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Interparticle and Brownian forces 
controlling particle aggregation 
and rheology of silicate melts 
containing platinum‑group 
element particles
Luiz Pereira1*, Jérémie Vasseur1, Fabian B. Wadsworth2, Frank Trixler1,3 & 
Donald B. Dingwell1

We study the rheology of silicate melts containing platinum-group element (PGE) particles. They 
exhibit a shear-thinning behaviour, an intense aggregation tendency, and an anomalously high 
apparent viscosity in the low shear rate limit, even at very low particle volume fraction. Using a 
compilation of published experimental data, we analyse these effects in three steps. Firstly, we 
observe that the viscosities of these suspensions are much higher than those of natural silicate 
crystal-bearing melts for low shear rate regimes. Secondly, we demonstrate that the viscosities at low 
shear rate limit cannot be estimated by classical rheological models but rather may be understood as 
the result of particle aggregation, trapping dead fluid, and thereby increasing the effective particle 
volume fraction. Finally, we scale the critical shear rates for shear-thinning using a Peclet number 
analysis—invoking a competition between random thermal particle motion and hydrodynamic 
shearing motion—and, using an empirical extension, we additionally account for the particle–particle 
interaction energetics. We propose a framework in which the rheology of this family of particle-
bearing melts can be predicted, and demonstrate that at low Peclet numbers, PGE-bearing particle 
aggregation is driven by interparticle forces and Brownian motion.

The presence of crystalline solids suspended in melts affects many properties of silicate systems, such as electri-
cal conductivity, dynamics of bubbles, onset of viscoelasticity, and apparent suspension viscosity1–9. Partially 
crystallised silicates with moderate-to-high crystal volume fractions ( φ > 0.2 ) can exhibit apparent viscosities 
many orders of magnitude higher than that of the pure liquid phase10–14. Notably, experiments show that in some 
cases, at low rates of shear, even a comparatively small volume fraction ( φ ~ 0.02) of particles can increase the 
system viscosity by the same amount. This effect has been observed for suspensions where the inclusion phase 
contains PGEs, such as RuO2 crystals, implying that these PGE-bearing particle types have an effect distinct from 
that of other crystal types15–17. It has been proposed that these PGE-bearing particles suspended in silicate melts 
increase the system viscosity anomalously due to their tendency to aggregate by interparticle forces15–17. Yet the 
detailed mechanisms controlling this effect, and predictive models for this behaviour, remain unclear. This is 
despite the fact that aggregation of suspended particles in fluids is of increasing interest in fields for which active 
nano- to microscopic particles are present in liquids, including polymer science, food science, and medicine18–20. 
Under flow, these so-called colloidal particles may experience a range of forces (i.e. hydrodynamic, Brownian, 
and interparticle forces), which in turn determine their internal structure and consequently the rheological 
response of the system to applied stress.

In addition to the anomalously high apparent viscosity observed for these suspensions at low shear rates, a 
shear-thinning rheological response is observed, which connects a high viscosity plateau at low shear rates with a 
low plateau viscosity at high shear rates15–17. The critical shear rate for shear-thinning remains poorly predictable 
for these systems, a likely consequence of the lack of a full understanding of the mechanisms at play during flow.
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To understand better the rheological behaviour of silicate melts with PGE-bearing particles, we collated exist-
ing experimental data from published sources15–17. Here, we present a brief description of the extracted data as 
well as the rheological behaviour of such systems, then demonstrate that PGE-bearing particles can increase the 
viscosity of silicate melts much more than can silicate crystals. We confirm that classical rheological models can-
not estimate well the viscosity behaviour of melts with PGE-bearing particles at low shear rate without accounting 
for effective changes in the particle volume fraction due to aggregation. We apply then a scaling approach to the 
collated literature data and obtain a universal description of the shear-thinning behaviour. Finally, we explore the 
extent of supporting evidence for aggregation and an interparticle force in suspensions of PGE-bearing particles.

Rheology of silicate melts containing PGE‑bearing particles: preliminary analysis
The Ir-series PGEs—termed the IPGEs and containing Ir, Ru, or Os,—are a subset of the wider PGE system that 
behave in a compatible manner, fractionating into crystal phases and readily precipitating from silicate melts, 
making PGE-bearing crystals a common minor phase in silicate melts in general21. Thus the rheological response 
of silicate melts containing PGE-bearing particles to shear stresses is key to understanding the transport behav-
iour of mantle-derived melts and their resultant ore deposits22,23. Silicate melts that suspend PGE phases are also 
common in the nuclear industry because the so-called “high-level liquid wastes” (HLLWs) produced by fission24 
contain PGEs, which when mixed with borosilicate glass in waste vitrification processes, can precipitate to form 
needle-like RuO2 crystals25. During vitrification of these wastes, PGE-bearing particles may be found remnant 
in suspension in the borosilicate glass melt that is produced because they have a low solubility in silicate melts25. 
In magmatic systems, PGE-bearing silicate melts also precipitate PGE-bearing phases, such as alloys, arsenides, 
and sulfides as crystals26. Thus, in both natural and industrial systems, a common feature of PGE-bearing silicate 
melts is the formation of a suspended fraction of PGE-bearing crystals. In all cases, it is important to understand 
the rheological impact of these phases, especially given existing evidence that even a low volume fraction of 
such particles can induce a large and anomalous viscosity change relative to the silicate melt phase alone15–17.

Here, we collated experimental data for the viscosity of PGE-bearing melts from Puig et al., Hanotin et al., 
and Machado et al.15–17. Those authors investigated silicate melts containing inclusion of RuO2 and Pd-Te alloys. 
Tellurium does not belong to PGEs, but it forms an alloy with Palladium which is also suspended in the glassy 
matrix27. Figure 1 shows the collated experimental data from the aforementioned references. They were obtained 
by image analysis (WebPlotDigitizer© v4.5) of the published figures from the original articles28. Figure 1 also 
presents the microstructure at low and high shear limits obtained through image analysis of scanning electron 
microscopy (SEM) images of solidified samples of silicate melts containing PGE-bearing particles16.

Suspensions of PGE-bearing particles in silicate melts have been described in previous work via the widely 
used rheological Cross model17. It is a constitutive model used to estimate the apparent shear viscosity of a 
non-Newtonian fluid between two end-members as a function of shear strain rate. In the case where the non-
Newtonian fluid in question is a suspension of particles in a liquid, then this model predicts the suspension 
viscosity ηsusp as:29

where η0 and η∞ are the values of ηsusp at the limiting low and high shear strain rates γ̇ , respectively. The param-
eter γ̇c adjusts for the position of the transition between ηsusp → η0 at γ̇ ≪ γ̇c and ηsusp → η∞ at γ̇ ≫ γ̇c , whereas 
n controls the shape of this smooth transition. Previous work has suggested that the experimental data for silicate 
melts containing PGE-bearing particles are well-described by n = 1 (termed a simplified Cross fluid model)17. 
In Fig. 1, we confirm that the collated data are well captured by Eq. (1) using n = 1 , while allowing η0 , η∞, and 
γ̇c to act as free parameters that can be adjusted empirically for each dataset (discussed later).

A possible interpretation of the cross-over between the low ( ηsusp → η0 at γ̇ ≪ γ̇c ) and the high ( ηsusp → η∞ 
at γ̇ ≫ γ̇c) shear rate regimes is associated with the observed propensity for these crystal types to form aggregates 
made up of chains and clumps of particles at low shear rates and above a certain minimum particle fraction15–17. 
Phenomenologically, these aggregates appear to increase drastically the viscosity of the suspension. Conversely, 

(1)ηsusp = η∞ +
η0 − η∞

1+ (γ̇ /γ̇c)
n .

Figure 1.   The viscosity of silicate melts suspending PGE-bearing particles as a function of shear strain rate: (a) 
the effect of temperature (Hanotin et al.17), (b) the effect of PGE-bearing crystal volume percent (Puig et al.15), 
and (c) the microstructure of suspensions under two different shear conditions labelled, in which the PGE-
bearing particles are displayed in blue and the silicate melt in white (Machado et al.16).
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at high-shear regimes, the material is composed of distributed individual particles and behaves as a classical 
suspension. The cause of these shear rate-mediated differences is of central interest here.

In the data used here, the PGE-bearing inclusions make up a relatively low volume fraction of the total 
suspension, of which ~ 67 vol.% are acicular RuO2 crystals and ~ 33 vol.% are Pd-Te spheres. These particles 
have sizes in the range of 5–10 µm (RuO2 needle length) and 0.5–2.5 µm (Pd-Te radius), respectively16. RuO2 
needles have aspect ratio R varying in the range 5 < R < 20 and the Pd-Te spheres have R = 115. Following a simi-
lar laboratory procedure as both Puig et al15. and Hanotin et al.17, Machado et al.16 applied a pre-shearing step 
at applied shear stress σ = 200 Pa for t = 300 s in order to break up the PGE aggregates. The mean radius of the 
suspended individual particles ( a = 3.92 ± 0.35 µm) and was found via image analysis of Fig. 1 in Machado et al.16. 
The suspending phase is a borosilicate melt (for full composition we refer the reader to the original works) and 
the temperature dependence of the liquid viscosity η follows a Vogel-Fulcher-Tammann law (VFT) of the form 
η = Aexp [B/(T− T0)] , with A = 0.007 Pa.s, B = 5251 K and T0 = 675 K.

Comparison between silicate suspensions with different particle types
Rheological data of melts containing PGE-bearing particles were extracted from Puig et al., Hanotin et al., and 
Machado et al.15–17. As a first step, we compare these data with results from published experimental work on 
silicate melts suspending other crystal types across a range of crystal volume fractions10–14. In order to perform 
this comparison we define the relative viscosity as ηr = ηsusp/η . It is clear from Fig. 1, that this normalization 
by the melt viscosity does not change the form of the shear rate dependence, and therefore Eq. (1) becomes

where with reference to Eq. (1), ηr,0 = η0/η , ηr,∞ = η∞/η , and n remains 1. Fitting Eq. (2) to the collated data, we 
can extract the limiting viscosity values ηr,0 and ηr,∞ for comparison with other data. However, rheological data 
for silicate melts containing other crystal types have not been analysed using Eq. (2), and therefore do not have 
an associated ηr,0 and ηr,∞ pair. For this reason, we additionally extract a viscosity at γ̇ = 0.1 s−1 . The viscosity 
values were obtained either by taking measurements executed at γ̇ = 0.1 s−1 or by interpolating experimental data 
at this specific shear rate value. No data have been obtained by extrapolation. The aspect ratios of the compared 
crystals vary from R ~ 2 to ~ 1410–14. Figure 2 assembles different ηr values obtained at γ̇ = 0.1 s−1 as well as the 
limiting values ηr,0 and ηr,∞ obtained from the fitting procedures (table S1)15,17 as a function of crystal volume 
fraction. Hanotin et al.17 do not give the fit parameters and so, for this study, we fitted their data, while Puig 
et al.15 fitting values were collated directly from the reference. The pink shaded area in Fig. 2 corresponds to the 
region in which the relative viscosity of the system suspending PGE-bearing particles can vary according to the 
experiments of Puig et al.15 and Hanotin et al.17 Here, the collated data are mainly focussed on systems relevant 
to nuclear waste vitrification and volcanic eruptions or magmatism. More information on this comparison can 
be found in table S1, table S2, and in the references themselves10–17.

Figure 2 confirms that, for γ̇ = 0.1 s−1 , suspensions of PGE-bearing particles present viscosities much higher 
than their crystal-bearing magmatic counterparts. These PGE-bearing suspensions present, at small particle 
volume fractions ( φ ≲ 0.02), roughly the same or higher relative viscosity than magmas containing 0.2�φ�0.35 . 
It is worth noting here that the PGEs are sparingly soluble in silicate melts25,30, while the silicate crystals are 
formed due to crystallisation from the major elements of the parental melt. Thus, the chemical nature of PGE-
bearing particles is different from that of the suspending silicate liquid, whereas for magmatic silicate crystals the 
chemical contrast to the melt phase is lower. Figure 2 also shows that the limiting values of ηr,0 and ηr,∞ form two 
discrete trends that are very different in terms of ηr(φ) . The latter is qualitatively more consistent with the silicate 

(2)ηr = ηr,∞ +
ηr,0 − ηr,∞

1+ (γ̇ /γ̇c)
n ,

Figure 2.   Relative viscosity values obtained at γ̇ = 0.1 s−1 (filled symbols with an outline) and limiting relative 
viscosity values ηr,0 and ηr,∞ (skeletal symbols) as a function of crystal volume fraction φ for different crystal-
bearing silicate melts across a wide range of crystal types and melt compositions.
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suspension data, whereas the former is close to the data assessed at γ̇ = 0.1 s−1 . The values of relative viscosity 
for the same particle fraction different in detail as the experiments were performed at different temperatures 
whereby the aggregation and rheology behaviour of PGE-bearing particles are both temperature-dependent.

Comparison with rheological models
Suspension rheology models are compiled in this section with the purpose of comparison with the collated rheo-
logical data for suspensions of PGE-bearing particles. Puig et al.15 compared viscosity data for varying particle 
content of PGE-bearing melts with some selected models. However, they exclusively dealt with the high shear rate 
conditions ( η∞ values), in which the inclusions occur in small clusters or individual particles and the bulk fluid 
behaves as a classical suspension. The low shear rate viscosity η0 of these suspensions also warrants explanation. 
The rheology of a particle suspension is a complex function of the microstructural properties. The parameters 
commonly used for the characterization of these solid-bearing silicate melts include the nature of the bulk fluid, 
volume fraction of phases, and crystal shapes and sizes4,8. Another factor that has not been invoked for silicate 
suspensions, but is commonly invoked in colloids, is interparticle forces.

Einstein31 developed a model to predict the viscosity of liquids containing solid spherical monodisperse 
particles in the dilute regimes:

where B is the intrinsic viscosity or Einstein coefficient, commonly assumed to be equal to 2.5. This model pre-
dicts that viscosity grows linearly with particle volume fraction. Rutgers32,33 suggested that the Einstein31 model 
is valid for φ ≲ 0.02. To expand the range of applicability to higher particle volume fractions, Roscoe34 found:

commonly referred to as the Einstein-Roscoe (ER) equation. Krieger and Dougherty35 proposed:

where the B is the intrinsic viscosity (cf. Equation 3) and φm is the maximum packing fraction. φm is the volume 
fraction beyond which there is no remaining space for translation movement and particle accommodation. In 
rheological terms, φm is defined as the volume fraction at which particles can no longer flow and consequently 
the suspension becomes ‘jammed’8. Thus, at this particle volume fraction, Eq. (5) predicts that the suspension 
viscosity tends towards infinity6.

Maron & Pierce36 derived an equation with the same functional form as the Krieger and Dougherty35 equation 
(Eq. 5) but with Bφm = 2, suggesting a solution with just one adjustable parameter, φm.

The Krieger and Dougherty35 equation (Eq. 5), and the Maron & Pierce36 equation (Eq. 6) require constraint of 
B and φm , and just φm , respectively. These are parameters that may encode the properties of the particles present 
in terms of their shape (captured by the shape factor R ). There exist various approaches to render B a function 
of R . Here we focus on two approaches commonly used for silicate systems: Ishibashi and Sato37 (Eq. 7a), and 
Mueller et al.8 (Eq. 7b) give B(R) solutions.

Hence, using the aforementioned relation Bφm = 2 (Mueller et al.8 approach), Eq. (7) leads to expressions for 
the φm as follows:

For the 5 < R < 20 of the RuO2 crystals and R = 1 of the Pd-Te particles considered here, Eq. (8) predict aver-
age values of maximum packing fractions as φm = 0.473 and φm = 0.388 , for Ishibashi and Sato37 and Mueller 
et al.8, respectively. By contrast, Puig et al.15 used an approximate method to fit for φm using the ηr,∞ data and 
found φm = 0.119 , while Hanotin et al.17 fit a functional form equivalent to Eq. (6) to the ηr,∞ data and found 
φm = 0.122.

In Fig. 3, we test the rheological models given here against the data for silicate melts suspending PGE-bearing 
particles. We show the result of solving Eqs. (3)–(6) assuming the calculated φm values ( φm = 0.473 , φm = 0.388 ). 
We find that in all cases, the data for ηr,∞ are relatively well approximated by the models. However, the data for 
low shear rate regimes ηr,0 are not predicted by these models. Figure 3 confirms that the aforementioned classical 
rheological models for suspended particles in liquids do not describe well the rheological behaviour of silicate 
melts suspending PGE-bearing particles at relatively low shear rates.

(3)ηr = 1+ Bφ,

(4)ηr = (1− 1.35φ)−2.5,

(5)ηr =

(

1−
φ

φm

)−Bφm

,

(6)ηr =

(

1−
φ

φm

)−2

.

(7a)B = 1.642+ 0.512R,

(7b)B = 3.02+ 0.321R.

(8a)φm =
2

1.642R + 0.512R
.

(8b)φm =
2

0.302+ 3.21R
.
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We speculate however that at high shear rates where ηr = ηr,∞ , these suspensions of PGE-bearing particles 
behave as classical suspensions and therefore either of Eqs. (5) and (6) could be used to estimate the experimental 
values obtained therein.

In order to understand the behaviour at low shear rates; where ηr = ηr,0 , we appeal to abundant 
evidence2,15–17,38 that PGE-bearing particles aggregate to form clusters (see also Fig. 1c herein and Fig. 6b pre-
sented in Hanotin et al.)17. Clusters of needle-like RuO2 crystals and Pd-Te spherical particles are likely to be 
jammed at relatively low local volume fractions (c.f. Equations 8), and could therefore trap so-called ‘dead melt’ 
between them, where ‘dead melt’ refers to a fraction of the liquid phase that cannot contribute to the hydro-
dynamics and is stationary relative to the enclosing crystals even under shear. If the formation of fractions of 
‘dead melt’ is the consequence of aggregation of the PGE-bearing particles, then the ‘dead melt’ effectively is as 
much an obstacle to the ‘active melt’ as the crystals themselves are. This has the effect of increasing the volume 
fraction of unmoving phase—termed φ′ in the system. At high shear rates φ′ ≈ φ because the crystals are the 
only unmoving phase, whereas at relatively low shear rates, φ′ > φ due to aggregation and trapping fluid. To 
illustrate this, we estimate φ′/φm at two situations: a) γ̇ ≪ γ̇c and b) γ̇ ≫ γ̇c . We select Eq. (6) for simplicity, as 
it only requires a single unknown parameter φm . Because ηr is a measured quantity, for each measurement, we 
can rearrange Eq. (6) to find the equivalent normalised φ/φm , which is φ′/φm , that would be required to explain 
the data: φ′/φm = 1− η

−1/2
r  . Using the Hanotin et al.17 data, in Fig. 4 we demonstrate that this value φ′—the 

aggregated particle cluster volume fraction—appears to be dependent on the temperature for low shear regimes, 
similarly to the aggregation tendency. Moreover, for low shear scenarios, φ′ values are close to the maximum 
packing fraction. On the other hand, for high shear scenarios, these values are much lower than the maximum 
packing fraction and close to the real particle volume fraction. Thus, almost no ‘dead melt’ exists at high shear 
stresses. This observation is used in “Universal scaling of PGE-bearing melt viscosity” section to underpin our 
interpretation and scaling approach for these results.

Figure 3.   Relative viscosity as function of crystallinity for the collated literature data on PGE-bearing melts 
obtained at ηr,0 and ηr,∞ compared to different rheological models. The considered parameters are labelled for 
the models.

Figure 4.   The effective particle cluster volume fraction in the low shear rate regime (blue squares) along with 
the effective particle cluster volume fraction in the high shear rate regime (red circles). The maximum packing 
fraction for low and high shear scenarios are displayed as dotted lines of their respectively colours.
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Universal scaling of PGE‑bearing melt viscosity
The analysis given in Fig. 4 suggests that a temperature-dependence of crystal aggregation is a plausible mecha-
nism in the low shear rate regime. Temperature-dependent particle motion is predicted by theory underpinning 
Brownian suspensions. For suspensions of hard particles under Brownian motion, the characteristic timescale 
of particle motion is λBr, which corresponds to the diffusion time of a particle over a distance equivalent to its 
radius18,39,40 and is

where a is the suspended particle radius, k is the Boltzmann constant, and T is the absolute temperature. Similarly, 
there is a timescale λhy associated with the hydrodynamics under shear deformation18,39,40

Considering interactive particles suspended in a liquid, a characteristic time associated to the potential 
interaction of particles U can be also defined as39:

Berli and Quemada18 defined an expression for the characteristic time of particles being rearranged over 
Brownian motion and interparticle forces λBr-int, which can be written as:

Considering the characteristic timescales �Br , �Br−int, and �hy , we can define two Peclet numbers: Penon−int 
and Peint

where at low Pe (either Penon−int or Peint ), the diffusional forces dominate over hydrodynamic forces and one 
might expect the microstructural properties of colloids to tend towards an isotropic equilibrium. On the other 
hand, at large Pe, shear forces locally disrupt microstructural equilibrium.

To scale the rheological data from Hanotin et al.17, we provide a two-step approach. First, we use the fits to 
Eq. (2) to scale the viscosity as y =

(

ηr − ηr,∞
)

/
(

ηr,0 − ηr,∞
)

 , such that Eq. (2) becomes y = 1/
(

1+ γ /̇γ̇c
)

 , 
assuming n = 1 , as discussed earlier. Figure 5 shows the rescaled viscosity data from Hanotin et al.17 against 
Penon−int and that does not present a universal behaviour. The transition between the high- and low-viscosity 
plateaus happens at a critical Peclet number Pec corresponding to the best-fit γ̇c , which appears to be temperature 
dependent.

Given our interpretation that the formation of the particle aggregate clusters at low shear rates is associated 
with thermally-driven, particle–particle interactions, we propose that U > 0 for melt suspensions of PGE-bearing 
particles (c.f. Equation 13b). In order to account for U, we first refer to Foss & Brady41, who studied inert particles 

(9)�Br =
6πηa3

kT
,

(10)�hy ∼ γ̇−1.

(11)�int =
6πηa3

U
.

(12)�Br−int =
6πηa3

kT+ U
.

(13a)Penon−int =
�Br

�hy
=

6πηa3

kT
γ̇ ,

(13a)Peint =
�Br−int

�hy
=

6πηa3

kT+ U
γ̇ .

Figure 5.   Normalised relative viscosity data from Hanotin et al.17 against Pe number for non-interactive 
particles.
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in suspension, and find that across a wide range of φ , Penon−int ≈ 1 is the critical Peclet number for a transition 
from high to low relative viscosity with increasing shear rate. This is backed by Quemada39, who also invoked 
the same value for the transition. Therefore, we define a solution to the rescaled form of Eq. (2) such that γ̇c 
coincides with Pe = 1 by y = 1/(1+ Peint) , and use this to fit for the value of U for each temperature that would 
be required to adjust the data to this curve (Fig. 6).

Therefore, by observing the collapsed data plotted in Fig. 6, it is important to recognise that for this tempera-
ture range (1000–1200 °C), the mechanisms dictating particle aggregation in this borosilicate melt are self-similar. 
We could get the observed universal behaviour by invoking hydrodynamic, Brownian, and interparticle forces. 
As expected the transition between the high and low-viscosity plateaus takes place at Peint ≈ 1 . It is interesting 
to observe here that the low-shear viscosity plateau mentioned by the Hanotin et al.17 is not as pronounced as 
in the non-scaled figure.

Discussion
Using experimental data for the rheology of melts suspending PGE-bearing particles, we have demonstrated 
that there is a low shear deformation rate viscosity for these suspensions that is far in excess of the equivalent for 
suspensions of silicate crystals. Moreover, no rheological model predicts this behaviour. It has been proposed that 
this low shear rate viscosity is related to the aggregation tendency of PGE-bearing particles when suspended in 
silicate melts17. By considering hydrodynamic, Brownian, and interparticle forces, a universal behaviour of the 
rheological data of melts suspending PGE-bearing particles could be obtained. In this section, we discuss the 
presence of such interparticle forces and we also present other evidence supporting the interpretation that they 
should be present in these types of system.

Some work on melts suspending PGE-bearing particles have invoked the presence of hydrodynamic, Brown-
ian, and interparticle forces15–17. However, the novel approach here has been to rationalise the influence of these 
forces on particle aggregation at high-temperature in silicate liquids. Our results suggest two important things: 
(1) that at high relative to low temperatures, ηr,0 is relatively high, implying a higher φ′ (Fig. 4); and (2) that at 
relatively high temperatures, γ̇c and U are low. In the context of Brownian and interparticle forces, this can be 
understood in terms of the thermal motion involved. At high relative to low temperatures, Brownian motion is 
more vigorous, and considering the results at low shear rates (Fig. 1a), it seems reasonable that cluster formation 
would be more efficient at higher temperatures. Moreover, it is also plausible that these clusters, formed at high 
relative temperatures, would be more disordered than at lower relative temperatures for which that Brownian 
vigour is lower. Similarly, the shear rates required to disrupt clusters, which is our interpretation of the physical 
meaning of γ̇c , is relatively low at higher temperatures, such that U is also low. This can be rationalised by the low 
relative force of particle–particle interactions maintaining the clusters at higher relative temperatures.

In addition to the conceptual arguments posed above, we consider the physico-chemistry of the system in 
the context of colloids to explain particle assembly. This union can be either called agglomeration or aggrega-
tion. While the former refers to an irreversible process, the latter refers to a reversible one. The so-called DLVO 
(Derjaguin, Landau, Verwey, Overbeek) theory42,43 describes the assemblage of dispersed particles and can be 
simply explained by the interplay between the attractive van der Waals and the repulsive electrostatic double-layer 
(EDL) forces. Van der Waals energy between two identical particles in a medium is always negative (attractive) 
and may thus promote particle union44. On the other hand, in aqueous colloidal suspensions for example, par-
ticles are surrounded by electrolyte ions44. As two particles approach each other, overlapping of the mentioned 
layers leads to a repulsive force, which in turn prevents particle aggregation. This creates a repulsive force which 
is called electrostatic double layer. The electrochemistry of molten oxide-glasses generally correlates with that 
of aqueous solutions45. This parallel is also made via the investigation of glass basicity46. Silicate melt network 
formers (Si, B, Al) have the role of creating the spatial arrangement in which the network modifiers (Na, Ca) 
have partial freedom of movement. In the presence of suspended charge-bearing crystals, these ions surround 
them, diminishing the EDL effect44. Van der Waals potential is not a direct function of ion concentration in the 
medium, while the EDL contribution decreases for increasing the ion concentration. Therefore, in this context, 

Figure 6.   Normalised relative viscosity from Hanotin et al.17 against Pe number for interactive particles.
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the van der Waals attractive force may prevail and the system undergoes aggregation more easily if ions segregate 
around the suspended inclusions. Furthermore, the intensities of the DLVO forces are functions of the suspended 
particle size, in which Genovese et al.19 stated to be relevant for particles up to ~ 10 µm.

Nuernberg et al.38 show an anomaly in the electrical behaviour of RuO2-bearing glasses and melts using the 
above-mentioned rearrangement of counterions (Na+, Ca+2) around RuO2 crystals. They measured the electrical 
conductivity of RuO2-containing melts employing impedance spectroscopy. A decrease of ionic conductivity of 
these composite melts is observed when submitted to cyclic electrical conductivity measurements. They raise a 
hypothesis that the drop of the ionic conductivity could be linked to a regrouping of Na+ and Ca+2 on the surface 
of RuO2 particles. Indeed, if these mobile species are trapped on RuO2 surface, there will be less ionic species 
available to the charge conduction process, and consequently ionic conductivity would drop. Cabaret et al.47 have 
detected, through XANES spectroscopy, that the incorporation of poorly soluble noble metals in borosilicate 
melts drives a rearrangement of mobile atoms within the vitreous network. They observe, that in the presence 
of these noble particles, the glassy network becomes more polymerised due to the reorganisation of network 
modifiers around RuO2 particles.

Besides the presented evidence of possible rearrangement of ions around RuO2 crystals in silicate melts, 
supporting the idea that interparticle forces may be present, it has also been observed that a nano-scaled equi-
librium distance exists between intergranular films in polycrystalline ceramics48,49. Those studies confirm that 
under certain assumptions, the mentioned intergranular equilibrium distance is in mathematical and physical 
agreement with principles of the balance between the attractive van der Waals and repulsive EDL forces49. More 
recently, evidence has emerged that thick-film resistors also exhibit an equilibrium nanometric distance between 
particles in a glassy matrix50. This composite material is composed of ultrafine particles of Pb2Ru2O7 in a highly 
modified silicate glass matrix, similar to the materials of interest in this study.

Apart from these evidences, it is also important to mentioned that in Pereira et al.1, we measured the contact 
angle between air bubbles and RuO2 crystals immersed in a borosilicate melt. This contact angle is one of the 
largest found in literature along with magnetite3,51. Thus, here we also invoke the possibility of Marangoni effect 
helping the aggregation of PGE-bearing particles in this type of silicate melt, but a detailed study rationalising 
its influence should be carried out before any conclusion.

Different lines of evidence point to the likelihood that interparticle forces should be present in silicate melts 
suspending PGE-bearing particles inviting in turn the application of the DLVO theory. Having explored concep-
tual and colloidal arguments we are able to justify the introduction of the U term to account for the interparticle 
potential energy that governs the shear-thinning effect in the suspensions studied herein. The scaling law pre-
sented, which considers hydrodynamic, Brownian, and interparticle forces can be used to describe the scaling 
behaviour for PGE-bearing silicate melt suspensions.

Conclusion
In this work, to understand the rheological behaviour of PGE-bearing silicate melts, we collated experimental 
data from the literature. Despite of the low particle volume fraction ( φ ~ 0.02) of PGE-bearing suspensions, a dis-
proportional increase of the suspension viscosities was observed, especially at low Pe number. Based on compari-
son with other rheological data, as well as with rheological models, we demonstrate that PGE-bearing particles 
increase the suspension viscosity much more than silicate crystals due to aggregation in clusters. Furthermore, 
we scaled the relative viscosity of PGE-bearing melts using a) a Pe number for non-interactive particles and b) 
a Pe number for interactive particles. The universal scaling law for the rheological behaviour of PGE-bearing 
silicate melts could be obtained for the latter case. Finally, evidence was presented to explain why one should 
consider interactive particles in the case of PGE-bearing particles in silicate melts.

Received: 15 January 2022; Accepted: 19 May 2022

References
	 1.	 Pereira, L. et al. A feedback mechanism between crystals and bubbles in a RuO2-bearing melt. J. Non-Cryst. Solids 582, 121456. 

https://​doi.​org/​10.​1016/j.​jnonc​rysol.​2022.​121456 (2022).
	 2.	 Nuernberg, R., Machado, N. M., Malki, M. & Neyret, M. Electrical behavior of RuO2-glass composites: The effect of RuO2 particle 

size on the percolation threshold. J. Nucl. Mater. 546, 152777. https://​doi.​org/​10.​1016/j.​jnucm​at.​2020.​152777 (2021).
	 3.	 Fiege, J., Webster, J., Simon, A. & Holtz, F. Accumulation of magnetite by flotation on bubbles during decompression of silicate 

magma. Sci. Rep. https://​doi.​org/​10.​1038/​s41598-​019-​40376-1 (2019).
	 4.	 Liu, Z., Pandelaers, L., Blanpain, B. & Guo, M. Viscosity of heterogeneous silicate melts: A review. Metall. Mater. Trans. B. 49, 

2469–2486. https://​doi.​org/​10.​1007/​s11663-​018-​1374-9 (2018).
	 5.	 Wadsworth, F. et al. Combined effusive-explosive silicic volcanism straddles the multiphase viscous-to-brittle transition. Nat. 

Commun. 9, 1234567890. https://​doi.​org/​10.​1038/​s41467-​018-​07187-w (2018).
	 6.	 Mader, H., Llewellin, E. & Mueller, S. The rheology of two-phase magmas: A review and analysis. J. Volcanol. Geoth. Res. 257, 

135–158. https://​doi.​org/​10.​1016/j.​jvolg​eores.​2013.​02.​014 (2013).
	 7.	 Cordonnier, B., Schmalholz, S. M., Hess, K. U. & Dingwell, D. B. Viscous heating in silicate melts: An experimental and numerical 

comparison. J. Geophys. Res Solid Earth. https://​doi.​org/​10.​1029/​2010J​B0079​82 (2012).
	 8.	 Mueller, S., Llewellin, E. W. & Mader, H. M. The rheology of suspensions of solid particles. Proc. R. Soc A Math. Phys. Eng. Sci. 

466, 1201–1228. https://​doi.​org/​10.​1098/​rspa.​2009.​0445 (2010).
	 9.	 Gaillard, F. & Iacono-Marziano, G. Electical conductivity of magma in the course of crystallization controlled by their residual 

liquid composition. J. Geophys. Res. https://​doi.​org/​10.​1029/​2004J​B0032​82 (2005).
	10.	 Vetere, F. & Holtz, F. in Dynamic magma evolution 153–167 (2020).

https://doi.org/10.1016/j.jnoncrysol.2022.121456
https://doi.org/10.1016/j.jnucmat.2020.152777
https://doi.org/10.1038/s41598-019-40376-1
https://doi.org/10.1007/s11663-018-1374-9
https://doi.org/10.1038/s41467-018-07187-w
https://doi.org/10.1016/j.jvolgeores.2013.02.014
https://doi.org/10.1029/2010JB007982
https://doi.org/10.1098/rspa.2009.0445
https://doi.org/10.1029/2004JB003282


9

Vol.:(0123456789)

Scientific Reports |         (2022) 12:9226  | https://doi.org/10.1038/s41598-022-12948-1

www.nature.com/scientificreports/

	11.	 Vetere, F. et al. Experimental constraints on the rheology, eruption, and emplacement dynamics of analog lavas comparable to 
Mercury’s northern volcanic plains: Emplacement and Dynamics of Mercury Lava. J. Geophys. Res. Planets. https://​doi.​org/​10.​
1002/​2016J​E0051​81 (2017).

	12.	 Campagnola, S., Vona, A., Romano, C. & Giordano, G. Crystallization kinetics and rheology of leucite-bearing tephriphonolite 
magmas from the Colli Albani volcano (Italy). Chem. Geol. https://​doi.​org/​10.​1016/j.​chemg​eo.​2016.​01.​012 (2016).

	13.	 Chevrel, M. et al. Viscosity measurements of crystallizing andesite from Tungurahua volcano (Ecuador). Geochem. Geophys. 
Geosyst. https://​doi.​org/​10.​1002/​2014G​C0056​61 (2015).

	14.	 Vona, A., Romano, C., Dingwell, D. & Giordano, D. The rheology of crystal-bearing basaltic magmas from Stromboli and Etna. 
Geochim. Cosmochim. Acta 75, 3214–3236. https://​doi.​org/​10.​1016/j.​gca.​2011.​03.​031 (2011).

	15.	 Puig, J., Hanotin, C., Neyret, M. & Marchal, P. High temperature rheological study of borosilicate glasses containing platinum 
group metal particles by means of a mixer-type rheometer. J. Nucl. Mater. https://​doi.​org/​10.​1016/j.​jnucm​at.​2015.​11.​053 (2016).

	16.	 Machado, N., Pereira, L., Neyret, M., Lemaître, C. & Marchal, P. Influence of Platinum Group Metal particle aggregation on the 
rheological behavior of a glass melt. J. Nucl. Mater. https://​doi.​org/​10.​1016/j.​jnucm​at.​2022.​153618 (2022).

	17.	 Hanotin, C., Puig, J., Neyret, M. & Marchal, P. Platinum group metal particles aggregation in nuclear glass melts under the effect 
of temperature. J. Nucl. Mater. https://​doi.​org/​10.​1016/j.​jnucm​at.​2016.​04.​033 (2016).

	18.	 Berli, C. & Quemada, D. Rheological modeling of microgel suspensions involving solid−liquid transition. Langmuir https://​doi.​
org/​10.​1021/​la000​365x (2000).

	19.	 Genovese, D. B., Lozano, J. E. & Rao, M. A. The rheology of colloidal and noncolloidal food dispersions. J Food Sci 72, R11-20. 
https://​doi.​org/​10.​1111/j.​1750-​3841.​2006.​00253.x (2007).

	20.	 Berli, C. L. & Quemada, D. Aggregation behavior of red blood cells in shear flow. A theoretical interpretation of simultaneous 
rheo-optical and viscometric measurements. Biorheology 38, 27–38 (2001).

	21.	 Barnes, S.-J., Naldrett, A. J. & Gorton, M. P. The origin of the fractionation of platinum-group elements in terrestrial magmas. 
Chem. Geol. 53, 303–323. https://​doi.​org/​10.​1016/​0009-​2541(85)​90076-2 (1985).

	22.	 Barnes, S., Mungall, J. & Maier, W. Platinum group elements in mantle melts and mantle samples. Lithos https://​doi.​org/​10.​1016/j.​
lithos.​2015.​07.​007 (2015).

	23.	 Mungall, J. E. & Naldrett, A. J. Ore deposits of the platinum-group elements. Elements 4, 253–258. https://​doi.​org/​10.​2113/​GSELE​
MENTS.4.​4.​253 (2008).

	24.	 Gin, S., Jollivet, P., Tribet, M., Peuget, S. & Schuller, S. Radionuclides containment in nuclear glasses: An overview. Radiochim. 
Acta. https://​doi.​org/​10.​1515/​ract-​2016-​2658 (2017).

	25.	 Boucetta, H. et al. Mechanism of RuO2 crystallization in borosilicate glass: An original in situ ESEM approach. Inorg. Chem. 51, 
3478–3489. https://​doi.​org/​10.​1021/​ic202​156y (2012).

	26.	 Peck, D., Keays, R. & Ford, R. Direct crystallization of refractory platinum-group element alloys from boninitic magmas: Evidence 
from western Tasmania. Aust. J. Earth Sci. 39, 373–387. https://​doi.​org/​10.​1080/​08120​09920​87280​31 (1992).

	27.	 Gossé, S. & Guéneau, C. Thermodynamic assessment of the palladium–tellurium (Pd–Te) system. Intermetallics 19, 621–629. 
https://​doi.​org/​10.​1016/j.​inter​met.​2010.​12.​014 (2011).

	28.	 Rohatgi, A. Vol. version 4.5 (http://​www.​aroha​tgi.​info/​WebPl​otDig​itizer, 2015).
	29.	 Cross, M. M. Relation between viscoelasticity and shear-thinning behaviour in liquids. Rheol. Acta 18, 609–614. https://​doi.​org/​

10.​1007/​BF015​20357 (1979).
	30.	 Ertel-Ingrisch, W., Dingwell, D. & Sylvester, P. Siderophile elements in silicate melts—A review of the mechanically assisted equi-

libration technique and the nanonugget issue. Chem. Geol. 248, 119–139. https://​doi.​org/​10.​1016/j.​chemg​eo.​2007.​12.​013 (2008).
	31.	 Einstein, A. Eine neue Bestimmung der Moleküldimensionen. Ann. Phys. 324, 289–306. https://​doi.​org/​10.​1002/​andp.​19063​240204 

(1906).
	32.	 Rutgers, I. R. Relative viscosity of suspensions of rigid spheres in Newtonian liquids. Rheol. Acta 2, 202–210. https://​doi.​org/​10.​

1007/​BF019​83952 (1962).
	33.	 Rutgers, I. R. Relative viscosity and concentration. Rheol. Acta 2, 305–348. https://​doi.​org/​10.​1007/​BF019​76051 (1962).
	34.	 Roscoe, R. The viscosity of suspensions of rigid spheres. Br. J. Appl. Phys. 3, 267–269. https://​doi.​org/​10.​1088/​0508-​3443/3/​8/​306 

(1952).
	35.	 Krieger, I. M. & Dougherty, T. J. A mechanism for non-newtonian flow in suspensions of rigid spheres. Trans. Soc. Rheol. 3, 137–152. 

https://​doi.​org/​10.​1122/1.​548848 (1959).
	36.	 Maron, S. H. & Pierce, P. E. Application of ree-eyring generalized flow theory to suspensions of spherical particles. J. Colloids Sci. 

11, 80–95. https://​doi.​org/​10.​1016/​0095-​8522(56)​90023-X (1956).
	37.	 Ishibashi, H. & Sato, H. Viscosity measurements of subliquidus magmas: Alkali olivine basalt from the Higashi-Matsuura district, 

Southwest Japan. J. Volcanol. Geoth. Res. 160, 223–238. https://​doi.​org/​10.​1016/j.​jvolg​eores.​2006.​10.​001 (2007).
	38.	 Nuernberg, R. et al. The origin of hysteresis in the electrical behavior of RuO2-glass composite melts. J. Non-Cryst. Solids 557, 

120596. https://​doi.​org/​10.​1016/j.​jnonc​rysol.​2020.​120596 (2021).
	39.	 Quemada, D. Modélisation rhéologique structurelle. (Tec et Doc - Lavoisier, 2006).
	40.	 Russel, W. B. Review of the role of colloidal forces in the rheology of suspensions. J. Rheol. 24, 287–317. https://​doi.​org/​10.​1122/1.​

549564 (1980).
	41.	 Foss, D. & Brady, J. Self-diffusion in sheared suspensions by dynamic simulation. J. Fluid Mech. https://​doi.​org/​10.​1017/​S0022​

11209​90065​76 (1999).
	42.	 Derjaguin, B. & Landau, L. Theory of the stability of strongly charged lyophobic sols and of the adhesion of strongly charged 

particles in solutions of electrolytes. Prog. Surf. Sci. 43, 30–59. https://​doi.​org/​10.​1016/​0079-​6816(93)​90013-L (1993).
	43.	 Verwey, E. J. W., Overbeek, J. T. G. & van Nes, K. Theory of the Stability of Lyophobic Colloids: The Interaction of Sol Particles Having 

an Electric Double Layer. (Elsevier Publishing Company, 1948).
	44.	 Quemada, D. & Berli, C. Energy of interaction in colloids and its implications in rheological modeling. Adv. Colloids Interface Sci. 

98, 51–85. https://​doi.​org/​10.​1016/​s0001-​8686(01)​00093-8 (2002).
	45.	 Baucke, F. G. K., Duffy, J. & Köpsel, D. in Electrochemistry of Glasses and Glass Melts, Including Glass Electrodes (eds Hans Bach, 

Friedrich G. K. Baucke, & Dieter Krause) 269–436 (Springer Berlin Heidelberg, 2001).
	46.	 Duffy, J. A. & Ingram, M. D. An interpretation of glass chemistry in terms of the optical basicity concept. J. Non-Cryst. Solids 21, 

373–410. https://​doi.​org/​10.​1016/​0022-​3093(76)​90027-2 (1976).
	47.	 Cabaret, D. et al. Medium range structure of borosilicate glasses from Si K-edge XANES: A combined approach based on multiple 

scattering and molecular dynamics calculations. J. Non-Cryst. Solids 289, 1–8. https://​doi.​org/​10.​1016/​S0022-​3093(01)​00733-5 
(2001).

	48.	 Clarke, D. R. On the equilibrium thickness of intergranular glass phases in ceramic materials. J. Am. Ceram. Soc. 70, 15–22. https://​
doi.​org/​10.​1111/j.​1151-​2916.​1987.​tb048​46.x (1987).

	49.	 Clarke, D. R., Shaw, T. M., Philipse, A. P. & Horn, R. G. Possible electrical double-layer contribution to the equilibrium thickness 
of intergranular glass films in polycrystalline ceramics. J. Am. Ceram. Soc. 76, 1201–1204. https://​doi.​org/​10.​1111/j.​1151-​2916.​
1993.​tb037​41.x (1993).

	50.	 Chiang, Y.-M., Silverman, L. A., French, R. H. & Cannon, R. M. Thin glass film between ultrafine conductor particles in thick-film 
resistors. J. Am. Ceram. Soc. 77, 1143–1152. https://​doi.​org/​10.​1111/j.​1151-​2916.​1994.​tb053​86.x (1994).

	51.	 Edmonds, M. Flotation of magmatic minerals. Geology. https://​doi.​org/​10.​1130/​focus​072015.1 (2015).

https://doi.org/10.1002/2016JE005181
https://doi.org/10.1002/2016JE005181
https://doi.org/10.1016/j.chemgeo.2016.01.012
https://doi.org/10.1002/2014GC005661
https://doi.org/10.1016/j.gca.2011.03.031
https://doi.org/10.1016/j.jnucmat.2015.11.053
https://doi.org/10.1016/j.jnucmat.2022.153618
https://doi.org/10.1016/j.jnucmat.2016.04.033
https://doi.org/10.1021/la000365x
https://doi.org/10.1021/la000365x
https://doi.org/10.1111/j.1750-3841.2006.00253.x
https://doi.org/10.1016/0009-2541(85)90076-2
https://doi.org/10.1016/j.lithos.2015.07.007
https://doi.org/10.1016/j.lithos.2015.07.007
https://doi.org/10.2113/GSELEMENTS.4.4.253
https://doi.org/10.2113/GSELEMENTS.4.4.253
https://doi.org/10.1515/ract-2016-2658
https://doi.org/10.1021/ic202156y
https://doi.org/10.1080/08120099208728031
https://doi.org/10.1016/j.intermet.2010.12.014
http://www.arohatgi.info/WebPlotDigitizer
https://doi.org/10.1007/BF01520357
https://doi.org/10.1007/BF01520357
https://doi.org/10.1016/j.chemgeo.2007.12.013
https://doi.org/10.1002/andp.19063240204
https://doi.org/10.1007/BF01983952
https://doi.org/10.1007/BF01983952
https://doi.org/10.1007/BF01976051
https://doi.org/10.1088/0508-3443/3/8/306
https://doi.org/10.1122/1.548848
https://doi.org/10.1016/0095-8522(56)90023-X
https://doi.org/10.1016/j.jvolgeores.2006.10.001
https://doi.org/10.1016/j.jnoncrysol.2020.120596
https://doi.org/10.1122/1.549564
https://doi.org/10.1122/1.549564
https://doi.org/10.1017/S0022112099006576
https://doi.org/10.1017/S0022112099006576
https://doi.org/10.1016/0079-6816(93)90013-L
https://doi.org/10.1016/s0001-8686(01)00093-8
https://doi.org/10.1016/0022-3093(76)90027-2
https://doi.org/10.1016/S0022-3093(01)00733-5
https://doi.org/10.1111/j.1151-2916.1987.tb04846.x
https://doi.org/10.1111/j.1151-2916.1987.tb04846.x
https://doi.org/10.1111/j.1151-2916.1993.tb03741.x
https://doi.org/10.1111/j.1151-2916.1993.tb03741.x
https://doi.org/10.1111/j.1151-2916.1994.tb05386.x
https://doi.org/10.1130/focus072015.1


10

Vol:.(1234567890)

Scientific Reports |         (2022) 12:9226  | https://doi.org/10.1038/s41598-022-12948-1

www.nature.com/scientificreports/

Acknowledgements
L. Pereira, J. Vasseur, D.B. Dingwell acknowledge the support of the 2018 ADV 834225 (EAVESDROP) grant 
from the European Research Council. We are grateful Dr. R. Nuernberg for the stimulating discussions and com-
ments on the manuscript. We also thank Dr. C. Berli—who vastly investigated this subject—for his feedback on 
the article. Dr. A. Laplace and Dr. N. Machado are acknowledge for the critical comments on the manuscript.

Author contributions
L.P. designed the work. J.V., F.B.W., F.T., and D.B.D. validated and improved the scientific idea. L.P. executed 
the data curation. L.P., J.V., and F.B.W. executed the formal analyses and calculations and together with F.T. the 
interpretation could be obtained. L.P. wrote the main manuscript text and all authors reviewed the manuscript. 
L.P.’s and J.V.’s funding was provided by D.B.D.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​12948-1.

Correspondence and requests for materials should be addressed to L.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-12948-1
https://doi.org/10.1038/s41598-022-12948-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Interparticle and Brownian forces controlling particle aggregation and rheology of silicate melts containing platinum-group element particles
	Rheology of silicate melts containing PGE-bearing particles: preliminary analysis
	Comparison between silicate suspensions with different particle types
	Comparison with rheological models
	Universal scaling of PGE-bearing melt viscosity
	Discussion
	Conclusion
	References
	Acknowledgements


