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a b s t r a c t

Experimental and numerical studies of the behavior of a slurry in a shear flow over a rough surface with
a defined micro-structure are presented. A new ring shear device was built which contains an optically
transparent test chamber. Its bottom wall contains arrays of micro-cantilever force sensors simulating a
defined surface roughness created by deep-etching of micro-pillars in a silicon wafer. The results of
visual observation of the interaction of the suspension with the structured surface during severe
deformation are shown. Observations comprise the liquid phase motion, i.e., the interaction between the
liquid phase and solid particles, the movement of separate particles and their interactions with the
micro-pillars. Abrupt changes in rotational motion and translational velocity of particles are observed
that induce mutual collisions and successive formation and break-up of cluster structures of various
types. In addition to the experiments the process was simulated with discrete element (DEM)
simulations. Many characteristics found in the experiments are reproduced by the simulations.
Furthermore the physical quantities of the process like contact forces or velocities can be quantified
which helps us to develop more detailed models of the abrasive behavior of slurries.

& 2014 Published by Elsevier Ltd.

1. Introduction

In many technical applications of material processing and
process technology, such as grinding, lapping, and wire sawing,
suspensions of abrasive particles and a carrier fluid (slurries) are
used to cause the micro-mechanical removal and to ensure the
transport of the removed material [1–3]. Here, the removal process
happens in a narrow gap between the process tool and the
workpiece surface. The complex mechanical behavior of abrasive
particles in interaction with the walls and multiple contacts
among each other in the process gap as well as cluster formation
and break-up are not yet sufficiently understood [4,5]. Detailed
visualizations of the dynamics on the local particle scale are
difficult and therefore scarce. Hence, a more fundamental under-
standing of the process parameters that determine the final
surface quality is still lacking.

This paper presents a new experimental reference-model for
investigations of such processes in thin film flows, which is based
on microscopic measurement techniques of the forces at particle–
wall interaction as well as the flow behavior at the micro scale. The
reference model has defined boundary conditions regarding the
roughness and the fracture behavior of the surface which offers

unique possibilities for comparison and validation of the numer-
ical simulations. Such simulations of the process are performed
using discrete element method (DEM) [6]. This method allows for
a description of the interaction of particles with the micro-pillars.
Assuming laminar shear flow, the hydrodynamic forces are taken
into account by evaluating Stokes’ friction law. The motion of the
particles as well as the interaction forces and the fracture events of
pillars can be simulated for larger number of particles that allows
us to gain a statistical description of the abrasion process.

2. Experimental details

Up to now, measurements of shearing behavior of granular
materials have been carried out in different types of ring shear
testers as discussed in [7–10]. The present study was carried out
using a new ring shear device that contains an optically transpar-
ent test chamber which allows observing the slurry motion as well
as the particle–wall contact forces. The narrow test chamber is
defined by the outer edges of a glass ring as shown in Fig. 1. The
inner and the outer diameter of the ring are 100 mm and 120 mm,
respectively. The slurry is held in the gap between the upper glass
ring and the fixed bottomwall. Shear is imposed by rotation of the
upper ring under defined axial load and rotation speed. The
bottom wall represents the micro-structured surface used for the
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analysis of deformation, damage and wear in industrial silicon
processing, see Fig. 2. The surface pattern was created by etching
slender micro-pillars that are intended for simulating a defined wall
roughness with poroelastic behavior in wall-parallel direction. At the
same time the pillars serve as force sensors of the type of micro-
cantilever beam according to the measurement principle described
in [11,12]. The deformation and the fracture of the micro-pillars
during interaction with the particles in the suspension are detected
by imaging from the top and side walls. Brücker et al. [11] and
Brücker [12] used such an array of flexible micro-hairs in the form of
small slender micro-pillars made from an elastomer to measure the
wall friction force distribution in turbulent flows. The same principle
is applied herein to measure the contact forces during interaction of
the particles with the walls.

The slurry consisted of a mixture of glycerine as fluid phase and
glass balls with a diameter of 400–750 μm, coated with fluorescent
material. Glass balls differ only in size. For flow studies, small
fluorescent tracer particles with a diameter of 20 μm were also
added. To study how the shape of particles affects their motion, the
slurry contained a few particles consisting of two or three spheres
glued together. The volume concentration of the solid phase varied
between 10% and 20%. The thickness of the slurry layer was varied in
experiments and was adjusted typically to 2–3 diameters of the glass
balls. The experimental results which are presented here were
carried out at a shear rate of _γ ¼ 2 s�1 and a slurry layer thickness
of 1.5 mm. The slurry behavior during shear loading was observed
with CCD cameras from two sides of the flow chamber. The video
recordings were taken a considerable large time after starting the
shear cell. Light emitting diodes provided illumination and dye filters
ensured epifluorescent imaging. The liquid phase motion and its
interaction with large particles were studied with the small-sized

tracer particles. Bending of the micro-pillars was detected by the
reflections at the tip of the cantilever beams.

3. Experimental results and discussion

The optical access into the slurry gap allows the observation of
particle behavior in the suspension, the interaction between the
liquid phase and particles, the movement of separate particles,
their mutual interaction and the interaction with the micro-
structured surface.

We have observed a variety of typical motion patterns many of
which can be seen on the photographs shown in Fig. 3, which are
described in the following. From a large sequence of images an
excerpt of eight successive pictures is shown at a fixed spatial
observation frame. In the pictures it is possible to watch the
position of the numbered glass balls over the time. Furthermore,
one can see the tips of the micro-pillars and some of them being
broken and moving with the fluid. During shear loading of the
slurry liquid phase, all particles (glass balls) in the solid phase start
moving from the initial state. Due to the velocity gradient, all
particles also come into rotation Thanks to the uneven coating of
the glass balls, we could not only determine the translational
motion but also quantify particle rotation in the images. Moving
speed and rotation speed of particles being not in contact with
other particles depend on their size (diameter) and their position
in the layer of a sheared suspension. The position of the particles
could be estimated from the simultaneous recordings from the
side view. Therein we could identify the particles and their
position in the gap.

The translational speed of most of the particles coincides with
the local velocity of the liquid phase. The translational motion of
both is observed from the video recordings and the horizontal
velocity along the shear direction was roughly the same for the
particles when freely floating (without contact) and the fluid in
the shear flow, thus particles closer to the upper wall move faster
than particles near the bottom wall. The fluid density (glycerol) is
1263 gs m�3, the density of the glass balls is 2.5 gs m�3. Q3Thus
there is a small vertical settling velocity of the particles which
however is two order of magnitude lower than the mean transla-
tional velocity. For example, the particles #39 (Fig. 3f, g) and #28
(Fig. 3e, f) which are moving in a layer of liquid closer to the
rotating ring move faster in comparison to other particles. The
speed of rotation relative to the translational speed of the particles
increases when the particles came into contact with the tips of the
micro-pillars. Figs. 4 and 5 show an example of the interaction the
ball with a structured surface by means of the temporal evolution
of translational and wall-normal coordinates of the ball as well as
the ball rotation. Due to collisions with other particles the ball
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Nomenclature

Mb bending moment
Fq transversal shear force
q distributed load
ρ curvature
ϕ inclination of the beam
γ shear strain
u deflection of the beam
E Young's modulus
G shear modulus
ν Poisson's ration
I moment of inertia

A area of the cross section
l length of the beam
FA; FB forces acting on the particles
MA;MB moments acting on the particles
nA
i ;n

B
i tangent direction of the beam at point A and B

rABi vector from A to B
d damage variable with 0odo1
σc0 initial strength
σc current residual strength
σn equivalent stress
σd stress of the damaged beam
η viscosity of the fluid
_γ shear rate of the fluid

Fig. 1. Schematic of the sample chamber.
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Fig. 3. Image sequence showing the particle motion in the suspension under shear load of the slurry (flow is from left to right). Recorded with 12 fps at 1600�1200 px2.
The figure shows every twelfth picture.

Fig. 2. Scanning electron microscope image of a micro-pillar array.
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changes its direction – it first moves to the bottom. When it gets
into contact with the pillar, the rate of translational motion is
slowed down, and the rotational speed increases. Then, the ball
moves upwards due to the repulsive forces.

In addition, the direction of movement of the liquid phase has
impact on the path of the movement of single particles. As an
example it is possible to watch the motion of particle #37 (Fig. 3d,
e, f) and particle #44 (Fig. 3g, h) with the liquid phase around a
particle #38 which is slower than the others. This effect can also
be seen in Fig. 6 where individual particles flow around a large
cluster.

In Fig. 3 it is also demonstrated that, at a shear flow in a thin
layer, many particles of the suspension, even at relatively low
concentrations, cannot move independently. Due to the kinematic
restrictions of the test chamber walls, their roughness (micro-
structures) affects strongly the behavior of particles. It is mani-
fested by abrupt changes in the motion direction, translational and
rotational speed of the particles when the particles came in
contact with the micro-pillars. In these cases, we observed a

definite discrepancy between the velocities of the liquid layer
and the particles. The individual changes in rotation direction and
translational velocity of particles after wall contact induce the
formation of clusters or aggregate structures of various types. The
particles form differently oriented chains and compact structures
of different densities. These aggregate structures sometimes can
remain for longer periods and continue to move as a unit. On the
other hand, the clusters can again disintegrate after impact with
other individual particles or contact with the bottom wall.

The particles consisting of two or three glued balls behave
radically unlike from simple balls. The hydrodynamic forces that
arise in a flow lead to orientation of an asymmetric particle
relative to the streamlines. Because of the small thickness of the
layer of sheared suspension, rotation of such particles is partially
limited. They decelerate typically more often and they tend to
attach to the bottom wall and remain at rest. Their rotation is
typically more complicated and periodical. In Fig. 3e–h, we can
observe the motion of a larger particle agglomerate (glued from
three balls) as particle #30.
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Fig. 4. Image sequence showing the particle position at different times after the beginning of the video recording at (a) 60 ms; (b) 236 ms; (c) 296 ms and (d) 384 ms.

Fig. 5. The temporal evolution of translational coordinate X and wall-normal coordinate Y of the ball as well as the ball rotation θ (Fig. 4).

Fig. 6. Visualization of local flow around an attached clusters with multi-exposure method.
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The interaction of particles with the bottom surface is indicated
by the abrupt deceleration of movement and the tendency to stop.
As soon as a particle remains in contact with a micro-pillar and
stops its motion, it prevents the free flow of other trailing particles
and leads to structure formation. Movement of particles #13 and
#10 in Fig. 3 is an example of such behavior. After deceleration and
coming to rest, subsequent movement of large particles or aggre-
gates then causes high hydrodynamic drag forces and drastically
enlarges the contact forces at the micro-pillar. This eventually
leads to the fracture of the micro-pillars in a defined manner,
compare Fig. 7.

For balls #37, #38 the motion is affected by the gaps in the
micropillar forest that has been formed after individual fracture.
Fracture of rods leads to a change in the structure of the surface,
which affects the nature of the movement of balls. Once the balls
have entered these gaps they are trapped and their velocity is
reduced to zero (jamming, see Fig. 3d–f). This often leads to the
formation of clusters and a subsequent acceleration of the
destruction of the rods and then the balls start again to flow.

4. Numerical simulation of the shear flow

In addition to the experiment the particle motion was also
simulated by means of the discrete element method (DEM). The
fundamentals of this method are described in [13]. In order to take
into account the slightly irregular shape of the coated glass
spheres, icosahedra are chosen as particle geometry. The adopted
special DEM approach has been developed in [14,15]. The fluid
flow is assumed to be a laminar plane Couette flow, which
certainly is a first approximation for this multiphase system. The

influence of the flow on the particle motion is taken into account
by Stokes’ friction forces. The reverse feedback of the particle
motion onto the fluid flow is neglected. The glass ring is modeled
by a set of rigidly connected brick-shaped particles. This is a
common technique in DEM to model rigid walls. It allows us to
account for the mechanical interaction between the particles in
the fluid and the glass ring. The glass ring respectively the wall
particles move with a fixed velocity in linear direction. The
simulation window has a size of 10 mm in the direction of the
shear and 5 mm in the span direction. The conditions on the
boundaries of the simulation window are assumed as periodic, i.e.
particles running out at one side come in at the opposite
boundary. The micro-pillars are modeled by two particles con-
nected with a Timoshenko beam, see Fig. 8. The particle on the tip
of the beam is able to move due to interaction with the slurry,
while the other at the bottom wall is fixed in space. The
Timoshenko beam model is described in Section 4.1.
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Fig. 7. Interaction of particles with the micro-pillar surfaces.
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Fig. 8. Sketch of the micro-pillar model: Timoshenko beam with two particles at
its ends.
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4.1. Timoshenko beam model for DEM

4.1.1. General Timoshenko beam theory in 2D
The basic equations of Timoshenko beam theory [16] are as

follows:

Mb ¼ EIρ ð1Þ

Fq ¼ κGAγ ð2Þ

Fq ¼Mb
0 ð3Þ

q¼ �Fq
0 ð4Þ

ρ¼ �ϕ0 ð5Þ

γ ¼ u0 �ϕ ð6Þ

G¼ E
2 1þνð Þ ð7Þ

Mb, Fq and q are the bending moment, the shear force and the
distributed load, respectively. ρ, ϕ, γ and u are the curvature, the
inclination, the shearing strain and the deflection, respectively. E,
G, and ν are Young's modulus, the shear modulus and Poisson's
ratio, respectively. I and A are the moment of inertia and the area
of the cross section of the beam, respectively. κ is a correction
factor for shear, which is defined as κ¼ 5

6. Eqs. (1)–(6) lead to

κGA u0 �ϕð ÞþEIϕ″¼ 0 ð8Þ

κGA u″�ϕ0ð Þ ¼ �q: ð9Þ
When this model is used in DEM, the distributed load q is zero and
the deflection and angles at the ends of the beam are equivalent to
those of the particles A and B attached to the beam:

q¼ 0 ð10Þ

u 0ð Þ ¼ uA ð11Þ

u lð Þ ¼ uB ð12Þ

ϕ 0ð Þ ¼ ϕA ð13Þ

ϕ lð Þ ¼ ϕB ð14Þ
l is the length of the beam. This leads to the internal force and
moment:

Fq ¼ β uB�uA
� �

� l
2
β ϕBþϕA
� �

ð15Þ

Mb zð Þ ¼ β uB�uA
� �

x� l
2

� �

� l
2
β x� l

2

� �� �
ϕBþϕA
� �

þEI
l

ϕA�ϕB
� �

ð16Þ

with

β¼ 1
l3

12EIþ l
κGA

: ð17Þ

The forces and moment acting on the particles are

FA ¼ Fq ð18Þ

FB ¼ �Fq ð19Þ

MA ¼Mb z¼ 0ð Þ ð20Þ

MB ¼Mb z¼ lð Þ ð21Þ

4.1.2. Evaluation of the equations in 3D DEM
For the evaluation of the presented equations of a Timoshenko

beam in a 3D DEM framework several vectors have to be defined.
nA
i and nB

i define the tangent direction of the beam at points A and
B, see Fig. 9. xAi and xBi are the coordinates of points A and B. rABi is
the vector from A to B:

rABi ¼ xBi �xAi ð22Þ
nA
i is chosen as the principal direction of the beam. Then the

distance between A and B can be described by a longitudinal
component rli and the transversal displacement of point B rti :

rli ¼ rABj nA
j

� �
nA
i ð23Þ

rti ¼ rABi �rli ð24Þ
As nA

i was defined as the principal direction of the beam, the
inclination at point A is ϕA ¼ 0. The inclination at point B is

ϕB ¼ sin ðαÞ ¼ ϵijkn
B
j n

A
k ;j

��� ð25Þ

where α is the angle between nA
i and nB

i . Further a vector n⋆
i is

defined as

n⋆
i ¼

ϵijknB
j n

A
k

ϕB ; ð26Þ

which is directed perpendicular to the beam plane in Fig. 9. Then
the transversal forces FAti and FBti and moments MA

i and MB
i acting

on the particles can be calculated as

FAti ¼ βrti �
l
2
βϕB

ϵijknA
j n

⋆
k

ϵijknA
j n

⋆
k j

��� ð27Þ

FBti ¼ �βrti þ
l
2
βϕB

ϵijknA
j n

⋆
k���ϵijknA

j n
⋆
k

���¼ �FAti ð28Þ

MA
i ¼ � l

2
β
���rti ��� ϵijkr

t
j r

l
k���ϵijkrtj nl
k

���þ
l2

4
β�EI

l

 !
ϕBn⋆

i ð29Þ

MB
i ¼ � l

2
β
���rti ��� ϵijkr

t
j r

l
k���ϵijkrtj nl
k

���þ
l2

4
βþEI

l

 !
ϕBn⋆

i : ð30Þ

Additionally the longitudinal forces FAli and FBli are given as

FAli ¼ EA

���rli���� l

l
nA
i ð31Þ

FBli ¼ �EA

���rli���� l

l
nA
i ¼ �FAli : ð32Þ

4.1.3. Damage model
In order to simulate pillar fracture a simple damage model is

used that specifies the bearable load of the beam.
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Then the forces and moments acting in the beam on the
particles’ sites are

FAdi ¼ FAti þFAli
� �

d ð33Þ

MAd
i ¼MA

i d ð34Þ

FBdi ¼ FBti þFBli
� �

d ð35Þ

MBd
i ¼MB

i d; ð36Þ
where d is the damage variable with 0odo1. An undamaged
beam has a damage variable of d¼1, while d¼0 resembles a
completely failed beam.

In the following the evaluation of the current damage variable
is described. In Fig. 10 the degradation of the relation between
equivalent stress σ and equivalent strain ε with damage is
illustrated. σc0 is the initial strength. σc is the current residual
strength with

σc ¼ σc0d: ð37Þ
The nominal stress of the undamaged beam is

σ ¼

���FAli ���
A

þ
max

����MA
i

���; ���MB
i

����
I

rp; ð38Þ

where rp is the radius of the pillar cross section. The shear stress of
the undamaged beam is

τ¼

���FAti ���
A

: ð39Þ

The equivalent stress σ⋆ of the undamaged beam is calculated as

σ⋆ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2þ4τ2

p
: ð40Þ

The stress of the damaged beam is then

σd ¼ σ⋆d: ð41Þ
If the stress σd exceeds the residual strength σc damage occurs and
the damage variable has to be updated. This is performed by
finding the point, where the new stress is equivalent to the new
residual strength while keeping the strain constant as illustrated
in Fig 10. The new residual strength σcn can be calculated as

σcn ¼ σ⋆�k σ⋆�σc0
� 	

; ð42Þ
with

k¼ εb

εb�εa
ð43Þ

where εa is the equivalent strain where damage starts and εb is the
equivalent strain where the beam breaks. The new value of the

damage variable is

d¼ σcn

σ⋆
: ð44Þ

Considering Hooke's law the above equations are equivalent to a
reduction of Young's modulus due to damage:

σd ¼ ðEdÞε ð45Þ
The damage of the micropillars made from silicon is physically

associated with the formation and evolution of microcracks in the
pillars, which cause the degradation of the residual strength. This
strength may be reduced by a high impact that breaks the
micropillar immediately, or a slow degradation may occur under
repeated loads which will finally lead to failure of the micropillars.
Exactly this effect is to be reflected by our novel beam model
combined with the damage mechanics approach. In addition, this
approach also increases the numerical stability by providing a
smooth transition between the undamaged and the completely
failed stage of the beam.

5. Numerical simulation results

The simulations were carried out with Young's modulus of
E¼ 165 GPa and Poisson's ratio of μ¼ 0:4 for the micro-pillars,
Young's modulus of E¼ 70 GPa and Poisson's ratio of μ¼ 0:3 for
the particles, and a viscosity of η¼ 1:48 Pas for the fluid. The shear
rate is _γ ¼ 2 s�1. In the first simulation we considered the non-
central impact of a single particle against a pillar. The particle of
diameter 600 μm moves in the fluid with a velocity v and strikes
the pillar at a position, where the center of the particle is 260 μm
above the top of the pillar. The development of velocity v and
angular velocity ω is shown in Fig. 11. After collision, the velocity
decreases for a moment and reaches later on its initial value due to
acceleration by the fluid. On the contrary, the angular velocity of
the particle is increased because of the experienced torque. Both
phenomena could also be observed in the experiments. Further-
more it can be stated from the simulation results that the forces
acting between a pillar and a single particle are too low to break
the pillar.

In the further simulations the particle distributions (w.r.t. size
and density) were chosen comparable to those in the experiments.
First of all it was found that those particles not being in contact
with other particles or pillars have a velocity equivalent to the
local velocity of the fluid and rotate according to the shear rate.
This behavior is quite obvious.

In Fig. 12 different physical properties of the particles in the
shear flow are illustrated. The view is from the bottom. In the front
are the pillars, in the back is the glass ring and in between are the
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Fig. 11. Development of velocity v and angular velocity ω for particle colliding
against pillar.
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particles. A close look shall be taken on the constellations 1 and 2,
where two particles and the pillars are interacting. A strong
influence on the rotation can be observed. At position 1 the
rotation around z (which is the rotation induced by the shear
flow) of one particle increases, while at position 2 the rotation
around z of both particles decreases. In both cases rotations
around x and y can be observed. The simulation results have
shown that rotations induced by contact are in the range of one-
fifth of the rotation induced alone by the shear flow. The change of

the particle velocities induced by contact are in the range of one-
tenth of the fluid velocity. In the experiment sideward movements
of the particles can be observed which are induced by transversal
flow of the fluid. This effect cannot be observed in the present
simulation due to the simple model of the prescribed shear flow
which does not take into account the feedback from particle
interaction back onto the fluid (one-way coupling).

Fig. 13 shows three consecutive snapshots taken from a third
simulation, where the pillars are modeled with Timoshenko
beams. At time step A particles 1 and 2 and pillar ‘a’ are in contact.
The high forces acting on the pillar due to the two particles lead to
pillar breakage (pillar ‘a’ colored in blue in consecutive steps). In
step B only particle 1 is in contact with pillar ‘b’. The forces are too
low to break the pillar (pillar ‘b’ colored in red in step C).

6. Conclusion

A new shear cell has been presented which allows the optical
observation of cluster behavior and contact forces in a suspension.
The new mechanical model is well suited for comparison with
theoretical studies of abrasion due to the defined boundary
conditions of micro-pillar bending and critical load when a
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Fig. 12. Particle movement in the shear flow: The view is from the bottom. In the
front are the pillars, in the back the glass ring and in between the particles. The
flow is from left to right. The colored graphs show (a) velocity in m/s, (b) force in
mN and (c, d) x, y and z component of angular momentum in fN ms. (For
interpretation of the references to color in this figure caption, the reader is referred
to the web version of this paper.)Q5

Fig. 13. Sequence with particles colored by force in mN and beams colored by
damage variable. The time interval between A and B is 240 ms. The time interval
between B and C is 210 ms. (For interpretation of the references to color in this
figure caption, the reader is referred to the web version of this paper.)
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fracture happens. Our visual observations showed that during
rotation, contact and structure formation, the flow around the
particles creates largely different hydrodynamic forces which
fluctuate in direction and magnitude. As a consequence flow
patterns evolve which show micro-vortices resembling those that
occur in locally turbulent flows. The largely fluctuating hydro-
dynamic drag forces also cause critical loads that lead to fracture of
the micro-pillars. These events were documented by live-pictures
in the recordings and the broken micro-pillars that are flowing in
the slurry after fracture.

The process has also been simulated by discrete element
simulations. The results show good qualitative agreement with
the experimental results, although some features cannot be
reproduced yet due to the applied one-way coupling of the fluid
with the structural motion. Thus, there is no feedback onto the
shear flow by the motion of the particles and their mutual
interaction. Nevertheless, the mechanical behavior shows already
some of the typical features within the shear cell. When individual
particles come into contact with the pillars, their movement is
strongly influenced as observed in the experiments. The forces
induced by a single particle in contact with a pillar are too low to
induced pillar breakage. If an agglomerate of two particles comes
into contact with a pillar, the contact forces are higher and pillar
breakage can be observed in agreement with the observations in
the experimental studies. This is attributed to the effect of the
upper particle at higher flow speeds in the shear that pushes the
pillar via the contact with the lower particle. Further work is
needed to implement a full two-way coupling between the flow
and the structural behavior to attribute also the effect of the
cluster formation on the drag forces which is part of future work.
This allows then the statistical analysis of fracture events in the
cell under defined conditions parallel to long-term recordings of
the fracture events in the experimental shear-cell. A comparison of
both allows then a thorough and fundamentally sound modeling
of the abrasive behavior of such slurries in machine processing.
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