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Abstract 1 

Drag finishing is one of the mass finishing processes that enhances surface roughness on complex parts 2 

due to the mechanical action of abrasive media. Due to the complexity of the process, industrial practice is 3 

based on experience. This paper proposes a model simulating abrasive media flowing around a part during 4 

a drag finishing operation at a macroscopic scale. The 2D model is based on an Arbitrary Lagrangian 5 

Eulerian (ALE) formulation that provides relevant mechanical parameters such as the distribution of 6 

stresses (normal and shear stresses) and sliding velocities between abrasive media and the surface to be 7 

polished. Abrasive media are modelled as a continuous material with a Drucker-Prager plastic constitutive 8 

equation. This last has been calibrated as a result of triaxial testing, commonly used to characterise soils in 9 

civil engineering. Two abrasive media (spherical and pyramidal shape) having the same composition were 10 

characterised. Pyramidal media exhibit significantly higher rheological behaviour compared to spherical 11 

one. The model is shown to be very sensitive to the media’s rheological behaviour but also to the 12 

immersion depth. Pyramidal media leads to much higher normal and shear stresses, which are even higher 13 

at deeper immersion depths. Drag finishing experimental tests were carried out to evaluate the efficiency 14 

of the model. The correlation between experimental drag finishing tests and numerical test results reveals 15 

the physical mechanisms at the interface between media and the surface. Spherical media, with a 16 

small/orthogonal orientation impact angle, promotes plastic deformation, while the main mechanisms 17 

becomes cutting at higher impact angles. However, pyramidal media promotes cutting irrespective of the 18 

orientation angle. Moreover, it was concluded that the optimal mechanical loading combination happens 19 

between 30 and 60° for both medias, as the shearing energy reaches its maximum value.   20 

Keywords: Drag finishing; Numerical modelling; Arbitrary Lagrangian Eulerian (ALE) formulation; 21 

Abrasive media shape; Rheological behavior; Abrasive wear.  22 

Nomenclature 23 

h  Immersion depth of the workpiece [m] 
ω1  Drag velocity of the workpiece [rpm] 
v  Sliding velocity of media [m/s] 

σn  Normal stress [Pa] 

τ  Shear stress [Pa] 

α Surface orientation regarding the media flow [°] 

ρbulk Media bulk density [kg/m3] 

αm Media impact orientation [°] 
F Contact force [N] 
Sa Surface roughness [µm] 

δ Workpiece height [mm] 
p Hydrostatic pressure [Pa] 
r Radius of the workpiece [m] 
vlinear Linear velocity [m/s] 
A Area of the container in the x-z plane [m2] 
g Gravity [m/s2] 
µ Friction coefficient [-] 
E Young’s Modulus [Pa] 
ν Poisson’s ratio [-] 
φ Friction angle [°] 
ψ Dilatancy angle [°] 
K Ratio between the yield stress in triaxial tension to triaxial compression [-] 
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q First invariant of stress [Pa] 
p Von Mises equivalent stress [Pa] 
Sij The deviatoric stress [Pa] 
f Yield function  
c Cohesion [-] 
r Third stress invariant [Pa] 
G Flow potential [Pa] 

σ3 Confining pressure [Pa] 

σ1 Vertical pressure [Pa] 

εy Vertical strain [%] 

εv Volumetric strain [%] 
emin Minimum void ratio [-] 
emax Maximum void ratio [-] 
Dr Relative density [%] 
e Void ratio [-] 

ρgrain Abrasive media grain density [kg/m3] 
msec Mass of the media [kg] 
Cu Coefficient of uniformity [-] 
dsample Diameter of the sample [m] (triaxial tests) 
hsample Height of the sample [m] (triaxial tests) 
qtriax Deviatoric stress [Pa] 
p’ Effective mean stress [Pa] 
M Slope of the yield limit in the plane qtriax- p’ [°] 
Fy macro exp. Experimental drag force [N] 
Fy macro num. Numerical drag force [N] 
Apeak Peak area [µm2] 
Avalley Valley area [µm2] 

1 Introduction 24 

Drag finishing is a mass finishing technique that improves the surface roughness of external surfaces of 25 

parts. Parts are clamped on a spindle and submerged into a mixture of abrasive media and liquid 26 

compound (Figure 1a), then a motion is applied to the part [1]. It belongs to the family of abrasive fine-27 

finishing processes with other well-known processes such as vibratory finishing, barrel finishing, etc. Drag 28 

finishing is prioritised, to finely finish components such as medical implants and turbine blades, with the 29 

objective of preventing any contact between parts [2]. This process has received limited attention 30 

compared to other finishing processes, as it is often used to produce small batches. The optimisation of 31 

the process is based on the empirical knowledge of the company. However, its application becomes even 32 

more popular with the development of 3D printed parts that requires post-processing using finishing 33 

operations; some researchers employed vibratory finishing [3–6], whereas others also tested the drag 34 

finishing and the stream finishing process [7]. In the case of this last system, the rotational motion is given 35 

to the bowl rather than to the part [1]. The complexity and the high added value of the new generation of 36 

components make it necessary to have a scientific understanding of drag finishing. 37 

Most of the scientific papers that investigated drag finishing, have conducted experimental investigations 38 

with the aim of evaluating the sensitivity to technological parameters such as drag velocity, shape and size 39 

of abrasive media, composition of the liquid compound, process duration, etc.  For instance, Kacaras et al. 40 

[8], Barletta et al. [9] and Zanger et al. [10] showed that a higher rotational speed facilitates the reduction 41 

of surface roughness. Uhlmann et al. [11] verified that pyramidal media (containing sharp edges) are more 42 
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prone to scratch the roughness peaks, whereas spherical media deform it plastically. Malkorra et al. [12] 43 

investigated the size of the media and confirmed that large media are more prone to reduce surface 44 

roughness, which seems to be correlated to the impact forces, as suggested by Song et al. [13]. The 45 

composition of the liquid compound, spread in drag finishing, influences the surface finish through a 46 

modification of the mechano-chemical mechanisms. The liquid is responsible for evacuating the debris 47 

from the machine [14,15], as well as for inducing a gentle chemical action that accelerates the efficiency of 48 

the process [13]. Based on a large number of experiments, some authors proposed phenomenological 49 

models (surface response) to predict the surface roughness. For instance, as far as vibratory finishing is 50 

concerned, Domblesky et al. [16] proposed a phenomenological model depending on bowl acceleration, 51 

media weights, specific energy and a cutting factor, taking into account the efficiency of a defined abrasive 52 

medium. These works make important contributions to a better understanding of the process for a 53 

defined application. However, they do not enable the prediction of the best working conditions for any 54 

other application or working conditions. With the development of 3D printed parts that are customized 55 

individually, drag finishing conditions have to be adapted. Considering the cost of such components, there 56 

is a high need to develop models to predict the evolution of surface roughness over the part during drag 57 

finishing.  58 

Drag finishing is a multiscale process as shown in Figure 1. The development of a predictive model 59 

requires to address the relevant scale. At a macroscopic scale, drag finishing can be considered as a part 60 

moving through a homogeneous material having the mechanical properties of an abrasive slurry (Figure 61 

1,a). At a mesoscopic scale, the slurry can be considered as a mixture of some abrasive media within a 62 

liquid compound (Figure 1,b)). Finally, at a microscopic scale (Figure 1,c)), drag finishing can be 63 

considered as a single abrasive media (a particle) interacting with the surface having a complex surface 64 

topography (surface roughness). There is a clear link between the three scales of modelling. It is obvious 65 

that the macroscopic movement influences the local orientation and the contact of the media, at the 66 

mesoscopic scale, and the scratching phenomena, at a microscopic scale. However, in the current state of 67 

the art, no comprehensive model is able to simultaneously describe all of the mechanisms that happen at 68 

all scales This means that none of the models explain the link between macroscopic, mesoscopic and 69 

microscopic phenomena. It is only possible to find some models at a single scale. 70 

 71 

Figure 1. Drag finishing, a multiscale process. Drag finishing process at a) a macroscopic scale considering media as an abrasive slurry and the 72 

resultant mechanical loadings (normal and shear stresses, σn et τ) at the interface. b) At a mesoscopic scale, where the mixture of abrasive media (discrete 73 

particles) interacts with the part to polish. c) Finally, at a microscopic scale single abrasive particles interacts with the surface roughness under different 74 

contact forces (Fn, Ft, F), sliding velocities (v) and orientation angles (αm).  75 
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the slurry can be considered as a mixture of some abrasive media within a liquid compound 76 

At a macroscopic scale, drag finishing can be considered as a part moving through a homogeneous 77 

material with the mechanical properties of an abrasive slurry. The part can be modelled as a rigid volume 78 

but the surface roughness cannot be considered at this scale. The mechanical loading applied by the 79 

abrasive slurry around the part depends on its composition and rheological properties. It also depends on 80 

the immersion depth of the part (h) and on the drag velocity (ω1) (Figure 1a). At this macroscopic scale, 81 

drag finishing can be modelled as a non-Newtonian fluid flowing around the part. Such a model can 82 

provide the physical parameters such as the velocity (v), the normal stress (σn) and shear stress (τ) inside 83 

the abrasive slurry and around the part (Figure 1a). This may contribute to a better understanding of the 84 

process, such as the variation of the stresses (σn and τ), with regard to the orientation of the surface (α) 85 

(Figure 1a). For instance, it may enable quantification of the normal stress (σn) applied on a surface 86 

oriented perpendicular to the flow (α=0° in Figure 1a), which should be higher than the normal stresses 87 

(σn) applied on a surface oriented parallel to the flow (α=90° in Figure 1a). It is not possible to make a 88 

direct prediction of surface roughness (microscopic scale) from physical parameters (σn, τ and v) at a 89 

macroscopic scale but it is possible to make a statistical correlation between them based on experimental 90 

observations. On the contrary, by integrating a physical equation that takes into account local, 91 

macroscopic parameters, such as σn, τ  and v, a model at a macroscopic scale may have the potential to 92 

predict the evolution of a part’s macroscopic geometry (dimension, geometry) as proposed by Rech et al. 93 

[17] in a different application, i.e. cutting. Similar approaches were proposed by Dražumerič et al. for 94 

grinding [18]. 95 

At this macroscopic scale, very few researchers in drag finishing (or tribofinishing in general) have 96 

modelled the slurry as a homogeneous material. Such approaches are more common in civil and chemical 97 

engineering. Three types of numerical formulations are employed: CFD (Computational Fluid Dynamics) 98 

[19,20], Eulerian [21] and Finite Element formulations [22]. Some of these treated the granular material as 99 

a fluid-like material [19,20], whereas others threated it like a solid [21,22]. These models were created to 100 

study the motion of granular media under different conditions. However, none of them proposed a model 101 

to analyse the interaction between granular media (in motion) with another component. In chemical 102 

engineering and in civil engineering, scientists are interested in the movement of the granular material 103 

embedded in a container and not in the interaction with a part located in the heart of the media, as in drag 104 

finishing. In tribofinishing processes, the key issue is to model the interaction between granular media and 105 

the workpiece to be polished. So, there is a clear need to develop a more advanced model considering the 106 

interaction between media and a workpiece at a macroscopic scale, applied to drag finishing purposes. 107 

In addition to the previous statement, it is necessary to underline that the formulations presented in the 108 

literature [22] consider two types of constitutive equations to describe the rheological behaviour of the 109 

material. Some constitutive equations are based on the kinetic theory of liquids [19,20] which are more 110 

suitable for low density materials submitted to rapid deformations. These models are common in chemical 111 

engineering. The second types of constitutive equations are the ones employed in soil mechanics, such as 112 

the Mohr-Coulomb and Drucker-Prager models, based on plasticity theory. This last is considered to be 113 

one of the most adequate methods for dense granular materials with slow deformations [23]. 114 

Unfortunately, the identification of a constitutive model’s parameters remains an issue. Some authors, 115 

such as Zheng and Yu [21], employed a Mohr-Coulomb elastoplastic model, but they do not explain their 116 

method for identifying model parameters. Other authors prefer to identify the parameters by indirect 117 

methods. For example, Cariapa et al. [20] employed a Granular Surface Fitting method (GSF), based on a 118 

trial-and-error approach. A CFD model is calculated with a kinetic viscosity, then the slope of the media 119 

free surface is compared to the experimental one. Various kinetic viscosities were tested until the one that 120 

best fits the experimental results was found. In the case of Hashemnia and Spelt [22], they identified the 121 

friction angle of the material for the Drucker Prager plasticity model by an additional DEM (Discrete 122 

Element Method, to be described in this section) model of a tub finisher to measure shear rate and the 123 

stress tensor in different points of the model. These indirect approaches are not satisfactory from a 124 
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scientific point of view. It is a basic way to work around the problem. There is a clear need to identify 125 

constitutive equations of abrasive media by direct methods. Such approaches exist in civil engineering 126 

[24,25] but, to date, none of these methods have been applied to characterise abrasive media. This is a free 127 

field for research.  128 

At a mesoscopic scale, the slurry can be considered as a mixture of some abrasive media within a liquid 129 

compound (Figure 1b). At this scale, the slurry may be modelled as discrete solid particles interacting 130 

together during their movement. The bulk density (ρbulk) of the group of media within an elementary 131 

volume depends on the local pressure and on the velocity during the movement. For instance, it is clear 132 

that the bulk density (ρbulk) of media should be higher in front of the part (high pressure at α=0° in Figure 133 

1a), whereas it should be lower in the lateral area (low pressure at α=90° in Figure 1a). Inside an 134 

elementary volume, the orientation of the media (αm) (Figure 1,c), the number of contacts between the 135 

media, and the intensity of the contact forces (F) between the media also depend on the normal stress (σn) 136 

and on the velocity (v), considered at the macroscopic scale. At the interface between the slurry and the 137 

part, the orientation of the media (αm), the number of contacts between the media and the surface, and 138 

the intensity of the contact forces (F) between the media and the surface depends on the normal stress 139 

(σn) and on the local sliding velocity (v). As suggested by Figure 1b, the situation should be very different 140 

for media composed of spherical particles or pyramidal particles due to the interlocking effect between 141 

pyramidal media. The surface of the part can only be modelled by a simple geometry (plane, cylinders, 142 

etc.) and the surface roughness cannot be considered at this scale. So, at this mesoscopic scale, models 143 

cannot predict the evolution of surface roughness (microscopic scale) from the physical parameters 144 

obtained at a mesoscopic scale. Such mesoscopic models may only predict the movement and the 145 

mechanical interactions between a certain number of media and a simple surface. By considering a 146 

physical equation (i.e. wear equation) taking into account a statistical distribution of contact forces and 147 

velocity between media and the surface, these models may have the potential to predict the evolution of 148 

the local mesoscopic geometry (flatness, circularity, etc.). 149 

At the mesoscopic scale, researchers proposed DEM-based models (Discrete Element Method) where the 150 

abrasive particles (discrete elements) interact with the parts to polish. The major limitation of DEM 151 

models is the computational time, as well as the difficulty of modelling complex shaped media, such as 152 

pyramids. Some authors proposed the assembly of discrete spherical elements, to build complex geometric 153 

grains [26][27] but the majority of research work considered spherical media. Naeini and Spelt [28] studied 154 

the abrasive media motion and velocities in a rotating drum. Uhlmann et al. [29] modelled the interaction 155 

of a high number of abrasive particles with the part to be polished by drag finishing. They focused on 156 

predicting contact forces (F), with the aim of predicting the material removal [30]. Salvatore et al. [31] 157 

proposed a similar DEM model. On the contrary, Makiuchi et al. [32] proposed the most advanced model 158 

for predicting the material removal due to the contact forces (F) and the velocities (v) provided by a DEM 159 

model in vibratory finishing. They selected Preston’s Law [33] to predict the evolution of the local 160 

mesoscopic geometry. Finally, Zanger et al. [10] proposed a DEM model of the stream finishing process 161 

and they correlated the distribution of the normal force (F) and the sliding velocity (v) of the particles 162 

around the part, with experimentally measured material removal.  163 

Finally, at a microscopic scale (Figure 1c), drag finishing can be considered as a single abrasive media 164 

(particle) interacting with the surface having a complex surface topography (surface roughness). 165 

Depending on the interactions between the surrounding media, the orientation of the considered particle 166 

(αm), the contact force (F) and its velocity (v), a medium will induce various interaction mechanisms 167 

(plastic deformation, ploughing or scratching) as described by Kato et al. [34]. These interaction 168 

mechanisms depend on the effective contact between the particle and the peaks of the surface 169 

topography. As suggested in Figure 1c, the orientation of a pyramidal particle will affect the nature of the 170 

contact, whereas a spherical particle leads to a more deterministic contact. By considering a physical 171 

equation (wear equation), taking into account a statistical distribution of particle orientation with a range 172 
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of contact forces (F), velocities (v), and trajectories, these models may predict the evolution of surface 173 

roughness (Sa).  174 

At a microscopic scale, a large number of investigations have been conducted among the specialists in 175 

tribology. Most of this research focused on investigating the physics of either cutting mechanisms (chip 176 

formation), plastic deformation or ploughing, as in the case of Avient et al. [35], Samuels [36], Kato [37] 177 

and Hashimoto [38]. They analysed the abrasion of metals with single grains by studying the grooves from 178 

scratch tests under various contact conditions, attack angles and degrees of penetration. More recently, 179 

Dražumerič et al. [18] published the theory of aggressiveness, an analytical model that takes into account 180 

the geometrical aspects and kinematics in an abrasive contact. However, researchers like Hilero and 181 

Mathia [39], Domblesky et al. [16], Hashimoto et al. [38] and Li et al. [26] created more advanced models 182 

of tribofinishing processes, as functions of process velocity or bowl acceleration, the media-part’s number 183 

of contacts, the specific energies and the cutting factor of each type of abrasive media.  184 

The present paper is focused on modelling drag finishing at a macroscopic scale. The first objective 185 

consists of proposing a model that simulates the flow of abrasive media (considered as a homogeneous 186 

and continuous material around a workpiece), as well as its interaction with this workpiece. This is a new 187 

numerical model of drag finishing based on an ALE formulation. The model permits calculation of the 188 

mechanical loadings (velocity (v), normal stress (σn) and shear stresses (τ)) induced around the part.  189 

The second objective of this paper is to bring a contribution to the characterisation of the macroscopic, 190 

rheological properties of abrasive media. The literature review has revealed a weakness as only indirect 191 

methods were proposed to characterise the rheological properties of abrasive media. In this paper, a direct 192 

method is proposed: the triaxial test, which is used in the field of soil mechanics. The Drucker Prager 193 

plasticity model is identified.  194 

As the development of a numerical model requires experimental validation, an original experimental set-195 

up has been proposed. It enables measurement of the macroscopic drag force applied on the part. This 196 

physical parameter is then compared to its numerical estimation.  197 

The ALE model, the identification of the rheological model and the experimental validation are applied, 198 

to investigate the drag finishing process of a cylindrical part made of AISI1045 steel with two kinds of 199 

abrasive media (spherical and pyramidal).  200 

Experimental drag finishing tests were performed. The evolution of surface roughness around the part is 201 

investigated over time. The third objective of the paper proposes a correlation between the physical 202 

parameters (velocity (v), normal stress (σn) and shear stress (τ)) at a macroscopic scale and the evolution 203 

of surface roughness (microscopic scale) around the workpiece so as to reach a better understanding of 204 

the mechanisms (plastic deformation or abrasion) controlling the efficiency of the drag finishing process. 205 

2 Description of the numerical model 206 

The proposed model aims to simulate the flow of abrasive media at a macroscopic scale. The geometrical 207 

and kinematic parameters of the model are based on the drag finishing set-up proposed by Malkorra et al. 208 

[12] (Figure 2a). A cylindrical workpiece rotates around the y-axis of the bowl with a speed of ω1=60 rpm. 209 

This kinematic differs from traditional drag finishing as the workpiece does not rotate around its own axis. 210 

So, the abrasive media always faces the same surface. As the workpiece has a large height (δ) (80 mm), the 211 

media is supposed to flow on each side of the cylinder (plane X-Z) and not in the vertical direction Y 212 

(Figure 2a and 2b). The configuration can be simplified by multiple 2D plain strain models (Figure 2c) at 213 

various immersion depths (h). For one section (X-Z), at an immersion depth (h), the corresponding model 214 

has to take into account the hydrostatic pressure (p) at this level. The dimensions of the container were Ø 215 

650 mm x 400 mm.  216 



7 
 

 217 

Figure 2. The experimental set-up. a) The drag finishing machine and the motion applied to the system (ω1), b) the schematic drawing of the set-218 

up indicating the rotational speed (ω1), the immersion depth (h), the height of the part (δ) and the hydrostatic pressure (p). And in c) the interaction 219 

between the part and media flow. The analysed orientation angles (α) (0, 30, 60, 90°) were indicated in c) as well as the modelled section.  220 

The model was developed with the commercial code Abaqus/Explicit© and divided into two parts (Figure 221 

3). The ‘workpiece’ consisted of a Lagrangian rigid circle with a radius of r=0.01 m (the grey circle in 222 

Figure 3). Its movement was constrained in all directions in its axis. The ‘media’ was defined as a 223 

deformable homogeneous material and an ALE formulation was employed to permit the flow of the 224 

material inside the mesh (from the left to the right side). The inflow and outflow surfaces for the material 225 

were defined as Eulerian Surfaces (ES) and the flow direction was plotted (the black arrows in Figure 3). A 226 

speed of vlinear=1 m/s was applied to the media in the inflow surface. The surfaces, where material flow 227 

was not allowed, are defined as Lagrangian Surfaces (LS). A static pressure p was applied in the inflow and 228 

outflow surfaces (blue arrows in Figure 3). Its value was estimated by Eq.  1, where ρbulk is the bulk density 229 

of the granular material, A is the area of the container in the x-z plane (Figure 2), h is the immersion depth 230 

(m) and g is gravity. 231 

� � ρ���� ∙ � ∙ 	 ∙ 
 Eq.  1 

Both parts were meshed with 4 node plane strain elements (called CPE4R) with a uniform distribution. 232 

The approximate size was 0.98 mm. A sensitivity study was carried out to define the optimal size of the 233 

elements. Smaller elements were tested but those did not provide more precise numerical results, besides, 234 

the numerical calculation was more time consuming. The contact interaction between the flow of the 235 

media and the workpiece is defined by a kinematic contact algorithm, with a finite sliding formulation and 236 

a Coulomb friction coefficient (µ) of 0.25 [40]. 237 
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 238 

Figure 3. The numerical model. The schematic description and dimensions of the model composed by two parts: the media and the workpiece. 239 

Material and mesh constraints are indicated, as well as the Eulerian and Lagrangian surfaces. The applied mechanical loads are also shown, the 240 

hydrostatic pressure (p) and the velocity of the material (vlinear). 241 

The media belong to the family of granular materials. Such materials have been deeply investigated in civil 242 

engineering, especially to characterise the mechanical behaviour of soils. They can be modelled as 243 

homogeneous and continuous materials at a macroscopic scale. The mechanical properties to define the 244 

elasto-plastic behaviour of the granular material (the group of abrasive media) are: the bulk density (ρbulk), 245 

the elastic properties [Young’s modulus (E), Poisson’s ratio (ν)] and plastic properties [the friction angle 246 

(φ), the dilatancy angle (ψ), and the ratio between the yield stress in triaxial tension to triaxial compression 247 

(K)].  248 

The Young’s Modulus, (E) of granular materials is much lower than those of metals, between 200 kPa and 249 

1 MPa [21,22]. Whereas the Poisson’s ratio varies between 0.20 and 0.35, according to Braja et al. [41]. 250 

The stress-strain relation is described by a Drucker Prager (D-P) linear criterion [42], as it is commonly 251 

used for soils or granular materials [22,43].  252 

 253 

Figure 4. Schematic description of the Drucker Prager linear criterion. a) the yield surface in the meridional plane (q-p), and b) new 254 

yield surface after the hardening. The yielding limit (between materials elastic and plastic behaviour) is defined by the friction angle (φ) of the material. 255 

In Figure 4a, the yield surface is represented in the meridional plane q-p. These are the stress invariants: p 256 

is the first invariant of stress representing the equivalent pressure and it is expressed by Eq.  2. Whereas q 257 

is the von Mises equivalent stress, defined by Eq. 3, where Sij is the deviatoric stress, defined by Eq.  4. 258 

� � � 13 ���������� 
Eq.  2 
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� � �32 ������ 
Eq.  3 

��� � ��� � 13 ������ 
Eq.  4 

  

The yield surface is the border between the elastic and plastic behaviour of the material. The yield 259 

function f defines this border using Eq.  5, where t is defined by Eq.  6 and explained in the next 260 

paragraph. p is the equivalent stress, φ the friction angle and c the cohesion of the material.  261 

� � � � � tan ! � � � 0 
Eq.  5 

Unlike the case of metal materials, the strength of granular materials is asymmetrical between tension and 262 

compression. For example, the strength in compression is higher than in tension. The ratio (K) between 263 

the yield stress in triaxial tension and the yield stress in triaxial compression is employed to describe this 264 

asymmetry. This parameter defines the term t (expressed in Eq.  6), where q is the equivalent von Mises 265 

stress and r the third stress invariant. Because of the term t in the Drucker Prager yield function (in Eq. 5), 266 

it is possible to match different yield values if the material is in compression or tension. The ratio K takes 267 

values between 0.778≤ K<1. 268 

� � 12 � #1 + 1% � &1 � 1%' &��'() 
Eq.  6 

The friction angle (φ) is the slope of the yield surface. This parameter is the sum of the local friction 269 

between surfaces (µ) and the interlocking between the particles, and its value varies between 30 and 40° in 270 

granular materials [41]. Concerning the cohesion c in the case of abrasive media, it is considered as zero 271 

(c=0), as stated by [21].  272 

Once the material reaches the yielding limit, hardening of the material occurs (see Figure 4b). In the 273 

model, the hardening was defined in uniaxial compression and the flow potential (G) applied was 274 

expressed, as in Eq. 7, where ψ is the dilatancy angle of the material. This parameter describes how the 275 

material dilates or contracts under a force. Its value is always lower than the internal friction angle. Since 276 

Dano et al. [44,45], it is 30° lower. 277 

* � � � � tan ψ 
Eq.  7 

The parameters mentioned are necessary to define the mechanical behaviour of the material. In this paper, 278 

the ratio (K) has been kept constant (K=0.8), because of the work of [46]. The rest of the parameters [bulk 279 

density (ρbulk), Young’s Modulus (E), Poisson’s ratio (ν), friction angle (φ), and dilatancy angle (ψ)] have to 280 

be determined by the methods used in soil mechanics [25]. The procedure and the results will be detailed 281 

in section 3.  282 

3 Characterisation of the rheological properties of the granular material 283 

Some of the parameters required to define the rheological behaviour of the granular material, such as 284 

Young’s Modulus (E), Poisson’s ratio (ν), friction angle (φ) and dilatancy angle (ψ), have been identified by 285 

means of a triaxial compression test. This technique is commonly used to characterise the mechanical 286 

properties of geomaterials. This characterisation method has been applied for two abrasive media: a 287 

spherical (5 mm in diameter) and a pyramidal (6x6 mm) media, as shown in Figure 8.  288 

3.1 Principle of triaxial compression tests 289 

The basic idea behind triaxial compression tests consists of embedding a certain amount of media within a 290 

deformable cylinder (called a membrane, see Figure 5c) and applying a variable confining pressure (σ3) on 291 

it (Figure 5a and 5b). During the application of the pressure, the deformation is observed (εy, εv). By 292 

making a link between stress and strain, some mechanical properties can be identified. The present work 293 
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has been performed on a triaxial set-up from the company Sols Mesures. Samples were prepared in a 294 

deformable membrane, made of rubber (provided by PiercanTech), and having the following dimensions 295 

(Figure 5c): Ø=100 mm, l=300 mm and thickness=0.5 mm.  296 

 297 

Figure 5. The triaxial tests for media characterisation. a) The employed triaxial cell and its b) schematic illustration where the sample, the 298 

applied stresses (σ1,σ3) and the deformation sensors (εy, εv) are shown. In c), sample preparation is shown: 1) abrasive media embedded in the deformable 299 

membrane and 2) the closed sample is also shown.  300 

3.1.1 Sample preparation 301 

Samples of two abrasive media were prepared: spherical media (BALL-5 mm) and a pyramidal media 302 

(SCT-6x6 mm), made of vitrified aluminium oxide grits embedded in a ceramic bonder. All samples were 303 

prepared as explained bellow.  304 

The preparation of the samples is crucial in order to have the same bulk density (ρbulk) in all samples. It is 305 

known that each granular material can have different compaction levels. Youd [47] defined the minimum 306 

and maximum void ratios (emin and emax) that a granular material could have, depending on the shape of the 307 

grains. The compaction of the abrasive media during drag finishing is not very high; the drag movement 308 

of the workpiece dilates the media but the hydrostatic pressure applied by the media, located above, 309 

compacts them again. So, it is considered that the degree of compaction (e) must be between the 310 

maximum and the minimum void ratios of the material, as illustrated in Figure 6.  311 

 312 

Figure 6. The various compaction levels of granular materials, maximum and minimum void ratios (emin and emax) and the void ratio (e) for a relative 313 

density Dr of 50%. 314 

The degree of compaction is defined by the relative density (Dr) using Eq. 8, where emax and emin are the 315 

maximum and the minimum void ratios that the granular material can adopt, and e is the void ratio of the 316 

sample for a certain relative density Dr.  317 
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,- � �./0 � ��./0 � �.�1 Eq.  8 

The maximum and minimum void ratios (emax, emin) are extracted from the Youd tables [47]. For a Dr = 318 

50%, and assuming that all particles are identical (Cu=1), the void ratio (e) of the sample was calculated.  319 

The void ratio (e) links the bulk density (ρbulk) and the individual grain density (ρgrain) in Eq. 9. The grain 320 

density was measured with a pycnometer (ρgrain=2.46 g/cm3) and the bulk density (ρbulk) of the sample was 321 

calculated. 322 

� � 23-/�12���� � 1 Eq. 9 

Finally, the mass of the material (msec) required in the sample to reach a relative density (Dr) of 50%, was 323 

deduced by Eq. 10, where dsample is the diameter and hsample is the height of the sample. 324 

24 � 56789: � 5678
; ∙ <=4 ∙ 	 Eq. 10 

Table 1 shows the physical properties for both media studied in this work, as well as the mass (msec) of the 325 

sample.  326 

Table 1. The physical properties and the total mass of the media in the samples for both spherical and pyramidal abrasive media.  327 

Media Shape Cu [-] emax [-] emin [-] ρgrain [kg/m3] ρbulk [kg/m3] msec [gr] 

Spherical 
(BALL-5) 

Sub-Rounded 1 0.9 0.5 2460 1510 2312 

Pyramidal 
(SCT 6x6) 

Sub-Angular 1 1 0.6 2460 1770 2448 

NB: ≈2 kg of media were used to fill the membrane. Moreover, 30 mL of water was added so as to 328 

humidify the media in the same way as in the drag finishing machine (0.015 kg of water for 1 kg of media).  329 

3.1.2 Testing procedure 330 

Samples (abrasive media embedded in the deformable membrane) were placed in the triaxial cell, see 331 

Figure 5a and 5b. The sample was surrounded by water (Figure 5a and 5b) so as to apply a confining 332 

pressure (σ3), which remained constant during the test. Afterwards, a vertical pressure (σ1) was 333 

progressively applied to deform the sample, until 20% of vertical strain (εy) (in the vertical direction of the 334 

sample in Figure 5). The speed of deformation was fixed at 0.02 mm/min. During the application of the 335 

vertical pressure (σ1), the deviatoric stress (qtriax) (Eq. 11), the effective mean stress (p’) (Eq. 12), the 336 

vertical strain (εy) and the volumetric strain (εv) were measured (Figure 5a and 5b). It was mandatory to 337 

apply at least 3 levels of confining pressure (σ3) so as to identify the mechanical properties. In the present 338 

work, the confining pressure (σ3) was set at 20, 40 and 80 kPa.   339 

�?-�/0 � σ@ � σ( 
Eq.  11 

�′ � σ( �  �σ@ � σ(�3  
Eq.  12 
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 340 

Figure 7. The typical representation of triaxial test results: a) deviatoric stress (qtriax) vs. the vertical strain (εy), b) deviatoric stress (qtriax) 341 

vs. the effective mean stress (p’) and c) radial strain (εv) vs. vertical strain (εy). All tests are made at three confining pressures (σ3), 20, 40 and 80 kPa. 342 

From these graphs, the identification of the Young’s Modulus (E), the Poisson’s ratio (ν), the friction angle (φ) and the dilatancy angle (ψ) is calculated. 343 

Figure 7 shows the typical graphical representation of triaxial test results. In Figure 7a, the deviatoric stress 344 

(qtriax) is plotted as a function of the vertical strain (εy). From the first part of the curve (the elastic part), 345 

the Young’s modulus (E) can be calculated with Eq. 13 [48]. 346 

C � ∆�?-�/0∆EF  Eq.  13 

In Figure 7b, the deviatoric stress (qtriax) is plotted against the effective mean stress (p’). The slope (M) of 347 

the line linking the three tests provides the internal friction angle (φ), applying the relation Eq.  14 [49].  348 

G � 6 sin !3 � sin ! Eq.  14 

In Figure 7c, the radial strain (εv) is plotted with the vertical strain (εy). From the last part of the curve, the 349 

angle of dilatancy (ψ) and the Poisson’s (ν) coefficient is calculated by means of the expressions Eq. 15 350 

[50] and Eq. 16 [40,51].   351 

sin K � � EL/EF2 � EL/EF Eq.  15 

N � � ELEF Eq.  16 

These triaxial tests permit the identification of the Young’s Modulus (E), the Poisson’s ratio (ν), and some 352 

parameters for the Drucker-Prager plasticity model: the friction angle (φ) and the dilatancy angle (ψ). 353 

3.2 Characterisation of two abrasive media 354 

Two types of media have been investigated: spherical media (BALL-5 mm) and a pyramidal media (SCT-6 355 

x 6 mm) (Figure 8). The abrasive media were provided by the company ABCSwissTech. 356 

 357 

Figure 8. Ceramic abrasive media of different shape: a) spherical, Ø=5 mm, and b) pyramidal, dimensions=6x6 mm. Both medias had the 358 

same composition and were provided by ABCSwissTech. 359 

Figure 9 plots the results of triaxial compression tests for both materials at three confining pressures (σ3). 360 

The parameters (E, ν, φ and ψ) were extracted from Figure 9 and are reported in Table 2. 361 
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It should be noted that the ratio between the yield stress in triaxial tension and that in compression (K) 362 

was extracted from the literature [46].  363 

 364 

Figure 9. Triaxial test results for both media. a) deviatoric stress (qtriax) vs. the vertical strain (εy), b) deviatoric stress (qtriax) vs. the effective 365 

mean stress (p’) and c) radial strain (εv) vs. vertical strain (εy) for both medias at different confining stresses (σ3): 20, 40, 80 kPa. 366 

Table 2. Material properties of both media.  367 

  Elastic properties Plastic properties 

 

Density 
(ρbulk) 
[kg/m3] 

Young’s 
modulus (E) 
[kPa] 

Poisson’s 
ratio (ν)[-] 

Internal 
friction 
angle (φ) 
[°] 

Dilatency 
angle (ψ) 
[°] 

Ratio between the yield 
stress in triaxial tension 
to compression (K) [-] 

BALL-5 1713 179 ± 65 0.3 ± 0.1  31 ± 2 8 ± 3 0.8 

SCT 6x6 1489 415 ± 49 0.46 ± 
0.07 45 ± 1 13 ± 1 0.8 

 368 

Figure 9a shows that spherical and pyramidal media exhibit different behaviour. Pyramidal media induces 369 

higher levels of deviatoric stress (qtriax ≈ 320 kPa) than spherical media (qtriax ≈ 200 kPa). As far as Young’s 370 

modulus (E) is concerned, pyramidal media seem to be more rigid (E ≈ 415 kPa), whereas it is more 371 

elastic for spherical media (E ≈ 179 kPa).  372 
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The internal friction angle (φ) of spherical and pyramidal media are estimated (Figure 9b): φ ≈31° and φ 373 

≈45°, respectively. Assuming that the local friction coefficient (µ) between surfaces is constant in all cases, 374 

because they are composed of the same material, the difference between the internal friction angles of the 375 

materials is due to the interlocking between the particles. The pyramidal media have a more angular shape 376 

with less capacity to rotate and re-organise under an external force, so the dilation (l2 SCT6x6> l1 BALL5) is 377 

higher, as represented in Figure 10. Pyramidal media exhibit a higher frictional resistance than the 378 

spherical ones.  379 

 380 

Figure 10. Illustration of the interlocking effect of abrasive media. Both medias are subjected to the same force (F). a) Spherical media 381 

have facility to rotate whereas b) pyramidal media do not rotate due to their angular shape.  382 

From Figure 9c, the dilatancy angle (ψ) is also significantly influenced by the shape of the media. In the 383 

case of the pyramidal media, the dilatancy angle (ψ) is higher (13°), whereas it is only 8° for spherical 384 

media. This means that this material expands its volume when reorganisation of the particles occurs (as 385 

shown in Figure 10). In the same way, the Poisson’s ratio (ν) will also be higher in pyramidal media than in 386 

spherical media: ν ≈0.45 and ν ≈0.3, respectively. 387 

4 Application of the drag finishing model 388 

The objective of this section is to simulate a drag finishing operation using a 2D ALE (Arbitrary 389 

Lagrangian Eulerian) model, presented in section 2. The 2D ALE model simulates the flow of abrasive 390 

media, considered as a homogeneous and continuous material that interacts with the workpiece to be 391 

polished. The behaviour of the material is defined by the continuum plasticity model presented in section 392 

3; the parameters were identified in section 3.2, for both media (spherical and pyramidal). The model 393 

provides the mechanical loading parameters (velocity v, normal stress σn and shear stress τ) induced for 394 

each orientation angle (α) around the cylindrical workpiece (Figure 1).  395 

As this ALE model simulates drag finishing for a defined immersion depth h (and its corresponding 396 

hydrostatic pressure (p)), four simulations were launched with two different media (spherical BALL-5 and 397 

pyramidal SCT6x6) and two levels of pressure, corresponding to two immersion depths (h=0.07 and 0.12 398 

m), see Table 3. The hydrostatic pressures are calculated with Eq. 1, presented in section 2.  399 

Figure 11 presents an example of numerical results. Figure 11a plots the velocity (v), Figure 11b plots the 400 

normal stress (σn) and Figure 11c plots the shear stress (τ). The computational time for one simulation of 401 

1 s is around 1 hour, on a single 2.6 GHz CPU and 16 Go of RAM. 402 

Table 3. Simulation information. 403 

N° of simulation Media Depth (h) [m] Pressure (p) [Pa] 
1 BALL-5 0.07 1175 
2 BALL-5 0.12 2014 
3 SCT 6x6 0.07 1021 
4 SCT 6x6 0.12 1751 
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 404 

Figure 11. Examples of numerical results for case study N°4: a) the sliding velocity (v), b) normal stress (σn) and c) shear stress (τ) 405 

cartography and distribution around the part. The numerical drag force (Fh) is also indicated in the center of the workpiece.  406 

4.1 Validation of the numerical model 407 

The development of a model requires validation, based on experimental measurements of the physical 408 

parameters. The objective of this section is to compare the experimental drag force (Fy macro exp.) applied on 409 

the cylindrical workpiece in drag finishing and to compare this value with the one predicted by the 410 

numerical model (Fy macro num.). This section presents the experimental set-up employed for the drag force 411 

(Fy exp.) measurements and, then, presents the procedure to calculate the numerical drag forces (Fy macro 412 

num.). Finally, experimental and numerical forces are compared. 413 

4.1.1 Experimental drag force measurements 414 

Figure 12a shows an experimental setup developed for measuring the drag force (Fy macro exp.) applied on 415 

the part that, was inspired by the work of Hashimoto et al. [52] and Zanger et al. [10]. The part was fixed 416 

(with no rotation) and the container rotated around its axis. This configuration enabled the part to be held 417 

with a force dynamometer (Kistler 9272a) and to record the induced drag forces (Fy macro exp.). The 418 

container had a diameter of 650 mm and a height of 390 mm. Its rotation speed was adjusted to reach a 419 

linear drag velocity of vlinear=1 m/s, as in the numerical simulations of section 4. The cylindrical workpiece 420 

had a diameter of 20 mm and was 260 mm long.  421 

The container was filled by abrasive media (described in section 3.2) until it reached a specific level (Figure 422 

8). This defined the immersion depth (h) of the workpiece, which is the same as the height of the surface 423 
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in contact with the media and, therefore, the hydrostatic pressure (p). The upper surface of the media is 424 

flattened by a leveller, so as to maintain a constant contact surface between the workpiece and the media 425 

(Figure 12a). Two immersion depths were employed and each test was replicated three times; average 426 

values are summarised in Table 4 and plotted in Figure 14.  427 

 428 

Figure 12. The experimental set-up for drag force measurements. a) Developed experimental set-up to measure the macroscopical 429 

experimental drag forces (Fy (macro exp.)). The components: the bowl or container, the leveller, the media, workpiece and the force sensor are indicated. The 430 

container rotates around its own axis with a rotational speed ω1. In b), a zoom of the media flow around the part is shown and in c) a schematic 431 

explanation is shown, indicating media flow and the drag force. 432 

4.1.2 Numerical drag force measurements 433 

As explained in section 2, the model only takes into account a layer in a specific immersion depth (hi), see 434 

Figure 13a. The hydrostatic pressure (pi) is applied to the model and the local drag force (Fhi) in the 435 

workpiece is calculated by the 2D ALE model. It can be considered that the sum of all local drag forces 436 

(Fhi) calculated at different immersion depths (hi) matches the macroscopic numerical drag force (Fy macro 437 

num.), as illustrated in Figure 13b.  438 

However, this method is equivalent to a more simple method, illustrated in Figure 13c. Indeed, the 439 

hydrostatic pressure (pi) depends on the immersion depth (hi) with a linear equation (the triangle in Figure 440 

13c). It is only necessary to estimate the local drag force (Fh) at the immersion depth h, due to the 2D 441 

ALE model. Then, the macroscopic drag force (Fy macro num.) is calculated by Eq. 17 in Figure 13c. This was 442 

employed to calculate the numerical drag forces (Fy macro num.), which are shown in Table 4 and plotted in 443 

Figure 14.  444 
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 445 

Figure 13. Calculation of the numerical force Fy (macro num.). The schematic drawing of the hydrostatic pressure (p) applied on the workpiece 446 

and its resultant force (Fy (macro exp.)). At a specific height (hi), the pressure will be (pi). In b) and c), two methods to do the transition between the 447 

numerical local drag force (Fhi) and the numerical macroscopic drag force Fy (macro num.)) is proposed.  448 

FF ./8-P 1�.. � FR ∙ 	 2S  
Eq.  17 

4.1.3 Comparison between experimental and numerical drag force 449 

Figure 14 plots the experimental and numerical macroscopic drag forces (Fy macro exp., Fy macro num.) for two 450 

immersion depths (h) and 2 media (BALL-5 and SCT6x6). It shows that the model overestimates drag 451 

forces. However, the sensitivity to media and to the immersion depth (h) is well predicted. The higher 452 

strength of the pyramidal media clearly leads to higher drag forces. A higher immersion depth (h) also 453 

leads to a higher drag force (Fy). The values are reported in Table 4. It is considered that the model 454 

provides an acceptable prediction of the drag force. It becomes possible to analyse the mechanical loading 455 

parameters (velocity v, normal stress σn and shear stress τ) induced for each orientation angle (α) around 456 

the cylindrical workpiece. 457 

 458 

Figure 14. Comparison between experimental Fy macro exp. and numerical Fy macro num. drag forces for two immersion 459 

depths (h) and two abrasive media: a) BALL-5 and b) SCT 6x6.  460 
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Table 4. Measured Fy macro exp. and numerically calculated Fy macro num. for two media and two immersion depths (h). 461 

  Experimental results Numerical results 
Abrasive media h [m] Fy macro exp. [N] Fy macro num. [N]  

BALL-5 
0.07 5.8 ± 0.21 12.6 ± 0.04 
0.12 23.8 ± 0.5 26.7 ± 0.11 

SCT 6x6 
0.07 16.8 ± 1.04 27.4 ± 0.49 
0.12 39.4 ± 0.27 60.4 ± 1.1 

4.2 Analysis of the numerical results 462 

Figure 15 plots the sliding velocity (v) around the cylindrical part (orientation angle α), whereas Figure 16 463 

plots the normal stress (σn), shear stress (τ) induced in the ‘workpiece’ surface, at two applied pressures (p) 464 

corresponding to two immersion depths (h). The data series for the spherical media are plotted in blue, 465 

whereas those for the pyramidal media are in orange. Tendency curves are drawn with solid lines. 466 

In Figure 15, it appears that the trend is similar, irrespective of media and pressure. At α=0° a stagnation 467 

point of the media flow is present. From a macroscopic point of view, the velocity of the material is v ≈ 0 468 

m/s. However, from a mesoscopic point of view, Salvatore et al. [31] proved that media particles are in 469 

movement (through a DEM model), even if their velocity is limited. Once passed the stagnation point at 470 

α≈15°, the velocity (v) starts increasing until it reaches its maximum value around α≈75°. Near α≈90°, the 471 

velocity (v) takes values of v=0 m/s, as the media loses contact with the workpiece. By increasing the 472 

hydrostatic pressure (p), the area without contact reduces. Figure 15 also reveals that pyramidal media 473 

(SCT6x6) leads to higher velocities (v) than spherical ones. On the contrary, the hydrostatic pressure (p) 474 

does not have a significant influence on velocity.  475 
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 476 

Figure 15. Media sliding velocity distribution around the part (v) for two pressures (p) and two immersion depths (h) for spherical and pyramidal medias. 477 

Figure 16 plots the distribution of normal stress (σn) around the part. The normal stress (σn) reaches the 478 

maximum value in the stagnation point at α=0°. It then decreases as the orientation angle (α) increases, 479 

until reaching σn ≈ 0 Pa at the lateral side of the part (α=90°). By comparing both media, either in Figure 480 

16a or 16c, it is observed that pyramidal media leads to much higher normal stresses (σn) than spherical 481 

media. This is due to its higher mechanical resistance: pyramidal media presents higher E, ν, φ, ψ values 482 

than the spherical media. The effect of the hydrostatic pressure (p) is visible by comparing Figure 16a and 483 

16c: the higher the pressure (p) applied, the higher the normal stress (σn) will be. 484 

As far as the shear stress (τ) is concerned (Figure 16b and 16d), at the stagnation point at α=0°, the shear 485 

stress has low values. However, it reaches its maximum value around α≈15° in the case of spherical media 486 

and around α≈30° with the pyramidal ones. Then, the shear stress (τ) decreases towards zero around the 487 

lateral side of the part (α=90°). If both media are compared, the pyramidal media leads to much higher 488 

shear stress (τ) all around the part, due to its higher mechanical resistance (higher E, ν, φ, ψ than spherical 489 
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media, see section 3.2.). Finally, concerning the hydrostatic pressure (p), the comparison between Figure 490 

16b and Figure 16d reveals that the shear stress (τ) is correlated with the pressure (p). 491 

It can be concluded that both normal stress (σn) and the shear stress (τ) are strongly dependent on the 492 

rheological properties of media and on the hydrostatic pressure (p). On the contrary, the sliding velocity 493 

(v) is only influenced by the rheological properties of media but it is not sensitive to the hydrostatic 494 

pressure.  495 

 496 

Figure 16. The numerical mechanical loading. a) Normal stress (σn) and b) shear stress (τ) distribution around the part for two hydrostatic 497 

pressures (p) and two immersion depths (h) for spherical and pyramidal medias. 498 

 499 
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5 Evolution of surface roughness in drag finishing 500 

This section aims to investigate the evolution of surface roughness in drag finishing for the two abrasive 501 

media involved in this paper (Figure 8). Drag finishing tests were conducted with the experimental set-up 502 

presented in Figure 12.  503 

5.1 Materials and Methods 504 

Cylindrical samples were manufactured with a ferritic-pearlitic mild steel (AISI1045). Its diameter was 20 505 

mm and its height was 80 mm (Figure 17a). A calibrated surface roughness was machined by the milling 506 

process presented in Figure 17b. The turn-milling conditions are reported in Table 5. Figure 17c illustrates 507 

the surface topography (3D), Figure 17d shows an example of the surface profile (2D) and indicates the 508 

roughness parameters: Ra~12 µm, RSm~105 µm and Rsk~1.5. 509 

With regard to drag finishing conditions, 175 kg of the spherical and pyramidal media that were 510 

considered previously, in sections 3 and 4, were used in the drag finishing process. In addition, a liquid 511 

compound was added: a passive alkaline liquid, with pH~8 (Ref: Pulibrill 6140, ABC SwissTech) and 5% 512 

concentration. The set-up was connected to a filtering machine, to remove debris with a flow rate of 5 513 

l/min. The workpiece was dragged through the media and liquid compound with a constant linear velocity 514 

of vlinear=1 m/s and the analysed surfaces were immersed at h=0.07 m. 515 

Table 5. Milling process parameters. 516 

Milling tool 
MC232-06.0W2B-WJ30ED 
Walter 

Cutting speed (Vc [m/min]) 200 
Number of teeth 2 
Feed per tooth (fz [mm]) 0.05 
Axial depth of cut (ap [mm]) 0.07 
Radial depth of cut (ae [mm]) 0.07 
Lubrication Emulsion 
Workpiece inclination [°] 45 
Step over distance [µm] 100  
Scallop height [µm] 50 

 517 
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 518 

Figure 17. Sample fabrication and characteristics. a) Sample shape and dimensions with a milled surface of Ra=12 µm, b) milling process 519 

used to create the periodical surface, c) the details of the periodical surface in 3D, and d) its surface profile in 2D and Ra, RSm and Rsk values. 520 

Surface topography characterisations were carried out using a focus variation microscope (Alicona Infinite 521 

Focus). Each surface had a dimension of 5 mm along the axis of the sample (y in Figure 18a), and 1.5 mm 522 

in the circumferential direction (x-z plane). A magnification of 20x was applied and the corresponding 523 

vertical and lateral resolutions were 2.5 µm and 0.1 µm, respectively. Four main areas were measured at 0, 524 

30, 60 and 90° with regard to media flow (in the z axis) (Figure 18a) during the drag finishing process at 525 

time intervals of t=0, 5, 20, 60, 120, and 210 min. The measured topographies were then post-processed 526 

with the MountainMaps® commercial software. From the main surface (5 x 1.5 mm), a section (1.5 x 1.5 527 

mm) was selected to calculate the arithmetical mean deviation of roughness (Sa) as shown in Figure 18b.  528 

In addition to the analysis of surface roughness parameters, it is also important to follow the position of 529 

the profile. Analysis of the position permits us to deduce the amount of material that was removed by 530 

cutting or that was plastically deformed during the finishing process. If the final profile is below the 531 

original profile, this means that cutting was the dominant mechanism. On the contrary, the final profile 532 

remains in the middle of the original profile and this means that plastic deformation was the dominant 533 

mechanism. In practice, a 2D profile (in the Y direction) was extracted from the measured surfaces (5 x 534 

1.5 mm). Initial and final surface profiles were superimposed on the same reference (Figure 18b), which 535 

was created by indenting the surfaces with a cone indenter. During the drag finishing process, the valley of 536 

the indentation area remained intact because its width (<1 mm) was narrower than the employed 537 

minimum media diameter (~5 mm). So, it becomes possible to locate the position of the two profiles 538 

before and after the process.  539 
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 540 

Figure 18. Surface topography analysis. a) The sample with the milled surface. The measured surfaces positions are indicated in different colours. 541 

Media flow is drawn with white arrows.  At b) the surface at 0° is shown with its dimensions and the referential scratch. The section from Sa is 542 

calculated is indicated in red colour, and the extracted surface profile in black. Finally, at c), surface profile superposition is made using the referential 543 

scratch. The gap between the rough surface and the final surface shows how many material was removed in tribofinishing. 544 

5.2 Experimental results 545 

Figure 19 shows the evolution of Sa and Figure 20 presents the superposition of primary profiles before 546 

and after drag finishing for both abrasive media and four surface orientation angles (α).  547 

 548 

Figure 19. Sa evolution graphs. Sa after 210 min of drag finishing for both abrasive media (BALL5 and SCT 6x6) at four surface orientations 549 

(α) a) 0°, b) 30°, c) 60° and d) 90°. 550 
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 551 

Figure 20. Initial and final (t=210 min) primary profiles. For surfaces polished with BALL-5 and SCT 6x6 at four surface orientations 552 

(α): a) 0°, b) 30°, c) 60° and d) 90°. Peak and valley areas are indicated in grey colours (Areapeak and Areavalley).  553 

Concerning the evolution of surface roughness (Sa) and, more precisely, the slope of the curves, it can be 554 

seen that the pyramidal media (orange) is more effective than spherical media (blue) to reduce surface 555 

roughness (Sa). This is observable for any surface orientations (α). However, it is clear that the evolution 556 

of the roughness (Sa) depends on orientation angle (α). It seems that, as far as pyramidal media are 557 

concerned, the most efficient orientation angle is α=30 to 60°. On the contrary, spherical media leads to 558 

similar roughness values (Sa) in the range α=0 - 60°.  559 

At the end of the drag finishing tests (t=210 min), the roughness values (Sa), reached by both abrasive 560 

media, were quite similar for the orientation angles (α) at 0, 30 and 60°. On the contrary, on the lateral 561 

side and parallel to the media flow (α=90°), spherical media were not that efficient in decreasing surface 562 

roughness (Figure 19d).  563 

This analysis has to be completed with the analysis of the final surface profiles in Figure 20 in order to 564 

conclude what type of interaction mechanism happened (abrasion or plastic deformation). Figure 20 565 

defines the parameter (Apeak) corresponding to the area between the original profile over the final profile. 566 

This parameter represents a quantity of work material. Figure 20 also defines the parameter (Avalley), 567 

corresponding the area between the original profile below the final profile. This parameter illustrates a free 568 

volume (no material). As the original profiles were almost triangular, it is possible to analyse the ratio 569 

between Apeak / Avalley. When Apeak is equivalent to Avalley, this shows that plastic deformation was the 570 

dominant mechanism and no work material has been removed. The final profile is in the middle of the 571 

original profile. On the contrary, when Apeak is much larger than Avalley, this reveals that cutting or abrasion 572 

was the dominant mechanism and the final profile is shifted below. In this extreme situation, when Avalley 573 

is equal to zero, the original profile has been fully removed by abrasion, which reveals a high efficiency of 574 

the drag finishing process.  575 

It is also possible to define the parameter MR (material removal) by using Eq. 18. This indicator (MR) 576 

reveals the amount of material that has been removed for a defined orientation angle (α).  577 
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Finally, the parameter PD (plastic deformation ratio) is defined by Eq. 19. When plastic deformation is the 578 

single mechanism, PD is closer to 1. On the contrary, when PD is equal to zero, abrasion is the single 579 

mechanism. 580 

GT � AV7/� � AL/��7F  Eq.  18 

W, � AL/��7F AV7/� X  
Eq.  19 

Table 6. Apeak, Avalley MR and PD for both media and all orientation angles (α). 581 

Abrasive 
media α [°] Apeak [µm2] Avalley [µm2] MR [µm2] PD [-] 

BALL-5 

0 860 161 699 0.19 
30 1326 142 1183 0.11 
60 1751 122 1628 0.07 
90 500 30 470 0.06 

SCT 6x6 

0 2215 0.00 2215 0 
30 2259 0.00 2259 0 
60 2354 0.00 2354 0 
90 1674 0.00 1674 0 

 582 

In Figure 20a, at α=0°, the position of the final profile differs between pyramidal and spherical media. 583 

The orange line, corresponding to the profile generated by pyramidal media, is below the original profile, 584 

in black. Apeak is much bigger than Avalley (=0). This shows that a large amount of material has been 585 

removed by abrasion. On the contrary, the blue line, corresponding to the final profile generated by the 586 

spherical media, remains in the middle of the original profile. Apeak is only slightly bigger than Avalley. This 587 

means that the material on the peaks was plastically deformed until filling the valleys. It can be concluded 588 

that plastic deformation was the dominant mechanism. However, a small amount of material has been 589 

removed, as the parameter MR is significantly higher than zero: MR ~ 699 mm2. This shows that plastic 590 

deformation was the dominant mechanism in this area, even though some material had been removed. It 591 

should be noted that the final surface roughnesses (Sa) are very similar after 210 min, as shown in Figure 592 

19a. So, this analysis illustrates the necessity to combine the analysis of surface roughness parameters and 593 

profiles, in order to understand the fundamental mechanisms in drag finishing. 594 

By analysing the profiles at α=30°, a similar analysis can be made. Pyramidal media remains the most 595 

efficient way to remove the material by abrasion (scratching), whereas spherical media have a dominant 596 

plastic action. However, the parameter MR becomes greater, which reveals that a larger amount of 597 

material has been removed. So, the balance between plasticity and abrasion is modified for spherical 598 

media. 599 

This trend remains for the orientation angle α=60°. The parameter Avalley becomes very small for the 600 

spherical media. The parameter MR increases. For both media, scratching becomes the dominant 601 

mechanism. As far as pyramidal media is concerned, it is observable that the orange line is significantly 602 

below the original profile, which shows its highest efficiency to remove material for this orientation angle.  603 

In the lateral zone (α=90°), the situation becomes different. The spherical media leads to a plateau profile 604 

with a large decrease of peaks, whereas valleys are not that affected. This shows that scratching becomes 605 

the dominant mechanism. Unfortunately, the MR is low which shows that this media is inefficient in this 606 

area. On the contrary, pyramidal media keep their efficiency. 607 

As a summary, this section shows the necessity to combine the analysis of surface roughness parameters 608 

and profiles in parallel, so as to understand the fundamental mechanisms in drag finishing. It has been 609 

revealed that spherical media promotes plastic deformation at low orientation angles, whereas it promotes 610 
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scratching for high orientation angles. As far as surface roughness is concerned, the efficiency of spherical 611 

media decreases for high orientation angles. On the contrary, pyramidal media promotes scratching 612 

mechanisms for the whole range of orientations, even if its maximum efficiency is observable for α=60°. 613 

6 Correlation between physical parameters and surface roughness 614 

This section aims to compare the physical parameters (τ, σn, v) quantified in the numerical simulations, 615 

with the surface topography obtained during the experimental tests. Figure 21 summarises both the 616 

experimental results and the numerical ones. The investigated experimental parameters were: 1) the 617 

surface roughness change (∆Sa) and 2) the predominant mechanism (material removal (MR) or plastic 618 

deformation (PD)) at t=210 min in four surface orientations (α), see Figures 21a, 21b, 21c and 21d. The 619 

investigated numerical parameters were: 3) the normal stress (σn) and the shear stress (τ) on the surface, 620 

and 4) the sliding velocity (v) (see Figure 21e and 21f). In addition, Figure 21g and 21h plot the evolution 621 

of the shear stress multiplied by the sliding velocity (τ x v) that represents a shearing energy at the 622 

interface. 623 

Spherical media 624 

Figure 21a shows that, during the polishing with the spherical media (BALL-5), ∆Sa is different in each 625 

surface orientation (α). According to Figure 21c, a combination of plastic deformation and material 626 

removal happened. At α=0° almost only plastic deformation occurs, whereas at α=30° and 60° both 627 

phenomena are combined. The material removal (MR) mechanisms (abrasion, scratching) become the 628 

predominant phenomena. Finally, at α=90°, only material removal takes place.  629 

If the mechanical loading is observed in Figure 21e, the frontal zone (α=0°) is subjected to high normal 630 

stress (σn), low shear stress (τ) and low sliding velocities (v). This leads to plastic deformation, as Saljé [53] 631 

stated. However, a small amount of material removal occurs too, which can be attributed to the erosion 632 

due to the rotation of spherical media around themselves during the flow, as well as the small velocity at 633 

the mesoscopic scale, as shown by Salvatore et al. [31]. In between (α=30-60°), surfaces withstand a 634 

combination of intermediate intensities of normal and shear stresses (σn, τ) and sliding velocities (v). All of 635 

the mechanisms (plastic deformation, ploughing and scratching) can be activated, depending on the 636 

magnitude of the normal and shear stress (σn, τ) and sliding velocities, as stated by [37,54]. Preston [33] 637 

and Yingjie et al. [55] showed that maximum wear can be seen when simultaneously combining high 638 

normal stresses (σn) and velocities (v). Figure 21g shows the multiplication of (τ x v) as a function of 639 

surface orientation (α). The curve is compared to the experimental results, ∆Sa in Figure 21a and 21c. It 640 

can be observed that the highest point of the curve (τ x v) corresponds to the highest ∆Sa and highest MR 641 

values. Finally, the surface at α=90° was subjected to low stresses (τ, σn) and it can be seen (in section 4) 642 

that the contact between media and the workpiece were not assured. When both parts are in contact, 643 

media have high velocities and, even if τ, and σn are low, pure material removal of the roughness peaks 644 

occurs (i.e. ploughing or scratching). 645 

Pyramidal media 646 

Concerning the media polished with the pyramidal media (SCT6x6), material removal (MR) is very high 647 

for all surface orientations (α). The final profile is positioned below the valleys of the initial profile and the 648 

variation of surface roughness ∆Sa is compared to spherical media. In addition the plastic deformation 649 

indicator, DP is zero. This high efficiency of the pyramidal media can be explained by: 650 

1) the normal stress (σn) and the shear stress (τ) are much higher than for spherical media (Figure 21a vs. 651 

21b). 652 

2) the cutting efficiency of the pyramidal media, as it is assumed that pyramidal media creates smaller 653 

contact surfaces with the workpiece due to its sharp edges at a microscopic scale (Figure 1c), inducing 654 
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higher local stresses and penetrating the surface at this microscopic scale; more damage and material 655 

removal occurs [30,34].  656 

No remarkable difference are noticed between surface orientations (α) if only the final surfaces (∆Sa) are 657 

observed. However, roughness evolution (Sa) in Figure 19 reveals that the most efficient conditions are at 658 

α=30° and 60° as roughness (Sa) reduces rapidly and MR reaches its maximum value. This is because of 659 

the high normal stresses (σn) combined with high sliding velocities (v) (see Figure 21h), which leads to 660 

higher rates of material removal [33,55].  661 
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 662 

Figure 21. Correlation between experimental and numerical results. Experimental surface roughness difference (∆Sa) depending on the 663 

orientation angle (α) for a) spherical and b) pyramidal medias. Material removal and plastic deformation mechanisms for each orientation angle and each 664 

abrasive media: c) spherical and d) pyramidal medias. In e), f), the numerical mechanical loading (sliding velocity, v, normal σn and shear stresses τ) are 665 

shown for both abrasive medias. Finally, in g) and h), the shearing energy is calculated to show the optimal orientation angle. 666 

The mechanical loading extracted from these numerical simulations at a macroscopic scale were correlated 667 

with the reduced surface roughness (∆Sa) and the material removal (MR) or plastic deformation (DP) 668 
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mechanism. The macroscopic loads were able to explain the observed experimental phenomena. This 669 

means that the macroscopic loads are directly related to the evolution of surface roughness at a 670 

microscopic scale. As a summary, Figure 22 shows the mechanisms that are more likely to occur in each 671 

zone.  672 

 673 

Figure 22. Interaction mechanisms during drag finishing. Plastic deformation and material removal mode regions as a function of surface 674 

orientation angle (α) regarding media flow (grey arrows). 675 

7 Conclusions 676 

This paper has proposed a model that simulates the abrasive media flow around a part during the drag 677 

finishing process. The present paper is focused on modelling drag finishing at a macroscopic scale.  678 

The first major contribution of this work consists of proposing a model that simulates the flow of 679 

abrasive media, considered as a homogeneous and continuous material around a workpiece, as well as its 680 

interaction with a workpiece. This is a new numerical model of drag finishing based on an ALE (Arbitrary 681 

Lagrangian Eulerian) formulation. The model permits calculation of the mechanical loadings (velocity, 682 

normal stress and shear stresses) induced around the part and correlates these physical parameters to the 683 

evolution of surface roughness, which brings a better understanding of the mechanisms (plastic 684 

deformation or abrasion) controlling the efficiency of the drag finishing process. This model has the 685 

potential to be generalised for any complex parts. 686 

The second major contribution of this paper is to bring a contribution to the characterisation of the 687 

macroscopic rheological properties of abrasive media. The so-called ‘triaxial test’ is proposed, based on 688 

the field of soil mechanics, to identify the Drucker Prager plasticity model. This test can be applied to any 689 

abrasive media. It has the potential to provide global trends on the effect of media (geometry, size, 690 

lubricant) on the rheological properties of granular materials. 691 

In addition, as the development of a numerical model requires an experimental validation, an original 692 

experimental set-up enables us to measure the macroscopic drag force applied on the part.  693 

The ALE model, the identification of the rheological model and the experimental validation have been 694 

applied to investigate the drag finishing process of a cylindrical part made of AISI1045 steel, with two 695 

kinds of abrasive media (spherical and pyramidal). It has been shown that:  696 

• Pyramidal media exhibit significantly higher rheological behaviour compared to spherical media 697 

(φBALL5=31° < φSCT66=45°), that is mainly attributed to the interlocking effect between each 698 

media. This effect is due to the geometry of the particles: particles lock among themselves 699 

providing a higher resistance towards deformation. So, the geometry of abrasive media seems to 700 

be the main factor influencing its macroscopic rheological behaviour. 701 

• Experimental and numerical drag forces were compared to validate the numerical model. It has 702 

been shown that the model enables the prediction of drag forces with reasonable agreement. The 703 

sensitivity of the drag force to media rheology (i.e. the internal friction angle, φ) and the 704 

immersion depth (h) is well predicted. Drag forces were 126 % higher for pyramidal media than 705 

the spherical ones and 53 % higher for an immersion depth of h=0.12 m in the case of pyramidal 706 

media. 707 
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• The model provides relevant mechanical parameters such as the distribution of stresses (normal 708 

and shear stresses) and sliding velocities at the interface between abrasive media and the surface 709 

to be polished. The model has been applied to simulate the same two abrasive media. It has been 710 

shown that pyramidal media leads to much higher normal and shear stresses (180 % and 106 % 711 

higher respectively), whereas sliding velocities are only slightly higher, compared to spherical 712 

media. The model has also highlighted that the immersion depth of the part (h), i.e. the 713 

hydrostatic pressure, affects the normal and shear stresses (40 % and 35 % higher in the case of 714 

pyramidal media), whereas it has almost no influence on the velocity of media. 715 

• The correlation between experimental drag finishing tests and numerical test results reveals the 716 

physical mechanisms at the interface between the media and the surface. It was highlighted that 717 

spherical media, combined with a small orientation angle, promote plastic deformation 718 

phenomena, whereas higher orientation angles facilitate cutting mechanisms. On the contrary, 719 

pyramidal media promote cutting mechanisms irrespective of the orientation angle, due to the 720 

more aggressive contact between angular media and the surface roughness at a microscopic scale. 721 

Moreover, it has been shown that the efficiency of both media is optimised for an inclined 722 

orientation angle between 30° and 60°, where a combination of shear stress and sliding velocity 723 

leads to a maximum shearing energy.  724 
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