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7

Different ways of measuring the

yield stress

7.1 Methods for measuring the yield stress - an

overview

There is no doubt that many materials widely used in cosmetic and industrial

applications are yield stress materials, meaning that they deform elastically if

the applied stress is below a critical value, but flow once this value is exceeded;

this critical value is the so-called yield stress (σy). To determine the yield stress is

critical in industrial processes, for example, to know the minimum pressure needed

to start a slurry in a pipeline [1] or in the concrete industry where the yield stress

indicates whether air bubbles will remain trapped [2].

On the one hand, several methods have been proposed for determining the yield

stress; however, it has been demonstrated that variations of more than one order

of magnitude can arise, depending on the used method and handling of the sam-

ple [3–5]. On the other hand, it has been demonstrated that yield stress materials

can be classified into ‘simple’ and thixotropic [6, 7]. For the former, the viscosity

depends only on the applied shear rate or shear stress, and the yield stress is a

well-defined value. For the latter, the viscosity depends not only on the applied

shear rate or shear stress, but also on the shear history of the sample, therefore,
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the yield stress is ill-defined. For thixotropic yield stress materials, the rheologi-

cal behavior is given by the competition between aging—spontaneous build-up of

some microstructure—and shear rejuvenation—breakdown of the microstructure

by flow.

Considering that the yield stress marks the transition between flow and non-flow

conditions, it can be determined from steady shear measurements by fitting flow

curves, i.e. shear stress (σ) as a function of the shear rate (γ̇), to a rheological

model, such as the Herschel-Bulkley model [8]: σ = σy + Kγ̇n, where K and n

are adjustable model parameters. However, the accuracy of different models when

determining the yield stress depends on the lowest-measured shear rate used for

the extrapolation [9].

The yield stress can be also determined from oscillatory measurements by carrying

out strain sweeps at a low frequencies. These measurements consist in imposing a

sinusoidal shear strain of amplitude γ0 and frequency ω, given by γ(t) = γ0 sin(ωt).

If γ0 is small enough to satisfy the linearity constraint, i.e. the strain at any time is

directly proportional to the value of the stress, then the stress can be represented

by [10, 11]:

σ(t) = γ0 [G′(ω)sin(ωt) +G′′(ω)cos(ωt)] (7.1)

where G′ is the storage modulus and G′′ is the loss modulus. G′ and G′′ are deter-

mined from (7.1) in the so-called linear viscoelastic regime, where G′ represents the

storage of elastic energy and G′′ represents the viscous dissipation of the energy.

At higher strain amplitudes, the response becomes nonlinear and the moduli G′

and G′′ are not uniquely defined; for example, G′ does not contain all the relevant

elasticity information beyond the linear regime.

Oscillatory measurements allow the acquisition of curves of G′ and G′′ as a function

of either the strain (γ) or the shear stress. The yield stress and yield strain (γy) may

be given by: (i) the point at which G′ = G′′, which has been called characteristic

modulus [10], (ii) the intersection of the power-law equations representing the

behaviors well-above and well-below the the yielding point [12]; or (iii) by plotting

σ vs. γ; from these curves, σy and γy are determined from the intersection of a line

with slope equal to G′ at low strains, with a power-law at high strains [13, 14].

Nevertheless, the definition of the yield stress and the yield strain from power-law
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Measuring the yield stress

equations representing the behaviors well-above and well-below the yielding point

is empirical.

Stress growth experiments are also used for determining the yield stress. These

experiments consists in imposing a small shear rate and recording the resulting

shear stress as a function of time or as a function of strain. At small deformations,

the material behaves as an elastic solid and σ = G′γ, therefore, it is possible to

determine G′ from this experiments. Additionally, the yield stress can be also

determined, considering that it is given by: (i) the departure from linerity, (ii) the

maximum stress or (iii) the equilibrium stress. This implies that different stresses

can be measured, depending on how it is defined [15].

In this Chapter I use simple and thixotropic yield stress materials to compare the

yield stresses, storage moduli and yield strains obtained from steady shear, oscil-

latory and stress growth experiments. It will be shown that different methods give

different results; however, the scaling of σy and G′ with the amount of dispersed

phase is independent of the method used for determining these parameters.

7.2 Materials and methods

Materials used for carrying out experiments were carbopol ‘gels’, a commercial hair

gel (from Albert Heijn, Netherlands), castor oil-in-water emulsions and a commer-

cial shaving foam (Gillette regular). Samples consist of (a detailed preparation—

where applicable—is described in Chapter 2):

(i) Carbopol ‘gels’ : a batch of Carbopol ‘gel’ with 2 %wt-carbopol was prepared,

from which samples with 1.5, 1.0, 0.75 and 0.1 %wt-carbopol were obtained

by diluting the 2 %wt sample with ultra-pure water (Milli-Q R©).

(ii) Castor oil-in-water emulsions : a batch of castor oil-in-water emulsion with

internal volume fraction φ = 0.8 was prepared, from which samples with

φ = 0.78, 0.74, 0.70, 0.67 and 0.66 were obtained by diluting the emulsion

with φ = 0.8 with a 1 %wt sodium dodecyl sulfate aqueous solution. The

average diameter of the oil droplets dispersed in the emulsion is about 3.2 µm.
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(iii) Foam: for the foam used for the experiments, it has been reported that it is

initially composed of about 93 % gas (volume), with a mean bubble size of

about 12 µm [16].

(iv) Thixotropic emulsions : thixotropic emulsions were prepared by mixing castor

oil-in-water emulsions (φ = 0.78, 0.74, 0.70, 0.67 and 0.66) with bentonite clay

(from Steetley). The clay concentration in all samples is 2 %wt.

7.2.1 Rheological measurements

For performing the rheological measurements, I used a controlled-shear-stress

rheometer (CSS, Physica) and a controlled-shear-rate rheometer (CSR, ARES);

both of them with cone-plate geometry and roughened surfaces, which is the com-

mon method to avoid wall slip [16, 17]. Before performing any experiment, samples

were pre-sheared at γ̇ = 100 s−1 for 30 s followed by a rest period of 30 s, in order

to create a controlled initial state in the samples [18, 19].

Rheological measurements consisted in:

(i) Steady shear experiments : performed with the CSR-rheometer by carrying

out shear rate sweeps (from 1×102 s−1 to 1×10−3 s−1), obtaining flow curves

that were fitted to the Herschel-Bulkley model.

(ii) Oscillatory measurements : performed with the CSS-rheometer by carry-

ing out shear stress sweeps at a constant frequency f = 1 Hz (from from

1× 10−2 Pa to 5× 102 Pa), generating curves of G′ and G′′ as a function of

σ or γ.

(iii) Stress growth experiments : performed with the CSR-rheometer; imposing a

constant shear rate γ̇ = 1× 10−2 s−1 and recording σ for 300 s, equivalent to

a total deformation γ = 3.

The hallmark of thixotropy is the appearance of hysteresis when performing up-

and-down shear stress or shear rate sweeps; therefore, I performed this type of

measurements in the clayey emulsions, by imposing γ̇. Previous experiments re-

garding clayey emulsions have been carried out using highly concentrated systems

(φ > 0.7) [7, 20, 21], whilst our clayey emulsions comprise a higher concentration

88
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range. Additionally, as the non-thixotropic character of the simple yield stress ma-

terials used in this chapter has been reported previously [7, 21], I did not perform

up-and-down shear rate sweeps in these materials.

7.3 Determining the yield stress for ‘simple’

yield stress materials

In this section I show yield strain, storage modulus and yield stress values, de-

termined from steady shear measurements, oscillatory measurements and stress

growth experiments.

7.3.1 Steady shear measurements

Flow curves obtained for the carbopol ‘gels’, hair gel, emulsions and foam are

shown in Figure 7.1 and all of them are fitted to the Herschel-Bulkley model;

therefore, a yield stress can be determined. In this case, the yield stress would be

defined as the value at which the shear rate extrapolates to zero. Because of the

lower-imposed shear rate, I am confident that the calculated yield stress using this

method is accurate, as flow curves clearly show a plateau at low shear rates.

Figure 7.1: Flow curves. Carbopol at different mass concentrations. Inset:
Hair gel (a). Emulsions with different internal volume fractions. Inset: foam

(b). Lines are the fittings of the flow curves to the Herschel-Bulkley model.
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7.3.2 Oscillatory measurements

Curves of G′ (and G′′) as a function of σ and γ are shown in Figures 7.2 and 7.3,

respectively. At low amplitudes G′ and G′′ represent the entire elastic or viscous

contributions, as the response is linear and the stress is represented by (7.1), i.e.

the linear viscoelastic regime, where G′ is determined from the components of the

stress in phase with γ(t) and G′′ from the component of the stress in phase with

γ̇(t) [22].

Even when recent works present new measures for characterizing nonlinear vis-

coelasticity in large amplitude oscillatory shear [23], oscillatory measurements are

normally analyzed using (7.1) and the values of G′ and G′′ given by the rheome-

ter, are indeed calculated from (7.1); therefore, they fail in representing the entire

elastic and viscous contributions, out of the linear viscoelastic regime.

Figure 7.2: Storage (G′) and loss (G′′) moduli as a function of the shear stress
for: carbopol samples (a), hair gel (b), emulsions (c) and foam (d). Empty
symbols correspond to G′, while filled symbols correspond to G′′. Black lines
are the power-law fittings of the behavior of G′ well-above and well-below the
yielding point, whose intersection is represented by the black circles. The gray

circles show σ at the crossover of G′ and G′′.
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Measuring the yield stress

Figure 7.3: Storage (G′) and loss (G′′) moduli as a function of the strain for:
carbopol samples (a), hair gel (b), emulsions (c) and foam (d). Empty symbols
correspond to G′, while filled symbols correspond to G′′. Black lines are the
power-law fittings of the behavior of G′ well-above and well-below the yielding
point, whose intersection is represented by the black circles. The gray circles

show γ at the crossover of G′ and G′′.

It was suggested that at the characteristic modulus G, the viscous and the elastic

contributions equal [10]; therefore, at higher stresses or deformations, the viscous

contribution will dominate the elastic one, indicating that the material is indeed

flowing. If we consider this criterion for defining the yield stress and the yield

strain, then these values can be determined, as shown in Figures 7.2 and 7.3.

The yield stress and the yield strain are also given by the intersection of the

power-law equations representing the behaviors of G′ well-above and well-below

the yielding point [12]. By re-plotting data shown in Figures 7.2 and 7.3 as σ vs. γ

(Figure 7.4), the yield stress and the yield strain are determined from the inter-

section of the line at low strains—with slope equal to G′ in the linear viscoelastic

regime from Figure 7.2—with the power-law equation at high strains [13, 14].

These methods are empirical and consider that the yielding point is given by the
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Figure 7.4: Shear stress as a function of the strain obtained from the oscil-
latory measurements (same data shown in Figures 7.2 and 7.3) for: carbopol
samples (a), hair gel (b), emulsions (c) and foam (d). Empty symbols correspond
to G′, while filled symbols correspond to G′′. Lines are the power-law fittings
of the behavior of σ at low and at high strains. The black circles represent the

intersection of power-law equations.

departure from the linear viscoelastic regime. The accuracy of this way of deter-

mining σy or γy is highly influenced by how good the behaviors well-above and

well-below the yielding point can be represented by power-law equations.

One interesting feature arising from the oscillatory measurements is that in the

plots of G′ (and G′′) vs. σ, the crossover G′/G′′ occurs at or near the maximum in

G′′.

7.3.3 Stress growth experiments

The evolution of the shear stress a function of the strain at an imposed shear rate

γ̇ = 1× 10−2 s−1 is shown in Figure 7.5. At low strains an initial elastic response

is observed, which finally develops into a constant shear stress. The yield stress
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can be defined as [15]: (i) the highest stress at which the response is still elastic,

(ii) the maximum stress or (iii) the stress at which a steady state is achieved.

Figure 7.5: Shear stress as a function of the strain at an imposed shear rate
γ̇ = 1×10−2 s−1 for: carbopol samples with %wt-carbopol = 1.5, 0.75, 0.50 and
0.1 (top to bottom) (a), hair gel (b), emulsions with φ = 0.78, 0.74, 0.70, 0.67 and
0.66 (top to bottom) (c) and foam (d). Black lines represent the behavior of σ
at small deformations and at the steady state, whose intersection is represented

by the circles.

The yield stress defined as the highest stress at which the response is still elastic is a

very inaccurate method; alternatively, I determine σy and γy from the intersection

of the lines representing the behavior of σ at low deformations and the steady-state

shear stress; however, this criterion for determining the yielding point is empirical.

An alternative criterion to define the yield stress is given by the maximum mea-

sured stress in a stress growth experiment, which provides a precise value, but this

value is highly dependent on the imposed deformation rate [24, 25]. In addition,

the stress overshoot is not always present, as demonstrated with the experiments

presented here, for which the stress overshoot is observed only in carbopol samples

with %wt-carbopol ≥ 0.50.
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Finally, to define the yield stress as that at which a steady state is achieved is

highly dependent on the imposed deformation rate; nevertheless, the obtained

value is a precise number.

7.3.4 Yield strain - comparison of values obtained from

different methods

Yield strain values obtained with different methods are different (Figure 7.6). On

the one hand, values obtained from the characteristic modulus are the highest,

which is not surprising, as the values of G′ and G′′ given by the rheometer do

not represent the complete elastic and viscous contributions out of the linear vis-

coelastic regime; therefore, the material must have yielded by the time G′ = G′′.

On the other hand, values obtained from the intersection of power-law equations

describing the behavior of G′ well-above and well-below the yielding point are the

lowest.

Considering yield strains obtained from the intersection of the power-law equations

describing the behaviors of σ at low and at high strains (Figure 7.4), and those

obtained from the intersection of the lines representing the behavior of σ at low

deformations and the steady-state shear stress (Figure 7.5), Figure 7.6 shows that

the yield strain values are pretty similar.

Table 7.1: Scalings of the yield strain with %wt-carbopol for carbopol samples
and φ for emulsions

Scaling of γy
Rheological measurement Carbopol Emulsion
Oscillatory:
Crossover G′/G′′ (Fig. 7.3) ∼ (%wt)0.25 ∼ ∆φ0

Intersection power-laws, G′ (Fig. 7.3) ∼ (%wt)0.25 ∼ ∆φ0.50

Intersection power-laws, σ vs γ (Fig. 7.4) ∼ (%wt)0.50 ∼ ∆φ1.0

Stress growth:
Intersection lines σ vs γ (Fig. 7.5) ∼ (%wt)0.20 ∼ ∆φ0.50

Stress overshoot (Fig. 7.5) ∼ (%wt)0.37 −

Figure 7.6 also shows that γy scales with %wt-carbopol for the carbopol, and with

(φ − φc) = ∆φ for the emulsion. The value of φ = 0.645 given by the fittings, is

close to the expected value for random close packing, φRCP ≈ 0.64 [26–28]; above

φc emulsions jam and a yield stress appears. These scalings (shown in table 7.1)
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Figure 7.6: Comparison of yield strain values obtained from different methods
for carbopol samples (a), emulsions (b) and hair gels and foams (c). Blue
symbols are values obtained from the oscillatory measurements. Red symbols
are values obtained from the stress growth experiments. Lines represent scalings

of γy with %wt-cabopol for the carbopol or ∆φ for the emulsion.

are highly dependent on the measuring method; indeed, if the same data is plotted

in different ways, results are different, as demonstrated when plotting data from

oscillatory measurements as G′ vs. γ or σ vs. γ.

7.3.5 Storage modulus, G′ - comparison of values

obtained from different methods

The storage modulus G′ in the linear viscoelastic regime is given by the oscillatory

measurements or by the stress growth experiments. Figure 7.7 shows that for

all samples G′ determined from the oscillatory measurements is higher than G′

determined from the stress growth experiments. However, independently of the

method, the behavior with %wt-carbopol for carbopol or ∆φ for the emulsions, is

the same.

95



Chapter 7

Figure 7.7: Comparison of G′ values obtained from oscillatory measurements
and from stress growth experiments for: carbopol samples (a), emulsions (b)
and hair gel and foam (c). Lines represent scalings of G′ with %wt-cabopol for

the carbopol or ∆φ for the emulsion: G′ ∼ (%wt) 0.75 and G′ ∼ ∆φ2.

For the emulsion, G′ ∼ (φ−φc)2 with φ = 0.645, in agreement with previous works

[29]. For the carbopol G′ ∼ (%wt)0.75.

7.3.6 Yield stress - comparison of values obtained from

different methods

Figure 7.8 shows that different methods give different yield stress values. However,

for all cases, yield stresses obtained from the crossover of G′ and G′′ are the highest;

this is not surprising, as there is already significant viscous dissipation by the time

G′ = G′′, so this is undoubtedly a yielded material. Yield stress values obtained

from the crossover of G′ and G′′ are about twice of the values obtained from the

Herschel-Bulkley model.

Even when the value of the yield stress depends on the used method, Figures 7.8 (a,b)

show that the yield stress increases with the %wt-carbopol for carbopol or φ for

96



Measuring the yield stress

Figure 7.8: Comparison of yield stress values obtained from different methods
for: carbopol samples (a), emulsions (b) and hair gels and foams (c). Black
symbols are values obtained from steady shear experiments, in which flow curves
were fitted to the Herschel-Bulkley model. Blue symbols are values obtained
from the oscillatory measurements. Red symbols are values obtained from the
stress growth experiments. Lines represent scalings of σy with %wt-cabopol for

the carbopol or ∆φ for the emulsion.

the emulsion, independently of the used method. For the emulsion, σy ∼ (φ−φc)2,

with φc = 0.645, whilst for the cabopol σy ∼ (%wt)1.18; previous works have shown

similar scaling of σy with ∆φ for similar systems [29, 30].

It is interesting to observe that independently of the used method, the scaling is

the same. Therefore, if one is interested in knowing how the yield stress varies

with respect to the amount of the dispersed phase, any of the methods can provide

this information.
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7.4 Determining the yield stress for thixotropic

yield stress materials

The apparent yield stress of thixotropic emulsions is determined by applying the

same methods used to determine the yield stress of ‘simple’ yield stress materials.

The term apparent yield stress is used, because for a thixotropic system, its flow

behavior—hence the yield stress—depends on the shear history of the sample;

which is why the yield stress is ill-defined for this type of materials [7, 31].

7.4.1 Steady shear measurements

From the up-and-down shear rate sweeps of the clayey emulsions, it is evident that

these systems are thixotropic, as hysteresis manifests in all samples, showing how

a single yield stress value cannot be determined (Figure 7.9). One could indeed

define two yield stresses [32], one given by the fitting of the flow curves going from

a low shear rate to a high shear rate to the Herschel-Bulkley model (static yield

stress), and one given by fitting the flow curves going from a high to a low shear

rate to the same model (dynamic yield stress). In all cases, the static yield stress

is higher than the dynamic yield stress.

7.4.2 Oscillatory measurements

Using the same procedure followed for the ‘simple’ yield stress materials, σy and γy

of the thixotropic emulsions are determined from curves of G′ and G′′ vs. σ or γ,

respectively; these values are also determined from curves of σ vs. γ (Figure 7.10).

The crossover of G′ and G′′ is a well defined point, while the behavior of G′ well-

above the yielding point is poorly described by a power-law equations; therefore,

the intersection of power-law equations representing the behaviors of G′ well-above

and well-below the yielding point should not be considered a good method for

determining the apparent yield stress (or apparent yield strain) of the thixotropic

samples.
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Figure 7.9: Increasing and decreasing shear rate sweeps of emulsions with 2
%wt bentonite. Empty symbols are the flow curves going from a low shear rate
to a high shear rate and lines their fit to the Herschel-Bulkley model. Filled
symbols are the flow curves going from a high shear rate to a low shear rate and

dashed lines their fit to the Herschel-Bulkley model.

7.4.3 Stress growth experiments

Following the evolution of the stress as a function of the strain, shown in Figure

7.11, an initial elastic response is observed, which finally develops into a steady

shear stress, except for the emulsion with φ = 0.78; for this emulsion, the stress

keeps on increasing with the strain. The yield stress can be determined from the

maximum stress at which the response is still elastic or from the steady shear

stress. As done for the ‘simple’ yield stress materials, because of the inaccuracy

of determining the yield stress from the departure from the elastic response, I

determine σy and γy for the thixotropic emulsions from the intersection of the

lines representing the behavior of σ at low deformations and the steady-state

shear stress.
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Figure 7.10: Oscillatory measurements for emulsions with 2 %wt bentonite.
Storage (G′) and loss (G′′) moduli as a function of σ (a). G′ and G′′ as a function
of γ (b). σ as a function of γ (c). In (a) and (b) empty symbols correspond to
G′, while filled symbols correspond to G′′. Black lines represent the power-law
fittings of the behaviors of G′ (or σ) well-above and well-below the yielding
point. Black circles show σ (or γ) at the intersection of the power-law equations
representing the behaviors of G′ well-above and well-below the yielding point.

The gray circles show σ (or γ) at the crossover of G′ and G′′.

7.4.4 Yield strain, storage modulus and yield stress -

comparison of values obtained from different

methods

Figure 7.12 (a) shows that the yield strain values obtained with different methods

are different. Yield strain values obtained from the stress growth experiments and

from the characteristic modulus show that γy is constant; conversely, considering

γy given by the intersection of power-law equations representing the behaviors of

G′ and σ well-above and well-below the yielding point (from oscillatory measure-

ments) the yield strain scales as (φ− φct)0.5, with φct ≈ 0.545. I use the notation
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Figure 7.11: Shear stress as a function of the strain at an imposed shear rate
γ̇ = 1 × 10−2 s−1 for emulsions with 2 %wt bentonite. Blue symbols show
the behavior of an emulsion with φ = 0.78. Gray symbols show the behavior
of emulsions with φ = 0.74, 0.70, 0.67 and 0.66 (top to bottom). Black lines
represent the behavior of σ at small deformations and at the steady state, whose

intersection is shown by circles.

φct to avoid confusion with the critical internal volume fraction φc for the ‘simple’

emulsions.

Following the same analysis as that used for determining G′ in the ‘simple’ yield

stress materials, for the thixotropic samples, G′ determined from the oscillatory

measurements is higher than G′ determined from the stress growth experiments,

as shown in Figure 7.12 (b). However, independently of the method, the behavior

with φ is the same; in this case, G′ scales with (φ− φct)1.5 with φct = 0.545.

As for the simple yield stress materials, Figure 7.12 (c) shows that for the thixotropic

emulsions different methods give different yield stress values. This is not surpris-

ing, because the yield stress of these samples is expected to be highly dependent

on the shear history of the sample and the measuring method.

What is really interesting is that independently of the used method for determining

the apparent yield stress, as the internal volume fraction of the emulsion increases,

so does the apparent yield stress ; i.e. the apparent yield stress scales with (φ−φct)2,

with φct = 0.545.
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Figure 7.12: Behavior of the yield strain (a), the storage modulus (b) and
the yield stress (c) with φ, for emulsions with 2 %wt bentonite. Black symbols
are values obtained from steady shear experiments, in which flow curves were
fitted to the Herschel-Bulkley model. Blue symbols are values obtained from
the oscillatory measurements. Red symbols are values obtained from the stress
growth experiments. Lines represent the scaling of γy, G

′ and σy with (φ−φct).

7.5 Synthesis and conclusion

From the results presented here, it is demonstrated that the values of the yield

strain, the yield stress and the storage modulus in the linear viscoelastic regime,

for both normal and thixotropic yield stress materials, are highly dependent on

the method used for determining them, e.g. from steady shear measurements,

oscillatory measurements or stress growth experiments.

For the simple and thixotropic yield stress materials studied here, σy, γy and G′

in the linear viscoelastic regime, vary with the amount of dispersed phase—%wt-

carbopol for carbopol ‘gels’ and φ for the emulsions—independently of the used

method:
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(i) Yield strain: different methods give different scalings of γy with %wt-carbopol

or ∆φ = φ − φc; however, the variation of γy with the amount of dispersed

phase is less pronounced than that of σy or G′.

(ii) Storage modulus in the linear viscoelastic regime: different methods give

the same scaling ; for carbopol G′ ∼ (%wt-carbopol)0.75, for the ‘simple’

emulsions G′ ∼ (φ− φc)2 with φc = 0.645 and for the thixotropic emulsions

G′ ∼ (φ− φct)2 with φct = 0.545.

(iii) Yield stress: different methods give the same scaling ; for carbopol Gσy ∼
%wt-carbopol 1.18, for the ‘simple’ emulsions σy ∼ (φ− φc)2 with φc = 0.645

and for the thixotropic emulsions σy ∼ (φ− φct)2 with φct = 0.545.

The yield stress determined from the fitting of flow curves to the Herschel-Bulkley

model (steady shear experiments) or from the steady-state shear stress (stress

growth experiments) is a precise number; however, the accuracy of both methods

depends on the imposed shear rate, which must be low enough in order to get a

correct value of σy.

On the one hand, considering oscillatory measurements, methods such as the in-

tersection of power-laws describing the behaviors well-above and well-below the

yielding point for determining σy and γy are highly sensitive to how well these

behaviors can be represented by power laws. Indeed, if the same data is plotted

in different ways (G′ vs. σ or γ or σ vs. γ), the determined values of σy or γy are

different.

On the other hand, when determining σy or γy from the crossover of G′ and G′′, the

obtained values are the highest, compared with other methods. Out of the linear

viscoelastic regime, traditional oscillatory measurements provide values of G′ and

G′′ that fail in representing the entire elastic and viscous contributions; therefore,

by the time G′ = G′′ the material must have yielded, so the inferred σy or γy must

be high. One interesting feature arising from these measurements is that in the

plots of G′ and G′′ vs. σ, the crossover G′/G′′ occurs at or near the maximum in

G′′. With our current understanding, an explanation for this phenomenon cannot

be provided; however, as this phenomenon is observed in all samples, it would be

worthy to carry out more research in this field.

The stress growth experiments allow the determination of G′ from the slope of

the σ vs. γ curve at low deformations. For all the studied materials, this value
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of G′ is smaller than the one obtained from oscillatory measurements. Oscillatory

measurements might induce back-and-forth realignment of the dispersed entities,

which would increase G′ [13]; however, this phenomenon deserves more research.

Additionally, an alternative way of determining σy and γy from the stress growth

experiments is proposed: the yielding point is determined by the intersection of

the lines describing the behavior of σ at low deformations and the steady-state

shear stress.

With the results presented here it is shown that, even when for ‘simple’ yield stress

fluids σy is a well-defined value [7, 31], different methods give different values.

In this sense, tests such as the steady shear experiments and the steady shear

stress from the stress growth experiments—if γ̇ is small enough—provide the most

accurate methods for determining the stress at which the material stops/starts

flowing, or the point at which the viscosity changes between finite and infinite

[1, 2, 18, 33, 34]. Thus, it is of paramount importance to count with standardized

methods for measuring the yielding point and G′ in yield stress materials, as

different methods give different values.
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