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Abstract
Surface roughness is one of the critical parameters that affect the component performance during its working life. To develop any
process to its full potential, it is necessary to understand the physics of that process. Abrasive flow finishing (AFF) is one of the
advanced finishing processes. In the current research work, an effort is made to understand physics and mechanism of surface
roughness improvement during the AFF process. This research paper is divided into two sections. Firstly, the amount of finishing
stresses and forces generated during the finishing of microholes fabricated on surgical stainless steel (316L) workpieces are
computed by using the finite element method. Finishing stresses are generated in the viscoelastic medium. So, to compute
finishing stresses, finite element analysis of the viscoelastic medium is carried out by incorporating its experimentally measured
rheological properties. Finishing stresses are calculated along the circumferential direction of the microhole. Later, at the same
workpiece surface location, simulated and experimentally measured surface roughness value are compared. Secondly, a new
simulation model is proposed to predict the surface roughness on the microhole wall surface for various AFF input parameters.
Maximum percentage change in surface roughness error of 8% is observed between simulated and experimental results after AFF
process.
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1 Introduction

Most of the advanced finishing processes use a flexible
finishing tool that contains abrasive particles with random
cutting edges. Also, these processes involve a large number
of input variables. As a result, physics of an advanced
finishing process due to their inherent random nature is not
easy to understand. Modeling of the processes is one of the
most effective and efficient method not only to understand the
physics but also to develop a mechanism for controlling and
optimizing the processes. Abrasive flow finishing (AFF) is
one advanced finishing process which is very effective in
finishing of macrocomponents to microcomponents having

simple to complex geometries. However, AFF process with
a vast number of input variables is very random in nature.

Figure 1a shows the model of AFF experimental setup used
for finishing of microholes. At the start of AFF process, me-
dium is filled in the lower medium cylinder. As the AFF ex-
periment starts, the medium is extruded from the lower medi-
um cylinder by the lower hydraulic cylinder piston, through
the workpiece passage ways into the upper medium cylinder.
Once the whole medium is discharged to the upper medium
cylinder, the motion of the piston reverses. Microholes are
fabricated by the electric discharge micromachining process
(EDμM) on the surgical stainless steel (SS 316L) workpieces.
The workpiece is then placed in between the upper and lower
tooling (Fig. 1b). Complete assembly of tooling and work-
piece is then kept securely between the upper and lower me-
dium cylinder. To-fro motion of the medium through the
workpiece passage ways causes the shearing of the workpiece
surface roughness peaks by the abrasive particles mixed in the
medium.

For understanding the mechanism of the AFF process, sev-
eral researchers made efforts in three field’s namely experi-
mental, theoretical modeling, and numerical modeling. AFF
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experiments are conducted for finishing of workpieces with
simple to complex geometries. Initially, researchers finished
flat and cylindrical workpieces by the AFF process [1–3].
With the advancement of technology, researchers finished
complex shape workpieces by the AFF process. Wu and
Gao [4] finished bearing ring raceway by using AFF process,
while Fu et al. [5] did finishing of blisk blades used in aero
engines. To enhance the efficiency of the AFF process, Walia
et al. [6] modified the AFF tooling by introducing a centrifu-
gal force generating rod inside the cylindrical workpiece.
Experimental studies carried out for understanding AFF pro-
cess are greatly hampered by its random nature and involve-
ment of many input variables. Also, extensive experiments
cannot be performed due to the limitation of time, manpower,
and resources. Hence, modeling is a more effective way for
understanding physics of AFF process. Jain et al. [7] did 2D
axisymmetric finite element (FE) analysis of the AFF process
by considering the medium asNewtonian in nature. Later, Jain
and Jain [8] replaced the Newtonian model with the Maxwell
model to simulate the viscoelastic nature of the medium.
Simulation of the surface roughness generated during the
AFF process as a function of AFF input parameters is done
by Jain and Jain [9]. Gorana et al. [10] developed theoretical
model for calculating finishing forces and surface roughness
obtained during the AFF process. Abrasive particle movement
pattern during AFF process is predicted by the Fang et al. [11].
Wang et al. [12] used computation fluid dynamics (CFD) soft-
ware to simulate medium flow and concluded that complex
holes can be uniformly finished with the help of AFF process
by using the tooling which is a replica of the workpiece to be

finished. Wan et al. [13] used a non-Newtonian model that
captures the medium flow. Dash and Maity [14] did the 2D
and 3D simulation of the AFF process by considering the
medium to behave as a Newtonian fluid having no slip at
the workpiece surface. Chen and Cheng [15] used CFD soft-
ware to study the motion of the AFF medium during the
finishing of polygon holes by using helical passageways.
Authors used the non-Newtonian power law to model the
medium viscosity. Later, Wang et al. [16] to obtain the mini-
mum surface roughness on the workpiece surface optimized
the design of helical passageway. Singh et al. [17] did the
theoretical modeling of the finishing forces generated during
the AFF process. Extrusion pressure combined with rheology
of the medium decides the amount of finishing forces gener-
ated in the medium during AFF experiments. Petri et al. [18]
developed a neural network model that predicts surface rough-
ness and dimensional changes in the workpiece during the
AFF process. Mollah and Pratihar [19] modeled AFF process
using radial basis function network.

Realizing the importance of the medium rheology, several
researchers conducted experimental studies. Hull et al. [20]
showed experimentally that AFF medium possesses time-
dependent material properties. Davies and Fletcher [21] de-
veloped medium with various viscosities. Authors concluded
that abrasive mesh size is the minor variable and temperature
is the major variable affecting the viscosity of the medium.
Fletcher and Fioravanti [22] developed a numerical model to
predict thermal properties of the medium. Rheological (static
and dynamic) properties of the medium and their role in de-
ciding end surface roughness were studied by Sankar et al.
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[23]. Kar et al. [24, 25] used five mediums of different base
polymer. Mechanical as well as rheological study of the vari-
ous mediums was done. Uhlmann et al. [26] tried to model the
viscoelastic nature of the medium by Maxwell model and
extended the same to generalized Maxwell model. Later,
Uhlmann et al. [27] implemented the Maxwell model in the
Ansys and carried out the simulation study of the AFF
process.

As found out by the literature survey, theoretical model
developed to predict the AFF process mechanism suffers from
the disadvantage of too many variables to handle. So, the
emphasis is given more on the numerical models.
Viscoelastic medium is used during the AFF process, but most
of the developed numerical models considered medium as
Newtonian or non-Newtonian following power law. Very lim-
ited amount of work is reported in the literature related to the
3D modeling of the medium with viscoelastic properties.
Existing models in literature provide the output as finishing
stresses that are used as input parameter during simulation of
the final surface roughness. So, the developed models are less
realistic and result in considerable amount of error between
the simulated and experimental value of surface roughness.

In the current research work, 3D FE analysis of the visco-
elastic medium flow is carried out by incorporating the exper-
imentally measured medium rheological properties as input
parameters. Also, a novel simulation model to predict surface
roughness during the AFF process as a function of input pa-
rameters (number of AFF cycles, extrusion pressure, and wt.%
of abrasive particles) is proposed. In the literature, various
authors experimentally and by using simulations predicted
the surface roughness along the medium flow direction. So,
simulation models are developed by incorporating 1D inter-
action between the abrasive particle and surface roughness
peaks [7–10, 14]. However, no model is developed to predict
the surface roughness in the perpendicular direction of the
medium flow. In the present paper, experimental surface
roughness is measured in the perpendicular direction to medi-
um flow. Therefore, 2D interaction between the abrasive par-
ticle and surface roughness occurs, and the same is incorpo-
rated in developed roughness simulation model. Various ef-
forts are made to develop a simulation model that predicts
surface roughness nearer to experimental surface roughness
(i.e., with minimal error).

2 Finite element simulation of the viscoelastic
AFF medium

Finite element (FE) analysis to model the flow of viscoelastic
medium during the AFF experiments is presented in the fol-
lowing section. FE analysis using ANSYS is divided into
three steps:

2.1 Pre-processing

Pre-processing comprises of the following steps:

1. Geometry: All the AFF process setup components through
which medium flows during the experiments are designed
and assembled in ANSYS design modeler for carrying out
FE analysis of the viscoelastic medium. Figure 2 shows the
viscoelastic medium domain in which computational anal-
ysis is done during the processing step.

2. Meshing and setup: The meshed geometry of the visco-
elastic domain is shown in Fig. 3a. Also, boundary con-
ditions and material properties required during the solu-
tion step are assigned to the model. Model is divided into
three sections namely inlet, outlet, and wall (Fig. 3b).
Boundary conditions that are given to these sections are:

i. Inlet: At the inlet, the medium flows with the piston from
the inlet to the outlet section. Thus, the conditions on inlet
are chosen as

Inflow condition, Fn = F0 (piston force) and Vs = 0

ii. Outlet: At the outlet, normal force (piston force) is zero
and medium does not flow tangentially [7]. Thus, the
outlet boundary conditions are

Outflow condition, Fn = 0 and Vs = 0.

iii. Wall: No slip boundary condition is assumed at the wall,
i.e.,

Vs ¼ Vn ¼ 0

where Fn is normal force and Vs and Vn are tangential
and normal velocities, respectively.

Medium rheological properties (static and dynamic) are
measured with the help of Anton Paar MCR 101 rheometer
(Fig. 4a). Experimentally measured material properties
(Fig. 4b–d) are used as input during the FE analysis. The
inclusion of the experimentally measured material properties
makes the FEmodel more realistic. Thus, it helps in accurately
evaluating the amount of finishing stresses generated in the
medium from the FE analysis of the AFF process.

2.2 Processing

Viscoelastic model (Giesekus model) is used to simulate the
behavior of the medium through contraction/expansion domain.
Basic equations that govern the steady-state flow of incompress-
ible viscoelastic medium by treating the medium as a continuum
are laws of conservation of mass (continuity equation), conser-
vation of momentum, and viscoelastic constitutive equation.
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2.2.1 Conservation of mass (continuity equation)

For the flow of steady-state incompressible medium flow,
density is constant, i.e., independent of space and time.
Therefore, the continuity equation reduces to

∇ • bU ¼ 0 ð1Þ

where Û is the velocity vector.

2.2.2 Conservation of momentum

For steady, incompressible and isothermal flow conservation
of momentum equation can be expressed as

ρmð bU •∇ bUÞ ¼ ∇ •T þ f ð2Þ
where T = − pI + τ is the total extra stress tensor for incom-
pressible medium, p = hydrostatic pressure, τ = extra stress
tensor (component of total extra stress tensor), I unit tensor
(identity tensor), f = internal forces expressed here as a force
per unit volume (e.g., gravity), and ρm = density of the
medium.

2.2.3 Viscoelastic constitutive equation (rheology model
for abrasive medium)

To model the viscoelastic nature of the medium, one of the
most realistic differential viscoelastic model, the so-called
Giesekus model, is adopted. This model is commonly used
for simulating the flow with shear thinning properties. Extra
stress tensor is divided into two components namely

viscoelastic component (σp) and purely viscous (Newtonian)
component (σs) given as follows:

τ ¼ σp þ σs ð3Þ

Giesekus model computes σp from the following equation:

Iþ αλ
η1

σp

� �
:σp þ λσ

∇
p ¼ 2η1D ð4Þ

where σ∇p is upper-convected derivative of viscoelastic extra

stress which is defined as

σ
∇
p ¼ Dσp

Dt
−σp•∇ bU−ð∇ bUÞT •σp ð5Þ

The Newtonian solvent contribution is given by

σs ¼ 2η2D ð6Þ

where D is the rate of deformation tensor, I is the unit tensor
(identity tensor), α is a material constant, λ is the relaxation
time, η1 is the viscosity factor for the viscoelastic component,
and η2 is the viscosity factor for the purely viscous component
of the extra stress tensor.

2.3 Post-processing

During the post-processing step, radial finishing stresses gen-
erated on the surface of microhole during the AFF process are
evaluated from medium flow FE model (Sects. 2.1 and 2.2).
These stresses are later used to predict surface roughness. For
modeling the finishing stresses firstly, governing equations
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(conservation of mass, conservation of momentum, and vis-
coelastic constitutive equation) are solved by the Ansys
Polyflow solver. In the post-processing step, radial finishing
stresses are extracted from the nodes along the circumference
of microhole FE model at two different locations (Fig. 5).
Then, their average stress is taken to get the stresses at center
surface of the microhole along the circumference.

3 Simulation of the surface roughness
generated on microhole wall

The following assumptions are assumed during the simulation:

1. Abrasive particle size follows the normal distribution and
is symmetric about the mean radius.

2. Shape of the abrasive particles is spherical.
3. Improvement in surface roughness occurs due to the

microcutting of the surface roughness peaks.
4. Each abrasive particle consists of single cutting edge [7].

In the present paper, to simulate the surface roughness,
during microcutting by abrasive particle, the single large
cutting edge is split into small segments. Each small seg-
ment acts as a miniature cutting edge of the abrasive par-
ticle (Fig. 6). Thus, the abrasive particle is considered to
possess multiple numbers of cutting edges. The X and Z
coordinates of kth cutting edge for jth abrasive particle are

given as xkaj and zkaj. Surface roughness profile is extract-
ed from the workpiece surface by the 3D profilometer in
the X and Z coordinates at an interval of 0.833 μm. Let xir
and zir be the position coordinates defining the ith rough-
ness peak. Thus, by solving the equation of the circle
(with center X0j, Z

0
j) for discrete values of xkaj (i.e., at an

interval of 0.833 μm), the corresponding zkaj can be cal-
culated. Therefore, the coordinates of cutting edge of the
abrasive particles are calculated. Later, simulation of the
cutting action is carried out. Detailed explanation of this
mentioned phenomenon is presented in Sect. 3.2.

Average radial force (FRj) acting on jth abrasive particle of
diameter (Dpj) causes it to indent into a surface. This force is
calculated by using the average radial stresses ( σR) by the
following formula [7]:

FRj ¼ σR
πD2

pj

4
ð7Þ

Brinell hardness number (BHN) takes care of the effect of
workpiece material property on surface roughness during sim-
ulation of the AFF process. BHN is given by the following
formula [7]:

BHN ¼ FRj

π=2Dpj Dpj−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2

pj−D
2
idj

q� � ð8Þ
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BHN of the SS 316L workpiece is 209 BHN. Putting the
value of FRj acting on the jth abrasive particle and Dpj diameter
of jth abrasive particle into Eq. 8, indentation diameter of the jth
abrasive particle Didj can be calculated. Maximum indentation
depth (dj) of the j

th abrasive particle into the workpiece surface
(Fig. 7) is given as [7]

d j ¼ Dpj

2
−
1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2

pj−D
2
idj

q
ð9Þ

Procedure for generating the simulated surface roughness
profile is divided into two sections:

1. Finding effective volume of the medium to be used during
the AFF simulation.

2. Simulation of the cutting action of surface roughness
peaks by abrasive particles.

3.1 Effective medium volume

The volume and dimensions of the fractionatedmedium (Fig. 8a)
used in simulation are determined in the following way:

1. Total length of medium (AE = Lm) passed through 25
microholes in one stroke length (Ls) is given by

Volume of medium cylinder with Rm as radius = πR2
m Ls.

Cross-sectional area of one microhole with rm as
radius = π r2m.

Total cross-sectional area (As) of the medium passing
through M number of microholes:

As ¼ M � π r2m

Therefore, the equivalent length of the medium (Lm) is
given as

Lm ¼ πR2
m Ls
As

ð10Þ

2. Width (EH = La) of the medium is equal to the assessment
length of the surface roughness profile which is measured
from 3D surface roughness profilometer.

3. Height (AB =Max. Z+Max. Dp) of the medium is taken as
sum of maximum height of surface roughness peak “Z” in
the assessment length of the surface roughness and
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maximum diameter of abrasive particle that is generat-
ed by normal distribution. Above this height, abrasive
particles are not going to take place in AFF cutting
action. The abrasive particles which are below this
height are going to remove the roughness peaks during
AFF process (Fig. 8b).

Abrasive particles in the effective medium volume are gen-
erated as follows:

1. Overall mass of the abrasives in the effective medium
volume is:

Volume of the medium (Vm) used in simulation of AFF
process during one stroke can be given as

Vm ¼ Am � Lm ð11Þ
where Am is the cross-sectional area of the effective volume.

Therefore, the overall mass of the abrasives (Ma) in the
above medium volume is given by

Ma ¼ ρm VmC
100

ð12Þ

where ρm is the density of the medium andC is the wt.% of the
abrasive particles in the medium

Abrasive particles are generated with radius following the
normal distribution and are symmetric about the mean radius
(Rp) given as

Rp ¼ Ra þ Rb

2
ð13Þ

The standard deviation (σd) of the abrasive particle radius is
given as

σd ¼ Rb−Rað Þ
6

ð14Þ
where Rb and Ra are the range for the radius of normally
distributed abrasive particles having mean radius as Rp and
standard deviation as σd.

Also, the relation between the radius of the abrasive parti-
cle (Rp) and mesh size (Mp) is given as [9]

Rp mmð Þ ¼ 7:62

Mp
ð15Þ
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2. Abrasive particles (Na) in the medium volume are gener-
ated until the sum of individual abrasive particle is equal
to the total mass of abrasive particles, i.e.,

4

3
Πρa ∑

j¼1

Na

R3
Pj ¼ Ma ð16Þ

where ρa is the density of the abrasive particles and Rpj is the
radius of the jth abrasive particle.

3. Condition for avoiding overlapping of the abrasives

During AFF process simulation, abrasive particles are ran-
domly generated which may sometimes result in overlapping
of some abrasive particles. Hence, to overcome this, (j − 1)th

and jth abrasive particles are subjected to a condition that the
centers of two generated abrasive particles should be apart by
a distance which is greater or equal to the sum of their radii,
i.e.,ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X 0
j−1−X

0
j

� �2
þ Y 0

j−1−Y
0
j

� �2
þ Z0

j−1−Z
0
j

� �2
r

≥ RPð Þ j−1 þ RPð Þ j
n o

ð17Þ

where (X0j− 1Y
0
j− 1, Z

0
j− 1) and (X

0
j, Y

0
j, Z

0
j) are center coor-

dinates of the (j− 1)th and jth abrasive particles, respectively.

3.2 Simulating of the cutting action of surface
roughness peaks during abrasive flow finishing
of microholes

Real initial surface roughness profile is incorporated during sim-
ulation of the cutting action of roughness peaks. This inclusion
makes the surface roughness simulation model more realistic.
From the workpiece, a small strip is taken out containing
microhole with the help of wire electric discharge machining
(WEDM) process (Fig. 9a, b). Using non-contact type
profilometer, 3D surface topography (area of 130 μm ×
130 μm) of microhole-finished region is obtained. Two dimen-
sional surface roughness profile data in the circumferential direc-
tion (along the line drawn in the center half of the image) from the
3D image is extracted in the form ofX andZ coordinates (Fig. 9c).

“X” is the position of the roughness peak along the assess-
ment length of the workpiece, and “Z” is its corresponding
height. Figure 9d shows initial surface roughness profile data
over an assessment length (La) of 130 μmwhich is taken from
3D surface roughness profilometer.

1172 Int J Adv Manuf Technol (2019) 100:1165–1182

I

X

Z

Max. Z

Max. Z +
Max. Dp

Mean 

profileActual roughness profile

La

Lm

Max. Z +
Max. Dp

A

B C

D

E

F G

H

(a)

(b)

Abrasive particle

Fig. 8 a Schematic view showing
the dimensions of medium slug
containing abrasive particles used
during the surface roughness
simulation. b Two-dimensional
schematic of surface roughness
profile



Surface roughness profile is measured in a direction per-
pendicular to the medium flow. Thus, there is a 2D (X, Z)
interaction of the abrasive particle with the surface roughness
peaks. Surface roughness profile data taken by the
profilometer is for a length of 130 μm. X and Z coordinates
of the roughness profile are generated at an interval of
0.833 μm (Fig. 9d). Therefore, a total of 156 roughness points
define the roughness profile in the assessment length. Let xir
be the X coordinate of the ith roughness peak having zir as
corresponding height in the Z coordinate. Also, in the whole
assessment length, let zm be the maximum height of the rough-
ness peak for a particular AFF stroke.

Cutting action is performed in the following steps:

1. Finding the maximum number of cutting edges of an abra-
sive particle that can take part in cutting action during an
AFF stroke

Maximum roughness height that can be overlapped by the
abrasive particle during an AFF stroke is zm. Thus, zm is the
maximum height of the cutting edge of the abrasive particle
that can take part in the cutting action of the roughness peak.
The X coordinate of ith cutting edge of the jth abrasive particle
(xiaj) corresponding to zm can be calculated as

xiaj−X 0
j

� �2
þ zm−Z0

j

� �2
¼ Rpj

2 ð18Þ

Therefore, the number of cutting edges Nmaxj (Nmaxj, if
comes in decimal, then next whole number) on the left side
of the diameter of the jth abrasive particle that can take part in
the cutting action of the roughness peak is

Nmaxj ¼ xiaj
0:833

ð19Þ

Thus, the maximum numbers of cutting edges of the jth
abrasive particle that can take part in the cutting action of
roughness peak (Ntmaxj) are

Ntmaxj ¼ 2Nmaxj both sides of the diameterð Þ þ 1 center pointð Þ
ð20Þ

2. Shifting of the abrasive particle

X coordinate of the jth abrasive particle center is shifted to
their nearestX coordinate at which surface roughness profile is
defined. As shown in Fig. 10, center of the abrasive particle is
updated as

newX j
0 ¼ xnr ð21Þ

Now, for the same X coordinate (xlr), there is jth abrasive
particle’s kth edge having Z coordinate (zkaj) and a roughness
peak having Z coordinate (zlr), respectively (Fig. 10).
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3. Determination of the Z coordinate of the abrasive particle
cutting edges

Ntmaxj number of cutting edges of jth abrasive particle are
generated whose Z coordinates are given by the following
equation:

xnr−newX 0
j

� �2
þ znaj−Z0

j

� �2
¼ Rpj

2 ð22Þ

i. Z coordinates of the jth abrasive particle cutting edges in
the left side of the abrasive particle (ABD) are given when
xnr is given as

xnr ¼ newX 0
j−n� 0:833 for n ¼ 1 toNmaxj ð23Þ

ii. Z coordinates of the jth abrasive particle cutting edges in
the right side of the abrasive particle (CBD) are given
when xnr is given as

xnr ¼ newX 0
j þ n� 0:833 for n ¼ 1 toNmaxj ð24Þ
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iii. Z coordinates of the central cutting edge (D) is given
when xnr is given as

xnr ¼ newX 0
j ð25Þ

4. Cutting of the surface roughness peaks

For the jth abrasive particle, comparison is made between
the Z coordinate of abrasive particle cutting edges (z1aj,
z2aj……zkaj) and corresponding Z coordinate of the roughness
peak (z1r, z2r……zkr) for the same X coordinate. Depending on
their relative positions, cutting is done.

As the abrasive particles are randomly generated in the
medium volume, the following three cases arise for the cutting
of the surface roughness peaks during the AFF process:

i. Difference between some of the Z coordinates of the
roughness peak and corresponding Z coordinates of jth

abrasive particle cutting edges is more than its maximum
depth of the indentation (dj) (Fig. 11a), i.e.,

z1r−z1aj
� �

; z2r−z2aj
� �

; z3r−z3aj
� �

……… zkr−zkaj
� �

> d j; k ¼ 1 toNtmaxj ð26Þ

During the experimentation, abrasive particles can remove
the roughness peaks from the workpiece surface in the form of
microchips/nanochips only if they indent into the workpiece

surface upto dj. However, if the abrasive particles indent beyond
dj, then the force needed for removing the material is more than
the applied finishing force by the abrasive particles. As a result,
abrasive particles onlymake indentationmarks on the workpiece
surface. Later, indented abrasive particle adjusts itself in upcom-
ing AFF cycles until it reaches the depth dj after that it moves in
the axial direction [28]. The same phenomenon is included dur-
ing simulation. If abrasive particle cutting edges indent more
than dj, then to reach dj, it adjusts in the following way:

a. Themaximumpositive difference between the Z coordinates
of jth abrasive particle cutting edge and the corresponding Z
coordinates of the roughness peak is found out, i.e.,

Max z1r−z1aj
� �

; z2r−z2aj
� �

; z3r−z3aj
� �

………; zkr−zkaj
� �	 


¼ M j; k ¼ 1 toNtmaxj

ð27Þ

b. The abrasive particle is shifted upwards with respect to the
workpiece surface. This is done by updating the Z coordinate
of abrasive particle cutting edges in the following way:

zu1aj ¼ z1aj þ M j−d j
� �

zu2aj ¼ z2aj þ M j−d j
� �

:
:
:
zukaj ¼ zkaj þ M j−d j

� �

2
6666664

3
7777775k ¼ 1 toNtmaxj ð28Þ

Table 1 Abrasive flow finishing
input parameters their coded and
absolute values

S. no. AFF input parameter Unit Levels

− 1.682 − 1.000 0.000 1.000 1.682

1.

2.

3.

Extrusion pressure (P)

No. of AFF cycles (N)

Wt.% of abrasives (W)

MPa

–

%

~ 3.20

~ 4.50

36.60

3.50

6.00

40.00

4.00

8.00

45.00

4.50

10.00

50.00

~ 4.90

~ 11.50

53.40
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Fig. 13 Surface topography images of the workpiece surface at various mesh sizes. a 1000 (Ra = 0.98 μm). b 180 (Ra = 0.26 μm) (8 cycles, 4 MPa,
35 wt.% of the abrasive particles)



where zu1aj, zu2aj…..zukaj are the updated Z coordinates of the
jth abrasive particle.

Now, the abrasive particle is at the maximum depth of
indentation. So, to simulate the cutting action, the Z coordi-
nates of the roughness peak that are below the Z coordinates of
the jth abrasive particles are updated as

z1r ¼ zu1aj
z2r ¼ zu2aj
:
:
:
zkr ¼ zukaj

2
6666664

3
7777775k ¼ 1 toNtmaxj ð29Þ

ii. Difference between some of the Z coordinates of the rough-
ness peak and corresponding Z coordinates of the jth abra-
sive particle cutting edges is less than dj (Fig. 11b), i.e.,

z1r−z1aj
� �

; z2r−z2aj
� �

; z3r−z3aj
� �

……… zkr−zkaj
� �

< d j; k ¼ 1 toNtmaxj ð30Þ
Then, the cutting action of the roughness peak is performed

by updating the Z coordinate of the roughness peaks as

z1r ¼ z1aj
z2r ¼ z2aj
:
:
:
zkr ¼ zkaj

2
6666664

3
7777775k ¼ 1 toNtmaxj ð31Þ

iii. When all the generated Z coordinates of the abrasive
particle cutting edges lie above the corresponding Z co-
ordinate of the roughness (Fig. 11c), i.e.,

z1r−z1aj
� �

; z2r−z2aj
� �

; z3r−z3aj
� �

……… zkr−zkaj
� �

< 0; k

¼ 1 toNtmaxj ð32Þ

In that circumstance, the abrasive particle becomes an in-
active particle which does not take part in cutting action of
surface roughness peak. In such cases, Z coordinate of the
roughness peaks remains the same. Completion of one AFF
stroke is marked by passing all the generated abrasive particles
(Na) over the roughness peak. After the completion of one
AFF stroke, surface roughness value (Ras) is calculated and
the mean line is shifted as

Ras ¼ 1

La
∫
0

La

Z xð Þj jdx ð33Þ

Before the commencement of the next AFF stroke, the
number of cutting edges for jth abrasive particle (Ntmaxj) is
calculated based on the updated value of zm. All the above-
outlined steps are repeated till the required number of AFF
cycles is completed. During finishing processes, a critical sur-
face roughness (Rc) exists due to the indentation of the abra-
sive particles on the workpiece surface. Beyond Rc, abrasive
particle is not able to remove the material from the workpiece
surface. Therefore, there is no improvement in the surface
roughness beyond Rc and is given as [7]

Rc ¼ Dpj

2
−
1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2

pj−D
2
idj

q
ð34Þ

4 Experimentation

Microholes in an array of 5 × 5 having diameter 850 μm are
fabricated on the surgical stainless steel (316L) workpiece with
the help of EDμM process. Surface roughness before and after
the AFF process is measured with the help of 3D surface
profilometer (Make: Taylor Hobson). Initial surface roughness
on the microhole wall varies in the range of 1.40 ± 0.10 μm.

Table 2 Values of various parameters used during simulation

Hardness of the workpiece material 209 BHN

Radius of microholes (mm) 0.425

Radius of medium cylinder (mm) 30

Stroke length (mm) 68

Maximum and minimum mesh size of the
SiC abrasive particle (μm)

170–190

Density of abrasive particles (kg/m3) 3220

1176 Int J Adv Manuf Technol (2019) 100:1165–1182

1.40

1.60

1.80

2.00

2.20

2.40

2.60

3.00 3.50 4.00 4.50 5.00

R
ad

ia
l 

st
re

ss
 (

M
P

a)

Extrusion pressure (MPa)

(a)

2.06

2.08

2.10

2.12

2.14

2.16

35 40 45 50 55

R
ad

ia
l 

st
re

ss
 (

M
P

a)

wt. % of abrasive particle

(b)
Fig. 14 Variation of radial
stresses generated in the medium
with respect to a extrusion
pressure and b wt.% of abrasive
particles in the medium



It is found from the experimental observations that the
larger the size of the abrasive particle, the more effectively it
shears the surface roughness peak. Figure 12 shows the effect
of abrasive particle mesh size (#) on % ΔRa. Workpiece sur-
face becomes uniform with improved surface roughness after
finishing them with smaller mesh size abrasive particles (Fig.
13a, b). AFF experiments with the medium having # 180
mesh size abrasive particles give the highest improvement in
surface roughness. Therefore, medium with various wt.% of #
180 mesh size abrasive particles is used during the parametric
study of the AFF process during finishing of the microholes.

Effect of three important AFF process input parameters
namely extrusion pressure (P), number of AFF cycles (N),
and wt.% of the abrasive particles in the medium (W) is stud-
ied on the percentage change in surface roughness,%ΔRa (=
(initial roughness − final roughness) × 100 / initial rough-
ness). Experiments are designed by using the central

composite rotatable design (CCRD) method. Based on the
number of input variables and their different levels, CCRD
method gives a particular set of experiments. In current paper,
two-level full factorial design is used which gives 2j factorial
runs, 2j axial runs, and 6 central runs, where “j” is the number
of input parameters (in the current paper, j = 3, factorial runs =
8, axial runs = 6). Thus, CCRD helps in studying individual
and interaction effects of input parameters on output responses
with minimum experiments compared to full factorial design.
The output responses obtained after performing experiments
are analyzed using response surface methodology which gives
regression equations relating each output response as a func-
tion of input parameters. Table 1 shows the values of AFF
input parameters used while designing the CCRD set of ex-
periments. To maintain the accuracy in the regression equa-
tion, model terms up to second order are considered. The
regression equation for experimental value of percentage
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Fig. 15 Surface topography images of the workpiece surface after finishing at various extrusion pressure. a 3.20MPa (Ra = 0.31 μm). b 4.90MPa (Ra =
0.15 μm) (8 cycles, # 180, 45 wt.% of the abrasive particles)
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change in surface roughness, % ΔRa in terms of AFF input
parameter, is given as

%ΔRa ¼ −243:58þ 68:75P þ 8:54N þ 5:65W−0:39PN−0:23PW
−3:85� 10−2NW−6:09P2−0:27N 2−0:04W2

ð35Þ
Simulated results of percentage change in surface rough-

ness,%ΔRas, are also fitted by using regression model whose
equation is given as

%ΔRas ¼ −72:10þ 41:90P−1:52N þ 2:55W−0:61PN−0:40PW
−5:50� 10−2NW−3:26P2−0:16N2−0:01W2

ð36Þ

5 Results and discussion

The present section is divided into two parts. Firstly, the finishing
stresses generated in the medium as found out from the FE

analysis of the viscoelastic medium during the finishing of the
microholes are presented. Later, using these evaluated stress
values, simulation of the surface roughness generated on the
microholes wall after the AFF process is presented. Simulated
results are compared with the experimental results, and they are
found in good agreement. Values of the various input parameters
that are used during the simulation are given in Table 2.

5.1 Finishing stresses

During theAFF experiments, it is the finishing stresses generated
in the medium (currently, it is extrusion pressure) which is re-
sponsible for cutting the surface roughness peaks on the work-
piece surface by the action of abrasive particles. Finishing stress-
es generated in the medium are transferred to the abrasive parti-
cles by the medium. Radial stresses that are generated in the
medium help in indentation of the abrasive particles in the work-
piece surface. As the amount of extrusion pressure increases, the
magnitude of radial stresses acting on the abrasive particles
(Fig. 14a) also increases. Also, increase in wt.% of the abrasive
particles increases medium viscosity. High viscous medium re-
sists the inward movement of the abrasive particles in the medi-
um and provides a firm support to the abrasive particles during
their interaction with the workpiece surface. Thus, radial stresses
generated in the medium are efficiently transferred to the work-
piece surface by the abrasive particles during the cutting of
roughness peaks. Thus, radial stresses increase with the increase
in wt.% of the abrasive particles in the medium (Fig. 14b).

5.2 Surface roughness

5.2.1 Effect of extrusion pressure

Extrusion pressure is one of the important AFF input param-
eters that decides the amount of end surface roughness
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achieved on the workpiece surface after AFF process. As the
extrusion pressure increases, more is the amount of radial
stresses generated in the medium (Fig. 14a). These radial
stresses help the abrasive particles in the effective and efficient
cutting of surface roughness peaks from microhole wall. As a
result, surface roughness improves with the increase in extru-
sion pressure (Fig. 15a, b). Microholes fabricated by the
EDμM process leads to the formation of recast layer which
is harder than the parent material on their surfaces. On the
other hand, parent material hardness is incorporated during
the simulation of the surface roughness. As a result, the resis-
tance provided by the workpiece surface to the abrasive par-
ticles during cutting of the roughness peaks is higher during
experiments compared to the simulation. Therefore, the mag-
nitude of%ΔRas is more as compared to%ΔRa. Also, during

the simulation, it is assumed that the amount of finishing
stresses generated in the medium is transferred to the abrasive
particle in the same amount which is not the case while
performing AFF experiments. This further increases the mag-
nitude of % ΔRas as compared to % ΔRa (Fig. 16).

5.2.2 Effect of number of AFF cycles

Surface roughness improvement during the AFF process takes
place due to the repeated indentation of the abrasive particles
on the surface roughness peaks. The probability of such in-
dentations increases with an increase in the number of AFF
cycles. Thus,%ΔRa and%ΔRas increases with an increase in
number of AFF cycles (Fig. 17). However, while performing
AFF experiments, repeated interaction between the roughness
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peaks and the abrasive particles leads the bluntness of the
sharp cutting edges of the abrasive particles. Thus, abrasive
particles lost their capacity to cut the surface roughness peaks
effectively and efficiently at the higher number of AFF cycles.
As a result, the simulated value of % ΔRas is higher than the
experimental % ΔRa.

5.2.3 Effect of wt.% of abrasive particles

Increase in wt.% of the abrasive particles in the medium en-
hances the performance of the AFF process in two ways.
Firstly, as the wt.% of the abrasive particles increases, the
magnitude of radial stresses acting on the abrasive particles
increases (Fig. 14b). Secondly, the number of abrasive parti-
cles per unit time taking part in the cutting action of the surface
roughness peaks increases with the increase in wt.% of the
abrasive particles in the medium. Thus, an improvement in
the surface roughness occurs with the increase in wt.% of
the abrasive particles (Fig. 18).

Before finishing operation, microhole surface is very rough
due to the presence of re-solidified hard recast layer and loose-
ly bonded metal debris (Fig. 19a). AFF process successfully
removes the hard recast layer and provides fine surface rough-
ness on the microhole inner wall (Fig. 19b).

Finishing of microholes with the help of the viscoelastic
medium during the AFF process not only removes recast layer

from the microhole walls but also provides smooth edges.
Viscous component of the medium helps it to flow in the axial
direction and the elastic component controls its radial
movement.

Due to the elastic nature of the medium after flowing
through the restricted microhole passageway at the exit of
the microhole, the medium tries to gain its original un-
deformed shape. As a result, medium moves in radial as well
as in axial direction (Fig. 20a). Initial edge of the microhole is
irregular with sharp recast micropins formed due to the EDμM
process (Fig. 20b). The radial movement of the medium at the
microhole exit not only removes debris and recast layer along
its inner wall but also provides smoothness on the microhole
edges (Fig. 20c). Components made of SS 316L having
microholes with finished internal surface and smooth edges
(e.g., stents) not only maintains a constant flow rate of fluid
carried by them but also prevents its contamination by the
addition of loosely bonded metal debris.

Figure 21a shows the 2D surface roughness profile having
the initial surface roughness of 1.45 μm. During the experi-
ments after finishing microholes with AFF process, best sur-
face roughness of 130 nm with an improvement of 91.16% in
surface roughness is achieved (Fig. 21b). Across the same
AFF input parameters, surface roughness of 90 nm with an
improvement of 94.14% in surface roughness is predicted
during the simulation (Fig. 21c). Thus, there is a reasonable
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error of 2.96% between the experimental and simulated max-
imum value of % ΔR.

6 Conclusions

In the present work, FE analysis of the AFF process during the
finishing of microholes in surgical stainless steel is carried out.
The developed FEmodel simulates the flow of the viscoelastic
medium during the AFF process. Also, a simulation model for
predicting surface roughness generated by the AFF process on
the workpiece surface is developed. Abrasive particles with
multiple cutting edges and the incorporation of the actual ini-
tial surface roughness profile during the simulation are few of
the many new features of the developed simulation model
over the previously developed surface roughness simulation
models. Some of the important findings of the current work
are

1. 3D FE model of the viscoelastic medium flow during the
finishing of microholes by the AFF process is established.

2. Amount of radial stresses generated in the medium in-
creases with the increase in extrusion pressure and wt.%
of the abrasive particles.

3. Surface roughness simulation model predicts percentage
change in surface roughness with a maximum of 8% error
when compared with the experimental results.

4. During the experiments after finishing microholes with
AFF process, an improvement of 91.16% in surface
roughness is achieved. Across the sameAFF input param-
eters, an improvement of 94.14% in surface roughness is
predicted during the simulation.

5. AFF process not only removes hard recast layer from the
microhole inner wall but also smoothens its sharp outer
edges which are due to the machining process of
microholes.

6. Extrusion pressure, number of AFF cycles, and wt.% of
the abrasive particles are the important AFF input param-
eters that determine the final surface roughness of the
workpiece surface.
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and the corresponding Z coordinates of the roughness peak at a particular
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sive particle that can take part in the cutting action of roughness peak; p,
Hydrostatic pressure; Ra, Experimental value of surface roughness; Ras,
Simulated value of surface roughness; Rm, Radius of medium cylinder;
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extra stress tensor; Û , Velocity vector; Vn, Vs, Normal and tangential
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0
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0
j, Center coordinates of the
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of the ith roughness peak; ziaj, Z coordinate of the ith cutting edge of jth
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ular AFF stroke; % ΔRa, Percentage change in experimental value sur-
face roughness; % ΔRas, Percentage change in simulated value surface
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Purely viscous component of extra stress tensor; σp, Purely viscoelastic
component of extra stress tensor; σ∇
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component of the extra stress tensor; η2, Viscosity factor for purely vis-
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Finite element; CFD, Computation fluid dynamics; 2D, Two-dimension-
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