps at 1 Hz for the selected emulsion processed at different homogenization pressures
in the microfluidizer are shown in Figure 6. Emulsions developed with no microfluidizer and at 350
bars exhibited similar behaviors. Both systems show a plateau zone of elastic and loss moduli (G′, G”),
which is the linear viscoelastic range (LVR), followed by an abrupt decrease with stress. G′ is higher
than G” for the two abovementioned systems in the LVR. This is related to a gel behavior. However,
the values of G′ and G” for the emulsions developed at 350 bars are lower than those for the emulsion
not processed in the microfluidizer. This fact is not in concordance with the DSD observed in Figure 5
since lower values of diameters are usually related to higher values of G′ and G”. In addition, the
highest pressure applied (700 bar) to the selected emulsion provoked a decrease in both viscoelastic
moduli, reaching similar values for G′ and G”. This emulsion presented the lowest mean diameter
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in Figure 5. Hence, the use of the microfluidizer in this emulsion not only reduced the droplet size
of the emulsion but also provoked a loss of microstructure developed by the gums. This can be also
observed in the length of the plateau zone, i.e., there was a reduction of the LVR with the increase in the
homogenization pressure. These conformation changes using microfluidization have been previously
reported in xanthan gum solutions [13].
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Figure 5. Droplet size distributions for thyme emulsions containing 0.4 wt % of rhamsan gum as a
function of the homogenization pressure applied in the microfluidizer.

 
0,1 1 10 100

0,01

0,1

1

10

100  G´  G´´  -  0 bar
 G´  G´´  -  350 bar
 G´  G´´  -  700 bar

G
´, 

G
´´ 

(P
a)

σ (Pa)
Figure 6. Stress sweeps for thyme emulsions studied containing 0.4 wt % of rhamsan gum as a function
of the homogenization pressure applied in the microfluidizer.

Figure 7 shows the Turbiscan Stability Index (TSI) with aging time as a function of the
homogenization pressure applied in the microfluidizer. It is important to mention that higher values
of the TSI involve poorer physical stabilities [25,26]. All emulsions followed the same tendency in
TSI values: a marked increase and subsequently a leveling off trend. However, the values were
quite different. The emulsion processed at the highest homogenization pressure (700 bar) exhibited
the lowest TSI values, proving its enhanced physical stability. Hence, although there is a loss of
structuration using high homogenization pressures, the reduction of droplet size is the key parameter
for the physical stability of these emulsions.
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Figure 7. Turbiscan Stability Index parameter for thyme emulsions studied containing 0.4 wt % of
rhamsan gum as a function of the homogenization pressure applied in the microfluidizer.

4. Conclusions

The influence of the gums’ concentration ratio and homogenization pressure on the critical shear
stress of dispersions containing a blend of welan and rhamsan gums was studied using design of
experiments and surface response methodology. In order to rationally develop the formulation and
processing conditions of biopolymer dispersions prepared with a microfluidizer, a quadratic model
was required. An increase in the welan gum concentration and homogenization pressure provoked a
decrease in critical shear stress values and weaker structures. An optimal combination of formulation
and processing, with maximum critical shear stress, was obtained for X1 = 1.414 and X2 = 0. For this
reason, the use of pure rhamsan gum and no pressure for the development of continuous phases was
taken as a starting point for a further study of the influence of the homogenization pressure on the
production of emulsions.

Thyme oil-in-water emulsions containing rhamsan gum were developed by using the
microfluidization technique. The microfluidization technique has proved to be a powerful tool to
reduce droplet size. However, this technique was also responsible for the decrease in the structuration
grade of the studied emulsions. Hence, the break of gum structure was caused by the use of the
microfluidizer, which was observed in the stress sweeps of the emulsions studied. This fact was
pointed out not only by the lower viscoelastic functions but also by the smaller LVR. However, the
reduction of droplet size led to the production of more stable emulsions, proved by the multiple light
scattering technique. The emulsion processed at the highest homogenization pressure (700 bar) showed
the greatest physical stability. This study can lay the foundation for the development of emulsions
containing rhamsan gum via the microfluidization technique.
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Abstract: Piezoelectric sensors have made their way into polymer processing and rheometry
applications, in particular when small pressure changes with very fast dynamics are to be measured.
However, no validation of their use for steady shear rheometry is available in the literature. Here,
a rheological slit die was designed and constructed to allow for the direct comparison of pressure
data measured with conventional and piezoelectric transducers. The calibration of piezoelectric
sensors is presented together with a methodology to correct the data from the inherent signal drift,
which is shown to be temperature and pressure independent. Flow curves are measured for polymers
showing different levels of viscoelasticity. Piezoelectric slit rheometry is validated and its advantage
for the rheology of thermodegradable materials with viscosity below 100 Pa·s is highlighted.

Keywords: piezoelectric; pressure transducers; extrusion; rheology

1. Introduction

Accurate readings of steady melt pressure are important to monitor flow conditions during
polymer extrusion and for rheometry experiments involving pressure flows. For example, it is
well-known that the installation of flush-mounted pressure gauges along a slit die wall allows the
assessment of shear viscosity up to relatively high shear stresses, with no need of the Bagley correction
for non-viscometric flow effects at the edges of the die [1]. However, the conventional melt pressure
transducers of the diaphragm type are bulky and have large front dimensions (typically a diameter of
7.8 mm and process connections with M18 (× 1.5) according to DIN 3852-1592, or 1/2-20 UNF), which
may impact on the practical possibility of fixing them on small and/or curved flow channels. In the
case of slits, consecutive transducers along the length maybe set apart more than desired and there may
be little space for additional transducers. Indeed, if a microscope is also inserted in the slit, it is possible
to image the structure of the material undergoing shear flow, thereby giving way to rheo-optical
characterization [2]. Piezoelectric sensors have remarkable sensitivity, fast response and reduced size
compared to conventional melt pressure sensors. They are often used in injection molding to measure
instantaneous pressures along the production cycle. When mounted in customized miniaturized
systems (such as capillary rheometry dies), and implementing oversampling techniques, piezoelectric
sensors were used to establish relationships between rapid pressure fluctuations with small amplitudes
and distortions found on the surface of the extruded materials [3–9]. As a result of these studies,
slit dies equipped with piezoelectric transducers are now commercially available as accessories to
capillary rheometers. Using these devices, it was possible to predict extrusion instabilities for a series
of commercial polyethylenes [10]. A similar piezoelectric set-up was coupled to a laboratory screw
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extruder to demonstrate the feasibility of applying high sensitivity detection systems to practical
polymer processing [6].

Unlike conventional diaphragm sensors, piezoelectric sensors exhibit a drift of the signal with
time. The drift is inherent to both the charge amplification and transducer-to-amplifier cabling, which
are needed to convert the transducer signal into volts. Therefore, it is necessary to adopt data treatment
procedures to account for the drift of the piezoelectric signal and for the non-linearity of the transducer
with pressure [11] or temperature [12]. Recently Kádár et al. [5] used piezoelectric sensors in a slit die
attached to a capillary rheometer to estimate the first normal stress difference of polymer melts, N1, via
the so-called ‘pressure hole effect’ [13]. The method is very demanding for the pressure transducers, as
small differences between the readings of two sensors are to be measured [14]. Kádár et al. [5] assumed
the drift in the voltage Vdrift to be a linear function of time t,

Vdrift(t) = V0 + st, (1)

where V0 is the value of the voltage at time 0 defining the start of the recording, and s is the slope
that depends on the testing temperature and the pressure applied on the piezoelectric transducer.
Eventually, a flow curve was obtained which compared reasonably well with small amplitude
oscillatory shear data in a Cox-Merz representation, but a single slope was used to correct the signal
drift recorded during the application of a ramp of steady shear rate steps, which correspondingly
generated a ramp of pressures.

A direct comparison between the flow curves measured with piezoelectric sensors and
conventional pressure transducers during steady shear has not yet been reported in the literature.
Thus, the use of piezoelectric sensors for steady shear rheometry remains to be validated. This
work proposes a methodology to correct the drift together with temperature and pressure effects.
A modular slit die was designed and constructed in order to incorporate both piezoelectric sensors
and conventional pressure transducers in a mirror-like arrangement along the channel, thus enabling
the direct comparison between the flow curves acquired with the two types of transducers.

2. Experimental

2.1. Materials

An extrusion grade low density Polyethylene (ALCUDIA® LDPE 2221FG, from Repsol, Spain)
with a density of 0.922 g/cm3, a melt flow index of 2.1 g/10 min (190 ◦C/ 2.16 kg) and a
processing temperature range between 150–180 ◦C was used for the assessment. This polymer
has excellent thermal stability, thus minimizing the eventual influence of thermal degradation in
the experiments. Two biodegradable polymers, a polyhydroxybutyrate (PHB P309 from Biomer®,
Krailling, Germany) and a Polybutylene adipate terephthalate (PBAT, ecoflex® F Blend C1200, from
BASF, Ludwigshafen, Germany) were also used to compare the operability windows of conventional
and piezoelectric transducers.

2.2. Experimental Set-Up

A double slit rheometrical die for in-process characterization, recently developed by the
authors [15], was modified and used in this study. It includes three modules: a central body (module 1)
where the inlet circular channel from the extruder is progressively converted into a slit, which is then
divided into perpendicular measurement (module 2) and extrusion (module 3) channels. The flow rate
in the measuring slit is varied by a valve positioned at its entrance, whereas a second valve balances
the flow rate in the extrusion slit to keep a constant pressure at the die inlet. Thus, rheometrical
measurements can be performed while maintaining constant extrusion conditions (feed rate and screw
speed). The initial design, construction, and rheological validation have been reported elsewhere [15].
For the present study, a new measurement channel (module 2) was developed. The new module
comprises two halves bolted together. In one part, three conventional melt pressure transducers flush
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mounted can be inserted, while in the other part three piezoelectric transducers can be also flush
mounted at the same axial position, see Figure 1. The measurement channel presents a cross section of
10 mm width by 0.8 mm height.

Figure 1. Schematic view of the double slit rheometrical die (a) and cross section view of the
measurement channel (module 2) (b).

Two piezoelectric transducers from the Kistler Group, Winterthur, Switzerland (Kistler 6182B
(PS 1) and a Kistler 6189A (PS 2), see main characteristics as provided by the manufacturers in Table 1)
were used. PS 2 has the ability to perform simultaneously pressure and temperature measurements
and was mounted closer to the die exit. In order to minimize the signal drift, as well as the influence
of external electromagnetic noise, the sensors were separately shielded by means of a copper mesh
covering the wires. Two conventional pressure transducers Dynisco PT422A (0-3000 PSI, Dynisco
Inc., Franklin, MA, USA) with a sensitivity of ±0.5% and a front diameter of 7.8 mm were used (PT 1
mounted upstream and PT 2 mounted downstream). These transducers are sensitive to variations in
the temperature in the range of ±0.005 MPa for ±1 ◦C. All sensors were flush mounted in the double
slit die and adequate fixing was verified.

Table 1. Characteristics of the melt pressure transducers.

Characteristics Kistler 6182 B Kistler 6189A PT422A

Front diameter 2.5 (mm) 2.5 (mm) 7.8 (mm)
Range 0–200 (MPa) 0–200 (MPa) 0–21 (MPa)

Sensibility, x −2.5 (pC/bar) −6.6 (pC/bar) 0.5%
Operating temperature range:
Sensor, cable, connector box 0–00 (◦C) 0–200 (◦C)

At the front of the sensor < 450 (◦C) < 450 (◦C) 0–400 (◦C)

As a validation strategy, and in order to avoid the inherent fluctuations of pressure and flow rate
in screw extruders, the double slit die was attached on the barrel of a Rosand RH10 capillary rheometer
(Malvern Instruments, Malvern, UK), see Figure 2.
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Figure 2. Schematic view (a) and photograph (b) of the experimental set-up. 1: double slit die. 2:
conventional pressure transducers. 3: piezoelectric sensors. 4: power supply. 5: charge amplifier. 6:
analog-to-digital converter (ADC) card. 7: terminal block for 25-Pin. 8:D-SUB Cable. 9: strain gage
indicator. 10: capillary rheometer.

The double slit die is independently heated using two temperature controllers OMRON E5CSV
(Omron Corporation, Tokyo, Japan). In order to acquire the signals from the piezoelectric sensors, the
following equipment was used:

- Two charge amplifiers, a Kistler 5155A 2241 for PS 1 and a Kistler 5155A 22A1 (with separate
channels to acquire pressure and temperature) for PS 2. Two amplification ranges are available
which depend on the maximum charge delivered by the transducer, namely up to 20000 pC
(which corresponds to 10 V in Range I) and up to 5000 pC (which corresponds to 10 V in Range II
for larger amplification).

- Two power supplies (Matrix MPS-5LK-2, delivering a voltage between 18–30 V DC) to feed the
amplifiers and command functions.

- Two analog-to-digital converter (ADC) boards (NI-9215 from National Instruments) driven by
custom-written LabVIEW™ routines to digitize the amplifiers outputs and enhance the sensor
sensitivity with on-the-fly oversampling techniques [16–18].

- Two DIN-Rail Mount Terminal Blocks for 25-Pin D-SUB Modules and two 25-Pin Shielded D-SUB
cables (from National Instruments, Austin, TX, USA) in order to interface the power supply, the
amplifier, and the ADC.

Each conventional pressure transducer was connected to a Dynisco 1390 strain gage indicator, with
analog retransmission output accuracy span of ±0.2%. The strain gage indicator is also connected to a
data acquisition system NI-9215 from National Instruments (see Figure 2) and driven by custom-written
LabVIEW™ routines. The piezoelectric sensor PS 1 and the conventional pressure transducer PT 1
were connected to the same data acquisition system NI-9215 while PS 2 and PT 2 were connected to
the second data acquisition system NI-9215, for time synchronization.

2.3. Experimental Procedure

2.3.1. Calibrations

Conventional transducers and piezoelectric transducers were coupled to a Terwin T1200 Mkll
hydraulic comparison test pump. Calibration curves were constructed by reporting the pressure
returned by the transducers as a function of the pressure set by the test pump. For the piezoelectric
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transducers, the calibration was performed with the charge amplifiers set in the Range II. In this case,
the voltage returned by the transducers are converted into pressure using the following equation:

PS 1 = PS 2 = (Vcor ∗ 50)/x (2)

where x is the sensibility given by the manufacturer (see Table 1) and Vcor is the output voltage V(t)
corrected from the drift, namely Vcor(t) = V(t) − Vdrift(t).

2.3.2. Pressure Measurements and Flow Curves

The whole set-up is switched on at least 30 min prior to any measurement to allow for a stabilized
temperature in both capillary barrel and double slit die, and to warm up the electronics, therefore
reducing the signal drift. The slit is then fed with melt (maintaining constant the piston velocity) for a
period of 1 min and the material is left to relax until the pressure readings, PT 1 and PT 2, stabilize.
Then, the zero balance of the conventional transducers is adjusted in order to define a zero pressure
and to adjust the 80% span. The data acquisition by the ADC starts and the amplifier is switched on to
record the piezoelectric drift Vdrift(t) over two minutes. This time is needed for measuring a consistent
slope s. Afterwards, 6 successive incremental step increases of the piston velocity are performed
in order to ramp up the corresponding shear rates. In each ramp the piston velocity varied from
10 mm/min to 60 mm/min, corresponding to apparent shear rates ranging from 27 s−1 to 165 s−1.
The shear rate was step increased only after steady state pressures were read from the graphic display
provided under the LabVIEW™ environment. At the end of the ramp, the piston is retracted and the
drift monitored for two minutes. The flow curves were constructed using the following analysis for
slit rheometry [1], where the pressure drop dP = PS 1 − PS2 or dP = PT 1 − PT 2 and the volumetric
flow rate, Q, are used to determine the wall shear stress σ and the shear rate

.
γ, respectively, with the

following equations:

σ =
H

2(1 + H/W)

dP
dx

(3)

where W and H are the width and height of the flow channel respectively, and dx is the distance
between transducers PS 1 and PS 2 or PT 1 and PT 2. The apparent shear rate

.
γa is:

.
γa =

6Q
WH2 (4)

where Q is obtained in an indirect way by measuring the weight of the extrudate. This methodology is
preferred to the use of the piston speed for Q determination, as it can readily be extended to in-line
rheometry during extrusion application. The true wall shear rate was calculated from:

.
γ =

.
γa
3

(
2 +

d ln
.
γa

d ln σ

)
(5)

3. Results and Discussion

Figure 3 presents the time evolution of the voltage V acquired by transducer PS 1 mounted in
an empty slit (no pressure applied), in order to assess the drift inherent to this measuring system.
In Figure 3a, the effect of switching on the amplifier on the recorded voltage is evident: the signal
jumps to a value V0 before drifting with time. As expected [5], the signal presents a drift that follows
Equation (1). Thus, the voltage can be corrected to give a flat signal Vcor(t) = V(t) − Vdrift(t), as shown
in the inset to Figure 3a. Both jump to V0 and drift are due to the closing of the electronic circuit
(both amplification and pressure sensing), and as such should be independent of the pressure and
temperature at the tip of the sensor [19].
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Figure 3. Drifts measurements with piezoelectric sensor PS 1 in an empty slit. (a) Time dependence of
the voltage delivered by the charge amplifier. The arrow indicates the time at which the amplifier is
switched on. The inset in (a) displays the corrected voltage Vcor(t). (b) Reproducibility of the slope of
the drift Vdrift(t) − V0.

Figure 3b shows the measurements of three consecutive independent drift measurements (drift 1,
2, and 3) and a drift measurement performed after 3 h (drift 4). The slope s does not change significantly
in the three consecutive measurements, in fact there is almost an overlap of the data. Drift 4 deviates
slightly from the previous measurements, but it reflects only a difference of 0.0019 MPa from the
average of the consecutive drifts (using the sensibility of the manufacturer in the conversion). In order
to check for any effect of pressure on Vdrift(t), the piezoelectric sensors were individually mounted on a
calibrator and several pressures were successively applied. Figure 4 reports the time evolution of the
output voltage V(t) during the ramping up of pressure in the calibration pump. The inset in Figure 4
displays the pressure dependence of the slope s, recorded with sensor PS 1. The error bar associated to
each data point results from the error computed from the fit of Equation (1) to V(t) in each pressure
step. The data show that in the applied pressure range, there is no significant effect of the pressure on
the drift of the piezoelectric sensor.

Figure 4. Time evolution of the output voltage V(t) (solid line) of the PS 1 sensor during the ramping
up of pressure (circles) in the calibration pump. The inset displays the pressure dependence of the
slope s for the PS 1.

Figure 5 represents the calibration curves for PS 1 and PS 2. Each data point and error bar result
respectively from the average and standard error of five measurements similar to the one displayed in
Figure 4. The slopes returned by the linear fits to the data indicate that the response of the piezoelectric
sensors is nicely linear for the range of pressures tested. In addition, the computed slopes do not
significantly differ from the constants calculated with the sensibilities reported in the calibration
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certificate supplied by the manufacturer, namely 50/x = 20 for PS 1 and 50/x = 7.58 for PS 2 (see
Table 1 for x). The intercepts to the origin for the linear fits are 0.28 ± 0.03 and 0.096 ± 0.001 for PS1
and PS2, respectively. These intercepts are smaller than those found for the conventional transducers
(0.415 ± 0.015), which suggest a better sensitivity for piezoelectric sensors in the low-pressure range.

Figure 5. Calibration curves for PS 1 and PS 2, fitted with a linear function.

In order to estimate the eventual effect of the melt temperature on Vdrift, experiments were
performed with the piezoelectric transducers mounted on the heated double slit die, but with no
material in the slit cavity. Figure 6 reports the temperature dependence of the slope s computed using
Equation (1) from Vdrift transients recorded with PS 2.

Figure 6. Average drift slope s as function of temperature.

Each point and error bar in the figure correspond to an average value and error computed from
five measurements. For the temperature range tested in Figure 6, which corresponds to the range
recommended by the manufacturer, no noteworthy variation of s with temperature is perceived.
This result, together with the data displayed in Figure 4, confirms that Vdrift is essentially due to the
electronic imperfections of the whole piezoelectric acquisition system [11,12,19].

Figure 7 presents the time evolution of the outputs of the piezoelectric and conventional
transducers recorded during the ramping up of piston velocities.
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Figure 7. Time evolution of outputs (voltages) measured during the stepwise ramp in the piston velocity
of the capillary rheometer fed with a low density polyethylene (LDPE) at 150 ◦C. (a)—Piezoelectric
(PS 1) and conventional (PT 1) transducers located upstream. (b)—Piezoelectric (PS 2) and conventional
(PT 2) transducers located downstream.

The double slit rheometer was fed with LDPE at 150 ◦C. The transients of face-mounted
transducers show a satisfactory matching along the time scale. The piezoelectric signals show the
expected drifts before the inception of melt flow, and after stopping and retracting the piston of
the capillary rheometer. The piezoelectric data were corrected by computing Vcor(t) using either
Vdrift(t) measured before actuating the piston or Vdrift(t) measured at the end of the ramp. The steady
state values of Vcor(t) recorded for each piston velocity were then converted into pressure using the
calibration curves, see Figure 5. The resulting pressures PS 1 and PS 2 are plotted in Figure 8 as
a function of the piston velocities, together with the pressures PT 1 and PT 2 measured with the
conventional transducers. Experiments performed at 180 ◦C are also reported in Figure 8. Each curve
in Figure 8 is the result of the average of two ramps performed to check for data reproducibility. The
corresponding error bars for each data point are smaller than the symbols used to represent the data.
The error resulting from the reproducibility is larger (ranging from 0.02% to 3.4% for piezoelectric
sensors and 0.02% to 1.2% for conventional transducers) than the error from the pressure reading
(ranging from 0.13% to 0.3% for piezoelectric sensors and 0.16% to 0.5% for conventional transducers).

Figure 8. Comparison between the pressures obtained with the piezoelectric sensors and conventional
transducers for each piston velocity. (a) LDPE at 150 ◦C. (b) LDPE at 180 ◦C. Initial slope and final
slope refer to the values of s used in the fitting of Vdrift before actuating the piston or at the end of
the ramp in piston’s velocity. Average indicates that drift correction is performed by computing the
average of initial and final slopes s.

Data in Figure 8 indicate a moderate mismatch between the pressures returned by the two types
of transducers, albeit their contour being virtually identical. Piezoelectric sensors measured somewhat
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larger values than the conventional sensors upstream, whereas the opposite occurs downstream.
Generally, the method of drift correction (s fitted at the beginning or at the end of the ramp, or s
computed from the average of these two values) does not impact significantly on the results, as the
mismatch between conventional and piezoelectric measurements remains in the range of 0.4% to 4%
(see Table 2). This conclusion is consistent with the results displayed in Figures 4 and 6 where the
drift is shown to be independent of both pressure and temperature. Overall, the numbers reported in
Table 2 compare well with the 2% scatter reported in the pressure measurements of a conventional
transducer used for the capillary rheometry of a low-density polyethylene at 150 ◦C [20].

Table 2. Differences (in %) between the pressures measured with piezoelectric (PS) and conventional
transducers (PT), and between the corresponding computed viscosities.

Temperature Sensors Initial Slope Final Slope Average Slope

Pressure Viscosity Pressure Viscosity Pressure Viscosity

150 ◦C
PT 1 vs. PS 1 2.4–3.0%

6.7–9.3%
1.9–3.1%

9.1–11%
2.2–3.0%

8.0–10%PT 2 vs. PS 2 0.4–1.0% 1.6–3.6% 0.8–2.0%

180 ◦C
PT 1 vs. PS 1 2.5–4.0%

6.7–12%
0.0–0.8%

5.0–7.1%
1.3–2.3%

5.6–9.2%PT 2 vs. PS 2 1.0–1.5% 2.3–3.9% 1.7–2.7%

The data with the average slope method for drift correction displayed in Figure 8 were inserted in
Equations (3)–(5) to compute the flow curves shown in Figure 9. The impact of the mismatch between
the pressure readings of both type of transducers on the resulting flow curves is evident in Figure 9.
The pressure mismatch produces a vertical shift between the flow curves, the differences between
the measured viscosities being larger at smaller shear rates than at larger shear rates. Nonetheless,
the discrepancy between the measured viscosities remains in the range 5.6% to 10% (see also Table 2),
which can be assumed as acceptable if one considers the 10% experimental error usually reported for
rotational rheometry [21] and recently confirmed with Newtonian viscosity standards [22] and with a
low density polyethylene studied at 150 ◦C [14].

Figure 9. Flow curves measured with LDPE at 150 ◦C (solid symbols) and 180 ◦C (open symbols) using
the piezoelectric (triangles) and the conventional (squares) pressure transducers.

The operability window of the piezoelectric transducers is now examined by testing materials
showing different levels of viscoelasticity and comparing the resulting flow curves with those measured
using conventional transducers. All drift corrections were performed using the average between the
slopes recorded before and after the ramp in piston velocities. A PBAT grade designed for film blowing
application was selected for exploring the upper viscoelastic part of the operability window, as this
biodegradable material shows significant melt strength. The flow curves were measured at 190 ◦C and
are presented in Figure 10. Overall, both sets of data, acquired either with conventional or piezoelectric
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transducers with an equally high level of precision (error bars are smaller than the symbols size),
nicely overlap. This result validates the use of piezoelectric transducers for slit rheometry, at least
for materials showing shear viscosities in the range 500–1000 Pa·s at shear rates between 20 s−1

and 200 s−1. A bio-based and compostable PHB was selected for screening low viscosity materials.
PHB is well known for its limited thermal stability and processability. As such, this is a challenging
material for capillary rheometry, and flow curves of polyhydroxyalkanoates are scarcely found in the
literature [23–25]. Indeed, true wall shear rates could not be computed from the data since steady state
flow was not achieved for any piston velocity (see the inset in Figure 10). Thus, the apparent viscosity,
ηa, is reported in Figure 10 as a function of the apparent shear rate,

.
γa, for the two flow curves measured

at 190 ◦C. In spite of these difficulties, a monotonic shear thinning flow curve with satisfactory error
bars is reported for the experiment carried out with the piezo transducers up to a shear rate of 150 s−1.
In contrast, larger error bars are obtained with the conventional transducers and the flow curve
displays an unrealistic shear thickening at larger shear rates. Thus, this result confirms the good
performance of piezoelectric transducers for detecting small pressure variations [3–6]. The slope of
the PHB flow curve measured with the piezoelectric sensors is larger than −1, which suggests the
occurrence of possible flow instabilities. However, the piezoelectric transient in the inset to Figure 10
does not show oscillations with frequency and amplitude signaling the presence flow instabilities as
reported elsewhere [7]. Therefore, the steep slope in the PHB flow curve seems related to the fact that
uncorrected apparent viscosities and shear rates are reported in the graph. In addition, the effect of
thermal degradation on the shear viscosity further contributes to an apparent shear thinning.

Figure 10. Flow curves measured with polybutylene adipate terephthalate (PBAT) at 180 ◦C (squares)
and polyhydroxybutyrate (PHB) at 190 ◦C (triangles). Comparison between piezoelectric sensors
(symbols and lines in grey) and conventional pressure transducers (symbols and lines in black). The
inset represents the time evolution of outputs (voltages) measured with PHB by sensors located
upstream during the stepwise ramp in the piston velocity of the capillary rheometer.

4. Conclusions

The use of piezoelectric transducers for steady melt pressure measurement has been assessed by
directly comparing the flow curves measured with such transducers and with diaphragm transducers
conventionally used in capillary rheometry and in polymer extrusion. A modular slit die was designed
and constructed to allow for the direct comparison between the pressure data acquired by both types
of transducers. Piezoelectric transducers were first calibrated and the drift inherent to the sensors
electronics was analyzed as a function of both temperature and pressure. Various methodologies for
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the drift correction were proposed and the results confirmed that the drift does not depend on the
temperature nor on the pressure. The pressure data acquired with piezoelectric transducers differ
from the data returned by conventional transducers. The difference ranges from 0% to 4% for all shear
rates and temperatures tested with a LDPE. Differences in pressure readings result in a maximum
10% difference in the shear viscosities measured with LDPE for all experimental conditions tested.
This difference is acceptable given the 10% error usually reported for viscosities measured either with
rotational rheometers or capillary rheometers. Accordingly, the results reported here validate the
use of piezoelectric transducers for slit rheometry. A better agreement between the shear viscosities
measured with the two types of transducers was achieved with a more elastic PBAT. In contrast to
this, piezoelectric transducers outperformed conventional transducers for measuring the steady shear
viscosity of a biodegradable PHB with values of the order of 20 Pa·s at shear rates of 100 s−1.
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Abstract: During laboratory practice, it is often necessary to perform rheological measurements with
small specimens, mainly due to the limited availability of the investigated systems. Such a restriction
occurs, for example, because the laboratory synthesis of new materials is performed on small
scales, or can concern biological samples that are notoriously difficult to be extracted from living
organisms. A complete rheological characterization of a viscoelastic material involves both linear
and nonlinear measurements. The latter are more challenging and generally require more mass, as
flow instabilities often cause material losses during the experiments. In such situations, it is crucial
to perform rheological tests carefully in order to avoid experimental artifacts caused by the use
of small geometries. In this paper, we indicate the drawbacks of performing linear and nonlinear
rheological measurements with very small amounts of samples, and by using a well-characterized
linear polystyrene, we attempt to address the challenge of obtaining reliable measurements with
sample masses of the order of a milligram, in both linear and nonlinear regimes. We demonstrate that,
when suitable protocols and careful running conditions are chosen, linear viscoelastic mastercurves
can be obtained with good accuracy and reproducibility, working with plates as small as 3 mm in
diameter and sample thickness of less than 0.2 mm. This is equivalent to polymer masses of less than
2 mg. We show also that the nonlinear start-up shear fingerprint of polymer melts can be reliably
obtained with samples as small as 10 mg.

Keywords: rheometry; polystyrene; linear viscoelasticity; start-up shear

1. Introduction

The laboratory production of new materials usually yields small quantities. This is the case, for
example, of polymer synthesis, where specific architectures with controlled morphologies and narrow
molecular weight distributions can be produced [1–3]. With very low amounts (order of hundreds of
milligrams), the analysis and characterization of the chemical and physical properties of the material
become, as such, difficult and sometimes even impossible to perform with the available quantities, if
further purification is needed [4,5]. Moreover, the synthetic process of complex architectures can be
time consuming as, for example, in the case of regular branched structures [6–9]. On the other hand,
time is an important variable in research, and laboratory resources are limited; hence, the necessity
of obtaining data in a short time does not allow to gather sample material via a series of synthetic
processes [10].

One particular situation where both small samples and short measuring times are required
is that of high throughput experimentation (HTE), particularly relevant in the field of polyolefin
synthesis [11,12]. Here, a large number of polymer samples are synthesized under different conditions
(pressure, temperature, feed composition, catalyst), simultaneously yielding several tens of different
polymers, each one in the amount of a few milligrams.
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Depending on the type of material, the amount of sample required for rheological characterization
varies from several grams to a few milligrams. More specifically, for polymer melts, a linear frequency
response with the canonical approach is obtained with less than 100 mg. For example, a standard
8mm plate-plate geometry requires roughly 25–50 mg [13]. However, as mentioned above, this
quantity can be larger than the usual amounts obtained from laboratory-scale synthesis. For these
reasons, there is an increasing need to find an accurate and controlled way to measure small samples.
Recent commercial rheometers facilitate this process, as they are able to measure very low torques
(few nanonewton meters) and resolve extremely low angular displacements (hundreds of nanorads).
Nevertheless, when different variables are forced to the maximum of their sensitivity in the same
measurement, and secondary effects also play a role, the viscoelastic response becomes arguable and
a more critical approach to the measurement protocol and its elaboration should be developed [14].
Indeed, experimental techniques measure displacements and loads, and convert them in stress or
deformation by assuming ideal conditions. Unfortunately, ideal conditions can be invalidated by
various factors such as fluid and instrument inertia [15], underfilling and overfilling, sample volume,
and surface tension [16,17], to name a few. These effects can concurrently contribute in the same
rheological measurement, and may invalidate results and sometimes cause measured properties to
incorrectly appear nonlinear or non-Newtonian. As an example, surface tension can generate torques
in steady shear for Newtonian fluids (which could be mistaken as shear thinning) and the effect could
grow with slight overfilling, which increases contact line rotational asymmetry [18].

A smaller amount of sample can be obviously employed by using smaller size geometries. This is
a straightforward approach, for example, when working with parallel plates on rotational rheometers.
Concerning parallel plates, the possibility of experimental errors, however, increases as the plate size
decreases. For a given material in the same test conditions, the torque varies with the third power
of the radius. Hence, reducing the radius by a factor of two means reducing the measured torque
by eight times. In addition, if gap and strain are fixed, the applied angular displacement decreases
linearly with the radius. Another issue arising with the use of small geometries is the difficulty of
machining flat surfaces with small diameters, thus determining plate misalignment. On top of that,
the squeeze flow of air between plates induces gap errors [19,20]; hence, the zero gap position must be
carefully checked.

Nonlinear measurements are even more challenging. Nonetheless, there is a great interest to obtain
information on the rheology of fluids in fast flow conditions, for example in fast shear, for processing
applications. On the other hand, transient shear experiments are hindered by flow instabilities such
as edge fracture. A possibility to perform reliable measurements in start-up shear is provided by the
so-called cone-partitioned plate (CPP) geometry [21–24]. Such a geometry is formed by two parts,
namely a bottom standard cone and a top plate that is split into an inner measuring plate and an outer
non-measuring corona. The sample exceeds the area of the inner measuring plate so that, when shear
fracture sets in at the edge of the sample, it requires a certain time to reach the inner part. During this
time, reliable rheological measurements are still possible. However, even when working with small
diameters of the inner plate, the overfilling to prevent edge fracture requires more sample compared
with a standard cone and plate geometry with the same diameter.

In this study, we perform linear and nonlinear rheological measurements on a monodisperse
polystyrene of average molecular weight 200,000 Da, with home-made tools characterized by small
diameters and variable gap size. We try to minimize sample quantities and show that the linear
response obtained with 8-mm parallel plates is reproducible, within experimental error, by using
a plate of 3 mm. This means that, starting from the standard mass of 25–50 mg, one can obtain an
accurate viscoelastic measurement with samples as small as 2 mg. In addition, we performed nonlinear
start-up shear experiments with two cone-partitioned plate geometries, having an inner diameter of
6 mm and 4 mm, respectively. We demonstrate that reliable and reproducible nonlinear measurements
are obtained with an amount of 10 mg.
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2. Materials and Methods

For both linear and nonlinear tests, we used a linear polystyrene with a molecular weight of
200,000 Da, henceforth coded as PS200k. The polymer was purchased from Agilent Technologies
(molecular weight of the highest peak, Mp = 202,100 Da; PDI = 1.03, as supplied by the producer;
Batch No.: 0006314460). The samples were shaped to discs of different diameters by means of vacuum
compression molding. Briefly, a proper amount of sample is weighed and inserted in a mold with a
specific diameter (Figure 1a). The mold consists of a bottom plate (E), a cylinder (D) with holes of
specific diameters, and corresponding pistons (A). The clearance between the pistons and the holes is
approximately 50 μm. The cylinder with holes is fixed to the bottom plate by means of four screws.
The sample fills in a specific hole and the corresponding piston is placed on top. The mold is then
inserted in a small vacuum chamber (B,C) and put in a hot press.

The samples were shaped for 8 min at 150 ◦C. The normal force applied was approximately 200 kg.
After 8 min, the normal force was released. The mold was then cooled down to room temperature
and the samples were extracted. We shaped samples with diameter values of 8, 6, 5, 4, and 3 mm.
The corresponding masses at 25 ◦C, nominal gap (ratio of the total volume to the cross-section), actual
gap used for the measurements, and ratio of nominal to actual gap are reported in Table 1. To calculate
the nominal gap, we evaluated the nominal volume as the product of the sample mass by the density
of polystyrene at 150 ◦C (ρPS(150 ◦C) = 0.994 g/cm3).

Table 1. Diameter, mass, and gap of the samples. The values in parenthesis refer to nonlinear tests.
The mass was weighed at 25 ◦C. The actual gap was measured at 150 ◦C. The uncertainty for mass is
±0.1 mg, and for the actual gap ±1 μm.

Diameter
(mm)

Mass
(mg)

Nominal Gap
(mm)

Actual Gap
(mm)

Gap Ratio
(-)

8 25.0 (23.0) 0.500 0.408 1.23
6 15.4 (10.0) 0.548 0.490 1.12
5 8.9 0.456 0.376 1.21
4 4.5 0.360 0.280 1.29
3 1.9 0.270 0.189 1.43

Linear rheological measurements were performed on a Physica MCR702 (Anton Paar GmbH,
Ostfildern, Germany) equipped with a Peltier plate and hood (H-PTD200) for temperature control.
A shaft for disposable tools was used in order to mount homemade stainless-steel plates with different
diameters (Figure 1b). The linear frequency response was measured at three different temperatures,
namely 130 ◦C, 150 ◦C, and 170 ◦C. The applied strain was 6% at 170 ◦C, 5% at 150 ◦C, and 2% at 130 ◦C.
The thermal expansion of the tools was taken into account while measuring at different temperatures.

The terminal regime was obtained by performing creep measurements at 170 ◦C (applied
stress = 50 Pa) and converting the creep compliance data into dynamic moduli. The creep conversion
was performed by using the NLreg software [25].

Nonlinear rheological tests were carried out on an ARES strain-controlled rheometer
(TA instruments, New Castle, DE, USA) equipped with a convection oven for temperature control. We
used two homemade cone-partitioned plate (CPP) geometries, one having an inner plate radius of
6 mm (referred to as CPP6) and another having an inner plate radius of 4 mm (referred to as CPP4).
Details on the construction of the plates are provided elsewhere [21,26,27]. The bottom cone is a
homemade cone with a truncation of 105 μm and an angle of 5.5◦.
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Figure 1. (a) Vacuum mold used to shape the samples: A, inner pistons (diameters in mm are indicated
in the figure); B, vacuum chamber; C, sealing cap; D, mold; E, lower plate. (b) Parallel plates of different
diameters used for linear measurements, along with samples obtained with vacuum compression
molding technique.

3. Results and Discussion

Figure 2 shows the frequency response of PS200k at different temperatures. The data are taken
with parallel plates having different diameters. For all samples, the following measuring protocol was
applied. The sample was loaded at 150 ◦C; after 20 min, necessary to guarantee thermal equilibration
and relaxation of the sample, a frequency sweep test in the range from 100 to 0.1 rad/s was performed
(applied strain = 5%). Next, the temperature is increased to 170 ◦C; after 20 min, a frequency sweep
test was performed (applied strain = 6%); at the end of the test a creep measurement was completed
for approximately 30 min (applied stress = 50 Pa). The creep test at high temperature is used to
complement the frequency measurements in the low frequency range. Subsequently, the temperature
is lowered to 130 ◦C; after 40 min for thermal equilibration and sample relaxation, a frequency sweep
test was performed (applied strain = 2%).

Figure 2 demonstrates good reproducibility of the tests with different diameters, within
experimental error. The maximum deviation among the frequency sweep tests at 150 ◦C is of the order
of 10%. At 170 ◦C, the deviation is even lower (7%). The maximum discrepancy among the tests is
observed at 130 ◦C (Figure 2c). There are multiple reasons for this discrepancy. First, the extent to
which the sample is pressed in between the plates is not the same for all the samples, as can be noted
from Table 1. In fact, the ratio of the nominal gap (calculated as the ratio of the total volume of the
sample to its cross-section) to the actual gap is not the same for all samples. During the loading, the
sample needs to be pressed between the plates to allow for optimal adhesion of the polymer to the plate
surfaces. Moreover, the volume between the plates must be completely filled by the polymer. It is quite
difficult, however, to perfectly center the sample between the plates at high temperature. Therefore,
it is sometimes necessary to squeeze the sample in between the plates in order to fill the measuring
volume completely. In doing so, some parts of the sample exceed the area of the plate and wrap
around the plate itself, causing an extra torque contribution, thus inducing an apparent increase in the
viscoelastic moduli. Such an increase depends on the level of overloading and can shift the viscoelastic
moduli up to 20% with respect to the true value. Another possible explanation for the vertical shift
between the data is the gap setting. The zero gap was performed by software and manually checked
by bringing the plates in contact with each other. However, it is difficult to machine completely flat
plates, especially when dealing with small-diameter geometries. Small imperfections can lead to a
few-microns-gap error. When working with standard gaps of approximately 1 mm, such an error
is not relevant. However, it becomes important when working with small gaps, i.e., below 0.2 mm.
Another possible source of the vertical shift has to do with the cooling of the sample from 170 ◦C to
130 ◦C. A rapid decrease in temperature can cause partial detachment of the sample from the plates or
inhomogeneity of the edges due to the different thermal expansion coefficients of the polymer and
measuring tools. The typical cooling rate of the Peltier element used here is approximately 20 ◦C/min
in the temperature range explored. Moreover, the response of the thermal control unit is generally
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overdamped. This causes a temperature overshoot with respect to the set point during heating, or an
undershoot during cooling. Therefore, the sample experiences a larger temperature difference with
respect to the set points.

We point out that the shift of the curves at a fixed temperature in Figure 2 is mainly vertical, even
though a minor horizontal shift can be also detected from phase angle data. It is worth mentioning
the slight deviation of the measurements in the high frequency part when measuring with 4-mm and
3-mm parallel plates (green and orange curves). This discrepancy is evident at 150 ◦C and 170 ◦C,
where the elastic and viscous moduli tend to “bend” at high frequencies. We attribute such a deviation
to the torsional compliance of the instrument, which affects the values of the moduli mainly in the
high frequency range [28]. We note that the instrument compliance is the total compliance resulting
from the motor, measuring system, and Peltier element; therefore, it is specific for each combination of
rheometer and plate [29]. If the compliance of the measuring instrument is known, then the measured
viscoelastic moduli can be corrected accordingly in order to obtain the true values. The expression
for such a correction with parallel plates has been demonstrated in previous works [28–30]. Since the
error here is small, we did not attempt to correct the compliance effect of the measuring tools.

(a) (b) 

 
(c) 

ω ω

ω

Figure 2. Dynamic frequency sweep tests on PS200k performed with different plate diameters as
reported in the legend: (a) T = 130 ◦C, (b) T = 150 ◦C, (c) T = 170 ◦C. The color legend applies to the
three panels.

The data in Figure 2 were used to build rheological mastercurves according to the
time–temperature superposition (TTS) principle [31,32]. Figure 3 shows the mastercurves built from
the dynamic frequency sweep tests in Figure 2. Since only three temperatures were available, it was
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difficult to obtain a good empirical estimate of the horizontal shift factors. Therefore, the values of the
William-Landel-Ferry (WLF) fit constants of polystyrene were taken from literature [31,33,34]. In order
to build the mastercurves in Figure 3, we calculated the horizontal shift factors aT according to the
WLF fit equation, log(aT) = −c1

(
T − Tre f

)
/
(

c2 + T − Tre f

)
, at the reference temperature of 150 ◦C,

using c1 = 6.9842 ◦C and c2 = 102.08 ◦C. The calculation yields the following values of the shift
factors: aT(130 ◦C) = 50.327, and aT(170 ◦C) = 0.0717. The vertical shift factors were also calculated
theoretically, according to temperature-density compensation. In fact, the vertical shift factors are
given by bT = (ρ0T0)/(ρT), where ρ0 is the density at the reference temperature T0 (in K), and ρ is the
density at the temperature T. The density of polystyrene (in kg/m3) at the different temperatures was
evaluated according to ρ(T) = 1250 − 0.605T [35], with the temperature expressed in K.

The mastercurves are reported in Figure 3 with the same color legend as in Figure 2. The agreement
between the different datasets is good: the curves measured with the different plates virtually overlap
with each other over the whole frequency range. The maximum deviation between points of the
different mastercurves at the same frequency is approximately 12%; therefore, it can be considered
within experimental error.

ω 

Figure 3. Mastercurves from data in Figure 2. The reference temperature is 150 ◦C. The color legend is
the same as in Figure 2.

The deviation between measurements with different diameters can be better highlighted by
plotting the relevant variables read by the rheometer during dynamic measurements, namely torque,
and phase shift between torque and strain waves. Figure 4a shows the mastercurves obtained
normalizing the torque at different diameters.

In the linear regime, the torque signal is proportional to the applied strain and to the radius raised
to the third power. Therefore, by dividing the torque signal by the strain and multiplying it by the
ratio of the radii to the third power (D = 8 mm was used as reference), the data corresponding to the
different diameters should collapse into a mastercurve. Furthermore, if one multiplies the dynamic
data at the different temperatures by the corresponding horizontal shift factors, then a single torque
mastercurve is obtained. It is worth mentioning that the lowest value of the measured torque for
all the dynamic measurements (7.2 μNm) is well above the minimum torque measurable with the
rheometer (0.001 μNm). The data in Figure 4a show that indeed the normalized torque collapses into
a mastercurve as expected, and the largest discrepancies between the different signals are observed
at 130 ◦C. Moreover, Figure 4b reports the phase angle as a function of frequency. The phase angle
δ is evaluated as tan−1(tan(δ)). The signal becomes noisy around the minimum due to the large
difference between the elastic and the viscous contribution to the viscoelastic response [36]. The noise
is more relevant with plates having small diameters because the magnitude of torque and angular
displacement are smaller compared to those obtained with plates having larger diameters.
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γ
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Figure 4. (a) Torque and (b) phase angle mastercurves. The color legend is the same as in Figure 2.

From the mastercurves in Figure 3, the low frequency crossover, corresponding to the terminal
relaxation time of the polymer, can be extracted. However, inspection of Figure 3 shows that the
terminal region, that is, the low frequency range where the storage modulus has a slope of 2 and the
loss modulus has a slope of 1, is not fully attained. Measuring at temperatures higher than 170 ◦C
with polystyrene is not recommended, as thermal degradation may occur [37]. In addition, with the
smallest diameter plate and at higher temperatures, the torque can reach values close to the sensitivity
limits of the instrument. An alternative is to conduct a creep measurement and convert the creep
compliance into dynamic data. Figure 5a shows the creep experiments performed on the samples at
170 ◦C.

 
(a) (b) 

ω

Figure 5. (a) Creep data at T = 170 ◦C; applied stress = 50 Pa. (b) Results of the conversion of the
creep compliance into dynamic moduli. The color legend for both panels is the same as in Figure 2;
squares = loss modulus; triangles = elastic modulus. The dynamic frequency sweep at 170 ◦C with PP8
is also reported for reference (black symbols).

Figure 5a shows the excellent agreement between the data measured with different geometries.
Discrepancies are observed only at short times, which are not relevant for the determination of the
terminal behavior. The typical creep ringing at early times due to inertia is also observed with the
smallest geometries (3 mm and 4 mm) [14].

Figure 5b shows the conversion of the different compliance curves in Figure 5a into dynamic
moduli obtained with the NLreg software. The very good agreement for the loss modulus is evident.
Larger, but still acceptable deviations are observed in the elastic modulus for measurements with
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different diameters. In addition, the agreement of the converted dynamic data with the measured data
(black symbols) confirms the validity of the conversion of creep compliance into dynamic moduli and,
indirectly, the reliability of the creep measurements.

Hitherto, our study focused on linear measurements, demonstrating that the relaxation spectrum
of polymer melts can be safely measured even with very small sample amounts. However, to the end
of polymer processing, information on nonlinear shear flow behavior is also important. The point here
is again about the minimum amount of sample that could be used in order to obtain reliable data in the
nonlinear regime. To address this question, we performed nonlinear start-up shear tests on PS200k at
160 ◦C and different shear rates. To this end, we used two different partitioned cone geometries with
an inner diameter of 6 mm (CPP6) and 4 mm (CPP4), respectively. For the CPP6 setup we used 22 mg
of sample, whereas with CPP4 we used only 10 mg of sample. The results of the test are reported in
Figure 6a.

(a) (b) 

η

ω γ

η
ω

η
γ

η
η

Figure 6. (a) Transient viscosity measurements performed with CPP6 (empty blue squares) and CPP4
(red lines) at T = 160◦C; shear rates from top to bottom: 0.1, 0.215, 0.464, 1, 2.15, 4.64, 10, 21.5 s−1.
The linear viscoelastic envelope is also reported (dashed grey line and dashed black line). (b) Cox-Merz
rule applied to the transient data.

Figure 6a demonstrates the excellent agreement between the data obtained with CPP6 and CPP4.
The quality of the data is confirmed by the fact that the short-time nonlinear response overlaps with
the linear viscoelastic (LVE) envelopes evaluated from a combination of the Cox-Merz rule [38] and
the Gleissle rule [39]. The dashed black line is the LVE envelope calculated from the LVE response
of the sample measured at 160 ◦C before starting the transient measurements. The grey dashed line,
instead, is the mastercurve at 150 ◦C obtained with the 8-mm sample on the MCR702 and shifted
to 160 ◦C. The experimental shift factor is aT = 0.189, whereas the shift factor predicted from the
WLF fit is aT = 0.234. According to the WLF fit constants reported above, the latter value would
correspond to a temperature of 161 ◦C. The mismatch could be due to the different thermal calibration
of the two rheometers. To further confirm the quality of the data, we also checked the validity of the
Cox-Merz rule (Figure 6b) [38]. We obtained a good agreement between the dynamic and transient
data, consistently with previous literature reports [24,26]. The slope of the last four points is −0.91,
slightly larger compared with the previously reported value of −0.82 [26]. It is worth noting that
the steady-state viscosity data obtained from the transient tests are systematically lower than the
dynamic ones and that this mismatch is higher with increasing shear rate. The reasons for this
discrepancy are multiple and could be, for example, related to wall-slip. Wall-slip of polystyrene melts
was demonstrated in capillary and parallel plate geometries [40,41]. Concerning our data, we find
a satisfactory agreement between transient and dynamic viscosity values in the transition from the
Newtonian regime to the shear thinning region. However, we cannot completely exclude slip at high
shear rates. On the other hand, in such a range, edge fracture can also partly affect the data. In fact, as
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it was pointed out above, the CPP can delay the effect of edge fracture into the measurement volume
but cannot completely avoid it. The link between edge fracture and wall-slip in CPP geometry is an
open question that deserves further investigation. As far as this paper is concerned, we aimed to
demonstrate that few milligrams of sample are enough to obtain reproducible nonlinear data with
state-of-the-art instrumentation on rotational rheometers.

4. Conclusions

The laboratory synthesis of new materials is carried out on a small scale. This often poses the
challenge to obtain reliable rheological measurements both in linear and nonlinear regimes working
with very small quantities of samples. Therefore, we investigated the rheological behavior of a
well-entangled polystyrene melt, both in linear and nonlinear regimes, working with relatively small
geometries with different diameters and gap thicknesses. We showed that reliable data are obtained
in the linear regime with good accuracy, measuring samples as small as less than 2 mg with parallel
plates. We also demonstrated that artifact-free measurements are possible in transient shear working
with cone-partitioned plate geometries that house samples as small as 10 mg.
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Abstract: The Saffman–Taylor instability for yield stress fluids appears in various situations where
two solid surfaces initially separated by such a material (paint, puree, concrete, yoghurt, glue, etc.)
are moved away from each other. The theoretical treatment of this instability predicts fingering with
a finite wavelength at vanishing velocity, and deposited materials behind the front advance, but the
validity of this theory has been only partially tested so far. Here, after reviewing the basic results in
that field, we propose a new series of experiments in traction to test the ability of this basic theory
to predict data. We carried out tests with different initial volumes, distances and yield stresses of
materials. It appears that the validity of the proposed instability criterion cannot really be tested
under such experimental conditions, but at least we show that it effectively predicts the instability
when it is observed. Furthermore, in agreement with the theoretical prediction for the finger size,
a master curve is obtained when plotting the finger number as a function of the yield stress times the
sample volume divided by the square initial thickness, in wide ranges of these parameters. This in
particular shows that this traction test could be used for the estimation of the material yield stress.

Keywords: Saffman–Taylor instability; yield stress fluid; traction test

1. Introduction

The Saffman–Taylor instability (STI) is observed when a fluid pushes a more viscous fluid in
a confined geometry. The term confined here means that the distance between the solid walls is
much smaller than the characteristic length in the flow direction. Such boundary conditions are
typically encountered in porous media or between two parallel plates (i.e., Hele–Shaw cell). Under
so-called “stable conditions”, the length of the interface between the two fluids remains minimal,
so that it is straight for a flow in a single direction, or circular for a radial flow. When the STI develops,
the interface evolves in the form of fingers. For viscous fluids, the origin of the instability is as follows:
if the pressure along the interface is uniform, any perturbation or unevenness (local curvature) of the
interface tends to develop further; this is so because the viscous fluid tends to advance faster in front
of a curvature in the flow direction as the fluid volume to be pushed is smaller. The development of
this perturbation may only be damped if surface tension, which, on the contrary, works against the
deformation of the initial interface, and is sufficient to counterbalance the above viscous effect. This
instability has been widely studied for simple fluids [1–3].

Experiments with radial Hele–Shaw cells using non-Newtonian fluids have shown striking
qualitative differences in the fingering pattern (see e.g., [4,5]). It was discovered that, when the
high-viscosity fluid is viscoelastic, the interface grows along a narrow and very tortuous finger leading
to branched, fractal patterns [6]. It was also shown that this viscous fingering pattern can be replaced
by a viscoelastic fracture pattern for appropriate Deborah numbers [7,8]. On the theoretical side, the
treatment of the Saffman–Taylor instability problem was revisited for viscoelastic or shear-thinning
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fluids. Wilson [9] considered an Oldroyd-B fluid that exhibits elasticity and the case of power-law fluids
was treated by Wilson [9] for unidirectional flows and by Sader et al. [10] and Kondic et al. [11] for
radial flows. However, except in the case of fluids with a negative viscosity for which slip layers may
form [11] or for strongly viscoelastic fluids [8], the corresponding theoretical results did not show strong
changes in the basic process of instability as it appears for Newtonian fluids. For viscoelastic fluids,
Wilson [9] found a kind of resonance that can produce sharply increasing (in fact unbounded) growth
rates as the relaxation time of the fluid increases. Sader et al. [10] mainly showed that decreasing the
power-law index dramatically increases the growth rates of perturbation at the interface and provides
effective length compression for the formation of viscous-fingering patterns, thus enabling them to
develop much more rapidly. For non-elastic weak shear-thinning fluids, Lindner et al. [12] showed
that, during the evolution of the Saffman–Taylor instability in a rectangular Hele–Shaw cell, the width
of the fingers as a function of the capillary number collapse onto the universal curve for Newtonian
fluids, provided the shear-thinning viscosity is used to calculate the capillary number. For stronger
shear-thinning, narrower fingers are found. Further observations on shear-thinning elastic materials
were provided by Lindner et al. [13].

As far as we know, the theoretical description of STI with yield stress fluids (YSF) can flow only
beyond a critical stress; otherwise, they behave as solids [14], starting with the work of Coussot [15],
for both longitudinal and radial flows in Hele–Shaw cells. This approach is based on the use of an
approximate Darcy’s law for yield-stress fluids, which leads to a dispersion equation for both flow
types similar to equations obtained for ordinary viscous fluids, except that now the viscous terms in
the dimensionless numbers conditioning the instability contain the yield stress. As a consequence,
the wavelength of maximum growth can be extremely small even at vanishing velocities, so that
the STI can still exist and we have an original situation: a “hydrodynamic” instability at vanishing
velocity. Another original aspect of this instability for YSF is that, at a sufficiently low flow rate,
the fingering process leaves arrested fluid volumes behind the advancing front [15]. Miranda [16]
presented a theoretical analysis that goes beyond the above theory by using a mode-coupling approach
to examine the morphological features of the fluid–fluid interface at the onset of nonlinearity, and
finally proposed mechanisms for explaining the rising of tip-splitting and side-branching events.
However, this approach relies on a Darcy-law-like equation valid in the regime of high viscosity
compared to yield stress effects, which is precisely not the scope of the present paper. On the contrary,
as we are interested in the specific effect of yielding, we focus on situations for which there is a major
impact of the yield stress. On another side, a numerical approach was also developed to study the
standard problem of penetration of a finger in a Hele–Shaw cell (for Newtonian fluids a stationary
finger forms), first for a simple YSF [17], and then for a thixotropic fluid [18].

Experimentally, the SFI instability of YSF has been studied in a rectangular Hele–Shaw cell with
Carbopol gels [19,20]. This relies on the injection of air at a given point in the middle of the cell, which
then propagates through the fluid. For a Newtonian viscous fluid, when the instability criterion is
fulfilled, some fingers develop in the cell, but, after some distance, one finger becomes dominant while
the others stop and this single finger advances steadily along the main cell direction, with a size equal
to half the cell width. The result with a YSF is strongly different: at some time, there can be one finger,
but with a size possibly much smaller than the cell width. This finger, however, will soon destabilize in
secondary fingers, which are finally stopped, leaving again one finger and so on. A comparison with
theory is hardly possible in this context, but the details of the evolution and the different regimes have
been described [20]. Similar approaches were also developed for thixotropic YSF [21], which obviously
gives rise to effects more complex to predict due to the time-dependency of the fluid behavior.

There is a situation in which the STI of YSF is currently observed: the separation of two plates
initially in contact with a thin layer of YSF; as the plates are moved away, the layer thickness increases,
which induces a radial flow towards some central position; if the distance between the plates is
sufficiently small, the radial velocity is much larger than the axial one, so that the flow approximately
corresponds to a radial flow driven by the air entering the gap, which corresponds to the conditions
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under which the STI can be considered. This is the most frequent situation under which the STI for
YSF can be observed in our everyday life: as soon as some thin layer of paint, glue, puree, or yoghurt
is squeezed between two solid surfaces (a tool, a spoon, etc.) are then separated, one observes
a characteristic fingering shape. Note that it is possible to observe such pictures because the fluid
leaves arrested regions behind the flow front, which finally give this definitive shape. This contrasts
with simple liquids for which the fingers soon relax under the action of wetting effects and a uniform
layer rapidly reforms.

Finally, most of the theory–experiment comparisons concern the observations from traction tests.
In that case, a reasonable agreement between the fingering wavelength and the theoretical predictions
was found [19,22], but this was done in relatively narrow range of parameters, as essentially the
gap was varied. In addition, somewhat problematic are the observations of Barral et al. [23], which
showed that there is a strong discrepancy between the theoretical conditions and the experimental data
concerning the onset of the instability. The problem is that this appears to be the only experimental
approach of the onset of this instability with YSF, and it is in complete disagreement with existing
theory, which might suggest that something is missing in the theory.

Our present objective is to attempt to clarify the situation through new experiments and further
discussion of the experimental criterion of instability and the fingering wavelength. We rely on new
systematic traction tests under different conditions (fluid volume, initial aspect ratio, interaction with
the solid surface) and an analysis of these data with a critical eye, allowing for reaching some clearer
conclusions about the validity of the theory.

2. Materials and Methods

2.1. Materials

We used oil-in-water (direct) emulsions made of silicone oil (viscosity 0.35 Pa·s) as
dispersed phase, and a continuous phase (viscosity 5 mPa·s) made of distilled water and 3 wt%
myristyltrimethylammonium bromide (TTAB, Sigma-Aldrich, St. Louis, MO, USA). A Silverson mixer
(model L4RT), equipped with a rotating steel blade inside a punched steel cylinder, was also used as
an emulsifier. During the preparation, the fluids are sheared and the oil phase is broken into small
droplets while the water or water/glycerol phase fill the surrounding environment, and the interface is
stabilized by surfactants (TTAB). The rotation velocity of the mixer is progressively increased to reach
the maximum rate of 6000 rpm. A part of the bubbles incorporated in the mixture during this process
can be removed by tapping the container, and the rest of the bubbles are removed by centrifugation.
The droplet size is approximately uniform, around 5 microns. Different emulsions with different oil
volume fractions were prepared. The resulting yield stress of the emulsions prepared at 76%, 78%, 82%
and 84% (volume concentration of oil) was, respectively, 20 Pa, 30 Pa, 40 Pa and 50 Pa, within 1 Pa.

We also used a Carbopol (U980) gel. It has been observed that this material is essentially a glass
made of a high concentration of individual, elastic sponges (with a typical element size of 2 μm to
20 μm) [24], which gives rise to its yielding behavior. The preparation of Carbopol gel begins with the
introduction of some water in a mortar mixer. The rotation velocity is set at 90 rpm and the appropriate
amount of raw Carbopol powder (1 wt%) is slowly added to the stirring water. After about one
hour, the incorporation of the powder is done and the appropriate amount of Sodium Hydroxide
(1 mol/L) is quickly added to the solution, which increases its pH. The mixing is then maintained for
approximately one day to allow a full homogenization of the mixture.

2.2. Rheological Characterization

Rheological tests were performed with a Kinexus Malvern-stress-controlled rheometer equipped
with two circular, rough plates (diameter: 40 mm). The sample was carefully set up and the gap was
fixed at 2 mm taking care not to entrap air bubbles. A logarithmically increasing and then decreasing
stress ramp test was then applied over a total time of four minutes. Except for the first part of the
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increasing curve associated with deformations in the solid regime, the increasing and decreasing shear
stress vs. shear rate curves superimpose. We retain, here, the decreasing part as the flow curve of
the material. For similar emulsions, it has been shown that this apparent flow curve obtained from
macroscopic observations correspond to the effective, local constitutive equation observed at a local
scale with imaging technique [25]. The emulsions and the Carbopol gel exhibit a simple yield stress
fluid behaviour and their flow curve can be well fitted by a Herschel–Bulkley (HB) model (see typical
results in Figure 1):

τ > τc ⇒ τ = τc + k
.
γ

n, (1)

in which τ is the shear stress,
.
γ > 0 the shear rate, τc the yield stress, k the consistency factor and n the

power-law exponent.

τ

γ

Figure 1. Typical flow curve of a one of our emulsion and of the Carbopol gel. The continuous lines are
the Herschel–Bulkley model fitted to data with the parameters: (emulsion emulsion (78%)) τc = 30 Pa,
k = 4.5 Pa·sn and n = 0.45; (Carbopol) τc = 70 Pa, k = 23.5 Pa·sn and n = 0.4.

2.3. Set up for Traction Tests

For the adhesion tests, a dual-column testing system (Instron model 3365, Instron, Norwood, MA,
USA) with a position resolution of 0.118 μm was used. The column was equipped with either a 10 or
500 N static load cell, which were able to measure the force to within a relative value of ±10−6 of the
maximum value. Waterproof sandpaper (average particle diameter 82 μm, a dimension much larger
than the typical droplet size) was attached to the top and bottom plates. Since the volume loss in the
roughness could be significant in some cases, a generous amount of extra sample was applied to the
surface of the sandpaper before each test and the excess removed by scraping the surface with a palette
knife. This also ensured reproducible wetting conditions of the fluid onto the solid surface. However,
qualitatively similar results were obtained with initially dry or wet surfaces. Between two successive
tests, both plates were removed and cleaned. A given volume (Ω0) of material was then collected with
a syringe, put at the center of the bottom plate, and the upper plate was decreased at a fixed (initial)
height (h0), thus squeezing the material. The adhesion test then consisted of lifting the upper plate at
a constant velocity (0.01 mm/s) while monitoring the force (F) applied to the upper plate. The initial
distance was varied between 0.2 mm and 5 mm. The initial volume was varied between 0.3 mL and
3 mL.
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3. Theoretical

3.1. Instability in a Straight Hele–Shaw Flow

The instability of radial flows of Newtonian fluids in Hele–Shaw cells has been studied [3,26,27]
by using the vectorial form of Darcy’s law. The treatment below summarizes the assumptions and
results of Coussot [15], whose approach has some similarity with the one adopted by Wilson [9] or
Sader et al. [10] who considered power-law fluids and could not directly use the standard (Newtonian)
Darcy’s law.

We consider a yield stress fluid pushed by an inviscid fluid (say, air) so that it tends to flow in
a given direction x between two parallel plates separated by a distance h = 2b, with a mean fluid
velocity U. The initial interface is assumed to be uniform and straight (along the z direction). A stable
flow corresponds to a fluid motion along the x direction, uniform along the z direction. For an unstable
flow, this interface does not remain straight (see Figure 2).

 

Figure 2. Scheme of main flow characteristics in a Hele–Shaw cell for a destabilized interface (thick line).

The linear stability analysis of this flow [15] relies on several assumptions: (i) the constitutive
equation of the fluid can be well represented by a HB behaviour; (ii) the lubrication assumption is
valid, i.e., the velocity component perpendicular to the cell plan can be neglected; and (iii) the shear
stress at the wall, even around the front of the flow, can be approximated by a value close to the exact
one for a stable uniform flow through this cell (see [15]):

τw = τc

[
1 + c

(
kUn

τcbn

)d
]

, (2)

where c and d two parameters which depend on n. For example, for n = 1/3, c = 1.93, d = 0.9 [15].
Under these conditions, the linear stability analysis of the flow, for negligible gravity effects,

predicts that the unidirectional flow above described is fundamentally unstable as soon as the inviscid
fluid pushes the yield stress fluid. Moreover, the wavelength of maximum growth is

λm = 2π

√
3σb
τw

(3)

in which σ is the surface tension. Note that the Newtonian case is recovered from this approach: by
using in Equation (3) the wall stress expression for a stable uniform flow of a Newtonian fluid in
such a cell, i.e., τw = 3μU/b, we find λm = 2πb

√
σ/μU, which is the standard expression found from

a complete theoretical analysis in the Newtonian case [2].
From Equation (3), we also deduce that the instability will be apparent only if λm < D, where D is

the width of the flow. This implies that the flow will be apparently unstable if

τw >
12π2σb

D2 . (4)
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Finally, note that, for a yield stress fluid, τw tends to τc when U → 0 or, more precisely, τw

≈ τc when kUn/τcbn << 1. Thus, at vanishing velocity, the wavelength tends to a finite value, i.e.,
λm = 2π

√
3σb/τc. This strongly contrasts with the result of the Saffman–Taylor instability for simple

fluids (i.e., without yield stress) for which the wavelength tends to infinity when the velocity tends to
zero. Thus, for yield stress fluid, if the front width is sufficiently large, we will see the development
of a hydrodynamic instability at vanishing velocity. Note that, more precisely, due to the square root
of the stress in the wavelength expression, the approximation above leading to neglect the flow rate
dependent term in the stress expression, leads to an approximation to within 10% of the exact value of
the wavelength if kUn/τcbn is smaller than 0.2.

Moreover, in the case of small front velocity, the stress should slightly overcome the yield stress in
the regions with highest velocities and, as a consequence, intuitively, the stress might be smaller than
the yield stress in regions with lowest velocities (see further demonstration in [15]). As a consequence,
the regions left behind should remain static just after the beginning of the unstable process. As long as
the fingers grow, the pressure drop applied to these regions therefore decreases so that they should
remain static even after a long time.

3.2. Instability in a Radial Hele–Shaw Flow

We consider now the case of a radial flow, with an inviscid fluid pushing the yield stress fluid
towards the center. This assumes that, if the plates remain at the same distance, the YSF for example
escapes through a central hole. Using again expression (2) for the wall shear stress (which neglects
orthoradial components), a linear stability analysis [15] leads to

λm = 2πR
(

3σb
σb + τwR2

)1/2
, (5)

in which R is the radius of the circular interface. Once again, this expression allows for recovering the
Newtonian case, λm = 2πR/

√
μUR2/σb2 + 1/3 [3], by introducing in Label (5) the expression for the

wall shear stress of the stable, and the uniform flow of a Newtonian fluid (see above).
Finally, for a YSF, the criterion for the apparent onset of instability (λm < 2πR) is:

τw >
2σb
R2 . (6)

The above remarks concerning the finite wavelength at vanishing velocity and the tracks left
behind still apply in this case.

3.3. Flow Induced by a Traction Test

We now consider the flow induced by a traction test, in which the material initially forming
a cylindrical layer situated between two plates, is then deformed as a result of the relative motion of
the two plates away from each other along their common axis. As the distance between the plates
increases, since the material remains in contact with the plate, the thickness of the sample increases.
As a result, the material tends to gather towards its central axis. Let us consider the ideal case where
the sample shape remains cylindrical during this process, i.e., the flow is stable and we neglect the
deposits of material along its motion along the plates. In that case, as a result of mass conservation, the
mean radial velocity (U) is related to the velocity of separation of the plates (V) through

U =
R
4b

V. (7)

From Label (7), we see that, as soon as the aspect ratio (i.e., R/2b) of the sample is sufficiently
large, the radial velocity is much larger than the separation velocity. In that case, the lubrication
assumption, i.e., the velocity components parallel to the plates are much larger than the perpendicular
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ones, is relevant, and we can consider that the flow is similar to that resulting from a pure radial flow
between plates at a fixed distance from each other. Obviously, this assumption will start to fail at some
point during the process, as the aspect ratio progressively decreases toward smaller values when the
plates are moved away from each other. In the following, we will a priori assume that the lubrication
assumption is valid, and discuss its possible non-validity as an artefact of the tests.

On the other side, for such a traction test, we can easily estimate the normal force needed
to separate the plates under the lubrication assumption for stable and sufficiently slow flows (i.e.,
kUn/τcbn << 1) [28]. In that case, the radial flow along the plate induces a shear stress equal to the
material yield stress. The momentum balance applied to the sample volume between R and r assuming
no surface tension effect and negligible atmospheric pressure leads to:

p(r) =
τc

b
(r − R). (8)

The net normal force exerted onto the plate in that case is then found by integrating the pressure (8)
over the surface of contact:

F =
2πτcR3

3b
. (9)

Equation (9) thus provides an expression for the force applied in the case of slow flows. Since
the assumed constitutive equation is continuous, i.e., it predicts a continuous transition from rest to
slow flows around the yield stress, Equation (9) also provides an expression for the minimum force to
induce some motion for a given separation distance and a given radius.

Note that, for a given volume of material (Ω0 = 2πR2b), this force may be rewritten as

F =
4τcΩ0

3/2

3
√

πh5/2 , (10)

which gives the force variation as a function of the distance (h = 2b) between the plates.

4. Results and Discussion

4.1. General Trends

The typical result of a traction test is the formation of an approximately symmetrical deposit over
each solid surface, associated with a tendency to a gathering of the material towards the central axis,
as proved by the larger thickness of material towards the central part. Depending on the experimental
conditions, the final deposit has different aspects, from a simple conical shape to a fingered structure
(see [23]). Since the initial shape is cylindrical, a stable flow would maintain a cylindrical interface.
As a consequence, a final fingered structure (see Figure 3) is the hallmark of flow instability.

 

Figure 3. Fingering aspect of the remaining deposit of yield stress fluid after separation of two plates
initially squeezing a thin fluid layer. (Photo Q. Barral).
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4.2. Force vs. Distance

The force during such a test strongly decreases with the distance and approximately follows
a slope of −2.5 in logarithmic scale (see Figure 4), which tends to confirm the validity of Equation (10).
However, we can remark that the force curve is shifted towards smaller values when the initial distance
is smaller, in contradiction with the above theory since expression (10) only depends on the sample
volume and the current distance. This is explained by the development of fingering, which implies
that some significant parts of the material do not flow anymore in the radial direction.

h

F

−∝ h

Figure 4. Force vs. distance during a traction experiment for an emulsion (82%) (yield stress of
40 Pa) for different initial aspect ratios (corresponding to first point of curves on the left) (Ω = 3 mL).
The dashed line is the lubrication model (see text).

Let us try to take this phenomenon into account. We assume that, during the withdrawal of
dR, the fingers well develop so that half the material is left behind as deposited material, while the
central flowing region is “plain”, with a current volume Ω. Thus, we have a variation of the current
volume of material still in the flowing region as dΩ = πRhdR, since, by definition of this volume:
Ω = πR2h, we deduce dΩ/Ω = dR/R and by integration Ω = Ω0R/R0 = Ω0

2/πhR0
2. We finally find

Fc =
2τcΩ0

3/2

3π1/2 h0
3/2h−4. Although this expression now effectively predicts a decrease of the force with

the initial distance, it also predicts a decrease of this force with the current distance as a power −4,
in contradiction with the data. Thus, we can conclude that, although we are able to reproduce some
qualitative trends through different approaches, we still lack a full theory for describing the force
evolution with distance when fingering develops significantly.

4.3. Characteristics of the Instability

4.3.1. Instability Criterion

We now discuss the characteristics of this instability. In order to better discuss the origin of the
evolution of the final shape of the deposit with the material and process parameters, we consider the
theoretical prediction of the instability criterion (i.e., Equation (6)) under negligible “additional viscous
effects”. Note that we checked that for all the tests with the emulsions kUn/τcbn was smaller than
0.2, which means that the above simplified expression for the finger width is relevant. This was not
the case for the Carbopol gel, for which kUn/τcbn was as large as 0.5 at the beginning of the test in
some cases, but, in the following, we neglect this aspect and it appears that this does not affect the
consistency of our results and analysis. In the instability criterion (Equation (6)), we can then use the
approximation τw ≈ τc, so that this criterion may be rewritten as τcΩ0/h2 > 2πσ. From this expression,
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we see that, if it is to occur, the instability will occur at the beginning of the withdrawal, when the
height is the smallest. As a consequence, the instability criterion writes: X = τcΩ0/h0

2 > 2πσ. Under
these conditions, we can expect that the instability will be “more developed” for increasing values
of X.

In Figure 5, we show the different final shapes observed for different values of X as a function
of the initial distance between plates. We see that h0 does not determine solely the intensity of the
instability: various deposit aspects are found for a given h0 value. On the contrary, as expected from
the theory, the aspect of the deposits seems to be close for a given value of X: we get approximately
similar branched structures along each horizontal line in this representation (see Figure 5). Then,
we can determine the limit between the unstable and stable regimes, by considering that the absence
of apparent fingering is the hallmark of stable flows. Note that, for small values of h0, this is an
extrapolation, since we were unable to get experimental data in this region of the graph as it required
too small sample volumes. We thus find that this limit corresponds to X ≈ 10 Pa·m. (Note that a similar
approach from the data of Barral et al. [15] would lead to X ≈ 80 Pa·m.) On the other side, using for
the surface tension the value of the interstitial liquid (water) [29], i.e., σ = 0.07 Pa·m, the left hand-side
of the instability criterion (6), i.e., 2πσ is equal to 0.4 Pa·m. Thus, we find that experiments give stable
flows in a wide range where unstable flows are expected from theory, namely between say X ≈ 10 Pa·m
and X ≈ 0.4 Pa·m.

⋅X

h
Figure 5. Final aspects of the deposit after plate separation as a function of the parameter X and
the initial thickness, for a 40 Pa yield stress emulsion and different sample volumes (the volume
corresponding to each picture may be estimated from the value of X and h0 through Ω0 = Xh0

2/τc).
The diameter of the dark disk in all the photos is 10 cm.

At first glance, this result may be seen as a strong discrepancy between experiments and theory.
Actually, this is not so obvious. Indeed, looking at the flows considered as “stable”, we see that they
correspond to a rather limited radial flow. Under such conditions, the STI, or more precisely fingering,
would simply not have enough time or distance to develop. More precisely, this is the validity of
the lubrication assumption, which should be discussed, as we expect that, if this assumption is valid,
during the traction test the distance will now increase to large values, i.e., at least of the same order
as the initial radius, which implies a significant radial flow. If we compute the ratio h0/R0, we find
that the stable flows correspond exactly to those for which h0/R0 is larger than 0.1. This suggests that
here we in fact find stable flows because the lubrication assumption is not valid. In that case, we have
indeed a more complex flow than assumed in the theory, in particular there is now likely a significant
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component of elongation along the vertical axis, which might dampen the instability. In fact, looking
further at the initial and final sample shape, we see that the material essentially transforms from
a circular disk layer to a cone of same basis, and does not significantly flow radially. Actually, in similar
experiments carried out with smooth plates, with roughness of less than one nanometer, no instability
at all is observed in a wide range of initial distances [30]. In that case, we have a pure elongation
flow along most of the flow. This further confirms the above suggestion that, when the elongational
component is significant, no instability can be expected.

This suggests that we cannot really test the validity of the instability criterion because well before
the range for which stability is expected, the lubrication assumption is not valid. We can just say that,
under the proper assumptions, i.e., lubrication assumption, the flow is unstable, in agreement with the
theoretical criterion.

4.3.2. Fingering Wavelength

Let us now try another approach to test the theory, by looking at the wavelength of the fingering.
With that aim, we need to look at the fingering characteristics at the onset of the instability, since
this is the only aspect relevant within the frame of a linear stability analysis, which considers the
flow evolution for a slight perturbation of the initial stable flow. We assume that the corresponding
wavelength corresponds to the fingers apparent at the periphery of the initial sample layer and
we simply count the number of deposited fingers around the sample, which corresponds to N/2.
The theoretical prediction for the finger number N at the onset of the instability, i.e., 2πR/λm,
as deduced from Label (5) is:

N =
1√
3

(
1 +

2Y
π

)1/2
(11)

in which Y = X/σ.
All the data are shown in Figure 6, where we can see that globally the theoretical prediction is in

agreement with the experiments: all the data for the different fluids, different initial distances, and
different sample volumes, fall along a master curve which corresponds to an increase of the finger
number following on average the theoretical curve. Nevertheless, we can note some discrepancy:
at low Y values, the finger number is systematically below (by a factor about 1.5) the theoretical
prediction, which suggests that, in that case, the elongational component of the flow plays some
significant role and slightly dampens the instability; at large Y, the finger number is slightly above the
theoretical prediction, but we have no explanation for that.

N

Y
Figure 6. Saffman instability during traction tests with emulsions of various yield stresses, for various
sample volumes and various initial thicknesses: Number of fingers as a function of the parameter Y.
Caption: emulsions, except when mentioned (Carbopol).
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5. Conclusions

We have shown that it is in fact not possible to test the theoretical criterion for the instability
onset of yield stress fluids in traction tests: as soon as the radial flow induced is sufficiently developed,
an unstable flow is expected and effectively observed. On the contrary, in agreement with the theoretical
prediction for the finger size appears, i.e., a master curve is obtained when plotting N as a function
of X for the different volumes, yield stresses and initial thicknesses in rather large ranges. However,
there remains a discrepancy between theory and experiments: the finger number is smaller by a factor
about 1.5 for X < 25 Pa·m, and larger by a factor about 1.5 for X > 25 Pa·m. As a consequence, the basic
theory can be used to estimate and predict the fingering aspect for any application, as soon as one
knows the material yield stress, sample volume and initial thickness. On the other side, this traction
test could be used for the estimation of the material yield stress, from an analysis of the fingering
characteristics. Further work in that field could focus on the exact flow characteristics during such
a traction test, in particular when the instability has begun.
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Abstract: In this work, we examine the shear-banding flow in polymer-like micellar solutions with the
generalized Bautista-Manero-Puig (BMP) model. The couplings between flow, structural parameters,
and diffusion naturally arise in this model, derived from the extended irreversible thermodynamics
(EIT) formalism. Full tensorial expressions derived from the constitutive equations of the model,
in addition to the conservation equations, apply for the case of simple shear flow, in which gradients
of the parameter representing the structure of the system and concentration vary in the velocity
gradient direction. The model predicts shear-banding, concentration gradients, and jumps in the
normal stresses across the interface in shear-banding flows.

Keywords: shear-banding flow; BMP model; normal stresses

1. Introduction

Beyond the local equilibrium hypothesis, the extended irreversible thermodynamics (EIT)
provides a consistent methodology to derive constitutive equations for systems far from equilibrium.
These equations, together with the conservation laws, predict flow-induced concentration changes
produced by inhomogeneous stresses in complex fluids [1–4].

Flow produces changes in the internal structure of complex fluids and induces fluctuations in
concentration and in the rheological properties. In some analyses of the rheology of these complex
fluids, the stress constitutive equation couples with an evolution equation of a scalar representing
the flow-induced modifications on the internal structure of the fluid (a variable such as the fluidity
or micellar length, in the particular case of giant micellar solutions). Simultaneously, the stress
coupling with the diffusion equation of the dispersed phase explains the phenomena arising from
concentration changes, as suggested in reports on flow-induced concentration fluctuations and
diffusive interfaces [5,6]. An additional coupling of diffusion and structural changes closes this scheme.

Rheological measurements in complex fluids, in particular those performed in wormlike micellar
systems, demonstrate that a unique selected shear stress exists independently of flow history [7].
The steady-state flow curve has a well-defined, reproducible plateau. Coexistence of low and
high viscosity bands has been observed by nuclear magnetic resonance (NMR) spectroscopy [8],
small-angle neutron scattering (SANS) [9], and from flow birefringence [10], which reveals a highly
oriented band coexisting with an isotropic one.

The Johnson-Segalman model (JS) predicts a history dependence of banded solutions after
imposing several flow histories, i.e., the apparent flow curves and the stress plateau depend on
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flow history. To find a unique stress selection, non-local gradient terms have been heuristically added
to the JS constitutive equation [11,12], although diffusion in the stress arises naturally in kinetic theory,
in particular in dumbbell models [13].

Although the non-local JS model has been useful to understand some features of the kinetics and
stability of band formation, nevertheless there are two important setbacks of this model. The first one is
that this model cannot describe the breaking and reformation processes of the micellar systems under
flow to enable an understanding of the relation between shear-band formation and microstructural
evolution. The second one refers to the inability of the model to describe the evolution of the stress and
normal stress differences under step-strain experiments in shear flow and it gives wrong responses in
extensional flow [14]. Furthermore, the non-local JS model may predict reversal in the band ordering
in Couette flows [9] in contrast to experimental data.

Relevant alternative approaches, particularly that by Yuan and Jupp [15] using a 2-fluid J-S
model, apparently give unique stress selection, even though interfacial terms were only present
in the equation of motion for the concentration dynamics, and not in the constitutive viscoelastic
equation. Vasquez et al. developed a two-species reptation-reaction network model [16] that captures
the continuous breakage and reformation of long entangled chains that forms an entangled viscoelastic
network, and the enhanced breaking that takes place during imposed shear deformation. The same
group compared the homogeneous flow predictions of their model with steady and transient shear
flow experiments performed in concentrated cetylpyridium chloride/sodium salicylate solutions [17].
In general, the predictions for nonlinear shear flow agree quite well with the rheological behavior for
shear rates below the stress plateau, including the first normal stress difference, but it cannot predict
a non-zero value of the second normal stress difference.

Concentration-coupling in the shear-banding transition of wormlike micellar systems has been
a generic explanation of the slightly upward slope of the plateau stress observed with increasing
shear rates [18–20]. This effect implies that a micellar concentration difference is established between
the bands as the high-shear band grows to fill the gap. A model of concentration-coupled shear
banding [21] was introduced by combining the diffusive (spatially non-local) J-S model [22] with
a two-fluid approach to concentration fluctuations [23]. This model does not address the microscopic
features of any particular viscoelastic system, but it should be regarded as a minimal model that
combines an unstable constitutive curve, such as that of semi-dilute wormlike micelles, with spatially
non-local terms in the viscoelastic constitutive equation and a simple approach to concentration
coupling. In the two-fluid approach, the viscoelastic stress causes the micelles to diffuse up in stress
gradients, and so it couples stress with concentration. If the viscoelastic stress then increases with
concentration, positive feedback occurs, causing net diffusion of micelles up their own concentration
gradient. This mechanism causes shear-enhanced concentration fluctuations and shear-induced
de-mixing (concentration coupling) in systems that shear-band.

Normal stresses may be the reason for vorticity structuring that can emerge in complex fluids.
A banding state may undergo a secondary linear stability due to the action of normal stresses across
the interface between bands. Recent experiments of gradient-banded solutions of wormlike micelles
show that they are unstable with respect to interfacial undulations with the wave vector in the vorticity
direction [11,12]. The underlying mechanism includes normal stresses and shear-rate jumps across
the interface.

In a previous work [24], we examined the non-homogeneous shear-banded flow of giant micelles
with the BMP (Bautista-Manero-Puig) model. Results included the phase portraits around the flow
curve and for the confined fluid, predictions were given for the velocity, stress, and fluidity fields as
functions of both space and time. It was found that the same stress plateau and critical shear rates are
approached independently of the initial conditions and shear history for a given applied shear rate or
shear stress. The flow histories included forward and backward sweeps under strain-controlled and
stress-controlled conditions.
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In this work, the shear-banded flow predictions of the generalized BMP (Bautista-Manero-Puig)
model [5], which contains the above-mentioned couplings, including normal stresses derived from EIT
for complex fluids, are analyzed here. In reference [4], we present the formulation of the governing
equations for flows that include normal stresses.

The derivation of the model’s main concepts is given in the Appendix A and in [5]. The predictions
of the phase portraits of the dynamics before approaching steady state and the variation of normal
stresses in space and time of the resulting banded state are exposed. As in the previous paper,
it is found that the same plateau is reached for various flow conditions; in this case, a stepping-up
variation of shear rate is imposed. The diffusion equation allows for concentration gradients and
gradients in the structural variable, and predicts stress gradient terms in the equation for the stress [13],
which naturally arise in the constitutive equation, without the need to include them in an ad-hoc
manner. Depleted regions where the concentration decreases are found near the moving boundary.
It is shown that jumps in the normal stresses across the interface are also predicted.

2. Theoretical Description

The set of equations of the generalized BMP model are [5]:

dϕ

dt
=

1
λ
(ϕ0 − ϕ) + k0(1 + ϑ(I ID))(ϕ∞ − ϕ)σ : D + ϕ0β′

0∇ · J (1)

J + τ1
ϕ0

ϕ

∇
J = −Dϕ0

ϕ
∇c − β0

ϕ
∇φ +

β2 ϕ0

ϕ
∇ · σ (2)

σ +
1

G0φ

∇
σ =

2
ϕ

D +
ψ2

ϕ
D·D +

β′
2 ϕ0

ϕ

(∇J
)s (3)

where
(∇J

)s stands for the symmetric part of ∇J and the upper-convected derivatives of the diffusive
concentration flux vector J and of the stress tensor σ are defined, respectively, as:

∇
J =

dJ
dt

− L·J, (4)

∇
σ =

dσ

dt
−

(
L·σ + σ·LT

)
(5)

here d/dt is the material-time derivative, D is the symmetric part of the velocity gradient tensor L,

and I ID is its second invariant. ϕ is the inverse of the shear viscosity (η) is the fluidity, ϕ0

(
≡ η−1

0

)
is

the fluidity at zero shear rate, G0 is the plateau shear modulus, λ is a structure relaxation time, and k0

can be interpreted as a kinetic parameter for structure breaking. τ1 is a relaxation time for the mass
flux, D is the Fickean diffusion coefficient, and ψ2 is the second normal stress coefficient; c is the local
equilibrium concentration and ϑ, β0, β′

0, β2, and β′
2 are phenomenological parameters. The structural

variable σ has been identified with the normalized fluidity φ = ϕ/ϕ0 [5].
Equations (1)–(3), together with the conservation equations, represent a closed set of time

evolution equations for all the independent variables chosen to describe the behavior of complex fluids.
Note the mutual coupling of these equations.

For simple-shear (where x is the direction of the macroscopic flow velocity, y is the direction
of the velocity gradient, and z is the vorticity direction), we assume small inertia and that the mass
flux relaxation time is negligible compared to the stress relaxation time, i.e., (G0 ϕ)−1 � τ1 (which
a plausible assumption for wormlike micelles). Equations (1)–(3) become:

dϕ

dt
=

1
λ
(ϕ0 − ϕ) + k0(1 + ϑ(I ID))(ϕ∞ − ϕ)σ : D + ϕ0β′

0

[
∂Jx

∂x
+

∂Jy

∂y

]
(6)
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γ
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ϕ
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σzz +
1

G0 ϕ

[
∂σzz

∂t

]
= 0 (12)

where
.
γ is the shear rate. Equations (6)–(12) are the ones given particular attention in this work.

To close the system of equations, the conservation of mass, concentration, and momentum are:

ρ
∂vx

∂x
= 0 (13)

∂c
∂t

= −
[

∂Jx

∂x
+

∂Jy

∂y

]
(14)

ρ
∂vx

∂t
=

∂σxy

∂y
+ ηs

∂2vx

∂y2 +
∂σxx

∂x
, (15)

where ηs is the solvent viscosity. In Equations (7), (8), and (15), the derivatives of the normal stresses
involve terms of third order in the derivatives of the fluidity and concentration, which we neglect.
In addition, a solution for Equations (13) and (15) can be obtained by taking the derivative of each
term of Equation (15) with respect to x. This leads to:

∂2σxy

∂x∂y
+

∂2σxx

∂x2 = 0 (16)

Next, the normal stress differences are defined in the usual form:

N1 = σxx − σyy, N1 = σyy − σzz (17)

From Equations (10)–(12) we obtain:

N1 +
1

G0 ϕ

[
∂N1

∂t
− 2

.
γσxy

]
=

β′
2 ϕ0

ϕ

[
∂Jx

∂x
− ∂Jy
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]
(18)

N2 +
1

G0 ϕ

[
∂N2

∂t

]
= ψ2

ϕ0

ϕ

.
γ

2
+ β′

2
ϕ0

ϕ

∂Jy

∂y
(19)

Until now, Equations (6), (9), (18), and (19) have been the more general expressions in two
dimensions (the shear plane), including normal stresses. They preserve the tensorial character
of the equations, upon the assumptions of small inertia and negligible mass flux relaxation time.
Following the translational symmetry of the flow, we address the particular case where the derivatives
in the direction of flow are negligible. In such case, we have:

∂Jx

∂x
=

∂Jy

∂x
= 0 (20)
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[
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while (19) remains equal. Written in terms of the non-dimensional variables:

φ = ϕ/ϕ0, φ∞ = ϕ∞/ϕ0,

Equation (9) becomes:

φσxy + τσ

[
∂σxy

∂t

]
= η0

.
γ +

.
γτσ N2 +

β2β′
2

2
∂

∂y

[
1
φ

∂σxy

∂y

]
(24)

where τσ is the stress relaxation time (τσ = (G0φ0)
−1) and η0 is the zero shear-rate viscosity. In the

limit of creeping flow φ → 1 , Equation (24) reduces to:

σxy + τσ

[
∂σxy

∂t

]
= η0

.
γ +

1
2

β2β′
2

∂2σxy

∂y2 (25)

Equation (25) is similar to the diffusion equation for the stress analyzed in the current literature
to predict diffusion of interfaces [12,13,25]. In fact, following similar assumptions (simple shear,
small inertia), Equation (25) is equal to that derived from the constitutive equation:

σ + τσ
�
σ = 2η0D + τσD∇2σ (26)

where
�
σ is the (Gordon-Schowalter) convected time derivative defined in the Johnson-Segalman

model [26]. In creeping shear flows, Equation (26) reduces to Equation (25), providing the
phenomenological coefficients β2β′

2 to be identified with τσD. This identification of the coefficients
allows a physical interpretation and measurement of their magnitudes. Similarly, the coefficients β0β′

0
may be identified with the structure diffusion coefficient D′, and β0β′

2 can be identified with ρDD′.
With these identifications, and considering that Equation (23) is decoupled, Equations (6), (9), (19),
and (23) become:

∂Jy

∂y
=

∂

∂y

[
1
φ

(
−ρD’

∂φ

∂y
+ τσ

∂N2

∂y

)]
+

∂

∂y

(−D
φ

∂c
∂y

)
(27)

∂φ

∂t
=

1

λ
(1 − φ) + k0

(
1 + ϑ

.
γ
)
(φ∞ − φ)σxy

.
γ +

1
ρ

∂Jy

∂y
(28)

τσ

[
∂σxy

∂t

]
= η0

.
γ +

.
γτσ N2 +

Dτσ

2
∂

∂y

[
1
φ

∂σxy

∂y

]
(29)

φN1 + τσ

[
∂N1

∂t
− 2

.
γσxy

]
= −ψ2

.
γ

2
+D

[
∂Jy

∂y

]
(30)

φN2 + τσ

[
∂N2

∂t

]
= ψ2

.
γ

2 −
[

∂Jy

∂y

]
(31)

Equations (28)–(31) are the main results of this section. It is noticeable that this formulation leads
to structure-dependent variables, i.e., viscosity (η0/φ), stress relaxation time (τσ/φ), and diffusion
coefficients (D/φ and ρD′/φ). The structure itself follows an evolution Equation (28). In the limit
φ → 1 (constant structure) with no normal stresses, Equation (29) reduces to the simple-shear version
of Equation (26). These equations contain seven constants. Five of them (λ, k0, η0, φ∞, τσ) can be
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evaluated from independent rheological experiments [4]. Under heterogeneous (shear banding) flow,
ϑ (the shear-banding intensity parameter) is related to the position of the stress plateau (set by the
equal-areas criterion or equal minima in the dissipated energy) and D may be evaluated from data of
interface diffusion. Dhont [27] has suggested an expression for the relaxed stress under simple shear
(without normal stresses) similar to that of Equation (25), in which the term (D/φ) is identified with the
“curvature viscosity”, which actually follows the same form of the shear-thinning viscosity observed
in worm-like micellar solutions. According to the magnitudes shown in [27], usual values for the
zero-shear rate viscosity are around 20 Pa·s. In the absence of normal stresses, the reaction-diffusion
character of equation is preserved

σxy + τσ

[
∂σxy

∂t

]
= η0

.
γ +

Dτσ

2

∂

∂y

[
1

]φ

∂σxy

∂y

]

which reduces to the simple shear version of Equation (25) as φ → 1 . It is worth mentioning that the
inclusion of diffusion in the constitutive equations leads to a finite thickness of the interface between
the bands, as shown in the results presented in the next section.

2.1. Steady-State Solution

Under steady state, the conservation Equations (14) and (15) lead to

[
∂Jy

∂y

]
= 0,

∂σxy

∂y
= 0

which means that both Jy and σxy are independent of the coordinates, and since there is no flux at the
boundaries, then Jy = 0 for all y. Furthermore, Equation (8) leads to:

ρD′
[

∂φ

∂y

]
= −D

[
∂c
∂y

]
+ τσ

[
∂N2

∂y

]
(32)

In the particular case when the mass and viscosity diffusion coefficients and the stress relaxation
times are constant, Equation (32) can be integrated to give:

φ = φc −
(D/ρD′)c +

(
τσ/ρD′)N2

For a given constant φc, the ratio of the diffusion coefficients is positive, and hence the fluidity
increases with decreasing concentration. In addition, under steady state, Equations (28)–(31) become

0 =
1
λ
(1 − φ) + k0

(
1 + ϑ

.
γ
)
(φ∞ − φ)σxy

.
γ (33)

φσxy = η0
.
γ +

.
γτσ N2 (34)

φN1 =
(
2τσσxy − ψ2

.
γ
) .
γ (35)

φN2 = ψ2
.
γ

2 (36)

Substitution of Equations (36) and (34) in (33) leads to a fifth and third order equation for the
shear rate and fluidity, respectively:

0 = (1 − φ)φ2 + k0λ
(
1 + ϑ

.
γ
)
(φ∞ − φ)

(
η0φ + τσψ2

.
γ

2
) .

γ
2

In most cases, the order of magnitude of ψ2 is negligible in comparison with η0φ, and the previous
equation reduces to a third and second order equation for the shear rate and fluidity, respectively,
which has been previously analyzed [4].
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2.2. Numerical Method

To analyze the transient behavior at the inception of flow predicted by the model,
Equations (28)–(31) were numerically solved together with equations

∂c
∂t

= −∂Jy

∂y
(37)

ρ
∂vx

∂t
=

∂σxy

∂y
(38)

which are, respectively, the simplified version, where the derivatives in the direction of flow (x direction)
as well as the solvent viscosity, ηs, are negligible. The moving plate is located at position y = L, while the
fixed plate is at y = 0, with boundary conditions:

vx(t, 0) = 0, vx(t, L) = vL(t) (39)

vL(t) ≥ 0 is the upper plate velocity, which follows the following dynamics:

vL(t) = vL,0 + (vL,ss − vL,0)(1 − e−t/τc),

where vL,0 is the initial velocity of the moving plate, vL,ss is the steady state velocity, and τc is
a characteristic time. This time is linked to a controller, which regulates the velocity of the moving
plate, which in general is of the same order of magnitude of the characteristic time of the system τσ.
In addition to the conservation law (Equation (38)) and mass conservation, we have to satisfy the
following conditions:

∂σ(t, 0)
∂y

= 0,
∂σ(t, L)

∂y
=

1
ρ

dvL(t)
dt

(40)

Jy(t, 0) = 0, Jy(t, L) = 0 (41)

As pointed out before [24], due to the conservation of momentum and the flow history vL(t),
the spatial derivative of the stress on the upper plate cannot be zero. The boundary conditions in
Equation (40) imply that the spatial derivative of the shear stress at the upper plate is zero only when
steady state is reached. Thus, the boundary conditions at the upper plate are also history-dependent.
In some cases, these boundary conditions give rise to a stable three-band state, similar to that found
for Dirichlet boundary conditions, wherein the stress distribution in the gap depends on both the
boundary condition and stress gradient [28,29].

Equations (28)–(31), (37), and (38), together with boundary conditions (39)–(41), are solved using
the numerical method described in reference [24], where the ordinary differential equations resulting
in discretization in space are integrated to obtain numerical solutions as a function of time.

3. Results

Figure 1 illustrates the variation of the stress, first normal stress difference (N1), and the absolute
value of the second normal stress difference (N2) with shear rate, under shear-rate controlled flow
starting from rest. The shear rate was increased in a stepwise mode allowing attainment of steady-state
at each step. At the highest shear rate, N2 approaches within a tenth of the value of N1; this is the
upper bound of N2 as suggested by the scarce experimental data. N1 shows a behavior similar to that
of the stress-shear rate curve depicting, in fact, a shear-banding unstable region. In contrast, N2 grows
monotonically. For low shear rates, the slope of N1 tends to a value of 2, although this range is not
shown in Figure 1.
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Figure 1. Steady state constitutive curves obtained under controlled shear rate starting from rest.
Parameters used in the simulations are: c0 = 5 wt %, ϕ∞ = 847 m·s·kg−1, τσ = 1.06 s, η0 = 36.56 kg
m−1s−1, k0 = 3.28 × 10−4 m s−1 kg−1, λ = 0.136 s, ϑ = 0.0061 s, ρ = 1000 kg m−3, D = 1 × 10−5 m2 s−1,
D′ = 1 × 10−11 m2 s−1, ψ2 = 0.0388 s.

Figure 2a–g depict the dynamics and attainment of steady state under controlled shear rate when
the reference shear rate is 3 s−1 (see point A in Figure 1). At this shear rate, the flow is homogeneous,
and the steady state is reached at the time scale of the Maxwell relaxation time. The position y = L
corresponds to the moving plate and y = 0 refers to the fixed boundary. Figure 2g depicts uniform
concentration throughout the geometry. The shear stress increases monotonically (Figure 2e) in the
same form observed in the fluidity, while first and second normal stress differences are depicted
in Figure 2b,c,f, respectively, and a velocity profile corresponding to a single shear rate is observed
in Figure 2d.

Figure 2. Dynamics and steady state under controlled shear rate. Reference shear rate is 3 s−1.
Temporal trajectory of the stress and shear rate for various spatial positions (a), evolution of the normal
stress differences N1 (b) and N1 (c), velocity (d), shear stress (e), fluidity (f), and concentration (g),
in space and time.
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In Figure 3a–g, the reference shear rate has been increased to 10 s−1 (point B in Figure 1)
corresponding to the top-jumping stress. The dynamics shown in Figure 3a are different to that in the
homogeneous region, although the attainment to steady state is fast. The trajectory before steady-state
includes an overshoot before landing at the top jumping stress. Once again, the concentration
is uniform (Figure 2g) and the fluidity and second normal stress difference grow monotonically
(Figure 2c,f, respectively). In contrast, the shear stress (Figure 2e) and the first normal stress difference
(Figure 2b) present an overshoot at the inception of flow before they reach steady state. The velocity
profile corresponds to a single shear rate (Figure 2d).

Figure 3. Dynamics and steady state under controlled shear rate. Reference shear rate is 10 s−1.
Temporal trajectory of the stress and shear rate for various spatial positions (a), evolution of the normal
stress differences N1 (b) and N2 (c), velocity (d), shear stress (e), fluidity (f), and concentration (g),
in space and time.

A different situation is shown when the reference shear rate increases to 50 s−1, within the shear
banding region (point C). The dynamics now oscillate between the two attractors located at the critical
shear rates (at the binodals or extremes of the plateau stress) after describing an overshoot in the stress
(Figure 4a). The concentration is not uniform (Figure 4g) and transient and steady state banding is
predicted as the velocity profile changes as a function of time from a single into a two-banded profile
corresponding to two shear rates, with the steepest one located next to the moving plate (Figure 4d),
within the region where the concentration decreases. A depletion zone then appears near the moving
plate in the high shear rate region resulting in a concentration gradient; the fluidity in turn increases
next to the moving plate (Figure 4f). As before, the shear stress (Figure 4e) and N1 (Figure 4b) describe
an overshoot at the inception of flow, but rapidly they attain steady state. A remarkable result in both
stress differences is the decrease in N1 simultaneous to an increase in N2 in the region next to the
moving plate (Figure 4b,c, respectively). In fact, a jump in both stress differences across the interfaces
is revealed in these predictions.
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Figure 4. Dynamics and steady state under controlled shear rate. Reference shear rate is 50 s−1.
Temporal trajectory of the stress and shear rate for various spatial positions (a), evolution of the normal
stress differences N1 (b) and N2 (c), velocity (d), shear stress (e), fluidity (f), and concentration (g),
in space and time.

In Figure 5, the reference shear rate is now 120 s−1, which is in the region near the minimum
of the flow curve (high shear rate attractor, point D in Figure 1). The dynamics rapidly converge to
the extreme of the plateau stress (Figure 5a) after an overshoot and oscillations along the plateau.
Once again, concentration gradients are predicted, including a sudden decrease of concentration at
the interface (Figure 5g) inducing a sudden rise in the fluidity (Figure 5f) next to the moving wall.
The high shear rate band covers most of the flow region (Figure 5d) and past a pronounced maximum
the total stress is uniform along the flow cell (Figure 5e). As found in the shear banding region, there is
a jump in the normal stresses across the interface (Figure 5b,c), but N1 develops this sudden change
after a short overshoot, in contrast to N2, which monotonically increases in the high shear rate band
and decreases to almost zero in the low shear rate band.

Figure 5. Dynamics and steady state under controlled shear rate. Reference shear rate is 120 s−1.
Temporal trajectory of the stress and shear rate for various spatial positions (a), evolution of the normal
stress differences N1 (b) and N2 (c), velocity (d), shear stress (e), fluidity (f), and concentration (g),
in space and time.
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Finally, in Figure 6a–g, the reference shear rate is 300 s−1 located in the high shear-rate branch
(point E in Figure 1). Past an overshoot, the transient dynamics ends at the high shear-rate branch of
the flow curve. The flow is again homogeneous, since a single velocity gradient is predicted (Figure 6d).
Concentration gradients are absent at steady state and fluidity is uniform again (Figure 6f,g). The shear
stress and N1 rapidly attain steady state after maxima following the inception of flow (Figure 6b);
N2 attains steady-state monotonically (Figure 6c).

Figure 6. Dynamics and steady state under controlled shear rate. Reference shear rate is 300 s−1.
Temporal trajectory of the stress and shear rate for various spatial positions (a), evolution of the normal
stress differences N1 (b) and N2 (c), velocity (d), shear stress (e), fluidity (f), and concentration (g),
in space and time.

4. Discussion and Conclusions

The model presented here contains three constitutive equations: the equation for the stress, for the
structural parameter, and for the diffusion of mass. They are mutually-coupled by phenomenological
coefficients, and their physical significance arises as they identify with the mechanisms acting on the
system. The mechanisms included here are the kinetics involved in the attainment of steady state,
after which a banding state is induced by the non-monotonic nature of the constitutive equation.
The existence of a banded state induces jumps in the normal stresses and concentration differences
amidst the bands, which constitute important predictions of the model. The diffusion of structure
and mass are governed by the diffusion coefficients, as it should be in situations where concentration
gradients or “structure gradients” arise. The latter is a consequence of the existence of ordered phases
or bands coexisting with more disordered or isotropic bands in the flow cell.

Instabilities leading to undulations of the interface [9,10] appear from the action of normal
stresses across the interface between the bands. Accordingly, the mechanism of instability is not fully
understood, but it is likely to stem from steep gradients in the normal stress and shear rate across
the interface. Various authors have found instabilities due to the jump of normal stresses across the
interface in polymeric systems [30,31]. Alternating vorticity bands [32] and concentration gradients in
polymer solutions that exhibit shear banding have been predicted.

One of the advantages of the present model is that it describes the breakage-reformation process of
the micelles under flow so as to enable an understanding of the relation between shear band formation
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and microstructure evolution. In the BMP model, the relation between the fluidity, relaxation time τ,
and micellar length n is [24]:

τ =
1

G0 ϕ
= τ0

(
n
n0

)

where τ0 is the relaxation time when ϕ = ϕ0. Substitution of this equation into the evolution equation
for the fluidity (see Equation (1)) yields an equation expressed in terms of the average micellar length,
which is the microstructural variable. The physical interpretation is that the micellar length n follows
an evolution equation related to the breakage and reformation process of the micelles.

Results of the present model and those contained in reference [24] (see Figure 5 therein), where no
normal stresses are included, reveal predictions of multiple bands in the absence of normal stresses.
In fact, a comparison at similar imposed shear rates (those near the high shear-rate extreme of the
plateau) of the velocity and stress fields are similar, but the fluidity presents two regions with high
fluidity next to the walls (without normal stresses). With normal stresses, we observe a single region of
high fluidity next to the moving wall (see Figure 5 of the present paper).

We have shown that the EIT formalism described here is consistent with previous works on
shear-banding inhomogeneous flows. In fact, in the two-fluid approach, the viscoelastic stress causes
the micelles to diffuse up in gradients of the stress, and so it couples stress with concentration. In the
present work, predictions of a depleted layer next to the moving surface reveal agreement with this
underlying mechanism, i.e., the existence of a positive feedback, which causes diffusion of micelles up
their own concentration gradient. As an explanation to micellar migration [21], the strain component
Wyy is more negative in the high shear rate phase than in the lower shear phase, then micelles migrate
to the low-shear band. This corresponds to the strongly sheared micelles stretched strongly along the
flow direction.

A model for wormlike micellar solutions involving scission and reforming of chains based on
non-affine network theory and a discrete version of the Cates theory was forwarded [16]. Although the
model does not predict N2, one of the variants of the model (PEC + M, partial extended convected
derivative with two interacting species) predicts a behavior of N1 as a function of shear rate
quantitatively similar to that predicted by the present model. In reference [16], the first normal
stress difference also shows a banded structure and a sudden drop at the interface. Predictions of the
overshoot at the onset for flow follow the same manner as predictions by the BMP model.

Further concordance with predictions of other models arises. The stress overshoot predicted in the
banded state in Figure 4 agrees with the three stages predicted by the non-local JS model after a step
growth in shear rate [33], i.e., band destabilization, interface reconstruction, and interface traveling.
As indicated in this reference, the instability and reconstruction of the interface in the first two stages
end when the interface between stable bands sharpens. Front propagation is controlled by the diffusion
constant D, as in the BMP model.

Predictions of the concentration profiles in entangled polymeric systems [34] depict a sudden
decrease (quasi-step like) of concentration at a given position in the flow cell, and this change occurs
nearer to the moving wall when the shear rate is smaller. These predictions agree qualitatively with
those depicted in Figures 4 and 5 of the present paper. Band migration and band shapes are similar
in both systems, illustrating that this phenomenon is common to wormlike micelles and entangled
polymeric systems

In summary, the relevant predictions of the present model are the depleted concentration region
near the moving boundary and the jumps in normal stresses across the interface. Stress diffusion arises
naturally in the constitutive equations. Two diffusion mechanisms are involved, the mass and the
structural diffusion, which arise in the equations for the stress and stress differences, but in addition,
they are present in the equation for the reformation-breakage of the structure.
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Appendix A

Extended Thermodynamic description of complex fluids (see [4]). The non-equilibrium
thermodynamic state of a complex fluid is described by a formulation contained in the usual procedure
of Extended Irreversible Thermodynamics (EIT). The thermodynamic state shall be described by
taking as conserved variables {C} the internal energy density (e), the mass density (�), and the relative
concentration of the dispersed phase (c) that is embedded in a Newtonian liquid of concentration
c’, i.e., c + c’ = 1. As for the set {R} of non-conserved state variables, a scalar representing the
internal structure of the fluid ς, the diffusive concentration flux J, and the traceless symmetric part
of the stress tensor σ are included. Hence, the space of state variables for this system is given
by the set G = C U R = {e, ς, c; ρ, J, σ}. As the first basic assumption of the theory, EIT assumes the
existence of a sufficiently continuous and differentiable function ηE, defined over a complete space
G: ηE = ηE {e, ς, c; ρ, J, σ}. This assumption aims to generate a differential form, which, in a strictly
formal sense, will generalize the Gibbs relation of local equilibrium thermodynamics. For an
incompressible fluid at constant temperature, applying the usual procedure of EIT to the given
generalized-entropy function and restricting the scheme to the lowest order in the non-conserved
variables, we obtain the following generalized Gibbs relation:

T
dηE
dt

= −μ
dc
dt

+
1
ρ

α0
dς

dt
+

1
]ρ

α1.
dJ
dt

+
1
ρ

α2 :
dσ

dt
(A1)

here T and μ are the local equilibrium values of the temperature and the chemical potential of the
dispersed phase; α0, α1, and α2 are phenomenological coefficients that are defined as the partial
derivatives of ηE with respect to the state variables, and hence, depend on the equilibrium value of
c. The scalar α0, the vector α1, and the tensor α2 should be constructed as the most general scalar,
vector, and tensor expressions that may be obtained in terms of all independent variables in G.
Thus, according to the theory of invariants in space G and to the first order in the non-conserved
variables, they are given by:

α0 = α00ζ, α1 = α10 J, α2 = α20σ (A2)

where αi0 (i = 0, 1, 2) are scalar coefficients. It should be stressed that these phenomenological
coefficients can only be determined from experiment or from a microscopic theory.

The second postulate of EIT assumes that the function ηE satisfies a balance equation, namely,

ρ
dηE
dt

+∇.Jη = Sη (A3)

Jη and Sη denote the flux and source term associated to ηE, respectively. They should be expressed
as the most general vector and scalar in G. Consistency with the order considered in arriving at
Equation (A1) requires that

Jη = β0ςJ + β1 J + β2 J · σ (A4)

Sη = X0ς + X1 · J + X2 : σ (A5)

where the phenomenological coefficients βi depend on the local equilibrium value of c.
Furthermore, we consider Xi, up to first order, as the most general quantities in G. It is important to
point out that in order to recover the usual results of the linear irreversible thermodynamics (LIT) near
equilibrium, ηE, Jη , and Sη should reduce to the entropy production, the entropy flux, and the entropy
production, respectively. Therefore, β1 = −μ/T.
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By computing the divergence of Equation (A4) and using Equation (A1) and the mass conservation
equation, we get:

ρ
dc
dt

= −∇ · J (A6)

The following explicit expression is obtained from Equation (A3):

ρ
dηE
dt +∇·Jη = ς

T

[
α00

dς
dt + β0T ∇ · J

]
+ 1

T J ·
[
α10

dJ
dt − T∇( μ

T ) + β0T∇ς + β2T∇ · σ
]

+ 1
T σ :

[
α20

dσ

dt + β2T∇J
] (A7)

By substituting Equation (A5) into Equation (A3) and using Equation (A7), the following coupled
relaxation equations for the non-conserved variables are obtained:

τ0
dς

dt
= −X0 + β0∇ · J (A8)

τ1
dJ
dt

= −X1 −∇μ + β0∇ς + β2∇ · σ (A9)

τ2
dσ

dt
= −X2 + β2∇J (A10)

It is important to stress that in Equation (A5), Sη may also depend on the parameters that
lie outside G, but which are essential to specify the non-equilibrium state of the system. For the
model under consideration, the velocity gradient tensor ∇v is required to formulate the constitutive
equations for the stress tensor. Therefore, the expressions for X0, X1, and X2 are written in terms of the
non-conserved variables and ∇v. With these considerations, the explicit form of Equations (A8)–(A10)
is given in Equations (1)–(3).
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Abstract: Although one-dimensional non-linear diffusion equations are commonly used to model
flow dynamics in aquifers and fissures, they disregard multiple effects of real-life flows. Similarity
analysis may allow further analytical reduction of these equations, but it is often difficult to provide
applicable initial and boundary conditions in practice, or know the magnitude of effects neglected
by the 1D model. Furthermore, when multiple simplifying assumptions are made, the sources
of discrepancy between modeled and observed data are difficult to identify. We derive one such
model of viscous flow in a parabolic fissure from first principals. The parabolic fissure is formed by
extruding an upward opening parabola in a horizontal direction. In this setting, permeability is a
power law function of height, resulting in a generalized Boussinesq equation. To gauge the effects
neglected by this model, 3D Navier-Stokes multiphase flow simulations are conducted for the same
geometry. Parameter variations are performed to assess the nature of errors induced by applying
the 1D model to a realistic scenario, where the initial and boundary conditions can not be matched
exactly. Numerical simulations reveal an undercutting effect observed in laboratory experiments,
but not modeled when the Dupuit-Forchheimer assumption is applied. By selectively controlling
the effects placed on the free surface in 3D simulations, we are able to demonstrate that free surface
slope is the primary driver of the undercutting effect. A consistent lag and overshoot flow regime is
observed in the 3D simulations as compared to the 1D model, based on the choice of initial condition.
This implies that the undercutting effect is partially induced by the initial condition. Additionally,
the presented numerical evidence shows that some of the flow behavior unaccounted for in the 1D
model scales with the 1D model parameters.

Keywords: viscous gravity spreading; nonlinear diffusion equation; Navier-Stokes equations;
volume of fluid method; OpenFOAM; generalized Boussinesq equation; porous medium equation;
Dupuit-Forchheimer assumption

1. Introduction

Multiple mechanisms can be responsible for the movement of fluids. Gravity currents occur when
a difference in the density between two or more fluids induces movement. Applications of this type
of movement include both natural [1–4] and industrial [5,6] settings. Examples of such flows are the
propagation of fog banks [7], the phreatic surface in unconfined aquifers [8], C02 injection in brine
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aquifers [9], and the pouring of molten metal or glass [10]. Gravity currents can be used to model
miscible and immiscible flows, which may be laminar or turbulent.

Traditionally, modeling approaches for viscous gravity currents rely on analytical 1D models.
In many instances, similarity reductions are possible [8,11]. It is harder to extend such techniques
to more realistic 2D and 3D settings. Few solutions [12,13] are available for models using the 2D
potential flow equations, which can be reduced to a 1D non-linear diffusion equation by using the
Dupuit-Forchheimer (DF) assumption [14]. This assumption allows velocity to be calculated from
the slope of the free surface and restricts the velocity to the horizontal direction. This results in a
non-divergence free velocity field for incompressible fluids, with the continuity equation imposed
on the height of the free surface [15]. For uniform permeability, these assumptions result in the
Boussinesq equation with constant coefficients. This equation is commonly used in problems involving
the spreading of unconfined groundwater [8,16,17], or flow between parallel plates [1]. Similarity
solutions exist for a variety of initial and boundary conditions. For the free spreading of a finite pulse
of fluid, Barenblatt [11] constructed a solution using a point mass at initial time. Using a symmetry
argument, this solution can be applied to both boundary and initial value problems. Barenblatt’s
solution was extended to the fractal dimensions in work of Hayek [18]. Domains with spatially
variable permeability can be modeled using the generalized Boussinesq equation, also called the
porous medium equation (PME). Similarity solutions exist for cases where the permeability takes
the form of a power law in the horizontal or vertical directions [19–22]. Hele-Shaw cells can be
used to study these flows experimentally, with viscous drag serving as a proxy for permeability [23].
Cells constructed in a wedge configuration or with curved walls can be used to validate the PME
experimentally. Ciriello et al. [22] constructed similarity solutions to injection problems in horizontal
and vertical wedge configurations. For drainage from an initially full aquifer, Zheng et al. [24]
developed similarity solutions corresponding to similarly configured experiments. Curved plates
resulting in power-law permeability are difficult to manufacture, but have been used for horizontally
oriented experiments by Zheng et al. [5], as well as vertical experiments filled with porous media by
Longo et al. [25].

Numerical simulations of gravity currents are motivated by the limited scope of similarity
solutions, and limitations of the 1D model. Few researchers have conducted numerical simulations
of the experiments described above in detail or high dimension. Frolkovič [26] developed a level set
solution to the potential flow equations that is applicable to various groundwater problems, including
seepage and aquifer drawdown. Numerical modeling efforts specific to the Hele-Shaw cell include
Tsay and Hoopes [6] conducting simulations of the free surface of a groundwater mounding problem,
Chesnokov and Liapidevskii [27] conducting 2D simulations of viscous fingering, and Bernal and
Kindelan [28] simulating 2D non-Newtonian injection. Many authors have pointed out localized
discrepancies between experiments and similarity solutions [1,5,22,29], and have offered a variety of
case-dependent explanations for the mechanism of error. We have found no examples of attempts
to use highly detailed numerical simulations to further investigate these discrepancies. In this work,
we pursue this objective.

Numerical investigations of viscous spreading between two non-parallel plates necessitates 3D
modeling. For 1D and 2D models, permeability is approximated as a function of space. Our approach
is to conduct laminar flow simulations using the 3D Navier-Stokes equations (NSE) with multiphase
flow modeled using a volume of fluid (VOF) method. This provides a more direct modeling of the
viscous layer that acts in place of permeability, resolves the interface between the fluid phases, and
allows for the inclusion of various effects on the interface. To our knowledge, this approach has not
yet been applied in this setting. Parabolic prisms provide interesting geometries that are compatible
with both 1D analytical solutions and 3D numerical simulations. We derive a flow model for viscous
gravity spreading in a parabolic fissure using the DF assumption, resulting in a generalized Boussinesq
type equation in Section 2.1. We then numerically investigate different flow scenarios using the 3D
model outlined in Section 2.2. This approach allows us to isolate the effects of flow assumptions and
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parameters in a way that would be intractable using physical experiments. Results of the numerical
simulations are outlined in Section 3. From these, mechanisms for the discrepancies between the two
models is discussed in Section 4.

2. Governing Equations and Boundary Conditions

2.1. 1D Flow Model

We derive a flow model for a viscous fluid in a parabolic fissure. Consider a fluid element formed
by vertically cutting through a parabolic prism, as seen in Figure 1. Conservation of mass dictates that
the rate of change of fluid in the elementary volume is equal to the difference in volumetric fluxes
through the faces at y and y + dy:

∂

∂t

(∫ hv(y,t)

0
b(z)dzdy

)
=

(∫ hv(y,t)

0
b(z)uv(y, z, t)dz

)

−
(∫ hv(y+dy,t)

0
b(z)uv(y + dy, z, t)dz

)
,

(1)

where the width of the wedge for height z is given by b(z), uv is the fluid speed in the y direction,
and hv(y, t) is the height of the free surface. We consider only the flux of an incompressible
high viscosity fluid (e.g., glycerol), disregarding the flux of gaseous atmosphere being displaced.
Neglecting the higher order terms of the Taylor expansion in the second term on the right hand side of
Equation (1) yields,

∂

∂t

(∫ hv(y,t)

0
b(z)dzdy

)
= − ∂

∂y

∫ hv(y,t)

0
b(z)uv(y, z, t)dzdy. (2)

uν

y

y + dy

b (z)

z y
x

Figure 1. A fluid element within the parabolic Hele-Shaw cell. The cross-sectional width is denoted
b(z), and the flux through the element is uν.

As seen in Figure 1, the parabolic cross section is oriented against gravity in the x-z plane. The
equation of the fissure walls in the x-z plane is,

z = ωx2, (3)

for some constant ω > 0. Then the distance between the walls as a function of height is,

b(z) = 2
√

z
ω

. (4)

Under the assumption of Poiseuille flow between parallel plates of width b(z) for an arbitrary
height z, permeability as a power law function of height is obtained:
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k(z) =
(b(z))2

12
=

z
3ω

. (5)

This permeability results in the Darcy velocity,

uv(y, z, t) = − z
3ω

ρg
μ

∂hv(y, t)
∂y

. (6)

Integrating Equation (2), with substitutions for width (4) and Darcy velocity (6), yields

∂

∂t

(
4

3
√

ω
h

3
2
v

)
=

∂

∂y

(
4

15
√

ω3

ρg
μ

h
5
2
v

∂hv

∂y

)
, (7)

which further simplifies to,

∂

∂t

(
h

3
2
v

)
=

ρg
5ωμ

∂

∂y

(
h

5
2
v

∂hv

∂y

)
. (8)

The change of variables, Υ = h
3
2 , is implemented to obtain a special form of the PME [15]:

∂

∂t
Υ =

2ρg
35ωμ

∂2

∂y2 Υ
7
3 . (9)

We are interested in case of the free spreading of a finite pulse of liquid under the force of gravity,
which results in the boundary condition,

Υ(0, t) = σt−
1

7/3+1 , (10)

where σ > 0 for an initially empty fissure [11].
The problem defined by Equations (9) and (10) can be solved by introducing dimensionless

similarity variables,

ξ =
y(1 + β(m − 1))

1
2

(aσ(m−1)t1+β(m−1))
1
2

, (11)

and

Υ = σtβH(ξ), (12)

where ξ(y, t) is the similarity variable, H(ξ) is a scaling function, m = 7/3 is the nonlinear diffusion
exponent in the PME, and

a =
2ρg

35ωμ
. (13)

The parameter β is the time exponent of the boundary condition, in this case − 1
7/3+1 . Substitution

of the similarity variables results in the ordinary differential equation,

d2Hm(ξ)

dξ2 +
ξ

2
dH(ξ)

dξ
− λH(ξ) = 0, (14)

where λ = β
1+β(m−1) , and H(0) = 1, H(ξ0) = 0. The front position in terms of similarity variables is

ξ0, and is found in the process of solution. The “mathematician’s pressure” change of variables [15],

H = u
1

m−1 , (15)

performed on Equation (14) produces an ODE with integer powers:
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m
m − 1

u
d2u
dξ2 +

m
m − 1

(
m

m − 1
− 1

)(
du
dξ

)2
+

ξ

2
1

m − 1
du
dξ

− λu = 0. (16)

Boundary conditions are given by,

u(0) = 1, (17)

and

u(ξ0) = 0. (18)

Equations (16) and (18) can be solved using a Runge-Kutta solver [30], or a power series of the
form found in [29]:

u(ξ) =
∞

∑
n=0

an

(
1 − ξ

ξ0

)n
. (19)

2.2. 3D Flow Model

Flow through the parabolic fissure can be modeled with the incompressible 3D
Navier-Stokes equations,

ρ
Du

Dt
= −∇p + ρg + μΔu, (20)

and

∇ · u = 0, (21)

where ρ is density, u is velocity, p is pressure, μ is viscosity, and g is the gravity vector. Phases are
tracked using a VOF method [31,32]. The indicator function α takes on values in the range of [0, 1] and
can be interpreted as the fraction of two phase types within a computational cell. For our purposes,
0 denotes air, and 1 denotes a viscous liquid. For any computational cell in the domain, the average
fluid properties for density and viscosity are calculated by,

ρ = ∑
i

ρiαi, (22)

and
μ = ∑

i
μiαi, (23)

where αi denotes the volume fraction of phase i. The indicator function evolves under the equation,

∂α

∂t
+∇ · uα +∇ · ucα (1 − α) = 0, (24)

where the counter gradient transport term ∇ · ucα (1 − α) acts as a limiter based on the maximum
velocity uc on interface. Surface tension effects are calculated by,

S = γK∇α, (25)

where γ is the surface tension, and K is the curvature −∇ ·n. S is added to the momentum Equation (20)
to obtain,

ρ
Du

Dt
= −∇p + ρg + μΔu + γK∇α. (26)
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This method has been successfully used in applications at a variety of scales [33–36]. Our use
of this method is very conservative, in that the flow is laminar and surface effects are not the main
driver of flow. We use the interFoam multiphase flow solver included in the finite volume method
toolbox openFOAM [37] for all 3D flow simulations. A hexahedral base mesh was constructed with
non-uniform grading decreasing cell size towards the y-z plane and base of the parabola. This mesh
was snapped to a 3D parabolic geometry using the snappyHexMesh utility. The parabolic geometry was
constructed to the specifications given in Section 2.3. The same mesh was utilized for all simulations,
with time-step limiting based on a maximum Courant number of 0.25. With the available computing
resources, each simulation required under two days to complete 3 s of simulated time.

Boundary conditions are chosen to mimic a lab experiment, with the top of the parabola open to
the atmosphere. For velocity, a no-slip condition,

u = 0, (27)

is applied to all solid walls. To allow fluxes of air at the top of the experiment, a zero gradient condition
is applied with respect to the patch normal vector:

∂u

∂n
= 0. (28)

A no-flow pressure condition is applied at the solid walls,

∂p
∂n

= 0, (29)

while at the top of the experiment total pressure Ptot is calculated using the gauge pressure patm,

ptot = patm − .5ρ‖u‖2. (30)

Unless otherwise specified, the indicator function α is fixed at the top of the experiment and zero
gradient at solid walls,

∂α

∂n
= 0. (31)

2.3. Flow Assumptions, Initial Conditions and Parameter Values

The 1D flow model uses the DF assumption, and does not include the effects of air flow, surface
tension or contact angle. The 3D model includes a complete velocity field and optional effects at the
liquid-gas-wall interface, but requires large amounts of computational power to solve. This is largely
due to the aspect ratio of the domain, which requires very small finite volumes between the parabola
walls. The parabolic geometry defined by Equation (4) is extruded along the y axis for one meter with
a value ω = 2000. This corresponds to a gap width of x = 2 cm at a maximum height of z = 0.2 m.

An initial condition for the 3D simulation was chosen from the 1D analytical solution using
the parameter values in Table 1. The 1D viscosity is held constant at μ =1.4 Pa · s for generating the
initial condition, though this is effectively varied as part of a (Equation (13)) in the generation of
results. Choosing a solution curve from the 1D model at a nonzero starting time is required, as the
solution collapses to a singularity at t = 0 s and the height of the solution is above the z ∈ [0, 0.2]m
of computational domain at early time. The resulting curve at time t = 0.3 s was chosen as a suitable
initial condition containing enough potential energy to produce interesting results. Additional 3D
numerical experiments were performed under different values of the parameter a using the same
initial condition by exploiting the scaling nature of the similarity solution. After the ODE system
Equations (16) and (18) is solved and ξ0 obtained, the propagation distance y of the 1D solution can be
computed as a function of time:
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y = ξ0

(
aσ(m−1)t1+β(m−1)

)1/2

(1 + β(m − 1))1/2 . (32)

To compare between 1D and 3D results, the various moments in time from the 1D model to which
the initial condition used in 3D simulations corresponds must be calculated. Let the propagation
distance of the aforementioned numerical initial condition be y0, and a‘ be an alternate parameter value
calculated from a 3D simulation parameter set. Then the start time of the numerical initial condition
under the parameter set that produced a‘ is,

t0 =

(
y2

0
ξ2

0

1 + β(m − 1)
a‘σ(m−1)

) 1
1+β(m−1)

. (33)

Table 1. Parameter values for the 1D and 3D models.

1D Parameter Value 3D Parameter Value

σ 0.06 m - -

ρ 1261 kg · m−3 ρliquid 1261 kg · m−3

μ 0.8–2.4 Pa · s μliquid 0.8–2.4Pa · s

g 9.8 m · s−2 g 9.8 m · s−2

ω 2000 - -

- - ρair 1 kg · m−3

- - μair 1.48 × 10−5 Pa · s

- - γ 0.0634 N · m−1

3. Results

In Section 3.1, the models are validated against one another, and the mesh quality of the numerical
simulations is shown to be adequate. The mechanisms of discrepancy between the 1D and 3D models
is established. Section 3.2 explores the less prominent effects of contact angle and surface tension at
the free surface. Additionally, we examine the transition to the similarity flow regime from an initial
condition that is not in the similarity solution set. Finally, Section 3.3 examines the behavior of the
3D solution under variations in the parameter a, which is compared against the 1D solution for the
analytical initial condition.

3.1. Profile Comparison and Validation

A comparison between a baseline 3D simulation with γ = 0 and the 1D similarity solution is
shown in Figure 2. Excellent agreement is observed between the two models, both in propagation
distance and shape. The poorest fit is seen at the earliest time, Figure 2a. The simulated front lags
behind the analytical solution at the base of the parabola, and undercutting is observed at the bottom
of the advancing front. At later times, the free surface of the 1D analytical solution lags behind the
NSE simulation at the “nose” of the advancing front.

The flow profiles observed in this simulation indicate that a steep free surface is responsible
for the undercutting observed at early time. The effects of surface tension and contact angle are not
included in the simulation used to produce Figure 2, a situation that would be difficult to replicate
with experimental techniques.

The 1D flow model presented in Section 2.1 stems from a larger family of nonlinear diffusion
equations which have been validated for flow through various fissures. These equations can be derived
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by substituting an alternative expression for Equation (5). In the case of parallel walls, the resulting
Boussinesq equation was experimentally validated by Huppert and Woods [1] using a Hele-Shaw cell
and glycerol. Experiments with angled planar walls were validated by Furtak-Cole et al. [29] as well
as Ciriello et al. [22] using similar methods. The permeability profile from Equation (5) is bounded on
either side by these two classes of experiments, making experimental validation unnecessary.

The interFoam solver presented in Section 2.2 is a type of VOF method [31] which has been
used and validated for a variety of applications [33,36]. The cases presented in this paper represent
a conservative use of this method, as the maximum Reynolds number is less than one. The role of
mesh quality was tested at two levels. Base meshes were constructed with 60 and 80 cells partitioning
the width between the parabolic walls. This width is consistent with the x direction shown in the
fluid element for the 1D model, see Figure 1. Cell counts in the remaining directions were calculated
to maintain a 1-1-1 average aspect ratio. As seen in Figure 3, a consistent rate of propagation was
reached at both levels. Propagation distance for the fine mesh lags slightly behind as expected, due to
its ability to better resolve the free surface. The finer mesh was used for all simulations presented
here. Validation of both 1D and 3D flow models in independent settings, as well as their agreement
displayed in Figure 2, implies an acceptable level of accuracy for both solution types.

3.2. Effects of Surface Tension, Contact Angle, and Initial Conditions

The similarity solution to the 1D flow problem is a weak, continuous solution. By contrast, the
interface resolved by the numerical simulations is double valued at the propagating edge. To quantify
this early time behavior observed in experiments and simulations, we measure the height of the
undercutting observed in Figure 2a. This is measured vertically from the base of the parabola to the
“nose” of the advancing front, where the air-liquid interface is vertical. To further test the assertion that
the vertical velocity is primarily responsible for the undercutting behavior, the height of undercutting
for simulations with surface tension, dynamic contact angle, and an alternative initial condition are
measured. Surface tension for the 3D air-liquid interface is listed in Table 1 and based on the value
for glycerol, a viscous fluid commonly used in experiments. A dynamic contact angle θ was modeled
using the function,

θ = θ0 + (θa − θr) tanh
(

uwall
uθ

)
, (34)

where θ0 is the static contact angle, uwall the speed of the interface tangent the static wall, uθ is a
scaling factor, and θa and θr are the advancing and receding angles respectively. Given the hypothetical
nature of this study and lack of physical data, we arbitrarily choose a neutral parameter set, θ0 = 90◦,
θr = 60◦, θa = 120◦, and scaling parameter uθ = 1.

To perform physical experiments, initial conditions that do not coincide with the similarity
solution are often used out of necessity. Such initial conditions have been observed to converge quickly
on the similarity solution [5,38]. Numerical experiments offer a previously unobtainable opportunity
to compare the convergence of arbitrary initial conditions. A hypothetical mass-conserving initial
condition of rectangular cross section was produced by solving,

∫ y1

0

∫ z=0.18

0
2
√

z
2000

dzdy = 3.425 48 × 10−4, (35)

where the upper limit z = 0.18 was chosen arbitrarily. The value for the right hand side was produced
by numerically computing the volume integral defined by the analytically-derived initial condition
from the 1D flow model in the parabolic geometry. For practical purposes, such an initial condition
could be used in an experiment by setting a lock gate to hold a volume of liquid at the initial time.

Undercut heights for simulations with no interface effects (baseline), contact angle, surface tension,
and the alternative rectangular initial condition are shown in Figure 4. Propagation distance and speed
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for the baseline and rectangular initial condition 3D simulations are compared to the 1D model in
Figure 5.
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Figure 2. Comparisons in the y − z plane cross section between the NSE simulation and 1D flow model
at (a) 1.3 s, (b) 2.3 s, (c) 3.3 s, and (d) 4.3 s. Red represents glycerol in the simulation results, the yellow
dotted line is the free surface from the 1D model.
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Figure 3. Front propagation for identical simulations of viscosity μ = 1.4 with two mesh partitions.
The coarse corresponds to 60 cells in the x-direction, while the fine has 80.
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Figure 4. Height of undercutting plotted from its maximum as a function of time. The removal of
surface tension results in a profile with less undercutting.

3.3. Scaling Effects

The previously presented results raise the question of whether or not early time inaccuracies of
the 1D model can be predicted knowing only the parameters in Equation (9). Given that the coefficients
of the right hand side of Equation (9) can be consolidated in a single constant a (Equation (13)), a single
parameter can be varied without changing the ode problem given by Equation (14). A natural choice
is to vary μ. This allows for all simulations to be performed with the same computational settings,
preventing any false comparison of finite volume mesh-induced errors. For the same initial condition,
simulations were conducted at the viscosities μ = 0.8 Pa · s, 1.2 Pa · s, 1.6 Pa · s, 2.0 Pa · s, and 2.4 Pa · s.
This approach assumes that the parameter values result in a laminar flow, and that at the boundary
y = 0 the fixed parameters of Equation (10) guarantee the liquid phase free surfaces change strictly due
to gravity. For each simulation, Equation (33) was used to calculate the simulation start time for the
single numerical initial condition chosen in Section 2.3, since the same initial profile for different values
of μ corresponds to different initial moments in time. Propagation distances are shown in Figure 6,
while undercut heights are presented in Figure 7.
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Figure 5. (a) Front propagation for two baseline 3D simulations and the 1D flow model. The analytical
and rectangular initial conditions used have the same mass. (b) Propagation velocity u for the same 3D
simulations and 1D model. A lag is observed as momentum builds, and results in overshoot at the
nose of the advancing front where distance is measured in (a). Numerical calculation of front velocity
reveals convergence in (b).

4. Discussion

The DF assumption is known to perform poorly for steep free surfaces and the data presented
from the numerical simulations make it possible to quantify this deficiency. Use of the DF assumption
is often preceded with stipulations such as the ratio of horizontal displacement over height being
much larger than one [1]. A smaller ratio results in an increasingly steep free surface with more vertical
velocity. Our numerical simulations indicate that vertical velocity components are not only important
at the advancing front. Figure 8 shows velocity vectors and their magnitude at a cross section of
a baseline simulation as given in Figure 2, after 0.4 s of simulation time. Within the fluid mound,
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velocities are large only near the interface, while fluid at the lower-left corner is nearly at rest. Primarily
vertical velocities are seen at both steep and nearly horizontal segments of the free surface. We calculate
continuity error numerically using two control volumes given by a modified version of Equation (1).
Here, uν is given by a surface integral of the spatially variable y component of the velocity in the
liquid phase of the 3D simulation seen in Figure 8. Control volumes of 0.01 m width are placed 0.02 m
from the left wall and 0.01 m to the left of the advancing front. The time derivative for the volume
integral on the left hand side of Equation (1) is approximated with a forward derivative calculated
over 0.01 s. The left control volume, positioned at a nearly horizontal free surface, results in a relative
continuity error of 0.54 %. The right control volume, located on the steep free surface of the advancing
front, gives a relative error of 5.06 %. In this sense, the 1D model holds well for vertical motions that
do not appear near a vertical interface. This indicates that nose formation at the advancing front is
at least partially due to a flow regime where fluid “skims” in a direction parallel to the free surface,
perhaps better called “overtopping” than “undercutting”. What we have measured as “undercut” is in
fact a combination of mechanisms, including viscous drag unaccounted for in the 1D model. In some
experiment configurations [1,5] viscous drag is not modeled at the base of the experiment and this
effect can not be distinguished from vertical velocity due to the steep free surface. In these cases, it is
likely that overtopping is actually compensating viscous drag at the base of experiments, resulting in
good agreement between the 1D and experimental results at later times. Indeed, other experiments
using vertical wedge configured plates [22,29] experience undercut profiles. No unaccounted drag
exists at the base of experiments in these cases, though effects such as surface tension become immense
where the plates meet and the cited experiments were performed at an empty initial state with flux
boundaries. For the 1D model of a parabolic geometry there is no unaccounted drag at the base of
the parabola, though an analogous problem exists: as height decreases to zero, Equation (6) is an
increasingly poor approximation of the Darcy velocity because it is based on horizontal width only.
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Figure 6. An overlay of propagation distances for the 1D model and 3D simulations at
various viscosities.
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Figure 7. (a) Undercut heights plotted from peak value as a function of time. Shifting of the peaks is
largely due to the start times calculated by Equation (33). (b) Undercut heights plotted from peak value
as a function of space. In all cases, only μ is varied and no interfacial effects are present.

As shown in Figure 4, the magnitude of measured undercutting can be modified by small
perturbations in the initial condition or effects acting at the free surface. The rectangular initial
condition’s infinite slope dramatically increased the magnitude of undercutting, but the solution
rapidly converged on the same trajectory as the analytical initial condition within two seconds. Surface
tension caused more extreme long term behavior. The extra force acting parallel to the free surface
resists bending, allowing the fluid to override the lowest region of the parabolic wedge for an extended
period of time. The Bond number is calculated Bo = ΔρgL2/γ, and represents the interplay between
gravitational and surface tension forces. Here, the characteristic length L2 is determined by the
width of the wedge at the height of undercutting in Figure 9a. In the surface tension case, undercut
is consistently higher than the baseline case, with the exception of the curves meeting between 1 s
and 1.5 s, as seen in the difference plot Figure 9b. This corresponds to large vertical velocities along
the leading edge driving the liquid phase downward. Similar residuals are observed at 0.75 s and
2.5 s for an order of magnitude difference in Bo, emphasizing the complex relationship between
dynamic velocity and surface tension at the interface. The additional simulation using fairly neutral
dynamic contact angle parameters shows little change in undercutting as compared to the baseline case.
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This could undoubtedly be altered by selecting more extreme parameters, however the complicated
physics and numerical issues of this topic warrant a separate study. As with the undercutting results,
the propagation plots of Figure 5 show the numerical simulations converging on one another rapidly
from different initial conditions. While there appears to be discrepancy between the simulations
and 1D solution at later times, it is important to note that propagation is measured as the furthest
point at the nose of the advancing front. Thus the shape of the profile plays an out-sized role in the
measurement of propagation distance, which is not an all-inclusive means of comparing a 3D interface
to a 1D solution. More importantly, Figure 5b shows convergence between the propagation velocities
for the 3D numerical simulations and 1D model.

Figure 8. Velocity vectors from the cross section of a 3D simulation. Vectors are scaled by magnitude
and colored by vertical component, with blue denoting downward velocity and red upward velocity.
The background is colored by velocity magnitude, with blue denoting zero and red denoting high
velocity. Strong downward motions are seen within the fluid mound (left), while strong updrafts are
seen in the air being displaced by the advancing front (center right). The midpoint along the arc length
of the interface is characterized by a nearly stagnant zone, where velocity changes from negative at left
to positive at right with respect to the interface outward normal vector.

Simulations produced for different viscosities show that a period of velocity deficit and
overcompensation occurs whenever a simulation is started, as compared to the 1D model solution.
This presents a particular problem for experiments where it would be difficult to provide the initial
condition with a velocity field from the 1D solution. The starting point of the initial condition relative
to the similarity solution and lack of initial velocity are dominant factors in the lack of agreement
between the two models. The simulations show increasingly poor convergence to the 1D model
the later they are started in time, see Figure 6. In the case of our specific similarity solution, this
corresponds to using a higher value of viscosity; a technique often employed to maintain laminar flow
in experiments. Initial profiles close to the singular initial condition for the 1D model, and correct
initial velocity, are far from the aspect ratio condition that makes the similarity solution applicable.
Our results do not establish a general guideline for how severe this effect is; we have not generated a
set of different initial profiles corresponding to the same initial moment in time for the different values
of viscosity considered here. Still, Figure 6 does show that it would be easy to unknowingly choose
a poor combination of initial condition and viscosity (or other parameters that make up a) prior to
performing an experiment. Special attention should be paid to this issue.
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Figure 9. (a) Bond number calculated at the height of undercut for the surface tension case.
(b) Difference between the surface tension and baseline cases. Bond number and differences from
simulations presented in Figure 4. The lack of correlation between Bo and the difference occurs as
velocity builds from the initial condition.

The dominant role of the initial condition in generating discrepancy is further underscored by
plotting the undercut as a function of space in Figure 7b. For each viscosity the time corresponding
to the initial condition is different, though each simulation quickly converges to the same trajectory
through space. However, the peak value of undercut and its magnitude is shown to shift in space
for variations in the value of a. Further analysis reveals a linear relationship between the peak y
displacement and the parameter a, shown in Figure 10a. This relationship suggests realistic effects that
are not accounted for in the 1D model are still intimately related to the similarity variables governing
the 1D solution, and can be predicted as such. Similarly, the magnitude of undercut is plotted against
a in Figure 10b, and shows equally linear behavior. The relationships established are purely empirical
and further work is needed to understand their mechanism.

5. Conclusions

This paper investigated some of the effects that are neglected by 1D models of viscous gravity
spreading under the DF assumption. To have the ability to gauge each effect separately, we conducted
highly accurate 3D NSE VOF simulations. Effects neglected by the 1D model were included separately
to assess the magnitude of their influence on fluid flow. These effects include vertical components of
the flow, surface tension, and contact angle. Each simulation involved the spreading of a finite volume
of liquid under the action of gravity.
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Figure 10. (a) A strong linear relationship is observed between the peak distance y and the parameter
a, with a standard error of 0.0031 m. (b) Peak undercut height as a function of μ. Standard error for
the linear fit is 0.0018 m. Both are measured from the baseline case when no modeled interface effects
are present.

Undercutting was observed in both the 3D numerical simulations presented here, as well as in
previous work by the authors and others. This effect can not be modeled if the DF assumption is
used. Undercutting appears when the free surface of the fluid overruns the position of the wetting
front at the bottom of the fissure. In this paper, numerical investigations have shown that the primary
cause of this effect is vertical velocity induced by a steep free surface. Effects on the free surface may
intensify this behavior. Undercutting is strongly influenced by the choice of initial condition. However,
late time overall agreement between the two solutions was observed to be very good. This observation
is corroborated by previous experimental work. At late times the similarity solution is known to
perform well, and the observed height of undercutting takes a small value that changes very slowly
for all initial conditions.

To summarize, the placement of the initial condition for numerical experiments relative to the
similarity solution parameters produces a wide dilatation in both undercutting and in the position of
the advancing front. Initial conditions for numerical simulations that are close quickly converge on
each other. Generally, the 1D model predicted the correct speed of propagation, with shortcomings in
modeling the shape of the free surface. The DF assumption and associated vertical velocity near steep
segments of the free surface are largely responsible for discrepancies between the two models. Effects
included at the interface have a secondary role to the above points for the cases considered here.
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Abbreviations

The following abbreviations are used in this manuscript:

PME Porous medium equation
DF Dupuit-Forcheimer
NSE Navier-Stokes equation
VOF Volume of Fluid
Bo Bond number
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Abstract: Colloidal shear thickening fluids (STFs) have applications ranging from commercial use to
those of interest to the army and law enforcement, and the oil industry. The theoretical understanding
of the flow of these particulate suspensions has predominantly been focused through detailed particle
simulations. While these simulations are able to accurately capture and predict the behavior of
suspensions in simple flows, they are not tractable for more complex flows such as those occurring
in applications. The model presented in this work, a modification of an earlier constitutive model
by Stickel et al. J. Rheol. 2006, 50, 379–413, describes the evolution of a structure tensor, which
is related to the particle mean free-path length. The model contains few adjustable parameters,
includes nonlinear terms in the structure, and is able to predict the full range of rheological behavior
including shear and extensional thickening (continuous and discontinuous). In order to demonstrate
its capability for complex flow simulations, we compare the results of simulations of the model in a
simple one-dimensional channel flow versus a full two-dimensional simulation. Ultimately, the model
presented is a continuum model shown to predict shear and extensional thickening, as observed
in experiment, with a connection to the physical microstructure, and has the capability of helping
understand the behavior of STFs in complex flows.

Keywords: shear thickening; colloids; continuum model; computational rheology

1. Introduction

Colloidal solutions consist of a liquid, Newtonian or viscoelastic, in which solid particles
(with diameters ranging from 2 to 1000 nm) are suspended, so that the particles are large compared to
the lengthscale of the fluid microstructure, but small enough to be affected by Brownian motion.
At low concentrations, colloidal fluids are approximately Newtonian, however, with increasing
concentrations they show complex rheological behavior including shear thinning or thickening and
glass-like relaxation states. At these higher concentrations the complex rheological responses are due
to hydrodynamic interactions between particles at high flow rates. The focus of this work is building
towards to a continuum model that captures the shear thickening behavior.

Colloidal shear thickening fluids (STFs) have exciting applications ranging from commercial
use (e.g., polymeric binders for paints) to those of interest to the army and law enforcement (e.g.,
soft body armor) and more [1]. For example, it has been shown experimentally through ballistics tests
[2] and “stabbing” tests [3] that, in the application to body armor [4], the frequency response of certain
shear thickening fluids (STFs) allows a fabric interwoven with an STF to stop a projectile or prevent
the piercing of a knife while also being light and flexible enough to provide full body protection.
These fluids also have a possible use in the oil recovery industry. A novel microfluidic device has
recently been developed to simulate flow through a sandstone core similar to that which would occur
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during chemical injection [5]. In this work, a series of experiments were devised to investigate the
efficiency of several different liquid materials on their ability to remove oil from capillaries and pores.
Using water as the baseline, they investigated how different rheological properties affect oil recovery.
In particular, it was shown that shear thickening fluids show great promise for enhanced oil recovery
in the future [5].

A key feature of the flows in these applications is a mixture of shear and extensional kinematics.
Although the shear rheology of thickening suspensions are well understood, the extensional rheology
of these suspensions remains mostly unexplored. Only a very limited number of experimental studies
have investigated the response of shear thickening suspensions to extensional flows [6–11]. Two of
these studies [6,7] focused on measuring the steady state extensional response of shear thickening
suspensions. In both cases, the steady state extensional viscosity as a function of extension rate
shows sharp extensional thickening transition very similar to shear flows. In [6], they confirmed by
small-angle light scattering measurements in a hyperbolic contraction that the increase in viscosity is
likely due to the formation of strings and clusters ordered in the flow direction, which is one possible
mechanism responsible for the shear thickening response. A more recent, and now widely accepted
key ingredient for these responses, in particular for discontinuous shear thickening, is stress-induced
frictional contacts between particles [12,13], which has been recently simulated under extensional flow
using particle dynamics [14].

A key challenge of suspension mechanics is the generation of a constitutive model that can be used
for complex flows [5,15–17], which are not practical using detailed particle simulations [4,13,18–23].
Such a constitutive model would need to take into account the underlying mechanisms of shear and
extensional thickening, as well as the construction and destruction of microstructure by flow [24].
To tackle this challenge, recent work has focused on developing constitutive models that describe
the evolution of the microstructure of particle suspensions coupled with general equations for fluid
flow [25–33]

In early models [25–28], particle stress is made explicitly dependent on the microstructure through
the consideration of a local conformation tensor that is inspired from the orientation distribution tensor
defined for dilute fiber suspensions [34]. Hand [35] formulated a general representation theorem
for the total Cauchy stress tensor in terms of the conformation tensor and the deformation rate
tensor. Barthés-Biesel and Acrivos [36] show that Hand’s approach is applicable for a number of
different suspension types as long as a suitable microstructure tensor is available. For concentrated
suspensions of spherical particles, Phan-Thien [25] proposed a differential constitutive equation for the
conformation tensor based upon the unit vector joining two neighboring particles, thereby encoding a
direct connection with the pair distribution function. Later, Phan-Thien et al. [26] went further
with a micro-macro model inspired from statistical mechanics for the constitutive equation of
the conformation tensor, but no quantitative comparisons were obtained. In 2006, Goddard [28]
revisited this approach, and proposed a model involving 12 material parameters and two tensors
for describing the anisotropy. Stickel et al. [27,37,38] defined the conformation tensor on the base of
a directionally-dependent particle mean free path, and simplified the expression of the stress to be
linear in the deformation rate and the conformation tensor, involving 13 free parameters. All of the
tensorial models are, by construction, frame-invariant and potentially applicable to arbitrary flow
geometries and conditions. One downside to these models is that they contain ad hoc terms and require
the tuning of associated fit parameters with little physical meaning. As a result they provide limited
insight into the dynamics of the microstructure and the link with the suspension stress, furthermore
Chacko et al. [39] showed that these types of model fail to properly describe the dynamics of the fabric
tensor under shear reversal. They attributed this to the fact that, while a second-rank tensor captures
reasonably well the microstructure in steady flows, it gives a poor description during significant parts
of the microstructural evolution following shear reversal. Other purely macroscopic continuum models
have been developed that describe the evolution of the volume fraction, φ, of particles under flow
with phenomenological descriptions of the stresses and viscosity as a function of φ [12,30,32,40–42].
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While these models do not account, explicitly, for the microstructure, they could, coupled with a model
describing the microstructure, help serve as the basis of a two-fluid model, e.g., [38].

More recent theories have focused on deriving constitutive models that reduce the number
of free parameters and provide a more direct connection with the microstructure of non-colloidal
suspensions [31,33]. Ozenda et al. [31] proposed a new, minimal tensorial model representing the
role of microstructure on the viscosity of non-colloidal suspensions of rigid particles. Their model
qualitatively reproduces several of the main rheological trends exhibited by concentrated suspensions:
anisotropic and fore-aft asymmetric microstructure in simple shear and transient relaxation of
the microstructure toward its stationary state. The model contains only a few model parameters,
which have physical meaning, and can be identified from comparisons with experimental data.
Gillissen and Wilson [33] developed a model for the microstructure and the stress of dense suspensions
of non-Brownian, perfectly smooth spheres. These quantities are defined in terms of the second-order
moment of the distribution function of the orientation unit vector between hydrodynamically
interacting particles. The model is developed from first principles, and the evolution equation for
the microstructure contains a source term that accounts for the association and the dissociation of
interacting particle pairs.

All of these models have focused primarily on non-colloidal solutions, and have yet to capture the
strong shear and extensional thickening behavior observed in many particulate suspensions. The goal
of this paper is therefore to provide a continuum-level constitutive equation for the stress in colloidal
suspensions that explicitly accounts for the evolution of its microstructure during flow. Unlike the most
recent models, the focus of this work is on colloidal solutions that exhibit nonlinear rheological behavior,
in particular shear thickening. We have modified the constitutive model developed by Stickel et al. [27]
by including terms nonlinear in the structure while also greatly reducing the number of free parameters.
By varying free parameters, the modified model can predict shear thinning, both continuous and
discontinuous shear thickening under shear flow, and extensional thickening under planar extensional
flow. We further provide a first insight into the simulation capabilities of the model by conducting
simulations in a straight channel and comparing a simple one-dimensional approximation with a more
detailed, two-dimensional simulation. The agreement between the simulations, together with the
model’s ability to capture the nonlinear rheological signatures means that the model is suitable for
capturing the response of such materials via simulations in complex geometries.

2. Materials and Methods

SPPC Model

In the Stickel-Phillips-Powell (SPP) [27] model, structure is defined in a suspension in terms of
the average distance lm f (x̂) that a test particle can move in a direction denoted by the unit vector x̂

before colliding with another particle. A dimensionless structure function is then defined inversely
proportional to this mean free-path length. Using a functional expansion with spherical harmonics as
the basis set written in terms of a Cartesian tensor, the structure may be described as a spherical surface
represented by a symmetric, second order tensor, Y. In equilibrium, the structure is in an isotropic
state given by:

f (φ) =
(

1
φ
− 1

φm

)−1
, (1)

where φ is the volume fraction of particles and φm is the maximum packing fraction. Under flow,
the structure evolves according to

Y̊ = Y(Y, γ̇) (2)

where
Y̊ =

∂Y

∂t
+ v · ∇Y − Yω + ωY (3)
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is the corotational derivative representing the time derivative in a reference frame rotating with the
local vorticity; the corotational derivative has been defended as an appropriate choice for particulate
suspensions [35]. The strain rate and vorticity tensors are respectively given by

γ̇ =
1
2
(∇v +∇vT) (4)

ω =
1
2
(∇v −∇vT). (5)

General forms of the function on the right side of Equation (2) that satisfy the constraint of frame
indifference are well known [43] and form the basis of, for example, the second-order fluid constitutive
model. For hard-sphere suspensions of particles at low Reynolds number, a linear dependence on the
rate of strain is expected because of the linearity of the Stokes equations. Under these assumptions,
the equation governing the structure in the SPP model is given by:

Y̊ = γ̇h(Pe,
∗
γ)[c1 f (φ) + c2trY/3 + c4(Y − trY/3)]

+c3tr(Yγ̇)I + (c5 f (φ) + c6trY/3)γ̇ + c7(Yγ̇ + γ̇Y − 2/3tr(Yγ̇)I)

+α̂4Y2 + α̂7(Y
2γ̇ + γ̇Y2).

(6)

In the interest of simplicity, terms nonlinear in the structure tensor Y are also neglected, i.e.,
α̂4 = α̂7 = 0. As noted in the original paper [27], keeping these terms permits the existence of
multiple steady-state structures for a given rate of deformation that may allow for stick-slip behavior
or sudden jamming.

In order to generate a model with less adjustable parameters, while including terms nonlinear in
the structure, that will allow for predictions of strong shear thinning and thickening, the following
modification of the SPP model, called here the SPPC model, is proposed:

Y̊ = γ̇h(Pe,
∗
γ)[3 f (φ)I − Y] + c3tr(Yγ̇)I + c7(Yγ̇ + γ̇Y − 2/3tr(Yγ̇)I)

+c8tr(Yγ̇)Y2 + c9(Y
2γ̇ + γ̇Y2),

(7)

where γ̇ =
√

2γ̇ : γ̇ is the magnitude of the strain rate tensor. In order to directly relate back to the
SPP model, we have kept the names of the constant coefficients the same. On the right hand side
(RHS) of the modified equation, we have eliminated several constants, and the first three terms
are similar to the original model formulation. For the first term on the RHS, we have simplified
the relaxation of the material back to its isotropic state by eliminating the parameters c1, c2, c4 in the
SPP model. The term linear to the strain rate in the SPP model does not play a significant role in
the development of nonlinear rheological behavior, thus we have neglected this term (c5 = c6 = 0).
The terms proportional to c8 and c9 were included in the original model formulation, but ultimately
neglected in subsequent analysis for simplification reasons. The simplified, original SPP model can
predict a slight shear thickening behavior [27], however, the linearity in the structure prevents the
prediction of highly nonlinear rheological behavior, such as a strong shear thickening observed in
many particulate suspensions. Similar nonlinear terms appear in a model constitutive model by
Goddard [28], but parameters were not tested showing shear thickening behavior. As we will show,
incorporating these nonlinear terms allow for the capability to predict the complex rheological behavior
of shear thickening colloidal solutions.

The SPP model accounts for structure rearrangement that occurs in the absence of flow, such as the
relaxation of a Brownian suspension to an isotropic state following cessation of flow, and hydrodynamic
diffusion, which is determined by the suspension structure and a diffusion coefficient determined by
the local rate of deformation. It also accounts for rearrangements in the structure that are driven by the
imposed flow. The function h contains information about long-range repulsive forces and Brownian
diffusion. Thus far, the dependence of the function h on the Peclet number, Pe ∼ γ̇, which contains
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information about Brownian motion driving the system towards equilibrium, has been neglected.
Including this Pe dependence will allow for simulations to probe the complete transition from Brownian
(slow flow) to hydrodynamic (fast flow) dominant, similar to the model of [42]. The function h should
be inversely related to Peclet number, thus, as an addition to the original SPP model, we assume

h(Pe,
∗
γ) = Pe−1 +

∗
γ
−1/8

. (8)

The Peclet number describes the ratio of hydrodynamic to Brownian effects

Pe =
6πηSa3γ̇

kT
= Sγ̇, (9)

and the dimensionless number
∗
γ is the ratio of hydrodynamic to repulsive forces

∗
γ =

6πηSa2γ̇

F0
= Fγ̇, (10)

where S and F are material parameters having units of time. Here a is the particle radius, and F0 is
the characteristic magnitude of the repulsive interaction force. The exponent −1/8 in Equation (8)
is the same choice made in the prior work [27,37], which was chosen empirically to match particle
simulations and to limit the effect of γ̇ � 1 to a weak singularity in their expression for the stress:

Π = ηSγ̇[(k1 f (φ) + k2trY/3)I + k4(Y − trY/3I) + k3
1

γ̇
∗
γ

1/8 tr(Yγ̇)I + (k5 f (φ)

+k6trY/3)) 1

γ̇
∗
γ

1/8 γ̇ + k7
1

γ̇
∗
γ

1/8 (Yγ̇ + γ̇Y − 2/3tr(Yγ̇)I)].
(11)

In order to simplify the model further and make it more amenable to complex flow simulations,
one major assumption we have made is the stress in the material is a function solely of the structure,
i.e., the stress relaxes instantaneously to the local structure of the suspension:

Π = ηS [k1( f (φ)− trY/9)I + k4(Y − trY/3I)] . (12)

In this formulation, in order to eliminate to direct dependence of the stress on the shear rate,
the parameters k1, k4 have units of inverse time. The dependence of the stress on the shear rate comes
indirectly through its relationship with the microstructure. The simplification of the stress expression
eliminates the singularity in the original SPP model, thus, we could in principle choose any exponent
in Equation (8); at this point, we follow the original model.

3. Results

3.1. SAOS

Ultimately, we have reduced the model to six parameters: c3, c7, c8, c9, k1, k4. While several
of these are adjustable, some can be defined from experiment, e.g., small amplitude oscillatory
shear. Let γ = γ0 sin ωt thus γ̇ = γ0ω cos ωt. For γ0 � 1, let Y = Y0 + Y1 sin ωt + Y2 cos ωt,
where Y0 = 3 f (φ)I is the equilibrium structure. Plugging in we find:

Y1
12 = (6 f (φ)c7 + 6 f (φ)2c9)

γ0S2ω2

S2ω2 + 1
(13)

Y2
12 = −(6 f (φ)c7 + 6 f (φ)2c9)

γ0Sω

S2ω2 + 1
(14)

202



Fluids 2019, 4, 21

which gives:

G′ = Π1
12 = ηSk4(6 f (φ)c7 + 6 f (φ)2c9)

γ0S2ω2

S2ω2 + 1
(15)

G′′ = Π2
12 = ηS

[
−k4(6 f (φ)c7 + 6 f (φ)2c9)

γ0Sω

S2ω2 + 1
+ 2γ0ω

]
. (16)

In Figure 1, we plot an example prediction of the storage, G′, and loss, G′′, moduli predicted
by the modified model. The interesting thing to note is that G′′ is always larger than G′, which has
been observed in experiment [44], indicating the colloidal dispersion depicts a sol-like behavior
consisting of distinct non-flocculated units. The same experiment showed that throughout the
frequency range the plot of loss modulus is nearly linear, qualitatively similar to the predictions of the
SPPC model. In the SPPC model, G′ plateaus at high frequencies: as ω → ∞, G′ ∼ 6ηS f (φ)k4c7S2γ0

and G′′ ∼ 2ηSγ0ω, i.e., constant and linear at high shear rates, respectively. In the experiment, however,
the storage modulus curves upward at high frequency showing that at higher frequencies the material
storage capacity increases. While the SPPC model does not predict the behavior of G′ and G′′ over the
full range of frequencies, that it captures many of the dominant features suggests that it could be useful
under nonlinear conditions. Because the model predicts some experimental behavior, there are several
features we can state about the model parameters. In particular, if we neglect the c9 term, which we
will do throughout much of this paper, it may be possible to extract k4 and c7 from experimental SAOS
data. Neglecting c9, the model, in essence, only has three adjustable parameters, now on the same
order as the model by [31].
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Figure 1. Storage, G′, and loss, G′′, moduli as a function of frequency, ω. Parameter values are: S = 10−1,
c7 = −0.47, c9 = 0, ηS = 1, f (φ) = 1.0957, k4 = −1.

3.2. Non-Linear Rheology

The primary goal of this paper is to present a model that can capture the nonlinear rheological
behavior of shear thickening colloidal dispersions. In the following we consider two flows: simple shear
flow and planar extensional flow. We assume linear velocity profiles v = (γ̇y, 0, 0) and v = (ε̇x,−ε̇y, 0),
respectively, and the resulting system of ordinary differential equations describing Y are solved in
time using the Matlab solver ode45 (Version r2016b, MathWorks, Natick, MA, USA). In the following,
we investigate the role of individual parameters in the prediction of nonlinear rheological behavior,
in particular to show the full range of the model’s predictive capabilities. The base set of parameters,
S = 10−1, F = 10, c3 = −23.5, c7 = −0.47, c8 = 10−4, c9 = 0, ηS = 1, f (φ) = 1.0957, k1 = −103,
k4 = −1, are chosen to align with the SPP model (c3, c7), and to predict desired qualitative trends,
namely shear and extensional thickening, and negative second normal stress difference.
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3.2.1. Simple Shear Flow

By varying the adjustable parameters, the model is capable of predicting the full range of shear
rheological behavior, including shear thinning and shear thickening of various degrees, Figure 2.
The results for c9 = 0 in Figure 2a–c show a continuous shear thickening (CST) behavior, as observed
in experiments, e.g., [45–47]). Additionally, at high shear rates, the model predicts a maximum in the
viscosity followed by shear thinning behavior [48]. By varying model parameters, the degree and
onset of the shear thickening can be controlled. Varying c8, the coefficient of the Y2 term in the SPPC
model, the degree of thickening is decreased until eventually predicting shear thinning. Increasing
S corresponds to decreasing the contribution of Brownian forces relative to hydrodynamic forces
(note that S → ∞ in the original SPP model), and the model predicts that the onset of thickening,
a hydrodynamic response, decreases while also decreasing the ratio between the maximum and
zero-shear viscosities. Decreasing F corresponds to increasing the repulsive force magnitude relative
to hydrodynamic forces, and, as a result, the SPPC model predicts an initial shear thinning prior to
the onset of shear thickening for F � 1. Including c9 �= 0 can lead to drastically different predictions,
namely a jump in the shear viscosity, i.e., discontinuous shear thickening (DST). This additional feature
of the model will allow us the ability to predict and analyze the differences between CST and DST
under different flow conditions, while providing motivation for future developments of continuum
models for particulate suspensions that incorporate a physical mechanism underlying DST.
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Figure 2. Plot of the particle contribution to the viscosity, η = Πxy/γ̇, against shear rate for varying values of
(a) c8, (b) S, (c) F, and (d) c9. Parameter values are: S = 10−1, F = 10, c3 = −23.5, c7 = −0.47, c8 = 10−4, c9 = 0,
ηS = 1, f (φ) = 1.0957, k1 = −103, k4 = −1.
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In Figure 3, we plot the first and second normal stress differences, N1, N2, for the same sets of
parameters. The SPPC models predicts N1 = ηSk4(Y11 − Y22) > 0 and N2 = ηSk4(Y22 − Y33) < 0.
The latter prediction is consistent with experiments and particle simulations [45]. The sign of N1 is still
less well understood [45,47]. Recently, it has been shown that a positive value of N1 is expected for
highly dense suspensions, which exhibits a discontinuous shear thickening (DST) behavior, while a
negative value of N1 is expected for CST [13,45,47]. In theories and simulations where some limiting
degree of Brownian motion and/or interparticle repulsion has been included, N1 is still found to be
negative [49,50]. The results are in line with the available experiments, except that the two normal stress
differences are predicted to be approximately equal. Simulations that incorporate friction indicate that
this can reduce |N1| with respect to |N2| [50]. More recent simulations have found that these frictional
forces for dense suspensions leads to a positive value of N1 [13,23]. The SPPC model is designed for
dense colloidal suspensions, thus a positive value of N1 is expected; a more complex relationship
between stress, structure and strain rate could lead to varying signs of N1, however, this would lead to
more parameters, and it is potentially less suitable for complex simulations.
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Figure 3. Plot of the first and second normal stress difference, N1, N2, against shear rate for varying values of
(a) c8, (b) S, (c) F, and (d) c9. Parameter values are: S = 10−1, F = 10, c3 = −23.5, c7 = −0.47, c8 = 10−4, c9 = 0,
ηS = 1, f (φ) = 1.0957, k1 = −103, k4 = −1.

The macroscopic predictions are determined by the evolution of the microstructure described by
the SPPC model. The values of the structure tensor ultimately describe the evolution of a spherical
surface determined by the proximity of neighboring particles, in particular, larger values of Y along
the diagonal correspond to a larger degree of clustering of particles. The off-diagonal components
correspond to a rotation of the cluster. In order to relate the shear thinning and thickening behavior to
the microstructure, in Figure 4 we plot the functions Z1 = Y11 − Y22 and Z2 = Y22 − Y33, which are the
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normal structure differences. The negative and positive values of Z1 and Z2, respectively, show that
Y22 is the largest component of the normal structure components, which indicates that the thickening
is due the clustering of particles perpendicular to the flow. The increased difference between Z1 and
Z2 due to the large increase in Z2 for the DST result, Figure 4d, suggests that the jump in the viscosity
is due to a larger degree of clustering of the particles.
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Figure 4. Plot of the first and second normal structure differences, Z1, Z2, against shear rate for varying values
of (a) c8, (b) S, (c) F, and (d) c9. Parameter values are: S = 10−1, F = 10, c3 = −23.5, c7 = −0.47, c8 = 10−4,
c9 = 0, ηS = 1, f (φ) = 1.0957, k1 = −103, k4 = −1.

3.2.2. Planar Extensional Flow

In agreement with limited experiments in extensional flow [6,7], the SPPC predicts that shear
thickening fluids also exhibit a strong extensional thickening behavior, Figure 5. Furthermore,
the extensional thickening occurs at lower rates than those corresponding to shear thickening, as also
observed in the same experiments [6,7]. Just as in the case with the shear flow, the extensional
thickening is due to the clustering of particles perpendicular to the flow direction, as indicated by a
negative value of Z1 (the magnitude of Z1 is plotted in Figure 6). The trends predicted by the SPPC
model for varying parameters are the same as the above for the shear flow.
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Figure 5. Plot of the particle contribution to the extensional viscosity, ηE = (Πxx − Πyy)/ε̇, against extension
rate for varying values of (a) c8, (b) S, (c) F, and (d) c9. Parameter values are: S = 10−1, F = 10, c3 = −23.5,
c7 = −0.47, c8 = 10−4, c9 = 0, ηS = 1, f (φ) = 1.0957, k1 = −103, k4 = −1.
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Figure 6. Cont.
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Figure 6. Plot of the first normal structure difference, Z1, against extension rate for varying values of (a) c8, (b) S,
(c) F, and (d) c9. Parameter values are: S = 10−1, F = 10, c3 = −23.5, c7 = −0.47, c8 = 10−4, c9 = 0, ηS = 1,
f (φ) = 1.0957, k1 = −103, k4 = −1.

3.3. Results for Steady Poiseuille Flow

The primary goal of this work is to provide a constitutive model that describes the microstructure
of a colloidal solution and its shear thickening behavior, and is suitable for complex flow simulations.
In order to first test the model and the numerical solver, in this work we simulate the flow of an STF
through a straight channel. Two scenarios are considered: (1) a one-dimensional (1D) assumption,
in which we assume the flow moves in the x-direction but only varies in the gradient direction,
y, and (2) a full two-dimensional (2D) simulation, for which the profiles across the gap in the
fully-developed flow should match with the 1D predictions. There is very limited data on this flow
scenario, thus, as an additional benchmark, we check our velocity predictions against one particular
set of experimental data [51].

3.3.1. One-Dimensional

We consider a straight channel of length L and rectangular cross-section of width W and height
2H. We assume the channel is long enough that entrance and exit effects are negligible and we assume
that p,x = −Δp

L , where Δp = p0 − pL is the pressure drop. The height of the channel is 2H where
−H ≤ y ≤ H and we neglect variations in the z-direction. Under these assumptions the velocity, in the
positive x-direction, has the form v = (u(y), 0, 0) and satisfies conservation of mass, ∇ · v = 0.

We assume inertialess flow, and the resulting momentum balance becomes

0 = P + ηSu,yy +Πxy,y, (17)

where P = Δp
L . Note that integration of the momentum equation across the channel gives −Py = τxy,

or at the wall Py = τxy |y=±H where τ is the total stress so τxy = Πxy + ηSu,y. Thus the total shear
stress is linear and monotone across the channel. The applied pressure is directly related to the wall
shear stress ±PH = τxy |wall .

In this 1D channel flow, the equations form a system of coupled, nonlinear partial differential
equations to be solved using appropriate initial conditions and boundary conditions. We impose
the no slip boundary conditions at the walls, u |y=±H= 0. The method of lines is used to solve the
time-dependent system where first the spatial dimension is discretized, in this case using a second
order central finite difference scheme, and the resulting differential-algebraic system of equations
is then marched forward in time until steady-state is achieved. The discretized system is marched
forward in time using the Matlab solver ode15s.
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In Figure 7a,b we plot the velocity and viscosity across the gap for a single set of shear thickening
parameters. We find the expected triangular velocity profile associated with a viscosity that increases
from the center to wall, opposite of what occurs for the typical shear thinning materials. As expected,
for a given a pressure drop, the shear thickening reduces the flow rate compared to constant and shear
thinning viscosity simulations. This behavior is clearly seen in Figure 8, which plots the computed
volumetric flow rate, Q =

∫ −H
−H udy, against the imposed pressure drop. As expected, as the degree of

thickening increases, it becomes more difficult for the more viscous fluid to flow, thus reducing the
flow throughput.
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Figure 7. Plots of the (a) velocity and (b) particle viscosity across the gap from the 1D simulation versus the
fully-developed 2D flow. The imposed pressure drop for the 1D simulation is P = 102; The inlet velocity for the
2D flow is U = 1.5133, which, over a unit gap width, is also the flow rate. Parameter values are: S = 10−1, F = 10,
c3 = −23.5, c7 = −0.47, c8 = 10−4, c9 = 0, ηS = 1, f (φ) = 1.0957, k1 = −103, k4 = −1.
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Figure 8. Computed volumetric flow rate, Q, as a function of imposed pressure drop, P . Parameter values are:
S = 10−1, F = 10, c3 = −23.5, c7 = −0.47, c8 = 10−4, c9 = 0, ηS = 1, f (φ) = 1.0957, k1 = −103, k4 = −1.

3.3.2. Two-Dimensional

For two and higher dimensional flows, the governing equations are solved using then numerical
solver viscoelasticFluidFoam [52], which can be found in the extended version of OpenFOAM R©
(version 3.0). The viscoelasticFluidFoam solver solves the governing equations sequentially in a
segregated manner, where the momentum equation is solved first, followed by the pressure-correction
equation, and finally the constitutive equations. It uses the Finite Volume Method (FVM) to discretize
and solve all governing equations of the particular problem. For those terms involving divergence
operators, the volume integral is converted to a surface integral over the control volume surfaces
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by applying the Gauss’ theorem. The convection terms are discretized using the limited linear
differencing scheme, which is based on the Sweby scheme [53]. The remaining terms are discretized
using the central differencing scheme (CDS). The resulting system of equations is solved by iterative
matrix solvers, including the conjugate gradient method for the pressure-correction equation and the
biconjugate gradient method for all other equations. The pressure-velocity coupling is ensured using
the Pressure-Implicit Split Operator (PISO) algorithm [54]. The equations are solved in time using
the built-in “Euler” scheme, which is first-order accurate. Finally, the improved both sides diffusion
method [55] is implemented to stabilize the calculations.

At the inlets we impose uniform conditions on the velocity and structure, and a zero gradient
condition on the pressure (and vice versa at the outlets). We use a 10:1 length:width ratio, which is
sufficiently large to allow for fully-developed flow prior to reaching the outlet. Along the solid walls,
the boundary conditions imposed include the no slip boundary condition on the velocity:

v = 0. (18)

We use the zero gradient boundary condition on the conformation tensor at the walls, consistent
with the original solver benchmark calculations [52]:

n · ∇Y = 0. (19)

In Figure 9 we show the contour plot of the fully-developed velocity magnitude. Here we see
the more triangular shaped velocity profile, expected for shear thickening fluids [51]. Associated with
this velocity profile is a viscosity profile in which the viscosity is smallest in the center and increases
towards the wall, Figure 10, unlike the typical behavior of constant and shear thinning materials.

Figure 9. Contour plot of the velocity profile for the 2D channel flow with U = 1.5133. Parameter values are:
S = 10−1, F = 10, c3 = −23.5, c7 = −0.47, c8 = 10−4, c9 = 0, ηS = 1, f (φ) = 1.0957, k1 = −103, k4 = −1.

Figure 10. Contour plot of the particle viscosity profile for the 2D channel flow with U = 1.5133. Parameter values
are: S = 10−1, F = 10, c3 = −23.5, c7 = −0.47, c8 = 10−4, c9 = 0, ηS = 1, f (φ) = 1.0957, k1 = −103, k4 = −1.

The important question is whether the 1D and 2D predictions coincide. In Figure 7 we plot
the velocity and viscosity across the gap (for the 2D simulation we choose a location far enough
downstream such that the flow is fully developed). The main differences between the one and two
dimensional flows are that the former is pressure-driven whereas the latter is flow-rate-driven, and the
fact the used 2D solver requires boundary conditions [52] on the structure, yet none are imposed in
the 1D flow. In order to attempt to match the data, we choose a single 1D simulation with P = 102.
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The computed flow rate is thus Q = 1.5133, which is used for the uniform velocity inlet condition in
the 2D simulation. The agreement between the 1D and 2D do not perfectly overlap, however they are
sufficiently close that we feel confident that the 2D simulations are predicting the expected behavior,
thus proving a viable tool for future, more complex studies.

4. Discussion

The model presented in this paper, a modification of the SPP model [27], is a contribution to
the ongoing work for the development of constitutive models describing the flow of particulate
suspensions. The model is still phenomenological in the sense that the form is dictated by tensor
symmetries and invariances, and fit parameters are needed to match the model to experimental
data, and little can be said about the physical meaning of these parameters. While the SPPC model
is connected to particle physics based upon a spatially-dependent mean free-path length, there
is still limited insight that can be derived into the dynamics of the microstructure and the link
with the suspension stress. However, the advantage of the provided model is that it has very few
free parameters and, due to the inclusion of nonlinear terms in the structure, has the capability of
predicting the full range of nonlinear rheological behavior from shear thinning to both continuous and
discontinuous shear thickening, and extensional thickening, the effects of which are predicted to be
due to the clustering of particles. The model thus includes terms that may need to be considered in
future first-principles modeling efforts in order to capture these unique features. Most importantly,
having a continuum model that predicts shear and extensional thickening coupled to microstructural
dynamics now means that we have the ability to conduct complex flow simulations that will help better
understand the dynamics of shear thickening colloids under complex flow conditions [2,5,15–17,56,57].
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