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ABSTRACT 

Electrostatic interparticle interactions are a key component in controlling and designing 

rheological characteristics of concentrated charged colloidal suspensions. Herein, we investigate 

electroviscous effects on shear rheology using highly charged silica particles. By fixing the volume 

fraction but varying the salinity, the system undergoes a glass transition as evidenced by the 

evolution of the yield stress and zero-shear viscosity. We show that the steady shear viscosities 

obey a critical scaling relation that scales the flow curves into a super- and a sub-critical branch 

with glass transition salinity serving as the bifurcation point; we also demonstrate an isoviscosity 

scaling that collapses all isoviscosity lines into a single master curve that exhibits no singularity. 

Based on each scaling relation, in conjunction with common modeling equations, the quantitative 

relationships between the shear viscosity, stress, and salinity are established. This study 

demonstrates a new framework to model the steady shear rheology of concentrated charged 

colloids.
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There has been tremendous interest in understanding and predicting the rheological properties 

of colloidal suspensions1-3 due to their relevance to a wide variety of industrial applications,4-7 

including food, cosmetics, pharmacology, petrochemistry, etc. Moreover, many technologically 

important colloidal systems are suspensions of charged colloids. The electrostatic long-ranged 

repulsive interaction between colloidal particles, which is jointly controlled by particle surface 

charge and solution salinity,8-12 can dramatically enhance the shear viscosity through the 

electroviscous effect,10, 11, 13, 14 leading to a glass transition at a much lower volume fraction than 

that of the hard sphere counterpart.15, 16 However, in contrast to hard sphere systems,17-19 the direct 

and quantitative relations between rheological properties of charged colloids and their system 

control parameters,10 especially suspensions salinity, remain largely elusive despite their 

technological importance. This is because the rheology is very sensitive to interparticle interactions 

between charged colloids,20 whereas its theoretical treatment is rather complicated for high 

concentrations or strong shear flows that can cause substantial overlapping or distortion of the 

shapes of the electrical double layers of ions surrounding the charged colloids. As a result, hard 

sphere systems have been the overwhelmingly dominant model for studying glass transition 

physics due to their simple interaction form,21-23 and thus, much less attention has been devoted to 

charged colloids.

Herein, we investigate the steady shear rheology of concentrated suspensions of negatively 

charged silica particles by exploiting the similarities between colloidal and atomic glass 

transition.24 By fixing the volume fraction and systematically varying the salt concentration, we 

tune the interparticle interaction using a single control parameter and drive the system to explore 

glass and liquid phases. We apply two scaling relations, namely, critical scaling25-27 and 

isoviscosity scaling,28 to the flow curves of these charged colloids, which enables us to completely 
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map the dependence of steady shear viscosities on salinity and stress. Our results pave the way for 

a new framework to study the rheology of concentrated suspensions of charged colloids.

Following a previously developed sample preparation protocol,29 rigid and spherical silica 

particles with diameters of 120 nm and 80 nm were suspended in glycerol. Their mixing ratio was 

fixed at 4:1 so that the suspensions could robustly resist shear-induced crystallization through 

geometrical frustration. We designed three sets of suspensions, where the volume fraction Φ were 

fixed to be 0.375, 0.40, and 0.425. Within each set of suspensions, the salt concentration (denoted 

S) was tuned systematically by adding potassium chloride. Owing to surface ionization, silica 

particles carry strong negative charges in solution, and the added electrolytes screen the 

electrostatic Coulomb repulsion among them. As a result, each set of samples exhibits a wide 

spectrum of interparticle interactions ranging from strong repulsions at low salinity to hard-sphere-

like collisions at the high salinity limit. We concentrate on the Φ = 0.425 set of samples in the 

main text and provide the results from other sets in the Supplementary Information (SI) to avoid 

redundancy because they are qualitatively the same. 

The rheological characterization was performed on an Anton Paar 302 rheometer using a cone-

and-plate geometry at ambient temperature. We incrementally fixed shear rates 𝛾 ranging from 

10-2 to 300 s-1 and measured the corresponding shear stress σ. The resultant Péclect numbers, 

calculated through 6πr3ηm𝛾/kbT, approximately vary from 10-2 to 300, and the thermal stress, 

defined as 8kbT/r3, is approximately 2.39 Pa, where r represents the larger particle radius, ηm is the 

viscosity of the suspending medium, kb is Boltzmann’s constant, and T is the temperature. The 

steady-state shear viscosity of the suspension is derived via the relation 𝜂 ≡ 𝜎/𝛾.
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The measured flow curves are illustrated in Figure 1a. It is evident that the suspensions viscosity 

is characterized by strong dependences on both shear stress and salt concentration. In particular, 

the suspensions undergo asymptotic behavior at respective low stress limits, depending on the salt 

concentration: at low salinities, the flow curves tend to become vertical (e.g., approach σ = 8 Pa 

for salt-free samples), which suggests the existence of finite yield stresses; at high salinities, the 

flow curves tend to become horizontal (e.g., approach η = 15 Pa·s for S = 0.3 mg/g), which 

indicates the emergence of Newtonian viscosities; between these two limits, the low-stress 

asymptotic behaviors appear to evolve continuously with salinity. In the present system, the finite 

yield stress and Newtonian viscosity can be clearly considered hallmarks of the glass and liquid 

phases, respectively. This is because the Péclect numbers are generally less than unity, and the 

extrapolating yield stress is comparable to the thermal stress, both of which suggest thermal 

fluctuations play a considerable role in shaping these flow curves, in contrast to athermal systems 

such as granular materials.30 Therefore, we observed a different type of colloidal glass transition 

driven by solution salinity by tunning the interparticle interaction between charged colloids as 

opposed to controlling the volume fraction. The critical glass transition salinity Sc appears to be 

approximately 0.15 mg/g.
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Figure 1 Panel (a) illustrates the measured shear viscosity versus shear stress for the Φ = 0.425 set 

of suspensions, while panel (b) demonstrates the applicability of critical scaling, where the key 

parameters are Sc = 0.1468 mg/g, α = 2.316, and β = 1.709. See legends for identification of 

symbols representing salinities and models for fitting curves. 

The fundamental question to be addressed here is how to establish the quantitative relationships 

between shear viscosity, stress, and salinity for concentrated charged colloids. To this end, we 

exploit the similarities between colloidal and atomic glass transitions. A previous computational 

study28 on a glass-forming metallic system revealed that two rheology scaling relations hold across 

the glass transition temperature Tg, which motivates us to experimentally test their applicability to 

our system undergoing the colloidal glass transition at Sc.

The first scaling analysis is performed to cast the flow curves into two master curves bifurcating 

at the critical point through the following relations:25

𝜎𝑠 = 𝜎| 𝑥
𝑥𝑐

― 1|―𝛼

, 𝜂𝑠 = 𝜂| 𝑥
𝑥𝑐

― 1|𝛽
,         

(1)



7

where x is the system control parameter, which can be T in a metallic liquid, Φ in a hard sphere 

system, or S in the present charged colloids, and xc is the corresponding critical point. By adjusting 

Sc and the exponents α and β, we found that this scaling analysis is indeed applicable to the flow 

curves of charged colloids for low Péclect numbers (~<10), as illustrated in Figure 1b, where Sc = 

0.148 mg/g, α = 2.316, and β = 1.709. It is clear that the glassy samples with S < Sc conform to the 

lower supercritical branch, while those liquid-like samples with S > Sc assemble on the upper 

subcritical branch. Moreover, these two branches merge at Sc.

The physical meanings of α and β can be understood by analyzing the asymptotic behaviors of 

this critical scaling analysis. First, in the upper liquid-like branch, as σs approaches zero, the inverse 

of the scaled viscosity converges to a constant denoted 1/ηSN, which is approximately 0.05 (Pa·s)-

1. This asymptotic behavior gives rise to the following prediction:

𝜂𝑁(𝑆) = 𝜂𝑆𝑁| 𝑆
𝑆𝑐

― 1|
―𝛽

, for S < Sc        (2)

where ηN(S) represents the Newtonian viscosity of the liquid-like suspensions at salt concentration 

S. Note that the determination of an accurate expression for 𝜂𝑁(𝑆) poses a theoretical challenge, 

which remains poorly understood. Second, in the lower glassy branch, as ηS
-1 approaches zero, the 

scaled stress converges to a constant denoted σSY, which is approximately 8 Pa. This asymptotic 

behavior then yields the following prediction:

𝜎𝑌(𝑆) = 𝜎𝑆𝑌| 𝑆
𝑆𝑐

― 1|
𝛼
, for S > Sc        (3)

where σY(S) represents the yield stress of the glassy suspensions at salinity S. Third, when the 

salinity approaches Sc, the scaled inverse viscosity characterizes the following behavior:

𝜂(𝑆𝑐,𝜎) ∝ 𝜎𝛽/𝛼,         (4)
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where η(Sc, σ) denotes the viscosity of the suspension at the critical salinity Sc and stress σ. 

Consequently, it becomes clear that α and β define how the Newtonian viscosity and yield stress 

evolve with |S/Sc-1| in a power-law manner, respectively, and their ratio further determines the 

shear thinning exponent at Sc.

To pursue a more detailed analysis, we model the glassy and liquid-like branches in Figure 1b 

using the Herschel-Bulkley (H-B)31 and Cross32 equations expressed in terms of ηS
-1 and σS:

𝜂―1
𝑆 = [ 𝜎𝑆 ― 𝜎𝑆𝑌

𝐾
]1/𝜈 1

𝜎𝑆
, for S < Sc                     

(5)

𝜎𝑆 = [ 𝜂―1
𝑆 ― 𝜂―1

𝑆𝑁
𝐶

]
1/𝜅 1

𝜂―1
𝑆

. for S > Sc                     
(6)

where Κ, ν, σSY, C, κ, and ηSN are model parameters and were determined by fitting the scaled 

curves. The fitting results are plotted in Figure 1b, and the derived parameters are listed in Table 

1. We find that the relationships among the parameters,33 namely, ν≈1-κ≈α/(β+α) and K≈C-1, 

hold reasonably well, which means that the glassy and liquid-like branches merge into a single 

curve under large stresses and that this curve is identical to that at the transition point.

Table 1 The adjustable parameters of the Herschel-Bulkley and Cross equations determined from 

modeling the lower and upper branches of critical scaling, respectively.

𝜎𝑆𝑌 (Pa) 𝐾 𝜈Herschel-Bulkley

8.39 15.59 0.55

𝜂𝑆𝑁 (Pa·s) 𝐶 𝜅Cross

24.57 0.09 0.42

In contrast to the first critical scaling relation that focuses on the singular character of the 
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rheological properties at the transition point, the second relation scales the isoviscosity lines into 

a single master curve. First, we examine the isoviscosity plots in the σ and S planes shown in Figure 

2a, which are derived through interpolation of the measured flow curves. Clearly, we see that for 

each isoviscosity plot, the stress decreases smoothly with increasing salt concentration and there 

is no sign of discontinuity at Sc; these isoviscosity plots appear to be self-similar, which constitutes 

the basis for isoviscosity scaling. We next replot the measured rheology data as a function of 

S/Sσ=0(η) and σ/σS=0(η) in Figure 2b, where Sσ=0(η) represents the salinity at which the suspension 

has a Newtonian viscosity of η, and σS=0(η) denotes the stress at which the suspension has a 

viscosity of η in salt-free conditions. All the scaled data collapse onto a single master curve, 

consistent with a previous simulation study on metallic liquids.28 This result is the first 

experimental verification of isoviscosity scaling for charged colloidal suspensions. Furthermore, 

the scaled isoviscosity curve can be well fitted with a simple equation,

𝜎
𝜎𝑆=0(𝜂) + 𝑆

𝑆𝜎=0(𝜂)

𝛿
 = 1,          (7)

where the exponent δ is approximately 0.259. Although eq 7 is similar to the counterpart obtained 

for metallic liquids; its nature is not fully understood and will be further discussed below.
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Figure 2 Panel (a) illustrates the isoviscosity plots derived through interpolation of the measured 

flow curves, while panel (b) demonstrates the applicability of isoviscosity scaling. The dotted-

dashed lines are the fitting curves based on eq 7 shown in the main text. See legends for 

identification of symbols.

To put the critical and isoviscosity scaling relations into a more straightforward perspective, we 

construct a three-dimensional (3D) surface of 𝜂(𝜎, 𝑆) for each scaling relation. The results are 

illustrated in Figure 3 and compared with rheology data. In panel (a), the surface is built by 

expanding the H-B and Cross models listed in eqs 5 and 6 from the critical scaling relation. We 

notice that the scaling factor |S/Sc-1| is unity when S = 0 (curve ①) and S = 2SC (curve ②), which 

implies that the shapes of the glassy and liquid-like branches can be inferred from the rheological 

properties at these two salinities. In panel (b) of Figure 3, the surface illustrates the isoviscosity 

scaling relation. The structure of this 3D surface can be understood as follows: its intersection line 

with the σ = 0 plane is given by eq 2 (curve ③) and that with the S = 0 plane corresponds to the 

H-B equation (curve ④), and finally, the isoviscosity lines depicted as black dotted-dashed and 

solid lines are described by eq 7 (curve ⑤). We see that the majority of the measured data are 
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close to both surfaces, demonstrating great consistency between the models based on the scaling 

relations and measurements. Therefore, the scaling analyses allow us not only to reveal the nature 

of salinity-controlled shear rheology but also to provide a useful framework to predict the viscosity 

at various salinities and stresses.

Figure 3 Three-dimensional surfaces (white) of viscosity versus stress and salinity constructed on 

the basis of critical scaling (a) and isoviscosity scaling (b) in comparison with rheology data, where 

the symbols are consistent with those in prior figures. The curves marked with circled numbers 

represent key ingredients for constructing the surfaces through modeling equations shown in the 

main text.

Next, we consider the connection between these two scaling relations. Evidently, they are closely 

related. As shown in Figure 2a, the upper end of the isoviscosity line corresponds to the glassy 

branch from critical scaling, while the lower end corresponds to the asymptotic behavior of the 

liquid-like branch approaching zero stress. However, eq 7 that governs the shape of the scaled 

isoviscosity line cannot be directly derived from the H-B or Cross models described in eqs 5 and 

6, and thus, it is considered to be empirical. Moreover, a noticeable difference lies in the presence 
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or absence of a singularity in the two scaling relationships. On the one hand, the apparent 

singularity at Sc from critical scaling results from critical-like behaviors of the suspensions in the 

quiescent state across the glass transition; on the other hand, the absence of a singular point from 

isoviscosity scaling is because it mostly focuses on the shear thinning region that is far from 

equilibrium. Nonetheless, in the limit of viscosity approaching infinity, the isoviscosity line should 

ideally converge to the dynamical yielding line for glassy suspensions, which can be modeled by 

eq 3 and leads to the following prediction,

𝜎𝑌(𝑆)
𝜎𝑆𝑌

1/𝛼
+

𝑆
𝑆𝐶

 = 1.               (8)

Although this equation can also qualitatively describe the scaled isoviscosity line, its difference 

from eq 7 suggests that there could be applicable ranges where the isoviscosity scaling or critical 

relation hold. To resolve this issue, we believe that a more detailed analysis of the viscosity in the 

vicinity of the glass transition point is required.

In conclusion, we presented a new framework to model quantitative relationships between shear 

viscosity, stress, and salinity for concentrated suspensions of charged colloids by scaling analyses 

across glass transitions. We expect the rheological scaling relations found in this work will provide 

an efficient way to predict the electroviscous response of charge colloidal suspensions, which are 

of great technological value to a variety of industrial fields, including cosmetics, pharmacology, 

petrochemistry, and so on. Furthermore, our results suggest that the characteristics of charged 

colloids strongly resemble those of metallic liquids in the context of glass transition physics and 

that suspension salinity can also be used as the system control parameter other than the volume 

fraction that is commonly employed. Indeed, there are some open questions, such as the applicable 
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ranges of the scaling relations, the inherent connection between two scaling relations, and their 

underlying microscopic mechanisms, which will be the focuses of our future studies.
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