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Rheological measurements on dense suspensions containing dendrite-like particles
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During alloy solidification, equiaxed dendrites often move within the solidifying liquid. As this motion is
one of the main causes of macrosegregation, a deeper understanding of the behavior of suspensions containing
dendrite-like particles is particularly important. Inspired by rheological investigations with dense suspensions
containing spheres, pressure-imposed rheological measurements using an annular shear cell were performed and
applied to suspensions containing 3D-printed dendrite-like particles. The results indicate that the concept of the
friction coefficient for spheres can be adapted by using appropriate coefficients and suitably reduced mechanical
coherency limits. Consequently, the particle pressure of interacting, moving dendrite-like particles in liquids can
be effectively described. However, direct measurement of the shear rate was not possible due to the shallowness
of the rheological cell used. Nevertheless, the viscosity of suspension containing dendrite-like particles could
be estimated indirectly by adapting the dimensionless friction number originally proposed for suspensions with
spheres. An increase in viscosity at the same reduced solid fraction, due to the specific morphology of the
dendrite-like particles, is predicted. While spheres predominantly interact by sliding past one another, dendrite-

like particles—particularly those with long sidearms—interact mainly through rotation.

DOI: 10.1103/nmkb-mj7x

I. INTRODUCTION

As alloys solidify, equiaxed crystals often occupy large
regions within a casting [1,2]. Therefore, an exact prediction
of the microstructure is only possible when the formation,
growth, and transport of these crystals are thoroughly un-
derstood [3-5]. However, one aspect that remains poorly
understood is the transport of equiaxed crystals, especially as
influenced by buoyancy or forced convection. While studies
involving single crystals [6-9] or loosely packed assem-
blages [10] provide useful data, they are insufficient when
the crystal-crystal interactions become significant. For this
reason, Beckermann et al., in their pioneering work on so-
lidification volume-averaging models [11,12], adopted the
well-known Krieger—Dougherty expression [13,14] for the
mixture viscosity of suspensions of rigid spheres, which varies
with solid fraction, gy, as

~2.585.¢
i = (1= 2) (M

where g; . is a critical volume fraction at which 5y tends
to infinity and the crystal-melt mixture ceases to flow. Here,
ne in Eq. (1) represents the viscosity of the melt without any
crystals. The authors stated that this approach accounts for the
presence of multiple crystals and their interactions within the
averaging volume.

The expression in Eq. (1) was also extensively used to
predict the microstructure of large castings, specifically ac-
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counting for the sedimentation of equiaxed crystals [15-17].
The key limitation in these studies was the assumption of
globular equiaxed crystals and the use of the random close
packing limit of equally sized spheres for g .. Subsequent
developments of the solidification volume-averaging model
addressed the fact that, in most cases, equiaxed crystals ex-
hibit a dendritic shape rather than being spherical. This was
accounted for by differentiating between extra- and interden-
dritic melt [18,19]. The commonly used model of this kind
considers an octahedral equivalent envelope shape to separate
the extra- and interdendritic melt. It also introduced the con-
cept of sphericity for the effective surface area through which
diffusion occurs from the dendritic grains into the bulk melt
[20,21]. However, Eq. (1) was continued to be applied, with
gs now representing the volume fraction of the sum of both
the dendritic solid and the interdendritic liquid. It is important
to note that the interdendritic melt was assumed to move in
conjunction with the dendritic crystals. Sphericity,V, is the
ratio of the surface area of an equivalent sphere to the surface
area of a non-spherical particle with the same volume as the
equivalent sphere.

Within the solidification community, the jamming point
at g, . is referred to as the mechanical coherency or rigidity
point, and it should be distinguished from the dendritic co-
herency point. As outlined by Dahle and St. John [22], the
behavior of a semisolid mush (a term used by the solidification
community for the corresponding suspension) can be divided
into three regions of distinct mechanical and feeding behav-
iors. For g, below the dendritic coherency point, the semisolid
mush (dendritic suspension) exhibits no measurable shear
strength, as interactions between individual crystals can be ne-
glected. Between the dendritic and the mechanical coherency
points, crystal-crystal interactions cause the shear strength to
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FIG. 1. (a) Rendered image of an OSP6 (six quadrilateral pyra-
mids attached to the six square faces of a cuboctahedron), and (b) fcc
‘phase field’ crystal similar to that shown in Fig. 2 of [26], provided
by one of the authors (M.R.). The OSP6 approximation captures the
overall geometry of a sixfold dendritic equiaxed crystal, excluding
the details of the secondary sidearms.

increase. When g, exceeds the mechanical coherency point,
solid bridges form between the crystals, enabling the trans-
mission of stresses through the solid skeleton [23]. However,
due to the high shear stresses involved in the third regime, it
is not relevant for the present study.

It is well known that both the dendritic and the mechanical
coherency points are strongly influenced by the morphology
of the crystals [22,24]. Alloys that solidify with dendritic
grains have significantly lower transition points compared
to alloys that solidify more globularly. Olmedilla ez al. [10]
compared the sedimentation behavior of spherical particles
with that of hexapod particles (which have a sphericity of
less than one). They found the packing fraction for hexapods
in glycerol is g; . & 0.4, compared to g, . =~ 0.6 for spheres.
The volume-averaged packing fraction in the packed bed was
calculated as the ratio of the total volume of the particles to
the total volume occupied by the packed bed. This quantity
corresponds to the critical solid fraction at the jamming point,
assuming random, very loose packing. Alongside their exper-
imental work, Olmedilla et al. performed discrete element
method (DEM) simulations and suggested that the packing
limit depends on the sphericity of their simplified equiaxed
hexapods.

Approximating dendritic equiaxed crystals with six quadri-
lateral pyramids attached to a central cube, as suggested by
Olmedilla et al. [10], is relatively uncommon. A more fre-
quently used approximation is to attach the six quadrilateral
pyramids to the six square faces of a cuboctahedron (abbre-
viated as OSP6). This shape was used by de Groh et al. in
1993 [6], by Badillo ef al. in 2007 [8,9], and by the author’s
team in 2010 [25] within a volume-averaging solidification
model. The rationale for using this approximation is that it
closely envelopes the primary and secondary arm tips of an
equiaxed dendritic crystal, which typically exhibits fcc or bee
crystallography. In Fig. 1, an OSP6 object is compared to
a simulated fcc ‘phase field’ crystal that realistically repro-
duces the shape of equiaxed crystals [26]. While the OSP6
approximation neglects some details of the secondary
sidearms, it effectively captures the main features of the crys-
tal shape.

As outlined in [6], an OSP6 object is fully characterized
by two parameters: (i) the pyramid angle, «, defined as the
angle between the primary dendrite arm axis and a straight
line connecting the tips of the secondary arms, and (ii) the
distance between the tips of two opposing pyramids, dosps-
With these two parameters, the volume and the surface area of
an OSP6 can be calculated. The sphericity of an OSP6 can be
expressed solely as a function of «.

Boyer et al. [27] found that dense suspensions containing
spherical particles of equal size can be fully characterized by
the evolution of two quantities: the friction coefficient, u =
7/P?, and the dimensionless viscous number, I, = nyy /PP.
Using these two quantities, the shear stress, 7, and the particle
pressure, PP, can be expressed as functions of the shear rate,
v, as follows:

W .
T=uP’ = gV =Ny 2
and
.1 .
PP = NV =My 3)

where 7 is the viscosity of the suspending liquid, n, = /I,
is the dimensionless shear viscosity, and n, = 1/1, is the
dimensionless normal viscosity of the suspension. For © and
I,, Boyer et al. [27] found the following relationships:

w(gs) = p1 + “2;’“2
L ho/ ()
-
+ <M>2 + U38s c‘(éﬂ>v “4)
8s ’ 8s
=un
and
_ 2
I(g,) = (%) : 5)

As empirical quantities, they used wu; = 0.32, u, = 0.7,
n3 = 2.5, and Iy = 0.005. The quantity . was identified as
the contact friction coefficient and p;, as the hydrodynamic
contribution to the friction coefficient. The solid volume frac-
tion at which the viscosity of the suspension diverges was
found to be g, . = 0.585.

Boyer et al. [27] obtained their findings by conducting
pressure-imposed rheological measurements using an annu-
lar shear cell. This setup confined a suspension of solid
spheres in a Newtonian liquid between a static truncated
cone and a rotating annulus. The annulus was semiper-
meable and free to move vertically. The input parameters
for the experiments were the torque, M, and the force, F,
exerted by the rotating annulus on the suspension. The mea-
surements captured the resulting rotational speed, w, and
the vertical displacement of the annulus, §, after reaching
quasi-steady-state conditions, typically after around 30 min-
utes. Initially, the suspension had a solid volume fraction of
gs0 with the annulus positioned at § = 0 with a zero nor-
mal force. From the measured M and F, the shear stress,
T =3M/2n (Rg —R*;) = ayM, and the particle pressure, PP =
F/n(R3—R?) = arF, were calculated. Boyer et al. used Ry =
44 mm and R, = 90 mm as the inner and the outer radii
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FIG. 2. CAD models and 3D-printed OSP6 particles with differ-
ent sphericities, W, and tip angles, «. Although particles A, B, and
C differ markedly in their tip-to-tip length, they each encapsulate the
same volume.

of the rheometer, and thus got ay; = 741.62m > and of =
51.64 m~2. The resulting solid volume fraction could be cal-
culated from the measured & value as g = gs0/(1 + asd)
with a5 = [3Ry(R3—R3)]/[2(R3—R3)H,] = 71.81 m~!. This
was derived from straightforward geometrical arguments,
with H, = 18 mm being the cell depth at the outer radius R;
when § = 0.

This report describes our attempt to replicate the exper-
iment outlined by Boyer et al. [27], replacing the spherical
particles by 3D-printed, dendrite-like OSP6 particles of com-
parable size. In addition, it investigates whether Eq. (1)
remains a good approximation for the mixture viscosity of a
suspension containing equal-sized OSP6 particles when the
parameter g; . is adjusted to account for particle sphericity.

II. EXPERIMENTAL PROCEDURE
A. 3D-printed dendrite-like OSP6 particles

In order to perform rheological measurements on suspen-
sions containing OSP6 particles of equal size, a sufficient
amount of particles was produced. We used OSP6 particles
with sphericities of ¥ = 0.6, 0.75, and 0.9 (Fig. 2), corre-
sponding to tip angles of « = 20°, 34°, and 54°. According to
Olmedilla et al. [10], objects with these sphericity values are
expected to have packing limits of g = 0.35, 0.42, and 0.51
(taken from Fig. 6 in [10]). Assuming that all produced OSP6
particles had an equivalent sphere radius comparable to the
larger spheres used by Boyer et al. (r,,0sps = 0.55 mm), it was
necessary to produce approximately 102 000 A-type particles
with ¥ = 0.6, 122000 B-type particles with ¥ = (.75, and
149 000 C-type particles with & = 0.9. These quantities were
calculated to achieve maximum filling of the rheometer cell
for different g, .. The corresponding tip-to-tip lengths were
di—y = 2.6 mm, 1.9 mm, and 1.4 mm. Figure 2 shows CAD

models and detailed views of the 3D-printed OSP6 particles,
while Fig. 3 presents ensembles of the different OSP6 particle
types.

The OSP6 particles were produced using a ProJet Multi
Jet Printing 2500Plus 3D printer with VisiJet® Armor M2G-
HT90 as the particle material, which has a density of
1.15 g/cm?. In this process, the liquid photopolymer resin is
sprayed onto a build platform through fine nozzles in a print
head. A UV light source then passes over the fine droplets and
cures each layer. During printing, the objects are supported
with paraffin, which is subsequently melted away during post-
processing.

For paraffin removal, a constantly stirred water—particle
suspension was maintained at 80 °C, while a filter-screen
piston was slowly lowered, pressing the particles downward
as the paraffin floated to the surface. This procedure separated
the particles from the paraffin, causing the particles to sink in
the water. Finally, the particles were collected using a sieve
and then dried. Some of them were colored with ink for
tracking purposes.

B. The rheological experiments

Pressure-imposed rheological measurements on dense sus-
pensions were conducted using a self-constructed annular
shear cell mounted on an Anton Paar MCR 702 rheometer,
following a procedure similar to that described by Boyer
et al. [27]. Three different sets of dendrite-like OSP6 particles
(types A, B, and C), produced by 3D printing, were dispersed
in glycerol or PEG-PPG.

For a given solid fraction of a specific particle type, and for
fixed values of torque and normal force, the rotation rate and
the cover position were recorded as functions of time. Typ-
ically, 10 to 12 measurements were performed sequentially,
with each experiment lasting 1800 s. After this period, the
torque and normal force were automatically adjusted. Figure 4
shows an example of such a set of measurements. All mea-
surement data used in this publication are available under [28].
Further details and a schematic illustration of the experimental
setup can be found in [27].

In their experiment, Boyer et al. used two systems: (i)
poly(methyl methacrylate) (PMMA) spheres (d = 1.10 mm)
in a Triton X-100/water/zinc chloride mixture with 7y =
3.1 Pa-s, and (ii) polystyrene (PS) spheres (d = 0.58 mm)
in polyethylene glycol-ran-propylene glycol monobutyl ether
(PEG-PPG) with ny = 2.15 Pa-s at 25 °C. We could not use
the Triton X-100 mixture because its use has been restricted
in the European Union since 2021 due to endocrine-disrupting
degradation products. We have thus used glycerol (n; = 1.48
Pa-s at 20 °C) as an alternative. The density of glycerolis p =
1.26 g/cm? at 25 °C, and that of PEG-PPG p = 1.05 g/cm?
at 20 °C. ny = aT?*+ bT + ¢ with a = 0.0048 Pa - s/°C?,
b= —0.3177Pa-s/°C, and c = 5.8987 Par-sand a =0, b =
—0.122Pa-s/°C, and ¢ = 5.2 Pa-s were assumed for the
temperature dependence of the viscosity of glycerol and PEG-
PPG, respectively.

Our replica of Boyer’s rheometer cell had slightly different
dimensions. We measured R; = 43.7 mm, R, = 90.6 mm,
H; = 8.6 mm, and H, = 17.56 mm, which yielded values of
ay =723.19m73, ap = 50.54m~2, and o5 = 73.58 m~! for
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FIG. 3. Ensembles of 3D-printed dendrite-like particles that reproduce the envelope shape of equiaxed dendritic crystals commonly formed
during alloy solidification. Some of the particles were colored to aid tracking during the rheological experiments.

the constants that relate the shear stress, t, to the torque, M,
the pressure, P?, to the force, F', and the solid fraction, g,
to the change in the cover position, § = Ad, respectively.
The rheometer was operated with two different porous
covers (rotating annuli) with slightly different radii: R, =
44.1 mm and R, = 89.9 mm for the first cover, and R =
44.25 mm and R, = 89.75 mm for the second. These dimen-
sions resulted in inner and outer gaps of 0.4 mm and 0.7 mm
for the first cover, and 0.55 mm and 0.85 mm for the second.
For both covers, careful adjustment was required to ensure
frictionless rotation at different vertical positions of the cover.
Interstitial fluid passed through the porous cover via 5 mm
holes covered with a 200 um nylon mesh. The lower surface
of the covers was roughened by gluing steel bars onto them:
60 bars with a 0.5-mm-square cross section on the first cover,
and 45 bars with a 1.5-mm-square cross section on the second.
The first cover was used for experiments with B- and C-type

particles, whereas the second cover was used for A-type
particles. On the bottom side, 45 Plexiglas bars with a 1.5-
mm-square cross section were mounted on the static truncated
cone.

Figure 4 shows a typical sequence of twelve experimental
measurements. The torque, M, and the normal force, F', were
held constant at predefined inputs, while the resulting rotation
speed, w, and the vertical cover position, d, were recorded as
responses. In order to compensate for the hydrostatic weight
of the suspension column, F was set to zero before the start
of the experimental run. For each measurement, the system
was allowed to approach a quasi-steady-state condition over
a duration of 1800 s. However, as demonstrated in Fig. 4,
steady-state conditions for w, d, or both were not always
reached within the 1800 s window. The corresponding data
from these specific intervals were therefore omitted from
the subsequent analysis. For each valid measurement, the
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FIG. 4. Example of 12 measurements, each lasting 1800 s, for A-type particles in PEG-PPG. The process parameters included torques of
M = 202, 135, and 170 mNm, and normal forces of F = 1.67, 1.9, 3.0, 4.0, 1.44, 2.0, 1.7, 2.2, 2.4, 3.0, 1.7, and 2.0 N. The rotation speed @
and the cover position d were recorded under quasi-steady-state conditions.
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TABLE 1. Applied coefficients for the friction coefficient of
particles of A-, B-, and C-type in glycerol and PEG-PPG and cor-
responding values for spheres from Boyer et al. [27]. In all cases,
n3 = 2.5 was set. The data labeled with “Eq. u,/Iy” were used for
the w(g,) functions on which the curves in Figs. 68 are based.

A B C Spheres [27]
8s.c 0.310 0.395 0.465 0.585
I 0.70 0.60 0.55 0.32
Eq. wp/lh 225/0.123 3.50/0.313 2.50/0.080 0.7/0.005
Eq.+ no/ly  4.00/0.385 10.5/1.364 3.75/0.200
Eq.- wo/ly 1.75/0.050  2.10/1.03  2.00/0.034

resulting values of M, F, w and d were used to calculate the
friction coefficient (1) and the dimensionless viscous number
(I,), which are the quantities used to fully characterize the
suspension.

III. RESULTS

Figure 5 shows the measured friction coefficient, u =
7/PP, as a function of solid volume fraction, g, for the three
different dendrite-like particle types (A, B, and C) in both
glycerol and PEG-PPG. As discussed in the next section, for
Fig. 5, PP (and thus w) has not been modified to account for
buoyancy effects.

When processing A-type particles, it occasionally occurred
that a particle tip entered the gap between the rotation an-
nulus and the cell wall. This had immediate observable
consequences: either the measured force began to fluctuate
irregularly, or the rotation stopped completely. We therefore
evaluated only those measurements for the A-type particles in
which no force irregularities occurred.

The solid and dashed lines, which approximately match
the measurements, were estimated based on the following
considerations.

(1) The solid volume fraction at which the viscosity of the
suspension diverges, g ., was assumed to be independent of
the liquid medium. It was initially approximated using Fig. 6
of Ref. [10] and subsequently refined by simultaneously vary-
ing g and w; such that (i) an acceptable agreement between
the u — g, curves and the measurements at larger g; values
and (ii) an acceptable agreement between the wny — g curves
and the corresponding measurements at larger g, values (see
below) were achieved. Note that the u — g, curves exhibit a
minimum at g; = g5 and © = p;. Using this procedure, an
uncertainty of £0.005 for g, . and £0.003 for @; must be
considered.

(2) The contact friction coefficient, .= w1 + (u2 —
w1/ + I((gs.c — &5)/85) 21, [see Eq. (4)], was assumed to
depend only on the particle type and not on the liquid type.
The coefficients w,, and /y were varied to achieve an accept-
able agreement between the u — g, curves for a given particle
type and the measurements (in both liquids).

(3) The hydrodynamic friction coefficient, u;, =
((gs,c - gs)/gs)2 + /'L3gs,c((gs,c - gs)/gs)a [see EQ- @],
was assumed to be identical for both liquids and equal to that
of spheres with 3 = 2.5, in accordance with Einstein’s PhD
thesis [29-31]. Consequently, in the limit of a vanishing solid

@ 24 T~
e A/Gall
20 4 NG o AP, all
T T
AR ——AEq
1.6 - D A A Eq.+
i S R A Eq--
3. 1.2 S
0.8 - =S
0.4 . . | .
0.21 0.23 0.25 0.27 0.29 0.31
& [']
b 24
e B/Gall
2.0 1 o B/P,all
—BEq
1.6 4 N -
T~ ERE
12
0.8 1
0.4 T T T T T
028 030 032 034 036 038 040
gs [']
© 24
I r e (C/G.all
201 R . o C/P,all
TN ——CEq.
1.6 - k.
- 2
<2
0.8 -
0.4

0.35 0.37 0.39 0.41 0.43 0.45
& [']

FIG. 5. Friction coefficient as a function of solid volume fraction
for A, B, and C particles in glycerol (red) and PEG-PPG (green).
The solid and dashed lines have been estimated according to the
explanations given in the text.

fraction, Einstein’s well-known expression for the mixture
viscosity is recovered.

Table I presents the estimated values of g; ., (1, (2, and Iy
that provide a good fit for the solid lines to the measured data.
At large solid fractions, the ; — g, curve is highly sensitive to
the chosen values of g, . and w;. However, the values of u,
and /y become imprecise. Smaller values of w, and slightly
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FIG. 6. Particle pressure as a function of solid volume fraction
for A particles (a) and C particles (b) processed in both glycerol
and PEG-PPG at different applied torques (M = 135, 150, 170, 202
mNm, as also indicated by the numbers given in the legend). The
dashed lines correspond to the results from Eq. (6), based on the
friction coefficient parameters established in Table I with u, and /y
taken from the Eq. ./l data.

smaller values of [y tend to flatten the u — g, curve, while
larger values of w, and slightly larger values of /) increase the
curvature, with the resulting p — g, curves still lying within
the range of the error bars. This is illustrated in Fig. 5 by the
three curves corresponding to different pairs of u, and [y as
specified in Table I.

The measured quantities were assumed to be accurate
within the following limits: initial solid fraction +-0.008, force
+0.15 N, cover position difference £0.05 mm, rotation speed
+0.1 min~', and suspension temperature 0.2 K. The applied
torque was assumed to be exact. The error bars shown in
Figs. 5-8 were calculated using standard error propagation
laws.

The friction coefficient was used to calculate the particle
pressure as

uM
PP(gy) = ﬁ (6)

8s [_]

FIG. 7. Rotation speed multiplied by the viscosity of the liquid
as a function of solid volume fraction for A particles processed in
glycerol (a) and in PEG-PPG (b) at different applied torques (M =
135, 150, 170, 202 mNm, as also indicated by the numbers given
in the legend). The dotted lines were estimated by applying Eq. (7)
with g = 1150 m~3 for A in glycerol (a) and atp = 950 m 3 for A in
PEG-PPG (b). The friction coefficient parameters were taken from
Table I, with u, and [y as given by the Eq. u, /I data.

where the shear stress 7 is linearly related to the torque
M via T = ayM, with ay =723.19m™> for the present
experimental setup. The corresponding agreement of the mea-
sured particle pressure with Eq. (6) is illustrated in Fig. 6 for A
and C particles processed in both glycerol and PEG-PPG. As
discussed below, the measured particle pressure has not been
corrected for buoyancy effects.

Figures 7 and 8 show measurements of the product of the
rotation speed, w, and the viscosity of the liquid, 7, as a func-
tion of g, for A and C particles processed in glycerol and in
PEG-PPG, respectively. ¢ has been taken to be temperature-
dependent. These measurements follow the equation

M (8.
wnp = —— (g‘ g‘) , )
n(gs) 8s

with ap = 1150m ™ and «y = 950m~3 for A particles in
glycerol and PEG-PPG, respectively, and og = 1500 m~3 for
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FIG. 8. Rotation speed multiplied by the viscosity of the liquid
as a function of solid volume fraction for C particles processed in
glycerol (a) and in PEG-PPG (b) at different applied torques (M =
135, 150, 170, 202 mNm, as also indicated by the numbers given in
the legend). The dotted lines were estimated by applying Eq. (7) with
ap = 1500m~3 for both cases. The friction coefficient parameters
were taken from Table I, with p, and [y as given by the Eq. w, /Iy
data.

C particles and ag = 1050 m~> for B particles (results not
shown).

IV. DISCUSSION

In contrast to spherical particles, OSP6-like particles—
particularly those with longer arms (A-type)—may experi-
ence non-negligible Coulomb wall friction. Unfortunately, the
existing dataset does not allow even an approximate quantifi-
cation of this effect. If present, wall friction would affect both
the estimated shear stress, t, and pressure, P, to a similar
extent, resulting in a uniform upward shift of the u(g,) curve.
This limitation is inherent to the present experimental design.

Owing to the different densities, OSP6 particles float
in glycerol but sink in PEG-PPG. Consequently, buoy-
ancy is expected to contribute a positive pressure for
particles in glycerol and a negative pressure for particles
in PEG-PPG. Initially, this effect was taken into ac-
count by adding the buoyancy correction Pyyoy = &(Pparticle —
Pliquid)8s,0Vo/ (T (R2—R5)) to the measured pressure. Depend-
ing on the initial particle volume fraction, g; o, used in the

initial suspension volume, Vj, this correction ranged from
—3.9 to —5.9N/m? for particles in glycerol and from 3.6 to
5.3N/m? for particles in PEG-PPG. As a result, the yu — g,
curve for particles in glycerol was consistently shifted above
that for PEG-PPG.

However, according to Boyer et al. [27], the friction coeffi-
cient of a suspension should be independent of the suspending
liquid. This is supported by our observations: when no buoy-
ancy correction is applied, the p — g, measurements for
particles in glycerol and in PEG-PPG collapse onto a single
curve, as shown in Fig. 5.

It is evident that particles that are strongly entrained by
a fluid in horizontal motion do not exert a buoyancy force
on objects from which they are separated. Consequently, the
lower the solid fraction and the higher the rotation rate, the
smaller the influence of buoyancy. Conversely, in densely
packed suspensions, the particle pressure turns out to be much
larger than the buoyancy-related pressure correction evaluated
above. In both cases, a buoyancy correction can be neglected.

Consistent with the findings from Olmedilla et al. [10],
our experimental results confirm that the solid volume frac-
tion at which the viscosity of the suspension diverges, g .,
is lower for particles with low sphericity. This behavior can
be attributed to the presence of large sidearms on the parti-
cles, which interlock at relatively low solid volume fractions.
In the solidification community, it is well established that
pressure can be transmitted through a solid skeleton only be-
yond the mechanical coherency (or rigidity) point, rather than
the dendritic coherency point, where crystals first come into
contact [23].

In the present experiments, the particle pressure is an
intrinsic quantity that arises even in the absence of exter-
nal forces. Although jamming becomes more pronounced
for g — gs.c, pressure transmission remains unlikely; only
for g, > g, can pressure be transmitted through the closely
packed particle ensemble. Therefore, g, . corresponds to the
mechanical coherency point referred to by the solidification
community.

The observation that w;, the friction coefficient at g, >~
gs.c» increases with decreasing sphericity is unsurprising, as a
larger particle surface area (at equal volume) results in rougher
interparticle interfaces. The obtained values for p, and Iy
do not show a clear correlation with sphericity. However,
the u — g curves for dendrite-like particles exhibit a higher
curvature than those for spherical particles.

The fact that the values for 1, and I estimated in this work
are somewhat imprecise raises the question of the accuracy
of the values suggested by Boyer et al. [27] for spherical
particles. Based on our experience, it seems plausible that the
u measurements reported by Boyer et al. could also be rea-
sonably approximated by a slightly different set of w, and I
values. Unfortunately, the authors did not report uncertainties
fOr gs,cs /1/1’ I‘LZ’ and lO'

Assuming that the shear rate is linearly related to the ro-
tation speed, as y = a,w, Eq. (7) can be derived from the
definitions of u, I,,, and Eq. (4) with o, = atpr /0. Boyer et al.
[27] assumed linear shearing along the height of the cell and
expressed «,, as the ratio of the mean radius of the rheometer
cell to its mean height, yielding values of &, = 7/h = 4.3 — 5
depending on the actual cover position.

015417-7



ANDREAS LUDWIG et al.

PHYSICAL REVIEW E 114, 015417 (2026)

4
10 ---- Boyeretal. i
® A/G,all l,'
O A/Pall
3 7--i~ AlEq.
10 A B/G,all
A B/P,all
— ——BEq
— 102 ® (/G,all
< O C/Pall
—-—T-CEg-
— i P
s L
10 ==
10° , ,
0.7 0. 9 1.0

8 0.
gs/gs,c[']

FIG. 9. Dimensionless shear viscosity as a function of the nor-
malized solid fraction for the different OSP6 particles processed in
both glycerol and PEG-PPG.

In the present setup, with g = 1150m~> and o =
950 m~3 for A-type particles processed in glycerol and PEG-
PPG, respectively, ap = 1050 m~3 for B-type particles, and
ap = 1500 m~3 for C-type particles processed in both liquids,
the corresponding values of «, are of the order «,, ~ 0.63
and 0.76 for A particles, and approximately o, =~ 0.69 and
o, ~ 0.48 for B- and C-type particles. Consequently, for the
present experiments, the assumption of a linear shearing along
the height is not justified. Instead, the shear profile is most
likely nonlinear, with a strong gradient near the top of the
suspension, close to the rotating cover. This behavior may be
attributed to the nonspherical morphology of the particles and
the viscosity of the liquid (at least for the A-type particles
that reveal a low sphericity). Note that glycerol has a viscosity
of ny = 1.13 Pa-s, whereas PEG-PPG of n; = 2.3 Pa-s, and
thus, motion and rotation of the A-type particles are easier
in glycerol compared to PEG-PPG. For the B-type particles,
a similar behavior was found. For the C-type particles, which
do not have significant sidearms, they behave similarly in both
liquids.

Another critical aspect influencing the apparent shear rate
is the small ratio of cell height to particle size. The cell
height varied between 8.6 and 17.56 mm, whereas the tip-
to-tip distance of the A-type particles was 2.6 mm and that
of the C-type particle was 1.4 mm. Consequently, the ratio
of cell height to particle size ranges only from 3.3 to 6.7
for the A-type particles and from 6.1 to 12.5 for the C-type
particles. In their pioneering paper, Boyer et al. [27] reported
ratios ranging from 7.8 (or 14.8) to 16 (or 30), which en-
sured a smoother, and probably linear, decrease of the shear
rate with depth. It must therefore be acknowledged that the
present configuration is not sufficient to measure the shear rate
directly.

We therefore rely on the assumption that, for the three
kinds of dendrite-like particles, Eq. (5) remains valid, and we
accordingly estimate the dimensionless shear viscosity based
on ny; = wu/l,. The result is presented in Fig. 9. Note that, for
8s —> &s.c, the three curves coincide, while for g, — 0, they
converge toward unity. The assumption that Eq. (5) is valid

naturally implies that the dimensionless normal viscosity of
the suspension, n, = 1/1,, is satisfied.

Surprisingly, the curve for the suspension containing C-
type particles lies above those for suspensions containing A-
or B-type particles. Intuitively, one would expect that the
closer the particle shape is to a sphere, the more closely the
viscosity curve would approach Boyer’s curve. The C-type
particle shape is indeed much closer to spherical than that of
the A- or B-type particles.

However, the C-type particles have planar facets that rub
against one another as they move past each other. On the con-
trary, the A- and B- type particles primarily interact through
pointwise contacts, as they predominately pass one another
by rotation. In addition, the volume fractions processed with
C-type particles (0.35-0.45) are significantly higher than
those for A-type (0.21-0.30) or B-type particles (0.28-0.38).
Consequently, the probability of particle—particle interference
is greater for the C-type particles and thus the additional
friction arising from sliding along the planar facets becomes
significant.

V. CONCLUSIONS

The present investigation demonstrates that the depen-
dence of the friction coefficient on the solid fraction in dense
suspensions containing dendrite-like OSP6 particles follows
the same law proposed by Boyer er al. [27] for spherical
particles. However, the solid fraction at which the suspension
viscosity diverges must be adjusted downward to account for
the reduced sphericity of the OSP6 particles. Furthermore,
the friction coefficient at the jamming point increases as the
sphericity decreases. By adopting an appropriate friction co-
efficient for the different OSP6 particles, both the particle
pressure and its dependence on shear stress can be accurately
described.

Owing to the shape and larger dimensions at equal volume
of the dendrite-like OSP6 particles, the rheometer cell proved
to be too shallow to permit direct measurements of the shear
rate. Nevertheless, it could be shown that for OSP6 particles
the rotation rate still follows the theoretical considerations
proposed for spherical particles, as long as the appropriate
friction coefficient and jamming limits are considered.

Without knowing the shear rate, it is not possible to
evaluate the suspension viscosity directly. However, if the
dimensionless viscous number is assumed to be related to
the solid fraction in the same manner as proposed by Boyer
et al. [27] for spherical particles, the suspension shear rate
can be estimated and consequently the viscosity of the OSP6
suspensions. This indirect estimation indicates that dense sus-
pensions containing OSP6 particles generally exhibit higher
viscosities than those composed of spherical particles. This is
understandable, as dendrite-like particles with sidearms have a
much greater tendency to jam even at lower volume fractions.
During processing, these particles predominantly move past
one another by rotation, whereas spheres interact by sliding
(and rotating).

Interestingly, OSP6 particles without pronounced
sidearms, which more closely resemble spheres, exhibit
a higher suspension viscosity than those with long sidearms.
This behavior can be attributed to the presence of planar
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facets, which may increase friction as the particles slide along
these facets. When pronounced sidearms are present, rotation
is the predominant mechanism by which particles move past
one another, and sliding plays a less significant role.
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