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Abstract

®
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Magnetorheological fluids (MRF) are smart materials of increasing interest due to their great
versatility in mechanical and mechatronic systems. As main rheological features, MRFs must
present low viscosity in the absence of magnetic field (0.1-1.0 Pa.s) and high yield stress
(50-100 kPa) when magnetized, in order to optimize the magnetorheological effect. Such
properties, in turn, are directly influenced by the composition, volume fraction, size, and size
distribution (polydispersity) of the particles, the latter being an important piece in the
improvement of these main properties. In this context, the present work aims to analyze,
through experiments and simulations, the influence of polydispersity on the maximum packing
fraction, on the yield stress under field (on-state) and on the plastic viscosity in the absence of
field (off-state) of concentrated MRF (¢ = 48.5 vol.%). Three blends of carbonyl iron powder
(CIP) in polyalphaolefin oil were prepared. These blends have the same mode, but different
polydispersity indexes (), ranging from 0.46 to 1.44. Separate simulations show that the
random close packing fraction increases from about 68% to 80% as the polydispersity indexes
increase over this range. The on-state yield stress, in turn, is raised from 30 =+ 0.5 kPa to

42 4+ 2 kPa (B =~ 0.57 T) and the off-state plastic viscosity, is reduced from 4.8 Pa.s to 0.5 Pa.s.
Widening the size distributions, as is well known in the literature, increases packing efficiency
and reduces the viscosity of concentrated dispersions, but beyond that, it proved to be a viable
way to increase the magnetorheological effect of concentrated MRF. The Brouwers model,
which considers the void fraction in suspensions of particles with lognormal distribution, was
proposed as a possible hypothesis to explain the increase in yield stress under magnetic field.

Supplementary material for this article is available online
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(Some figures may appear in colour only in the online journal)

1. Introduction

In 1948, at the US National Bureau of Standards, Jacob
Rabinow described a magnetizable fluid with tunable rheolo-
gical properties, creating a completely new field of study for
both rheology and rheometry: magnetorheology [1].

* Author to whom any correspondence should be addressed.
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Magnetorheological fluids (MRF) stand out as a type of
smart materials that, when exposed to an external magnetic
field, undergo a rapid and reversible transition from the liquid
state to a quasi-solid state, modifying important rheological
properties, such as viscoelasticity, plastic viscosity, yield
stress, among others [2—4].

Such transition, the so-called magnetorheological effect
[5], makes MRF extremely versatile materials, especially in
mechanical systems that need vibration or torque control, such
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Figure 1. The magnetorheological effect, where the imposed
magnetic field is vertical (parallel to the chains of particles) in the
right-side image.

as dampers, brakes, and clutches [2, 6]. In addition, recent
research indicates that MRF are also viable options in high-
precision polishing [7], robotics [8] (mechatronics), and even
in the construction of devices for biomedical applications
such as actuators in upper limb rehabilitation [9] and novel
hydraulic actuation systems in surgeries [10].

This versatility is directly linked to the practicality of the
magnetorheological effect: the magnetization of the suspended
particles allows one to easily control the material’s viscosity.
With the application of an external magnetic field, each iron
particle quickly becomes a dipole, interacting with adjacent
ones. Such attractive interactions generate chain-like struc-
tures, aligned in the direction of the field, as illustrated in
figure 1 [2, 3,5, 11].

These structures create resistance to flow, strengthening the
suspension and, effectively, increasing its viscosity. Further-
more, the ability of these chain-like structures to withstand—
to a certain extent—applied stresses is an extremely important
factor for the applicability of MRFs in mechanical systems. It
is also worth mentioning that the strength of these structures
is strictly related to the magnitude of the dipolar interactions,
which is influenced by the magnetic field strength, concentra-
tion, magnetic properties, and shape of the utilized particles
[3,5,12].

The composition of MRF is characterized by simplicity:
there is a dispersed solid phase, in the form of magnetizable
particles (typically up to 50% of the volume), with a usual
size of 0.1-10 um and a carrier liquid. For solid-phase for-
mulation, ferrimagnetic materials (magnetite and chromium
dioxide) and ferromagnetic materials (iron and carbonyl iron
powder) can be used, with carbonyl iron powder being the
most common choice due to its high saturation magnetization.
As for the carrier liquid, typical options include mineral or
vegetable oils, synthetic or silicone oils, polyesters, polyeth-
ers, hydrocarbons, water, and ionic liquids [2, 11, 13, 14]. The
liquid must have a wide operable temperature range [6] (—40
to +150 °C, at least), be chemically inert (non-corrosive and
non-reactive) in relation to the iron powder and other materi-
als, and, preferably, be non-toxic.

To avoid agglomeration and sedimentation of the suspen-
ded particles, as well as controlling viscosity, many pat-
ents also include surfactants and thixotropic additives in their
composition. It is clear, therefore, that the formulation of
a MREF is extremely dependent on the desired applications
[3,6, 11, 13].

Over the last few decades, much research has been carried
out to improve the quality of the prepared MREF, as well as to

optimize the magnetorheological effect under different condi-
tions. As ideal properties, a MRF should have low viscosity
in the absence of field (off-state), high viscosity in the pres-
ence of field (on-state), and high yield stress, when magnetized
[2, 3,12, 15].

In this context, many studies indicate that size and size dis-
tribution of particles are important factors in the manipula-
tion of these properties [4, 12, 15]. It is well established in
the literature that the viscosity of concentrated suspensions or
emulsions can be significantly reduced by employing mixtures
of particle sizes, be they bidisperse, tridisperse, or even poly-
disperse. Based on this, two parameters are key: (a) the ratio
of particle sizes, and (b) the proportion in quantity between
classes of a given size. In the case of dispersions where the
suspended phase has the same modal (or median) size, it is
also widely recognized that the broader the size distribution
used, the lower the viscosity of the suspension for the same
volume fraction [16-19].

However, for most suspensions, including electrorheolo-
gical fluids (ERF) and MREF, this effect is only evident in frac-
tions well above 20 vol%, and the more concentrated the sus-
pension, the more pronounced the effect is. With that in mind,
the advantage of using polydisperse mixtures in the develop-
ment of these fluids should be clear: as the MR or ER effect
under field increases with the volume fraction, the more con-
centrated the fluid, the greater yield stress will be, under an
applied field. On the other hand, it is also known that the
viscosity of any dispersion increases dramatically with the
volume fraction and this effect is even more pronounced with
the use of finer particles. Therefore, one must carefully adjust
the particle size distribution (PSD) as, in the absence of an
applied field, the viscosity should be as low as possible, to
maximize the MR effect. For the on-field yield stress, how-
ever, it is still controversial whether there is an advantage in
using distributions with a wide range of sizes (high values of
standard deviation or polydispersity indexes — ).

In this context, this work aims to demonstrate how blends
of particles with the same mode, but different degrees of poly-
dispersity, allow one to obtain MRF with greater random close
packing, larger on-state yield stresses, and lower off-state vis-
cosities. At first, a literature review is performed, followed by
a brief discussion about PSDs. Then, the methodology of the
experiments and simulations are given, succeeded by a discus-
sion of the results. Finally, the work is concluded and propos-
als for future research are presented.

2. Literature review

In the literature, numerous studies indicate that size and size
distribution of particles are important factors to control the
central properties of MRF. However, an in-depth analysis of
the published papers reveals that these results are, for the most
part, conflicting and, therefore, a recap of their main conclu-
sions is necessary.

Among these papers, Ota and Miyamoto [19], working
with simulations of cubic particles with only two sizes (size
ratios = 1:1, 1:2, 2:3, 3:4 and 4:5) in ERF with ¢ = 20
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vol%, concluded that: ‘..the ERF consisting of only the same
particles gives the largest static yield stress.’. In this case, how-
ever, in addition to not presenting experimental results and the
particle concentration being moderate, the effect of continuous
polydispersity was not included in the simulations.

Lemaire et al [20] experimentally investigated, in a stress-
controlled rheometer with parallel plates and modified to
apply magnetic fields, two magnetorheological systems: one
based on polystyrene microspheres with magnetite inclusions,
dispersed in water, and another based on dispersed glass
microspheres in an aqueous ferrofluid. This material, called
an inverse ferrofluid (IFF), consists of a dispersion of non-
magnetic micrometric particles in a ferrofluid [21]. In the first
case, polydisperse particles in a volumetric concentration of
only 5 vol% were used, and, in the second case, almost monod-
isperse (45 £ 5 pm) and polydisperse (5-50 pm) glass spheres
were compared, in a concentration ¢ = 20 vol%. The applied
magnetic field was modest: only 750 Oe (H ~ 60 kA m~").
In this context, the authors stated: ‘For a field H = 750 Oe,
the difference between the monodisperse and the polydis-
perse samples is not detectable within the precision of our
measurements.’.

Wang et al [22] evaluated, through simulations, ER fluids
prepared with three volume fractions: 16 vol%, 24 vol%, and
31 vol%. Assuming a normal (Gaussian) distribution for the
particles, with a standard deviation o in the range of 0-3.0, the
authors concluded that: ‘The shear stress of the fluid is found to
decrease with the increase of the variance o* of the Gaussian
distribution of particle sizes..”. From figure 2 of their work, it
is clearly seen that the monodisperse particles show the highest
values of shear stress.

Similar to Wang’s work, but assuming only monodisperse
particles with two different sizes, Mori et al [23] evalu-
ated, through simulations, ER fluids with concentrations of
11 vol%, 20 vol%, and 30 vol%. In this scenario, the particles
had a diameter of 1.9 or 3.8 um (size ratio 1:2) and the authors
concluded that: ‘A computer simulation based on a point
dipole approximation for the interaction between particles
was carried out. When small and large particles, with a dia-
meter ratio of 1:2, were mixed in equal numbers of particles,
chain-like clusters consisting of both sizes of particles were
formed. The shear stress and the response time of the binary
size system were close to those of the uniform size system when
the total volume fraction of particles was kept constant.

de Gans et al [24], in turn, experimentally studied dis-
persions of silica nanoparticles in a ferrofluid (IFF), in two
concentrations: ¢ = 5.7 vol% and 18 vol%. In this context,
the nanoparticles had average radius sizes of 53 nm, 84 nm,
138 nm, or 189 nm and, in addition to studying the effects
of particle size, the authors also mention the so-called ‘size
variance’. However, the technique used to obtain the silica
particles (Stober method) is well known for generating almost
perfect monodisperse particles, with size variations so small
that they can be considered negligible. The authors, therefore,
conclude that: ‘...Our measurements indicate that the influence
of particle size on G' (w) and n (%) is very weak if there is any.
These measurements were not accurate enough to give decis-
ive information on the influence of the polydispersity on the

rheological properties, but they suggest that G’ (w) and 1 (%)
decrease with increasing polydispersity.’.

See et al [25], in turn, investigated the effect of mixtures
of different particle sizes on the response of electrorheolo-
gical fluids based on sulfonated polystyrene-co-divinyl ben-
zene (ion exchange resin) and silicone oil, in uniform shear
flow. By using particles with sizes of 15 ym and 50 pm,
the authors claimed that: “The concentration in both systems
was 10 wt%, and the particles were spherical in shape and
highly monodisperse, which was also confirmed by micro-
scopic observation.’. Considering the typical density values
of these materials and the concentration of 10% by mass, a
volumetric fraction ¢ ~ 7.6 vol% can be inferred. This study,
therefore, focused on bidisperse ERFs with a particle size ratio
of 3:10. However, as in the study from de Gans, nothing can
be inferred about the effect of the width of a unimodal dis-
tribution. The authors also stated: “...the highest electrorhe-
ological effect occurred with a 50:50 mixed suspension of
small and large particles...” and, further, that: ‘The polydis-
persity of particle sizes clearly influences the electrorheolo-
gical response of optimal ER materials.’. However, as already
mentioned, this system is bimodal and, therefore, different
from a unimodal distribution with a high standard deviation.

Trendler and Bose [26] studied, experimentally, MRF pre-
pared through mixtures of carbonyl iron particles whose size
distribution is log-normal. Fine particles, with an average size
of 1.8 um, and coarse particles, with an average size of 6.8 yum,
were used during preparation. In this case, unlike See et al
(2002), the authors utilized two size distributions with equal
dispersity, that is, Span = (dgo—d¢)/dsg = 1.2. It is also worth
noting that all mixtures had a volume fraction ¢ = 30 vol%.
From their work with bidisperse mixtures, the authors con-
cluded that: ‘MR suspensions with special ratios of coarse
and fine particles have higher shear stresses under a mag-
netic field than samples with monomodal powders.” and that
‘The yield stress without field derived from oscillation experi-
ments rises with the number of fine particles. However, at low
field strengths (200 mT), the behavior is reversed and, at high
field strengths (600 mT), no noticeable differences between the
MR suspensions with different PSDs could be observed. The
results demonstrate the complex mechanisms of the particle
structure formation in MR suspensions.’

Saldivar-Guerrero et al [27], working, experimentally, with
IFFs (polystyrene particles dispersed in a ferrofluid), eval-
uated three classes of particles: a) monodisperse, with an
average size of 11 um, normalized polydispersity and (dgo—
dip)/dsyg = 0.143, b) monodisperse, with an average size
of 3 um and (dgo—d;0)/dso = 0.186 and c) polydisperse,
with a size range between 0.56 and 4.5 um and (dgo—
dio)/dsg = 0.873. In this work, log-normal size distribu-
tions were used and the volumetric fractions ¢ = 17.5 vol%,
25 vol%, and 30 vol% were investigated. In this context, the
authors concluded that: “.. the G’ of the higher concentrated
polydisperse fluid increased only marginally with the magnetic
field’ and that ‘..at high fields, the poisoning effect may be
responsible for the weaker G’ of the polydisperse suspensions
compared to the monodisperse ones.” The ‘poisoning effect’
mentioned by the authors comes from previous works: ‘The
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effect that polydisperse particles might weaken the chains, as
observed for higher values of the magnetic field, has recently
been predicted in theoretical studies for a bidisperse model
ferrofluid and was termed ‘poisoning effect’ (Kantorovich
[28]). ‘It has been confirmed in molecular dynamics simula-
tions for chain formation in standard ferrofluids’ (Wang and
Holm [29]).

Tao [30], when investigating the physical mechanism to
reduce the viscosity of dispersions, conducted experiments
with iron nanoparticles with a diameter between 35 and 40 nm
(typical of ferrofluid particles) dispersed in silicone oil, at
a concentration of ¢ = 9 vol%. The author concluded that:
‘The key (to reducing the viscosity of dispersions) is that the
maximum volume fraction to be available for the suspended
particles in the suspension increases with the particle size and
the polydispersity in the PSD.’

Ekwebelam and See [31], in turn, experimentally stud-
ied the effects of PSDs on the magnetorheological response
of IFFs prepared by mixtures of two spherical monodisperse
particles: PMMA (fine, with an average size of 4.6 ym) and
PE (coarse, with an average size of 80 um). Such particles
were dispersed in a ferrofluid (Ferrotec type EFH1), keeping
the total volume fraction constant, at ¢ = 30 vol%. Using oscil-
latory shear flow, the authors prepared five different mixtures:
1) 100:0 (fine particles only), 2) 75:25, 3) 50:50, 4) 25:75 and
5) 0:100 (coarse particles only). In this context, the authors
conclude that: ‘...the G’ and G’ moduli were dependent on
the particle size as well as the proportion of small particles,
with the highest storage modulus occurring for the monod-
isperse small particles.” Although this paper covers a relat-
ively high concentration, equivalent to most commercial MR
fluids, it also did not involve single-modal distributions that
differ only by the standard deviation values.

The work of Chiriac and Stoian [32] was, possibly, the first
to experimentally focus on normal (Gaussian) size distribu-
tions with the same mean size and different variances, in mag-
netorheology. In practice, this means that these authors did
not use bidisperse particles or any other mixtures that resul-
ted in bimodal PSDs. Working with iron powders in the size
range of 20—60 pm, the authors used sieves to fractionate these
powders and then created distributions with controlled histo-
grams. By preparing three different samples of MRF with a
fixed volume fraction (¢ = 10 vol%) and maintaining the aver-
age size of 36 um for the three formulations, but with differ-
ent variances (02 = 0.2, 1.0 or 5.0), the authors conclude that:
‘..Higher yield stresses were obtained in the case of MR flu-
ids with the narrower PSDs compared to the MR fluids com-
prising particles with broader particles size distributions. In
this respect, particles with narrower size distribution could
lead to better performances of the MR fluid under a magnetic
field. Nevertheless, the effect of particles size distribution on
the MRF is still controversial, and the mechanism by which
the particles size distribution influences the yield stress is not
fully understood.’

Tang [4], in turn, experimentally studied MRF using micro-
metric iron particles of 2-3 pm and 45 pim in a volumetric con-
centration ¢ ranging between 3543 vol%. From all the papers
published until 2011, this was the first to present results of a

bimodal fluid with ¢ above 40 vol% (that is, a concentrated
MREF). The particles followed a log-normal PSD, as shown in
the figure 1 of this paper, but the width of the distributions
was not reported. The author concludes that: ‘With the addi-
tion of small particles to a suitable concentration, the viscosity
of the MRF decreases remarkably without the magnetic field.’
and that ‘In the same maximum packing, the yield stress can
be dramatically augmented by using a bimodal MRF system.’

Juan de Vicente’s research group (Magnetic Soft Mat-
ter Group, F2N2Lab, Granada University) has systematically
investigated the effects of polydispersity on magnetorheology.
Their first work on this subject seems to be from Segovia-
Gutierrez et al [33], where the authors compared the results of
Brownian dynamics simulations with MRF experiments with
a volumetric fraction ¢ = 5 vol%. In this context, the authors
utilized carbonyl iron powder (HQ, BASF SE) with a size of
0.9 £ 0.3 pm, describing it through a log-normal PSD. Among
many conclusions, the authors pointed out that: ‘The monod-
isperse system crystallizes, while the polydispersity effectively
suppresses it However, in this study, there was no variation
in the standard deviation of the particle sizes.

Sherman and Wereley [34] modified their code from pre-
vious simulations to investigate the effects of the standard
deviation from log-normal size distributions on MRF perform-
ance. This was done by simulating a typical commercial volu-
metric fraction, ¢ = 30 vol%, with carrier liquid viscosity of
0.1 Pa.s and keeping the median particle radius ay at 4 um,
over a wide range of standard deviation values (¢ = 0, 0.001,
0.0025, 0.005, 0.01, 0.025, 0.05, 0.1, 0.2 and 0.3). In this
paper, bimodal (or bidisperse) mixtures were not utilized, and
the authors concluded that: ‘Based on these simulation results,
we conclude that PSD has a substantial effect on the struc-
ture and performance of MRE, so that accuracy of simulation
codes may improve when realistic PSDs are utilized.” Although
their work has brought valuable contributions, especially by
simulating MR fluids similar to those used in commercial and
industrial applications, their results did not show any obvious
advantages or disadvantages, such as a considerable increase
in the on-state yield stress.

Sarkar and Hirani [35] experimentally studied mixtures
of two sizes of iron particles (MRF) at three concentrations:
¢ = 9 vol%, 18 vol%, and 36 vol%. The particles used in
the experiments were carbonyl iron powder and reduced iron
powder (Aldrich #12310), Fe > 99% and, according to the
authors: ‘The mean size and standard deviation of the “small-
sized particle” distributions are 9.27 yum and 4.63 pym respect-
ively. The mean size and standard deviation of the “large-
sized particle” distributions are 120.85 pum and 56.05 pm
respectively.” Analyzing the morphology of the powders by
SEM, the authors also add that: ‘The scanning electron micro-
scope photographs.. shows that the “small-sized particles”
are spherical in shape.. The “large-sized particles” are of
flake shape. This flake type iron particle may create more fric-
tion...” Therefore, it is possible to estimate a relative standard
deviation o« = (.5 for the carbonyl iron particles and o ~ 0.46
to the flake-shaped particles. Finally, the authors concluded
that: ‘At moderate shear rate MR fluid made of “large-sized
particles” performs better only at low volume fractions of
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iron particles compared to MR fluids made of low volume
fraction “small-sized particles” and “mixed sized particles”.
At moderate volume fraction “mixed sized particle” MR flu-
ids provide the best performance among all three. With the
increase in volume fraction of iron particles, the shear stress
of MR fluids with “mixed sized particles” shows better per-
formance compared to the MR fluids containing “small-sized
particles” and “large-sized particles” at higher shear rate.’
Fernandez-Toledano et al [36], continuing the work from
Prof. Juan de Vicente’s research group (Granada University),
used simulations to explore the effect of polydispersity in mag-
netorheology. Interestingly, instead of the well-known log-
normal size distribution, which is commonly used to describe
carbonyl iron powders, these authors chose to use the Schulz
distribution (Schulz [37]), which was developed to describe
molar mass distributions of polymers. Two volumetric concen-
trations were investigated: 10 vol% and 20 vol%, which were
also associated with two conditions of polydispersity: o = 0
(monodisperse) and o = 0.2 (polydisperse). In this scenario,
o is the standard deviation of the distribution. It is also worth
mentioning that the magnetic field strengths evaluated in this
work were H = 1 kKA m~', 5.04 kA m~', and 10.2 kA m~!,
that is, weak to moderate fields. Throughout the work, the
authors summed up very well the interest in this topic by ask-
ing: ‘...would ideally monodisperse MR fluids have better MR
performance than their polydisperse counterparts for the same
mean particle diameter?’ They also conclude: ‘From (shear)
stress growth curves, static and dynamic yield stresses are
determined, and rheograms are constructed... In polydisperse
MR fluids, the number of connections is larger than in the mon-
odisperse case, but, as an average, interparticle links are much
weaker because of the topological limitations.” Furthermore:
‘Overall, this work suggests that using monodisperse particles
in the formulation of conventional MR fluids would not have
any major effect in the yield stress nor the high shear behavior’
Also, from Juan de Vicente’s research group, perhaps the
most complete and detailed study on the effect of polydis-
persity so far is the work of Ruiz-Loépez et al [38]. In their
work, a wide range of standard deviations (o) was evaluated,
not only through simulations but also experimentally (from
o = 0.38 to ¢ = 0.76). Assuming a log-normal distribu-
tion for the MREF, the authors applied a strong magnetic field
(H = 885 kA m™' ), a value that is very close to the sat-
uration of the carbonyl iron powders used in the preparation
of the MRF. In this context, the reason for so many studies
involving the effect of polydispersity on MRF is very well
summarized by the authors: ‘..polydisperse MR fluids inher-
ently exhibit a lower off-state viscosity than monodisperse MR
fluids due to the different particle packing characteristics; lar-
ger packing fractions are achieved with polydisperse systems.
This means that using polydisperse MR fluids, the particle
volume fraction can be increased without increasing the off-
state viscosity, hence developing a larger MR effect.” Finally,
in the polydispersity index (o) range studied by the authors,
it is concluded that: “...the effect of the polydispersity on the
yield stress can be considered as negligible in experiments..’
and also that ‘Analysis results on the particle cluster sizes and
the particle radial distribution function show that increasing

the level of polydispersity of the MR system leads to a smaller
average number of particles per cluster, but a higher pack-
ing density of the particles inside the clusters.” However, one
should note that the volumetric fraction studied by their simu-
lations and rheological experiments was ¢ = 10 vol%. This is
a concentration that cannot be considered a diluted MRF but
also does not approximate the concentrations which are used
in commercial MR devices.

From the works indicated in Table 1, the results can be sum-
marized as follows: some of the cited authors, such as Ruiz-
Lopez et al [38], worked experimentally with a very intense
magnetic field, very close to the magnetic saturation, but with
a concentration of magnetic material ranging from low to mod-
erate (10 vol%). Thus, even though they explored an extensive
range of the polydispersity index and molecular dynamics sim-
ulations corroborated their results, one should not extrapolate
their conclusions for concentrations far above 10 vol%. Other
authors, such as Ferndndez-Toledano et al [36], did not analyze
MRF with magnetic fields greater than 10.2 kA m~! (a rel-
atively low intensity), despite having carried out simulations
with MREF slightly more concentrated (up to 20 vol%). Fur-
thermore, experimental results of rheometry were not presen-
ted in this work.

Other authors investigated mixtures of two or more particle
sizes, especially the so-called bidisperse formulations. It has
been known since the work of Farris [18] that using mixtures
of bimodal, trimodal, or tetramodal particles can substantially
reduce the relative viscosity of any concentrated suspension,
increasing its concentration. However, this effect is only rel-
evant for volume fractions greater than 35 vol% and particle
size ratios of 1:5 (small:large), at least. This effect, com-
monly called the ‘Farris effect’, becomes increasingly large
at concentrations above 50 vol% and, in the context of MRF,
is advantageous to increasing the magnetorheological effect
under an applied field. In this regard, Foister [39] pioneered
(to the best of our knowledge) in patenting MRF based on
bimodal mixtures.

However, the studies involving bidisperse mixtures did not
focus on centering the PSDs around the same mode, varying
only the standard deviation (width) of these distributions. In
some experimental studies, such as the ones from Sarkar and
Hirani [35], Tang [4], Ekwebellan and See [31], Trendler and
Bose [26], and See et al [25], where MRF (or ERF) based on
bidisperse mixtures were investigated, only Tang and Sarkar
slightly exceeded a volumetric fraction ¢ > 35 vol%. Mori
etal [23], Wang et al [22], and Ota and Miyamoto [19], in turn,
published simulation results with bidisperse ERF but without
experimental results. In addition to not investigating the fluids
experimentally, the authors did not surpass ¢ > 30 vol%, and
the size ratios between the particles did not exceed the propor-
tion of 1:2.

Saldivar-Guerrero et al [27] and de Gans et al [24] exper-
imentally investigated IFFs using magnetic fields of up to
245 kA m~!, a value that is very close to what we used
in our work. In the article by Saldivar-Guerrero et al, the
authors studied a polydispersity range (measured through the
Span = 0.873), and a volume fraction of PS microspheres
dispersed in ferrofluid was characterized, up to 30 vol%.
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The results were obtained in oscillatory mode with amplitude
sweeps, and the authors concluded that, in the case of poly-
disperse samples, a ‘poisoning effect’ occurs, which weakens
and reduces the value of the elastic modulus. However, in the
paper by de Gans et al [24], the use of nanometric Stober silica
dispersed in a ferrofluid cannot be considered a study of the
effect of polydispersity, from our point of view, as the vari-
ance between the four size classes of the used silica is very
small (as one can see in Table 1 from their paper).

Tao [30], in turn, described how an increase in polydis-
persity generates an increase in the maximum packing frac-
tion and, consequently, a reduction in the relative viscosity of
MRF or ERF. But, in his article, the magnetic field was applied
to iron nanoparticles dispersed in pump oil, that is, a ferro-
fluid. As the concentration of particles was low (only 9 vol%),
the effect of the magnetic field did not generate on-field yield
stress but temporarily reduced the viscosity of the dispersion.
In other words, a ‘negative’ MR effect was generated, which
caused a reduction in viscosity.

Works such as those by Sherman and Wereley [34] (simula-
tions), Segovia-Gutiérrez et al [33] (experimental and simula-
tions), Chiriac and Stoian [32] (experimental), and Lemaire
et al [20] (experimental) evaluated polydisperse MRF (and
IFF) with standard deviation values up to 2.24 and under
magnetic fields up to 350 kA m~! (that is, moderate to high
intensity). However, the concentration of iron particles did not
exceed 30 vol%.

Therefore, it is clear how the results presented by the lit-
erature (summarized in Table 1) are conflicting, and, in this
scenario, the need for further studies becomes evident. Aiming
to offer another perspective, the present work is, to the best of
our knowledge, the first to evaluate experimentally the effect
of polydispersity in MRF with higher volumetric concentra-
tions of carbonyl iron powder, maintaining the same mode and
varying only the polydispersity. This work also appears to be
the first study to demonstrate both an increase in yield stress
under a magnetic field and a reduction in the viscosity in the
absence of field by increasing the polydispersity.

3. Theoretical background

3.1 Polydispersity and PSDs

By analyzing particulate materials in detail, especially dense
suspensions, one can easily see that they are seldom monod-
isperse, that is, their particles rarely have all the same size.
Most of the time, these particles will have different sizes and
shapes, being, therefore, polydisperse, as illustrated in figure 2.
Such variations in size can be easily described by frequency
distributions, the so-called PSDs [17, 40].

A PSD (shown in figure 3) is a probability density func-
tion (PDF) that expresses, in detail, the polydispersity of the
analyzed material, that is, how different the particle sizes in
that system are. Usually, log-normal distributions are used and
along with important mathematical tools, such as mode, mean,
median and standard deviation, these variations in particle
sizes can be studied and quantified [41, 42].

A key piece in the optimization of MRF properties, PSDs
are critical in several areas of science and engineering, often

@)
O
OQO
© O 0

O
O O O s (0] ©
@ O e O .
Monodisperse Polydisperse

Figure 2. Monodisperse and polydisperse particles.

Density

0 10 20
Random Variable x

Figure 3. Particle size distributions (Gaussian): the greater the
width of the distribution, the greater the value of the polydispersity
index «.

appearing in soil and aerosol analysis, mining and even in the
food industry [17]. Polymers and resins [43], paints [44] and
drugs [45] are directly influenced by the size, quantity, and
morphology of their particles.

When analyzing a PSD, several statistical parameters may
be used. Among them, the polydispersity index « is the one
that stands out the most: a direct measure of polydispersity,
the higher the value of a, the greater the discrepancy in particle
sizes. Its definition is presented below [17, 46]:

o=

(AR?)/(R) (D

where R is the particle radius, (R")= [ R"P(R)dR
is the n-th moment of R, AR=R—(R) and (AR")=
[Z ARP(R)dR.

It is worth noting that « takes many different forms in sci-
ence and statistics, and this is due to many existing frequency
distributions. However, its meaning is always the same: a
measure of the spread of a variable around the mean [17].

As for the width of the distribution, one can use another
important parameter, the span, to analyze it [47, 48]:
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Figure 4. A log-normal distribution in: (a) linear scale and
(b) logarithmic scale.
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where Dgg is the particle size corresponding to the 90th
percentile, Djo is the size of the 10th percentile and Dsy,
the median size. The span is directly related to variations in
particle sizes and works similarly to «: the higher its value,
the greater the polydispersity of the studied material.

The shape of a PSD, in turn, is generally determined by the
skewness S and by the kurtosis K, respectively. Their defini-
tions are given below [46, 49]:

(AR3)
§= <7 A R2>3/2 ®)
(AR%)

In general, the skewness measures the distortion of a fre-
quency distribution, that is, how much it deviates from sym-
metry: positive values indicate a larger fraction of small
particles, negative skewness indicates a larger fraction of large
particles, and S = O indicates a symmetric distribution [49, 50].

Kurtosis, in turn, is commonly interpreted as a measure
of peakedness: a positive value generates distributions with
higher peaks and larger tails, while negative values generate
more flattened curves, with smaller tails [50, 51].

3.2. Log-normal distributions

Although several PDFs can be used to describe variations in
particle sizes, most of the encountered data in the literature
are skewed, which is common when the mean values are low,
strictly positive, and with wide variances. In this context, to
properly represent a PSD, the use of log-normal distributions
(illustrated in figure 4) is common practice [40, 42].

As one can see, unlike the symmetrical normal distribu-
tions, log-normal distributions are asymmetric with S > 0. The
distribution’s main properties are summarized in table 2: [42,
46, 52-54].

Thus, one can see how log-normal distributions are a viable
model for studying the polydispersity of particulate materi-
als. However, when preparing MRF based on carbonyl iron
powders, it is necessary to differentiate which mixtures are
bimodal (with two main particle sizes) and which are unimodal
(with only one predominant particle size). The definitions

Table 2. Properties of a log-normal distribution.

Random Variable x, Mean (u) of In (x) and

Parameters Standard Deviation (o) of In (x)
Range 0<x<oo;0>0
2
PDF flx) = xvlzfx”(_#(ln(x)_“) )’x>0
0, x<0
Mean E(x)= g(“+%02)
Mode Mode (x) = e(n=27)
Median Med (x) = e*
Variance Var (x) = e(2nte?) (e”2 - 1)
Coefficientof  a= /e’ —1
Variation
(Polydispersity
Index)
Skewness S = (e"z +2) e’ —1
Kurtosis K=¢"" 4265 4362 —3

presented throughout this section hold only for unimodal
distributions.

It is important to emphasize that bimodal blends are
a traditional and well-established way of increasing the
concentration of dispersed solids. By using different size
classes, it is possible to maintain or even reduce the relative
viscosity for the same volume fraction under certain condi-
tions. As examples of works involving bimodal mixtures, we
can cite Trendler and Bose [26] (see figure 1 of their paper) and
the US Patent by Foister [39] (figures 7 and 8 of his patent).

As for unimodal blends, the patent by Kintz and Forehand
[55] demonstrates the effect of increasing the polydispersity
of a size distribution and the advantages of such an approach
(see figures 2-9 of their patent). However, the Span presented
in this patent does not exceed 2.683, a relatively low value.

Combined with the conflicting results presented in the liter-
ature and aiming to offer a new perspective on PSD influence
on MRF’s properties, this work prepares three concentrated
fluids (¢ > 45 vol%) with different degrees of polydispersity
but centered around the same mode. Three blends of carbonyl
iron powder (described by log-normal distributions) will be
dispersed in polyalphaolefin oil, totaling 48.5 vol%. Its rhe-
ology will then be analyzed and quantified in the presence and
absence of an external magnetic field.

4. Experimental

4.1. Materials

To prepare the MRF, carbonyl iron powder (BASF SE) was
used as a solid phase, in three different grades: 1, 2, and 3. To
obtain an effectively polydisperse fluid, different blends were
prepared by mixing the adequate amounts of each powder,
totaling 150 g. The size distributions were obtained through
low-angle laser light scattering (LALLS: Malvern Mastersizer
Micro). The carrier liquid was a polyalphaolefin oil (Dura-
syn PAO 162, INEOS) used together with thixotropic addit-
ives (organomodified clays) and polymeric dispersants. The
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Table 3. —The amounts of each powder used to prepare the blends.

Blends Powder 1(g) Powder2(g) Powder3(g) Total (g)
A 0 150 0 150
B 25 100 25 150
C 50 50 50 150

amounts of powder used to prepare each blend are shown in
table 3:

4.2. Preparation of the MRF

The MRFs were prepared based on previous work from lerardi
and Bombard [56] by dispersing the appropriate amounts of
each powder, shown in table 3, in PAO-2, totaling 48.5 vol%.
Mixtures A, B, and C were then homogenized with an IKA
Ultra Turrax T-18 mechanical disperser, followed by the addi-
tion of the thixotropic additives and further homogenization.
The amounts of carrier liquid and additives (dispersant and
thixotropic) were maintained during each preparation, follow-
ing a recipe that is similar to formulation #12 in the US Pat-
ent ‘Magnetorheological Liquid’, by Oetter et al [57]. The
reason for maintaining the amounts of all other components
during the MRF formulation was precisely to isolate the effect
of polydispersity on the viscosity response in the absence of
a magnetic field. If the content of additives were different in
each formulation, it would be difficult to attribute any results
to the polydispersity.

4.3. Rheometry

After preparing the MRF, each sample was submitted to tests
in the Anton Paar—Physica MCR 301 rheometer, from the
Rheology Laboratory of the Federal University of Itajub4, at
a temperature T = 25 °C. Shear stress ramps under applied
magnetic field, and shear rate ramps without field were per-
formed, to analyze the effects of polydispersity on the on-state
yield stress and on the off-state plastic viscosity, respectively.
The magnetic flux density was estimated to be B ~ 0.57 Tesla,
considering the relative permeability p.; = 7.8. See the sup-
plementary material for more details. (In air, without any MRF
sample between the plates, we measured B,,= 0.34 T, thus
Hyi; = 3,400 Oe ~ 270 kKAm~"' )

Yield stress measurements were performed at three inter-
vals: firstly, the rheometer was operated for 1 min, at a shear
rate of 5 s~!, to erase the rheological history of the sample.
Then, the plate was stopped (without rotation, zero shear rate)
for 30 s, and the electric current was increased, at a logarithmic
rate, from 20 mA to 2 A. Finally, a linear shear stress ramp was
performed for 400 s (100 Pa s~!, 1 s per point), from 20 kPa
to 60 kPa.

* The magnetorheological cell used to carry out the measurements was one
of the first commercial versions of the rheometer manufacturer, and it is not
possible to measure the B field in the ideal way, with the Hall effect probe
and the MRF sample simultaneously. The only possible estimate of the value
of the magnetic field was measured with the gap empty, in air, without MRF
between the cell plates.

The off-state viscosity curves, in turn, were obtained
through a linear ramp (100 points, measured at 6 s intervals),
with the shear rate ranging from 0-1000 s~!. All the data
were treated with the Rheoplus® (Anton Paar) and Origin®
(Microcal) software.

4.4. Sedimentation and stability

Two experiments were performed to evaluate the stability
against sedimentation: first, about 15 ml of each MRF sample
was placed in test tubes to sediment at rest, under normal grav-
ity. Then, observing the tubes daily and visually throughout a
month, the height of the sediment was measured. The sedi-
mentation was considered complete when there was no fur-
ther change in the height of the sediment after three success-
ive readings. This is one of the usual ways of evaluating the
stability of an MRF when it comes to sedimentation [58—62].

In addition, an instrumental analysis was performed with
the aid of the Turbiscan Lab equipment (Formulaction,
Toulouse, France). Each sample was subjected to backs-
cattered infrared light (A = 850 nm) for two weeks, and
their destabilization kinetics were analyzed. During the first
24 h, each reading was taken every 10 min, and after that,
one reading was taken once a week. After the samples fin-
ished sedimenting, their turbiscan stability indexes (TSI) were
calculated.

4.5. Simulations

Following the rheological characterization, the random close
packing volume fractions were calculated with the help
of two algorithms: (a) SpherePacklD (available at https://
sourceforge.net/projects/spherepack1d/), which is based on
the work of Farr and Groot [63] and Farr [64] and (b) a random
close packing algorithm based on the computational methods
of Xu, Blawzdziewicz, and O’Hern [65], and Desmond and
Weeks [46, 66].

5. Results and discussion: experimental

5.1 Polydispersity of the carbonyl iron powders

From the data obtained by LALLS, it was possible to construct
log-normal PSDs and cumulative distributions (CDF) for each
powder, illustrated in figures 5 and 6. In this context, CDF are
useful because, sometimes, the data at the tails of a PSD can
show some statistical noise. By using these cumulative curves,
one can avoid losing any information [67].

An initial analysis of figure 5 reveals that the sizes range
from 500 nm to 300 pm and that the PSD are predominantly
unimodal and polydisperse, except for powder 1, whose dis-
tribution is bimodal. The prevailing sizes, corresponding to
the geometric modes of these distributions, are 6.89 pm for
powder 2 and 20.68 um for powder 3. Powder 1, in turn, has
two modes: 2.0 ym and 11.93 pm.

One can also note that powder 3 has greater polydispersity
since the width of its distribution is the largest among the three.


https://sourceforge.net/projects/spherepack1d/
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Figure 5. Particle size distributions of each carbonyl iron powder.
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Figure 6. Cumulative frequency curves of each carbonyl iron
powder.

Powder 2, in turn, has less polydispersity, because of the smal-
ler width. This trend can be confirmed by analyzing the CDF
in figure 6: in these curves, the median is easily identified by
drawing a horizontal line at 50%. Promptly, it can also be seen
that the geometric modes are the same as in the PDFs and that
the size ranges are maintained.

Polydispersity, in turn, can be analyzed through the slope:
on a logarithmic scale, the lower the slope of a CDF, the
greater the polydispersity of that system [68]. In magnetorhe-
ology, this was confirmed by the work of Kintz and Fore-
hand [69], where the span and R? of 9 cumulative curves were
analyzed and quantified. As expected, greater polydispersity
values were associated with lower slope values. Therefore,
curve 3 shows greater polydispersity, and curve 1, the smallest,
reiterating the trend observed in figure 5. It is also worth men-
tioning that curves 1 and 3 are not perfectly straight and this
is due to distortions present in their PSD: curve 1 is bimodal
and curve 3 is slightly skewed to the right.

8_
7 -
6 - _-Fl_
| ..
5 - a B
1 |
n
s 4 4"
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| LY
2 e B
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0+ T
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Figure 7. Particle size distributions of each blend.

5.2. Polydispersity of the blends

After mixing the powders, according to the amounts indicated
in table 3, the distributions became even more polydisperse.
The log-normal PSD of each blend is illustrated in figure 7:

One can immediately notice that the distributions have the
same geometric mode since all the peaks are centered on the
same value, at ~7 pym. With that in mind, it can be inferred
that the only differences between the MRF are their PSDs. It
can also be said that blend C has the highest polydispersity,
due to its greater width, while blend A has the smallest.

The CDF shown in figure 8(a) reiterate these observations:
at 7 pm, all curves intersect, indicating that the geometric
mode is common to all three distributions. Furthermore, in the
region between 10% and 90%, one can notice that the slope
of curve C is the smallest, that is, it is more polydisperse than
the others, while curve A, with the greatest slope, is the least
polydisperse. The span of each curve, expressed in figure 8(a),
corroborates this.

Through the Origin® software, it is possible to compute the
log-normal cumulative curves with the help of equation ().,
These curves are used to determine the value of the standard
deviation o of each blend and to calculate their polydispersity

indexes (o = e — 1):

U B B I
CDF = yo 1 A / e (g ) ax 5

where yy is the offset parameter and A is the amplitude.

Such cumulative curves are shown in figure 8(b), and the
values of « are shown in table 4. Again, one can see that blend
A is the least polydisperse, and that blend C is the most poly-
disperse, which corroborates the previous statements.

5.3. Magnetorheology

Through the rheometer, it was possible to quantitatively
analyze the effect of broadening the blend’s distributions
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Figure 8. (a) Cumulative frequency curves of each blend. (b) Log-normal cumulative curves of each blend.

Table 4. Statistical parameters and rheological properties of each MRF.

Yield stress @

'S

=)

=]
L

Off-state plastic B~057T
Blend R? o (Std. Dev.) Span «a viscosity (Pa.s) (kPa)
A 0.99995 0.440 4+ 0.002 1.143 0.46 4.8 30.0 £ 0.5
B 0.99918 0.670 4 0.009 2.133 0.75 1.2 35+1
C 0.99972 1.061 + 0.008 3.672 1.44 0.5 42+2
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Figure 9. Off-state flow curves of each MRF.

by constructing flow curves and viscosity curves (off-state),
which are illustrated in figures 9 and 10.

Figure 9 depicts the off-state flow curves of the three MRF,
allowing one to obtain the off-state plastic viscosities for each
one.

At sufficiently high shear rates, the behavior of each MRF
can be described, in a very simplified way, by the Bingham
model [6, 70].

where 7 is the shear stress, 7, is the yield stress, 7, is the plastic
viscosity and + is the shear rate.

Through equation (6), one can see that this model shows
a linear behavior since 7, and 7p are constants and it can be
concluded, therefore, that the slope of each curve corresponds
to the apparent viscosities of the fluids. Usually, it is recom-
mended to plot the flow curves in a log x log scale but, in this

¥=0,7<T1y
T=T+0pY, T2,

(6)

Viscosity (Pa.s)
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T
10°
Shear Rate (1/s)

10
Figure 10. Viscosity curves (off-state) of each MRF.

case, a linear x linear scale better demonstrates the differences
in the slope values. One can, of course, question whether Bing-
ham’s model is valid, but the reduction of the plastic viscosity
with an increase in polydispersity is evident.

It can also be noted that lower relative viscosities are asso-
ciated with wider size distributions, due to an increase in
polydispersity and to different packing characteristics of their
particles [16]. This behavior is well documented in the literat-
ure and can be explained, among several existing models, by
the Krieger—-Dougherty equation [71]:

- ["7] . ¢mmx
Tlrel = ( )

where 7, is the relative viscosity, [n] is the intrinsic viscosity,
¢ is the volume fraction and ¢« is the maximum packing
fraction.
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Figure 12. On-state yield stress curve of fluid B.

T

, =40.9 -44.8 kPa

Shear Stress (kPa)

10% 10° 102

Shear Rate (1/s)

Figure 13. On-state yield stress curve of fluid C.

By analyzing the curves in figure 10, one can also observe
a significant drop in viscosity through an increase in the
shear rate. This non-Newtonian behavior, the so-called shear-
thinning, is typical of colloidal suspensions and is expected for
MREF in the absence of an applied magnetic field [2, 6, 72].

It is also possible to notice a significant drop in viscosity
with the widening of the PSD: fluid A, which has a narrower
distribution, has the greater viscosity, while fluid C has the
lowest.

Finally, the on-state yield stresses of each MRF can be
obtained from figures 11-13.

In a yield stress curve, the sudden change of several orders
of magnitude in the shear rate value, from about 1074 s !to
above ~5 s~! signals the point at which the applied stress
was sufficiently large (7 > 7) to break the structuring of
the material, causing it to flow (4 > 0.0005). This value
corresponds to the yield stress itself and represents, in a MRF
under field, the point at which the chain-like structures break
[2, 11, 16]. It is also worth mentioning that the measurements
were made in triplicate.

As the rheometer operates in controlled shear stress mode
(CSS) and the shear stress is below the yield stress value, there
is a lot of noise in the shear rate. However, when the shear
stress becomes greater than the yield stress, the noise tends to
decrease. The (on) yield stress and the (off) plastic viscosity
values are summarized in table 4, along with all the statistical
parameters of the log-normal distributions. Promptly, one can
see that the yield stress grows significantly with an increase
in polydispersity: fluid C, which has the widest PSD, has the
highest yield stress, while fluid A, with the narrowest distribu-
tion, has the smallest.

6. Results and discussion: simulations

During the study of particulate materials, the maximum pack-
ing fraction ¢, is one of the most relevant parameters to
explain the reduction in viscosity, as expressed in equation (7).
However, it is not a well-defined parameter, and its value
depends both on the spatial distribution of the elements and
on the flow history [73]. In this paper, since the particles are
spherical and well lubricated, the value of ¢,,x can be approx-
imated by the random close packing volume fraction [17] ¢rcp
and, therefore, all the simulations will deal with the value of

@RCP-

6.1. Rod distribution algorithm (1D)

Using the program SpherePacklD (available at https:/
sourceforge.net/projects/spherepack1d/), it was possible to
calculate the maximum random close packing fraction (¢gcp)
of each MRF through a distribution of diameters (rod distribu-
tion), which is described in Farr [63]. By employing the values
of the standard deviations in table 4, it was found that the ¢rcp
of each fluid is: 69.6% (fluid A), 74.0% (fluid B), and 81.2%
(fluid C).

6.2. Random close packing algorithm (3D)

We conjecture that our off-state viscosity results may be
explainable by considering the random close packing value for
each PSD. That s, all of our samples are at a fixed volume frac-
tion of 48.5%, and this can be compared to the random close
packing volume fraction which should depend on the PSDs.

To determine the random close packing volume fraction for
our three PSDs, we follow the computational methods of Xu
et al [65], and Desmond and Weeks [46, 66]. Briefly, we start
by taking the experimentally determined PSD (in other words,
the data shown in figures 7 and 8(a)) and generating N ran-
dom particle radii consistent with the desired PSD. We ran-
domly place these N particles in a large cubical box with peri-
odic boundary conditions, with the box size chosen so that the
starting volume fraction is 1% (or 0.1% if the ratio of largest
particle radius to smallest is larger than 50).

Starting from this initial condition, we gradually increase
the size of all particles in small steps and move particles that
overlap until we reach a close packed state. Specifically, at
each size increase step, we expand the particles by multiply-
ing their radii by 1 + ¢, so that the PSD remains unchanged
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except for the overall scale. In particular, the polydispersity,
skewness, and kurtosis remain unchanged. After an expansion
step, we then examine all particles that are touching another
particle. We treat each particle as a soft particle with an inter-
action potential that is equal to the square of the overlap of
each particle pair. That is, this potential goes smoothly to zero
at the separation distance r;; equal to the sum of the two particle
radii (R; + R;); and the potential increases as (R; + Rj—r,-j)2
when particles overlap. We consider overlapping particles in
random order, moving an individual particle via two conjug-
ate gradient steps to minimize the interaction energy, hope-
fully to zero. For any particles not in contact with any other
particles, we move them a small random step (if that does not
cause any new overlaps). This random step facilitates find-
ing dense packings. When the total system energy is reduced
below a numerical tolerance, the next expansion step is
tried.

At some point, the total system energy cannot be reduced
below the chosen tolerance. The program then reverts to a
lower volume fraction, reduces the expansion factor ¢, and
then tries another expansion step. This is repeated until no
expansion seems to be possible. At this point, the computation
slightly decreases the size of all particles (by a uniform multi-
plicative factor) so that the energy is strictly zero, which is to
say that no particles are overlapping at all, and this determines
the final random close packing state for the N particles.

We then repeat this process many times for N = 300, 400,
800, and 1600; each repetition is with a new set of N ran-
dom particle sizes drawn from the desired PSD. For each N,
we then compute the mean observed random close packing
volume fraction. Following the work of Desmond and Weeks
[66], we note that the mean volume fraction grows linearly
with N~!/3_ thus allowing us to extrapolate to the N — oo limit.

For a perfectly monodisperse packing, this algorithm yields
¢rep = 63.6 = 0.1%, in good agreement with prior obser-
vations. For our experimentally measured PSDs, we find
¢rep = 67.3 + 0.2% (fluid A), ¢rep = 71.4 £ 5.7% (fluid
B), and ¢rcp = 79.6 £ 5.0% (fluid C). The significantly lar-
ger uncertainties for fluids B and C are due to the difficulty
in adequately sampling such broad PSDs. That being said,
clearly the more polydisperse size distributions can be packed
to larger values for their random close packing volume frac-
tion. This is quite consistent with our observation that these
samples have lower off-state viscosities: essentially, they have
more free volume to rearrange and flow, as (at constant volume
fraction 48.5%) they are farther from their maximum possible
volume fractions.

Table 5 compares the random close packing volume frac-
tions calculated by each algorithm. It is worth noting, however,
that there is a discrepancy between the methods. For Farr and
Groot [63], the random close packing was computed using a
log-normal distribution and the standard deviations obtained
from equation 5. The method from Desmond and Weeks [46],
in turn, uses the actual histograms (which are not perfectly log-
normal) to compute the random close packing.

It is worth mentioning that, although the values calculated
by the algorithms are slightly different, the trend presented by
both is the same: an increase in the maximum random close

Table 5. A comparison between the values calculated by the rod
distribution algorithm (1D, Farr and Groot [63]) and the random
close packing algorithm (3D, Desmond and Weeks [46]).

MRF ¢rep (1D) ¢rep (3D)

A 69.6% 67.3 +£02%
B 74.0% 71.4 +£5.7%
C 81.2% 79.6 = 5.0%

packing fraction with an increasing polydispersity of each size
blend. Through these results, it is possible to explain the reduc-
tion in the viscosity of each MRF.

7. The effect of polydispersity on the suspension’s
stability

71. Sedimentation ratio

Stability is a term that can be confusing when it comes
to magnetorheology. Unlike ferrofluids, colloidal dispersions
of nanometric particles that, when adequately prepared, are
stable in terms of particle coagulation, MRF are classified as
non-Brownian dispersions since the most common materials
used during preparation are carbonyl iron powders, with typ-
ical sizes between 1-20 pum. Therefore, they tend not to be
stable against settling.

However, we do not refer to colloidal stability, that is, the
aggregation of individual particles in flocs, but rather the sta-
bility of two phases with very different densities: a dense phase
of micrometric iron (p =~ 7860kg/m?) and a phase of syn-
thetic, low polarity liquid (polyalphaolefin oil with a density
of 796 kg m~3). In very low concentrations (about 1 vol%),
one could use the classical Stokes’ equation to describe the
velocity of sedimentation vgq of spheres in Newtonian fluids:

glps—pd

181) ®

Vsed =

where g is the acceleration of gravity, p the densities of the
solid phase (s) and liquid phase (1), respectively; d is the
particle’s diameter and 7 is the viscosity of the surrounding
fluid.

However, we have a very high concentration of solid
particles (¢ = 0.485), and the most significant limitation of
Stokes’ equation, in this case, is the so-called ‘hindered
settling’ since the particles start to collide. In addition,
there’s also polydispersity, which affects packing efficiency.
Although there are theoretical models that attempt to correct
the Stokes equation with hindered settling, few models include
the effect of polydispersity.

In this context, the stabilities of each suspension can be
analyzed visually: according to the procedures described in
section 4.4, immediately after preparing the samples, the MRF
were transferred to transparent, cylindrical test tubes (inner
diameter of 14 mm and height of 104 mm) and the bound-
ary between the sediment and the oil phase was recorded over
time, every 24 h. The sedimentation ratio (S.R.) was then com-
puted as:
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Figure 14. The sedimentation ratio as a function of time for the
three MREF, visually measured through the sediment height method.
The test tubes were under rest, at normal gravity and room
temperature (20 £ 5 °C).

sediment mudline height (mm)
initial height MRF (mm)

SR. = x 100.  (9)

Figure 14 illustrates the sedimentation of the three blends
according to the procedure described in section 4.

From figure 14, one can see that: (1) while blend A took less
than a week (6 d) to reach the end of its sedimentation, blends
B and C took about two and three weeks, respectively. The
sedimentation of blend B took up to 15 d, while that of blend C
took 20 d. (2) The sedimentation ratio decreases by increasing
polydispersity; the greater the polydispersity, the greater the
height of the oil layer (supernatant). This was already expected
since broader PSDs show greater maximum packing fractions,
as their particles are more compacted, reducing the height of
sediment. (3) The final sediment ratios were 94.2%, 90.4%,
and 85.6% for blends A, B, and C, respectively.

Thus, the experiment confirms, at least qualitatively, the
order of magnitude of ¢,,,. (RCP) predicted by the simulations
from Farr and Groot [63] and Desmond and Weeks [46]: the
greater the maximum packing fraction, the more compact the
sediment and, thus, the smaller its volume.

It is also worth noting that the sedimentation curves can
be divided into five distinct regions: 1) the first 24 h, where
it is impossible to notice differences between the three mix-
tures, and the particles begin to sediment individually, form-
ing a network of flocs. 2) the interval between the second
and fourth days, where the sediment/liquid interface (mudline)
moves at an almost constant rate, with the flocs settling at the
same speed. In this interval, the three mixtures show nearly
identical settling behavior, and the slope of this region can be
treated as the sedimentation rate. For blend A, this rate was
0.48%/day, and for blends B and C, 0.54%/day and 0.7%/day,
respectively. 3) the fifth day, where A already differentiates
itself from the others and stops its sedimentation. 4) the inter-
val between the fifth and the seventh day, where mixtures B

Table 6. Stability grades according to the turbiscan index.

TSI value 0-05 05-1.0 1.0-3.0 3.0-10.0 >10.0

Stability grade ~ A+ A B C D

and C remain at the same level of sedimentation and start to
differentiate, continuing to settle until almost three weeks. 5)
the 6th, 15th, and 20th day for blends A, B, and C, respect-
ively, where the sedimentation ends, and any changes are no
longer visible [74].

The volume of sediment in the final region is called ter-
minal sediment volume (TSV). It can be interpreted as the
fraction of the initial volume that is present in the sediment
[74-76]. The following expression can be used to compute the
TSV:

Hy o

TSV = =
qj)H(Z—)oo) S-R-Final

(10)

where ¢ is the volume fraction of solids (48.5 vol% for all
mixtures), Hy is the height of the column when settling began,
H o0 is the height after settling is complete, and S.R.fina
is the sedimentation ratio after the height of the sediment is
stable. The TSV values were, therefore, 0.515 for blend A,
0.536 for blend B, and 0.567 for blend C. As expected, with
the higher polydispersity, the more compact the sediment and
higher the value of TSV.

72. Destabilization kinetics — TSI (global)

Another valuable way to analyze sedimentation is by using
the Turbiscan equipment (Formulaction France) and their so-
called TSI [77]. This index measures the colloidal stability
of dispersions and emulsions through transmitted or backs-
cattered infrared light (A = 850nm) [78]. Many authors have
already used this type of analysis to assess the stability of MR
fluids against sedimentation, such as Kim and Choi [79], Dong
et al [80], Cvek et al [81].

The destabilization kinetics of the three samples can be eas-
ily compared through the TSI. According to the instrument’s
operation manual [82]: ‘These kinetics are based on the fol-
lowing computation, comparing every scan of a measurement
to the previous one, on the selected height, and dividing the
result by the total selected height in order to obtain a result
which does not depend on the quantity of product in the meas-
uring cell.” Mathematically, the TSI can be expressed as:

Y _plscani (h) — scan;_y (h)]
B H

TSI an
where H is the total height of the sample in the test tube, and
scan; is the result of each measurement (vertical optical trans-
mitted or backscattered light) from the Turbiscan. The user
defines the intervals, which can be adjusted through the instru-
ment’s software.

Also, according to the manufacturer, one can classify the
stability of dispersions through the TSI values, as shown in
table 6 [82]:



Smart Mater. Struct. 32 (2023) 045014

J G F Manuel et al

(a) 1.50 ———— —
1.25 __ A _
—B
~ 1.00 —C 1
©
8
S 0.754 1
@B
= 0.50 1
0.25- 1
0.00 ——
0 3 6 9 12 15 18 21 24

Time (hours)

(b) —————
10
m— A «"
o B
8 A C
g 6. & .
o 0
n
'_

10 12 14 16 18
Time (days)

Figure 15. (a) The TSI (global) as a function of time, measured during the first 24 h. Readings were taken each 10 min. (b) The TSI (global)

as a function of time, measured after the first 24 h.

From figure 15(a), we can see that, at the beginning of
the test, there is no difference in stability for the three MRF
samples, and all of them would be graded A+ (TSI < 0.5). But,
after six hours, these samples start to differentiate: samples B
and C are graded A (0.5 < TSI < 1.0), and sample A, after
18 h, is graded B (TSI > 1.0).

However, from figure 15(b), one can see that the destabil-
ization kinetics differs significantly after the first day: fluid A,
after two weeks of sedimentation, is graded B (TSI < 3.0),
while samples B and C are graded C (3.0 < TSI < 10.0). After
15 d, sample C would likely change to grade D (TSI > 10.0).

Although the stability test with turbiscan is very sensitive
and detects changes at the top of the test tubes and in the
middle and bottom, the TSI values confirm the same trend
observed during the sedimentation tests: sample A stops sed-
imenting more quickly than the other samples. Furthermore,
the changes in its TSI values are negligible after eight days.
On the other hand, samples B and C continue to change their
TSI values, with sample C being the least kinetically stable.

However, one must take care: although sample C (the most
polydisperse) did sediment the most and showed more pro-
nounced destabilization kinetics, it is not possible to conclude
that this sample is the worst when it comes to redispersibil-
ity. For that, redispersibility tests were also performed, and
the results are shown in the supplementary material.

8. On-state yield stress and void fraction

To explain the increase in the yield stress under magnetic field,
the Brouwers model [83] can be used. Considering the max-
imum packing fraction of each blend, ¢n,x, one can define the
void fraction ¢ as:
©=1— Pmax. (12)
As the data from the PSD are log-normally distributed, the
log-normal void fraction (¢“V), according to the Brouwers
model, is given by:

L

© —V2mB(1—p1)

N=p0, (13)

where 0, = €7 is the geometric standard deviation, ¢, is the
single-sized void fraction of the considered particle shape and
B is the gradient in void fraction in the limit of a monosized
system to a two-component system. It is worth noting that both
1 and S are physically defined constants and depend only on
particle shape and the type of packing.

Rearranging equations (12) and (13), one can obtain the
log-normal maximum packing fraction ¢LN :

max*

LN __
max ~

—V2rB(1—¢1)

1 — 0, . (14)

It is also worth remembering that (;SE;IX = Pmax ~ PRCP-
From equation (13), it is clear that the log-normal void frac-
tion is strictly related to the standard deviation of the size
distributions: by increasing the standard deviation (polydis-
persity) of the blends, the void fraction between the particles
decreases, and the maximum packing fraction increases. This
could be used to explain the performance gain of the on-state
yield stress: a reduction in the void fraction could potentially
strengthen the chain-like structures, increasing the yield stress
and, therefore, increasing its resistance to break and flow.

To the best of our knowledge, the presented results are
unprecedented and contradicts what has been commonly
reported in the magnetorheology literature, so far. From the
data, it can be seen that it is possible to optimize the main
properties of a concentrated MRF (low off-state viscosity and
high on-state yield stress) by increasing the polydispersity of
the dispersed solid phase. Furthermore, these results point to
the need for more studies on the influence of PSD in concen-
trated MRF and pave the way to the formulation of MRF with a
more pronounced magnetorheological effect, further improv-
ing their applicability in mechanical systems.

This work aimed to demonstrate that polydispersity,
described by size distributions of micrometric carbonyl iron
particles with the same mode of ~7 um, but different dis-
tribution widths, influences the maximum packing of these
particles. In this context, three blends with the same volume
fraction of 48.5 vol% were prepared; their difference was
essentially only the width of the size histograms. Due to
an increase in maximum packing, the shear viscosity in the
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absence of a magnetic field is reduced by increasing poly-
dispersity, as expected. In addition, contrary to what is often
reported in the literature, we observed that this increase in
polydispersity also increases the MR effect under an applied
magnetic field induction Byrr ~ 0.57 T with the gap filled
with the MREF, at the CSS ramp test. Although it was not
our objective to evaluate the effect of polydispersity on these
MREF formulations’ stability (or redispersibility), the results of
these tests are also presented. Redispersibility as supplement-
ary material. The redispersibility of the samples was measured
after 30 d at rest under normal gravity (natural sedimentation).
For more details on this essay, we recommend the reference
Gomes de Sousa and Bombard [13]. Such tests unequivoc-
ally demonstrate that increasing polydispersity improves the
redispersibility.

9. Conclusion

Among the many challenges encountered during the develop-
ment of an MREF, the optimization of its main rheological prop-
erties (off-state viscosity and on-state yield stress) proves to
be crucial and one of the several ways to do this is by adjust-
ing the polydispersity. In this work, MRF whose size distribu-
tions showed the same mode (~7 pm), but different degrees
of polydispersity (ap = 0.46, ag = 0.75, and ac = 1.44)
were prepared and investigated through experiments and sim-
ulations. By critically analyzing the data, it was observed that
the widening of the size distributions caused an increase in the
random close packing volume fractions (from 69.6% to 81.2%
in the 1D case and from 67.3 £+ 0.2% to 79.6 £ 5.0% in the
3D case) which, in turn, generates a decrease of about 90%
(from 4.8 Pa.s to 0.5 Pa.s) in the off-state plastic viscosity and
an increase of 40% (from 30.0 + 0.5 kPa to 42 + 2 kPa) in
the on-state yield stress of the prepared fluids. The increase in
the on-state yield stress could be assigned to a decrease in the
void fractions, which strengthens the chain-like structures of
the MRF. These results show that, contrary to what the literat-
ure often reports, it is possible to optimize the magnetorheolo-
gical effect by increasing the polydispersity of the solid phase
and point to the need for more studies on the influence of PSD
in concentrated MRF. As a proposal for future works, further
experiments are suggested, to investigate whether the observed
trend applies to other smart materials, such as magnetorheolo-
gical gels and electrorheological fluids, in addition to MRF
with different materials and volume fractions. It is also sug-
gested an evaluation of the effects of skewness and kurtosis on
different size distributions of concentrated MRFs.
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