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Abstract: One major drawback of additive manufacturing is the poor surface quality of parts, which
negatively affects mechanical and tribological properties. Therefore, a surface finishing is necessary
in most cases. Due to a high material removal rate, centrifugal disc finishing is a promising mass
finishing operation for an effective surface finishing of additive manufactured parts. However, due
to machining the workpieces in a freely movable manner, the process is hardly controllable, and
the process design is often based on time-consuming and cost-intensive trial-and-error approaches.
Especially when it comes to the machining of complex-shaped workpieces, finishing results are barely
predictable. Therefore, the aim of this study is to set up a numerical simulation of the centrifugal disc
finishing based on the Discrete Element Method (DEM) to predict finishing results. A procedure to
determine the required DEM input parameters is presented and the simulation was validated using a
freely movable force sensor. The results of the finishing experiments with additive manufactured
workpieces made of Ti-6Al-4V were correlated with the simulated results. The derived correlation
was used to predict local differences in the roughness reduction, which occurred when finishing
workpieces with a limited accessibility to the surface. As a result, it is concluded that the complex
relationship between the type of media, the accessibility to the surface, and the achievable finishing
results can be modeled using the DEM.

Keywords: mass finishing; centrifugal disc finishing; additive manufactured workpieces; discrete
element method; roughness reduction; modeling

1. Introduction

Centrifugal disc finishing is a mass finishing operation, in which free movable work-
pieces are machined in a bulk of abrasive media. The relative movement between the media
and the workpieces is initiated by a rotating disc at the bottom of a stationary finishing
bowl. The advantage of centrifugal disc finishing is a high material removal rate compared
with other mass finishing processes such as the widely used vibratory finishing [1]. The
high achievable material removal rate is especially advantageous for the finishing of ad-
ditive manufactured parts as it enables an effective reduction of the high as-built surface
roughness [2] and thus an increase in the fatigue life [3-5] and wear resistance of parts [6,7].
However, as the workpieces in centrifugal disc finishing are machined in a freely movable
manner, the process is less controllable compared with mass finishing operations with a
fixed workpiece such as drag finishing, in which a defined positioning of the workpiece
within the bulk of moving media and thus a selective machining is possible [8-10]. Conse-
quently, in order to enable the centrifugal disc finishing as an effective finishing operation
for additive manufactured parts, it is necessary to make the process predictable and replace
the commonly used trial-and-error approach for process design. Especially the finishing of
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complex-shaped workpieces, which usually occur with additive manufacturing, is a chal-
lenge, as the accessibility of the media to the workpiece surface is a considerable influential
factor regarding the finishing performance [11]. Eulitz [11] proposes a process simulation
based on the Discrete Element Method (DEM) to analyze the complex relationship between
the type of media, the accessibility of the workpiece surface, and the local machining
intensity on the workpiece. The DEM is a numerical method to calculate the mechanical
behavior of an assembly of particles [12]. The DEM is based on an alternating application
of force—displacement laws to calculate the forces acting on the particles and Newton's
second law of motion and motion integration to determine the velocities and the positions
of the particles [12], Figure 1.
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Figure 1. DEM calculation cycle.

The DEM was used in several studies to analyze mass finishing operations. In the first
approach, forces acting on a workpiece in drag finishing were modeled with a deviation
of 23% [13]. Naeini and Spelt [14,15] modeled the motion of spherical steel media in a
vibratory tube. The media velocity was simulated with a deviation from measurements
of less than 10% [14]. In a following study, it was found that the media velocity increases
with the amplitude of the tube vibration as well as with the magnitude of the media-media
friction and the media—wall friction [15]. Hashemnia and Spelt [16,17] simulated the media
velocity as well as the impact velocity of the media with a deviation of less than 30%
and 19% from measurements, respectively. In following studies, the model was used to
analyze the influence of the vibratory excitation and the friction between the media and
the tube wall on the media motion [18-21]. It was found that the media velocity was
mostly affected by the vertical amplitude of the tube vibration [18]. The forces between
the media and the wall increased with an increasing vibration frequency [19]. Contrary to
Naeini and Spelt [15], the media-wall friction was found to have no influence on the media
velocity [18]. Kang et al. [22] investigated the motion of spherical media in a vibratory
finishing machine using the DEM. It was found that contact parameters such as the contact
stiffness and the contact damping have a strong influence on the simulated media motion.
Wang et al. [23] correlated the finishing results of workpieces fixed in varying positions to
the wall of a vibratory machine with simulated forces obtained by DEM modeling. The
highest forces were observed at the bottom of the machine, which is consistent with results
from finishing experiments [23]. Makiuchi et al. [24] calculated contact forces and relative
velocities between the media and the workpieces in vibratory finishing using the DEM.
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The simulated results were used to predict the material removal and the surface roughness
based on Hertzian contact theory and Preston’s law. The predictions differed from the
experimental results by 12% on average. Salvatore et al. [25] calculated the sliding velocity
and the contact forces of the media on the surface of a workpiece in drag finishing using
the DEM. However, due to a different wear mechanism on the workpiece depending on the
impact angle of the media, roughness reduction could not be predicted from the simulated
results. Zanger et al. [8] qualitatively predicted the influence of process parameters in drag
finishing by correlating contact forces and tangential contact velocities obtained by DEM
simulations with the material removal rate and residual stresses of workpieces. As shown
in previous studies, the DEM can also be performed using aspherical media [26-29]. In
robot-guided drag finishing, contact characteristics of spherical and prismatic media such
as the contact force, the contact frequency, and the contact duration were determined in
experiments and could be reflected by DEM simulations [26]. In robot-guided centrifugal
disc finishing, a material removal model based on DEM simulations was derived, predicting
the material removal rate of prismatic media with an average error of 13% [27]. Furthermore,
the DEM was used to model the influence of media wear on finishing results in centrifugal
disc finishing [28]. Recent developments in the DEM also allow the modeling of lubrication
conditions as shown in a previous study dealing with drag finishing using cone-shaped
media [29].

It should be mentioned that there are also modeling approaches where the bulk
of media is treated as a continuous material, as for example in computational fluid
dynamics [9,10,30-34]. However, these approaches do not allow the modeling of indi-
vidual contacts between the media and the workpiece, which is of particular importance in
mass finishing processes [11].

Although there are several studies dealing with DEM simulations of mass finishing,
the determination of the contact parameters required for the DEM is often treated as a
black box when setting up the model. In some studies, a comprehensible determination of
contact parameters of steel media is presented [14,17]. However, these contact parameters
cannot be used in the modeling of industrially relevant processes, as in most cases ceramic
media is used. Other studies simplify the procedure of the contact parameter determination
by assuming that the walls of the finishing machine are made of steel [11,13,26-28], which
barely reflects industrial applications where polyurethane coating is used to prevent wear
of the walls. In most studies, the used contact parameters or the methodology of their
determination are not completely presented [8,22,24,25,29].

Against this background, the aim of this study is to present a comprehensible proce-
dure for the determination of contact parameters for ceramic media of different shapes. The
final DEM simulation setup was validated using force measurements obtained by a freely
movable force sensor [35]. Based on the results from DEM simulations, a prediction model
was derived, which enabled the prediction of the local roughness reduction of additive
manufactured workpieces in centrifugal disc finishing.

2. Materials and Methods
2.1. Machining Setup

The investigations were carried out in a centrifugal disc finishing machine MPA 07.1
A2 by Rosler Oberflachentechnik GmbH, Untermerzbach, Germany, Figure 2a. Three types
of ceramic-bonded media were used, which were made of the same material and differed
in size and shape, Figure 2b. The three media types were spherical RS 11 G, cylindrical RS
07/15 ZS, and prismatic RS 10/15 S by Rosler Oberflichentechnik GmbH. Each experiment
was conducted with a total media mass of mp tot = 30 kg and a circulated process rinsing

with a volume flow of V. = 0.5 L min—! of a 1% solution of a universal cleaning agent com-
pound with corrosion protection of the type ZF 113 by Rosler Oberflichentechnik GmbH.



Machines 2022, 10, 1151

40f17

Process: Spezification:
Centrifugal disc finishing drive power: Py = 22 kW
Machine typ: max. speed: Ngmax = 168 min™
MPA 07.1 A2, inner diameter: d, = 500 mm
ROSLER OBERFLACHENTECHNIK GMBH  filling volume:  V; = 54 L
Media:
ceramic-bonded,
ROSLER OBERFLACHENTECHNIK GMBH

15 15

stationary
bowl

finishing

RS07/15ZS  RS10/15S
(spherical) (cylindrical) (prismatic)

() (b)
Figure 2. Machining setup: (a) finishing machine; (b) finishing media.

2.2. Force Measurements

For measuring the normal forces exerted by the media on the workpiece, a self-
developed, wireless measuring system based on strain gauges was used, Figure 3. The
normal force resulting from media touching the contact body was transmitted to a load cell
of the type KM 10 25 N by ME-Mefssysteme GmbH, Henningsdorf, Germany. The output
voltage from the load cell was amplified by an amplifier of the type AD620A by Analog
Devices Inc., Norwood, MA, USA, and was fed into a Teensy 4.1 microcontroller by PJRC,
Sherwood, OH, USA, where it was digitized with a resolution of 10 bits and a sampling
rate of 20 kHz and was written to an SD card. The power supply was provided by a 3.6 V
lithium-polymer accumulator and a voltage converter of the type MiniBoost 5 V by Adafruit
Industries LLC, New York, NY, USA. The communication with the measuring system was
realized using a Bluetooth module of the type HC-05. All components were mounted on
an inner casing made of polylactide manufactured by fused deposition modeling. The
outer casing as well as the contact body consisted of stainless steel 1.4301. To ensure a
realistic mass comparable to an equal-sized workpiece, lead weights were integrated in the
measuring system. The total mass of the measuring system was 562 g. The contact area of
the contact body had a diameter of 10 mm. Measurements with a covered contact body
showed that the oscillation of the contact body resulted in normal forces of up to 0.3 N. To
account for this uncertainty in the measurements, a normal force threshold of F,, s, = 0.3 N
was defined, below which a normal force was not considered as being exerted by the media.
Each measurement took 30 s and was carried out six times.

1 Voltage amplifier 7 Lead weights
2 Microcontroller 8 Outer case

3 Bluetooth module 9 Load cell

4 Battery 10 Slide bearing
5 Voltage converter 11 Contact body
6 Inner case

Figure 3. Force measurement device.

2.3. Finishing Experiments

Finishing experiments were carried out with workpieces made of Ti-6Al-4V manufac-
tured by laser powder bed fusion. All workpieces were manufactured in a single building
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job, Figure 4a, and then wire-eroded into cubes with an edge length of 20 mm. Based on
these cubes, two workpiece variants were realized by mounting different adapters made of
stainless steel 1.4301 on the cubes, Figure 4b. Workpiece variant A was characterized by a
freely accessible surface to be machined, whereas the surface of the workpiece variant B
was shielded by the adapters and thus had a limited accessibility. Both workpiece variants
were designed to have the same mass of 105 g.

Manufacturing process: Material: Process parameters:

Laser powder bed fusion Ti-6Al-4V Layer thickness: 30  um
Machine Type: Grain size: 15-45um  Laser Power: 400 W
Renishaw RenAM 500Q HT Exposure time: 40 s

(b)

adapter adapter

basic cube workpiece variant A workpiece variant B

Figure 4. Workpieces of finishing experiments: (a) as built; (b) eroded basic cube and workpiece
variants.

The surface roughness was measured with a skid system of the type Surftest SJ-210 by
Mitutoyo Deutschland GmbH, Neuss, Germany, according to DIN EN ISO 4287 [36] and
DIN EN ISO 4288 [37]. All finishing experiments were carried out two times. Each time,
one of each of the workpiece variants was machined simultaneously.

2.4. Process Modeling
2.4.1. Simulation Setup

The process was simulated based on the DEM using the software Rocky DEM 22.2.0
by Engineering Simulation and Scientific Software Inc. (Esss), Florianépolis, Brazil. To
set up the simulation, STL models of all components of the experiments, i.e., the finishing
bowl and the rotating disc, the media, and the workpieces, were created, Figure 5. As
the inner walls of the finishing machine were coated with polyurethane, preventing wear,
polyurethane was the assigned material of the finishing machine in the simulations. All
types of media were of the same ceramic material. Thus, it was assumed that the material
parameters and the contact parameters were the same for all media types, which is of
particular importance as not all experiments of the parameter determination can be carried
out with all types of media due to their shapes. The simulations of the force measurements
were carried out with a simplified geometrical model of the force sensor, which only
consisted of a solid cubic body of the same dimensions as the real force sensor. As the
real force sensor consisted of an outer casing made of stainless steel 1.4301, the material
assigned to the simplified model of the force sensor was steel. However, the density p of
the force sensor was adjusted in the simulations to match the mass of the real force sensor,
as real force sensor did not consist of solid steel.

The simulations of the finishing experiments were carried out with simplified geomet-
rical models of the workpiece variants A and B. Although the workpiece variants consisted
of 1.4301 and Ti-6Al-4V, for simplification purposes, only steel was the assigned material
in the simulations. However, to match the masses of the workpiece variants A and B, the
density p was adjusted in the simulations. A summary of all the materials assigned to
each component as well as the material parameters required for the simulation are listed in
Table 1.
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Figure 5. STL models of the simulation components (not true to scale): (a) finishing machine;
(b) media; (c) workpieces.

Table 1. Material parameters of the simulation components.

. . . . Young's . .
Component of Simulation Material Density p Modulus E Poisson Ratio v
- - gcm™3 GPa -
media ceramic 2.52* 77 ** 0.19 **
force sensor: 3.61
workpiece steel workpiece variant A/B: 210 0.3
5.93
finishing machine polyurethane 1.25 0.1 0.45

* manufacturer datasheet; ** Uhlmann et al. [13].

2.4.2. Contact Force and Timestep Calculation

Contact forces were calculated with the force—displacement laws derived by Cundall
and Strack [12]. The normal component of the contact force F.,, involves a linear elastic
term including the normal stiffness coefficient k;, and the normal displacement s, as well
as a viscous damping term including the damping coefficient ¢, and the time derivative of
the normal displacement s,, Equation (1).

Fc,n = Kn Sn +Cn Sn 1)

The normal stiffness coefficient ky is directly related to the Young’s modulus E of
the two components in contact. As common practice in DEM simulations, the damping
coefficient ¢, is based on the energy dissipation due to an inelastic collision, which can
be expressed by the coefficient of restitution e of the components in contact [38,39]. As
a simplification of the force-displacement law derived by Cundall and Strack [12], only
a linear elastic term including the tangential stiffness coefficient k; and the tangential
displacement s; is used to calculate the tangential component of the contact force F,
Equation (2).

Fer =ki st ()

For simplification purposes, the tangential stiffness coefficient k; is set equal to the
normal stiffness coefficient k. The tangential contact force F.; is limited by the maxi-
mum tangential contact force F¢ max defined by the Coulomb friction law considering the
coefficient of static friction pstat of the components in contact [12], Equation (3).

Fc,t,max = Hstat Fc,n (3)

As proposed by Tsuji et al. [40], the timestep of the simulation Atgj,, was chosen based
on the oscillation period of an equivalent spring—mass system considering the equivalent
mass m* as well as the normal stiffness coefficient k;,, of the components in contact [40].
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As simulations with aspherical media were carried out in this study, a twentieth of the
oscillation period of an equivalent spring—mass system was used as a timestep to ensure
numerical stability, Equation (4).

Atgim = 2mv/m * /ky / 20 4)

2.4.3. Contact Parameter Determination

For each possible contact combination, i.e., media—media contact, media—workpiece
contact, and media—finishing machine contact, the coefficient of static friction pstat and the
coefficient of restitution e must be determined. This was done using a series of experiments
suggested by Gonzdlez-Montellano et al. [41]. The coefficient of static friction of the media—
media contact stat, m-m, the media—workpiece contact tstat m-w, and the media—finishing
machine contact pggat m-fm Were determined using an inclined plane, Figure 6a. Three
samples of each component’s material, i.e., steel, polyurethane, and pieces of media were
glued on an upper and a lower sample tray in a triangular arrangement. The lower sample
tray was fixed on the inclinable platform. With the inclinable platform in horizontal
position, the upper sample tray was placed on the lower sample tray so that the samples
were on top of each other. To account for the varying load collectives, different loading
masses were placed on the upper sample tray. The inclinable plane was raised using a 12 V
direct current gear motor with a constant inclination speed of w; = 0.7 s~! until the upper
sample tray began to slide. At the moment of sliding, the raising mechanism was stopped
and the inclination angle &; was measured. The related coefficient of static friction pistat of
the contact combination can be calculated as follows [41]:

Ustat = tan(oy) ®)

As inclined plane experiments should preferably be carried out with the materials
under test having a plane surface contact, only the prismatic media RS 10/15 S was used in
the experiments. For this reason, the media were glued together as shown exemplarily for
the media—media contact in the detail view of Figure 6a. Experiments with each contact
combination were carried out ten times with different samples of the components.

The coefficient of restitution of the media—finishing machine contact ey, ¢, and the
media-workpiece contact em-w was determined by drop tests [41], Figure 6b. In this test,
samples of the spherical media RS 11 G are dropped from a defined height onto a flat
surface made of steel and polyurethane, which represent the workpiece and the finishing
machine, respectively. Assuming that the media only has a vertical velocity component
before and after the contact, the coefficient of restitution e can be calculated using the height
before contact hy and the height after contact hy [41]:

e = /tan(h,/hy) (6)

The coefficient of restitution of the media-media contact ey, was determined using a
double pendulum [41], Figure 6¢. Samples of the spherical media RS 11 G were glued to
nylon strings, which were fixed to a horizontal bar. One piece of media—sample 1—was
displaced laterally to a defined height. After releasing sample 1, it collided with sample 2.
The coefficient of restitution e can be calculated using the height before contact hy and the
height after contact of sample 1 and sample 2, i.e., hy and h; [41]:

e = (Vh—vhi)/vho @)
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before contact

before contact

detail: 1 Raising mechanism Media:
' 2 Loading mass RS 10/15S
3 Upper sample tray

4 Sample under test

5 Lower sample tray

6 Inclinable platform

7 Horizontal platform

: Inclination angle

: Inclination speed

F,: Gravitational force

u: Coefficient of static friction i,

1 Vacuum pump Media:
2 Sample under test RS11G
3 Impact surface

= h,: Height before contact

i h;: Height after contact

—yy— e: Coefficient of restitution

during contact after contact

Vacuum pump Media:
Sample under test 1 RS11G
Sample under test 2
Horizontal bar
Nylon string

: Height before contact

: Height after contact of sample 1

: Height after contact of sample 2
Coefficient of restitution

1)

0T T U R WN =

during contact after contact

Figure 6. Experiments of DEM parameter determination: (a) inclined plane; (b) drop test; (c) double
pendulum.

The heights in the drop test and the double pendulum were determined using a
camera running at 120 fps. The height before contact hy varied in both experiments. At
each height, tests were carried out ten times with different samples.

3. Results
3.1. Contact Parameters

The results of the inclined plane experiment showed that the gravitational force Fg
exerted on the samples had a negligible influence on the coefficient of static friction pstat
for all contact combinations, Figure 7a. Thus, for each contact combination, the mean
value of the coefficient of static friction pstat was calculated over the varied gravitational
force Fg. The determined coefficients of static friction of the media-media contact, the
media—workpiece contact, and the media—finishing machine contact were pstat,m-m = 0.41,
Ustatm-w = 0.27, and Ugtat m-fm = 0.93, respectively. The high value of the coefficients of
static friction Ugtat m-fm Of the media—finishing machine contact was a result of abrasive
grains penetrating the soft surface of the polyurethane sample. The results of the drop tests
showed constant coefficients of restitution e over the investigated heights before contact hy
for both contact combinations, Figure 7b. The coefficients of restitution were determined
as em-w = 0.95 for the media—workpiece contact and e, ¢, = 0.76 for the media—finishing
machine contact. Although the coefficient of restitution for the media—media contact em-m
slightly increased with increasing heights before contact hy, its mean value of ey, = 0.72
was considered as an input parameter for the simulation.
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Figure 7. Results of DEM parameter determination: (a) inclined plane; (b) drop test; (c) double
pendulum.

To reduce the computational time of the simulations tcomp, a reduction of the contact
stiffness was performed by multiplying the normal stiffness coefficient k, with a stiffness
factor of f, <1 [42]. Reducing the stiffness factor fy led to a decrease in contact normal
forces F.p, for all rotational speeds ng and media types, Figure 8a. A further reduction of
the stiffness factor to less than fy = 1-1073 led to an unstable simulation behavior; thus, a
stiffness factor of fi = 1:10~3 was identified as a limiting reduction of the normal stiffness
coefficient k,. Reducing the normal stiffness coefficient k;, in this order of magnitude
reduced the absolute values of the contact normal forces F , by 94% on average. However,
the computational time teomp Was reduced by 90% on average by using a stiffness factor
of fi = 1:10~3, Figure 8a. For the reason of comparison, the results from the simulations
with a stiffness factor of fi = 1.10°—meaning that there was no stiffness reduction—and
the results from the simulations with a stiffness factor of f, = 1-1073, the contact normal
forces F. n, were normalized, Figure 8b. For both stiffness factors fy, a positive correlation
between the rotational speed ngq and the resulting contact forces can be found. Furthermore,
for both stiffness factors fy, the highest contact forces occurred for the prismatic media type
RS 10/15 S, followed by the spherical media type RS 11 G and the cylindrical media type
RS 07/15 SZ. Accordingly, the contact forces seemed to correlate with the size of the media.
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Figure 8. Simulation of contact forces: (a) influence of stiffness reduction on contact forces;
(b) comparison of simulated and experimental contact forces.

3.2. Validation

As found out in the previous section, reducing the contact stiffness led to a downscal-
ing of the contact forces while the effects of the influential factors remained observable and
the computational time tcomp was reduced. Consequently, further simulations were carried
out with a stiffness factor of f = 1-10~3. Only the results of this simulation configuration
were compared to the normalized contact normal forces F¢ n norm Obtained by force measure-
ment experiments, Figure 8b. A detailed description and analysis of the force measurement
experiments is presented in a previous study [35]. For the spherical media type RS 11 G,
the deviation of the simulated results from the experimental results was on average 8%.
Increasing the rotational speed from ng = 120 min~—! to nq = 160 min~! for this media type
led to an increase in the contact forces by 9% in the experiments, while the simulated contact
forces were increased by 18%. Thus, the effect of the rotational speed ng was overestimated
in the simulations. This also applied to the cylindrical media type RS 07/15 SZ, where
an increase in the rotational speed nq led to an increase in the contact forces by 6% in the
experiments and 19% in the simulations. Furthermore, the contact forces for the cylindrical
media type RS 07/15 SZ were on average 25% lower than in the experiments. This might be
attributed to the fact that in the experiments, the contact forces were detected with a contact
body that could be in contact with several pieces of cylindrical media simultaneously. These
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simultaneous contacts could not be evaluated separately from each other, so they were
detected as a single contact, which led to a bias in the measured contact forces. This bias
did not exist in the simulation as it allowed for a separate evaluation of all the individual
contacts on the entire surface of the force sensor. The experimental results confirmed that
for the prismatic media type RS 10/15 S, the highest contact forces occurred. However, the
simulated results were on average 26% higher than in the experiments. Again, the influence
of the rotational speed n4q was overestimated in the simulations, as increasing the rotational
speed from ng = 120 min~! to ng = 160 min~! led to an increase in the contact forces by
20% in the experiments while the simulated contact forces were increased by 25%. Overall,
the simulated contact forces had an average deviation of 20% from experimental results.

3.3. Correlation of Finishing and Simulated Results

To correlate the finishing results with simulated characteristics, finishing experiments
were carried out with the workpiece variant A. The surface roughness, which was achieved
after a processing time of t, = 120 min, was influenced by both the type of media as well as
the rotational speed ng, Figure 9a. For all media types, the achievable surface roughness
decreased with an increasing rotational speed ng4. This can be explained with increased
contact forces, Figure 8b, as well as increased contact frequencies f. between the media
and the workpiece when increasing the rotational speed ng [35]. Both increased contact
forces as well as increased frequencies f. led to a high material removal rate, resulting in
effectively reducing the high initial surface roughness Ray. For all rotational speeds ng, the
smallest surface roughness could be achieved with the prismatic media type RS 10/15S,
followed by the cylindrical media type RS 07/15 SZ and the spherical media type RS 11 G.
It should be mentioned that this does not reflect the order of the contact forces observed for
the media types, Figure 8b. However, the order of the achievable surface roughness was
related to the material removal rate, which is influenced by the shape of the media [11,27].
As the prismatic media type contains several plane surfaces, machining is conducted by
long-term sliding with a large area being in contact with the workpiece, which leads to
a high material removal rate caused by abrasion [11,35]. Contrarily, the spherical media
type is of a pure convex shape, which results only in punctual short-term impacts with the
workpiece, leading to a low material removal rate [11,35]. The material removal rate of
the cylindrical media type is between that of the prismatic and spherical media types, as
the cylindrical shape leads to line contacts with the workpiece, resulting in a contact area
larger than punctual contacts but smaller than surface contacts [11].

DEM simulations of the finishing experiments were carried out with the simplified
geometrical model of the workpiece variant A. Only the area on the workpiece surface
corresponding to the roughness measurements of the finishing experiments was evaluated.
As the reduction of the surface roughness was not only influenced by the contact normal
force Fy, ¢, Figures 8b and 9a, the prediction of the finishing results only by considering the
simulated contact normal force F,, . would be insufficient. The average contact intensity
I. was found to correlate with the relative reduction of the roughness ARa, Figure 9b,
reflecting both the effect of the rotational speed nq as well as the media type. The contact
intensity I. was calculated by adding up the contact works W, transferred by all contacts
within a given time interval At to a unit area A.:

[ =2 W,/ (Atc Af) (8)

The contact work W, is defined as the integral of the contact normal force F., over
the normal displacement s, of a contact:

W = / 1:"c,n dsn )
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Under the assumption that a contact intensity of I. = 0 Wm 2 would not result in any
reduction of the surface roughness ARa, an empirical fitting with a power law approach
leads to a best fit of:

ARa = 613151 %1% (10)
Process: Workpiece: Software:
Centrifugal disc finishing 1. basic cube; Ti-6Al-4V Rocky 22.2.0
Process parameters: (additive manufactured) Normal force model:
Volume flow compound: initial roughness: Linear spring dashpot
V. = 0.5L min! Ra;=17.9 pm Tangential force model:
Total media mass : 2. adapter; 1.4301 Linear spring Coulomb limit
mp e = 30 kg Factor of stiffness reduction:
Processing time: . . k., =1-103
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Figure 9. Workpiece variant A: (a) results of finishing experiments; (b) correlation between experi-
mental and simulated results.

3.4. Prediction of Finishing Results

To test if the derived prediction model, Equation (10), is valid for workpieces with
limited accessibility to the surface, finishing experiments with the workpiece variant B
were carried out. As expected, the limited surface accessibility led to local differences
in roughness reductions ARa, which depend on the type of media, Figure 10a. For the
spherical media type RS 11 G, two workpiece positions xy = 5 mm and xy, = 15 mm could
be identified, where increased roughness reductions of up to ARa = 80% were present. The
distances of the positions of increased roughness reduction to the adapters were 5 mm
each, which corresponds approximately to the radius of the spherical media. Therefore, it
can be concluded that the machining of the surface predominantly occurred by a contact
constellation in which the media were in contact with the adapters when sliding or rolling
over the surface, Figure 10b. Between the two positions of increased roughness reduction,
an average roughness reduction of ARa = 33% could be observed. This also applied to the
workpiece positions x,, < 5 mm and X,y > 15 mm, where an average roughness reduction
of ARa = 35% was present. Due to geometrical restrictions, no accessibility and thus
no machining at these positions was possible with this media type; therefore, it can be
concluded that machining at these positions was performed only by abraded particles of the
media. For the cylindrical media type RS 07/15 SZ, three workpiece positions xw =4 mm,
xw = 10 mm, and x = 17 mm with an increased roughness reduction of up to ARa = 70%
could be observed. Considering the radius of the cylindrical media, it can be concluded
that machining predominantly occurred by a contact constellation in which two pieces of
media slide over the surface side by side in the direction of their longitudinal axis, with
one piece of media in contact with the adapter, Figure 10b. Between the three positions of
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the increased roughness reduction, an average roughness reduction of ARa = 41% could be
observed. At workpiece positions X,y = 1 mm and x,, = 19 mm, a low average roughness
reduction of ARa = 20% could be observed due to a limited access of the media to the
surface close to the adapters. For the prismatic media type RS 10/15 S, a more uniform
roughness reduction ARa could be observed than for the other media types, especially
between the workpiece positions X,y =5 mm and x,, = 15 mm, where the average roughness
reduction was ARa = 57%. From these positions, the roughness reduction ARa slightly
increased towards the central workpiece position x,; = 10 mm. The highest roughness
reductions of up to ARa = 71% were present at the workpiece positions xy = 2 mm and
Xw = 18 mm. This might result from a contact constellation in which a piece of media was in
contact with the workpiece with its edge while it was supported by the adapter and another
piece of media, which was in contact with the workpiece with its surface, Figure 10b. Again,
due to the limited access of the media to the surface close to the adapters, a low average
roughness reduction of ARa = 38% could be observed at the workpiece positions xy = 1 mm
and Xy =19 mm. It should also be mentioned that despite the cylindrical media type RS
07/15 SZ, the influence of the rotational speed n4 seemed to be less significant for the
machining of workpiece variant B than for workpiece variant A.

For the spherical media type RS 11 G, the two workpiece positions x,, =5 mm and
Xy = 15 mm of increased roughness reduction ARa were predicted with high accuracy,
Figure 10c. The predicted roughness reductions of ARa = 75% at these two positions
matched the results from experiments. Between the two positions of increased roughness
reduction, a roughness reduction of ARa = 38% was predicted, which was in agreement
with experimental results. Contrarily to the finishing experiments, abraded particles of
the media were not present in the DEM simulations. Therefore, the finishing results at the
workpiece positions Xy, <5 mm and Xy, > 15 mm could not be reflected by the prediction
model as no contacts between the media and the workpiece occurred due to geometrical
restrictions. Consequently, a roughness reduction of ARa = 0% was predicted at these
positions. For the cylindrical media type RS 07/15 SZ, the three workpiece positions
Xw =4 mm, Xy, = 10 mm, and x,, = 17 mm with an increased roughness reduction ARa were
predicted with a high accuracy, Figure 10c. At these three positions, an average roughness
reduction of ARa = 73% was predicted, which was in agreement with the experimental
results. Between the positions of increased roughness reduction ARa and at the positions
close to the adapters, an average roughness reduction of ARa = 61% and ARa = 55% was
predicted, respectively. Although this matched the experimental results qualitatively, the
roughness reductions ARa at these workpiece positions x,, were overestimated by the
prediction model. Furthermore, the effect of the rotation speed n4q was less observable in
the predicted results than in the experimental results. As observed in the experimental
results, the most uniform roughness reduction ARa was predicted for the prismatic media
type RS 10/15 S, Figure 10c. Between the workpiece positions x,, = 5 mm and X, = 15 mm,
an average roughness reduction of ARa = 66% was predicted, which was slightly higher
compared to the experimental results. The highest roughness reductions of up to ARa = 80%
occurred close to the adapters at the workpiece positions x, = 1 mm and x,y = 19 mm. As
derived from the experimental results, this resulted from a contact constellation in which
a piece of media was in contact with the workpiece with its edge while it was supported
by the adapter and another piece of media, Figure 10b. However, the limited access of the
media to the workpiece positions xy = 1 mm and X, = 19 mm resulting in a low roughness
reduction ARa in the experiments could not be reflected by the predictions.
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Process:
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Figure 10. Workpiece variant B: (a) results of finishing experiments; (b) predominant contact constel-
lations; (c) predicted finishing results.

4. Discussion

By using the DEM with force—displacement laws derived by Cundall and Strack [12]
and a series of experiments to determine a set of contact parameters, a simulation of the
centrifugal disc finishing was devised. A force-based validation showed that the simulated
results deviated by 20% from the experimental results on average, which is considered a
reasonable accuracy considering previous approaches of modeling mass finishing processes
with the DEM [13,26]. The simulated results were consistent with the experimental results
regarding the influence of the rotational speed ng as well as the influence of the media type
on the contact normal forces F.,. Consequently, it can be concluded that the presented
model assumptions, Sections 2.4.1 and 2.4.2, as well as the conducted series of experiments
to determine the contact parameters are valid. Especially, the transfer of the contact
parameters determined for a certain media type to another media type of the same material,
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but of a different shape, might be useful to simplify the procedure of contact parameter
determination. In addition, it was shown that reducing the contact stiffness is a useful
method to reduce the computational time tcomp of DEM simulations, while the effects
of influential factors remain observable. Considering only the contact normal forces F.,
were found to be insufficient when predicting the finishing results, as this neglects the
effect of the media shape. Thus, the overall contact intensity I. transferred from the media
to the surface of the workpiece was introduced. Although this characteristic does not
include the tangential contact velocity v, of the media in contact with the workpiece,
which is known to be related to material removal in mass finishing [43], it shows a clear
correlation to the roughness reduction obtained in the finishing experiments, Figure 9b. It
is emphasized that the contact intensity I. is to be considered as a general characteristic
of the machining intensity and is not used to describe material removal mechanisms. By
empirically fitting the roughness reduction ARa to the contact intensity I using a power
law approach, a prediction model was derived considering the constraint that a contact
intensity of I. =0 Wm ™2 would not result in any machining, Equation (10). The prediction
model was used to predict the finishing results of a workpiece with a limited accessibility
to its surface. As expected, local differences in the finishing results depending on the type
of media were observable. For the spherical media type RS 11 G and the cylindrical media
type RS 07/15 G, the characteristics of the local roughness reduction ARa were reflected by
the prediction model, which led to the conclusion that predominant contact constellations
could be successfully modeled using the DEM. However, the low roughness reductions
observed in the experimental results were overestimated by the prediction model. This
can be attributed to the fact that the prediction model was derived from data only ranging
from contact intensities of I = 1.9 Wm ™2 to I. = 9.5 W m 2 and roughness reductions
of ARa = 67% to ARa = 88%, Figure 9b. Using the prediction model outside this range of
data, which is the case when finishing the workpiece with limited accessibility, leads to
inaccuracies in predictions. Consequently, future work should extend the range of the
validity of the prediction model. The prediction model predicted a uniform roughness
reduction for the prismatic media type RS 10/15 S, which was in agreement with the
finishing results. However, the limited access of the media to the surface near to the
adapters could not be reflected, which requires further investigation.

5. Conclusions

In this study, it was shown that the complex relationship between the type of media,
the accessibility to the surface, and the achievable finishing results can be modeled using
the DEM. Therefore, when finishing complex-shaped workpieces, DEM simulations could
be used in the process design to select suitable media, which usually requires an extensive
know how about mass finishing processes. Future work will concern the investigation
of local material removal, as this is of particular importance when it comes to the shape
accuracy of workpieces machined by centrifugal disc finishing. The main findings of the
study can be summarized as follows:

e  The high as-built roughness of additive manufactured workpieces was reduced from
Rag = 17.9 pm to Ra = 2.1 um (ARa = 88.3%) in a process time of t, = 120 min using
centrifugal disc finishing.

e A simulation of the centrifugal disc finishing based on the DEM was devised. Sim-
ulated contact normal forces F., deviated from the experimental results by 20%
on average.

e  The contacts intensity I. obtained by DEM simulations correlated with the roughness
reduction of the additive manufactured workpieces for different media types and
rotational speeds ng.

e A limited accessibility to the surface led to local differences in the roughness reduction
ARa, which depended on the media type.
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e By empirically linking the simulated contacts intensity I. with the roughness reduc-
tion ARa, the local differences in the roughness reduction ARa could be predicted
qualitatively.
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