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Abrasive flow machining (AFM) is a non-traditional surface finishing method that is recently
becoming popular. Increasing surface quality demands and developing manufacturing technologies
need high costs and time. AFM process satisfies these demands in a short time period. In this study,
the material removal model for a double-acting AFM and the experimental validation of the model
was presented. The material removal model was based on the previously performed mathematical
studies and the active grain numbers and the total material removal formulations were re-evaluated.
A CFD analysis was carried out to determine the wall shear stress, velocity distribution, static and
dynamic pressure values and used in the mathematical model. The experimental study is performed
on the Ti-6Al-4V alloy using 400 mesh size SiC abrasive for 20%, 40%, and 60% abrasive
concentrations by weight. The results of the experimental study were compared with the results of
the mathematical model presented in the study. The differences between the results of the presented
model and the experimental ones are very close to each other for all abrasive concentrations. By using
the presented model, the AFM process parameters can be pre-determined according to the required

final form.

1. Introduction

Abrasive flow machining (AFM) is a non-traditional
finishing method that is recently becoming popular [1-4]. AFM
method is successfully applied to medical, aerospace, and other
precision manufacturing areas [5]. Increasing surface quality
demands and developing manufacturing technologies need high
cost and time. AFM process satisfies these demands in a short
time period [6]. In the AFM method, complex geometries and
difficult-to-reach surfaces can be processed more easily than
traditional methods [7, 8].

The AFM process is performed by extrusion of the
polymeric media between two reciprocating pistons in cylinders
(Figure 1). The polymeric media contains abrasive particle,
hydraulic oil, water, and a polymeric material. Media flows
through the surface of the workpiece at high pressure [9]. The
surface is getting smoother and cleaner after AFM process [6].
This process is effective for mostly the parts manufactured by
wire electrical discharge machined (WEDM) surfaces [10].

Types of workpiece materials and material properties
influence surface roughness after the AFM process [11]. The
studies which are experienced on Ti-6Al-4V [12, 13] and AlSI
D2 hardened tool steel show that AFM process has better results
on harder materials [14, 15]. The residual asperities are getting
smoother or entirely removed without any change in geometry
by AFM method [16]. Viscosity, abrasive concentration,
abrasive type, and mesh size are effective parameters in the
process. Abrasive media generally includes abrasive particles as
silicon carbide (SiC) particles [17, 18]. Besides, aluminum
oxide, boron carbide, or garnet are used as an abrasive particle.

Figure 1. Abrasive Flow Machine (AFM) model

Jain et. al. [19] examined the AFM media parameters and
showed that the viscosity of media is proportional to the
temperature, concentration and mesh size of the abrasive. Media
viscosity is directly proportional to the abrasive concentration
and inversely proportional to the abrasive mesh and
temperature. In addition, they found that higher viscosity results
in higher material removal and improved surface quality.

Modeling is conventionally an effective method to design
and analyze a process or a product and it is considered beneficial
while designing improvements for increasing process
performances. In the late 1980s, many efforts were done to a
material removal mechanism and surface generation modeling
of the AFM operation [20]. For the analysis of flow,
computational fluid dynamics (CFD) is one of the most popular
simulation methods. Widely used analysis tools such as ANSYS
FLUENT have been preferred by various researchers [21].
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Figure 2. Material removing model

Rajeshwar et. al [22] carried out modeling and simulation
studies of the AFM process. They used primary equations of the
Maxwell model to define the non-newtonian flow
characteristics of the AFM media for the cylindrical workpiece.
In another study, the interaction between workpieces and
abrasive particles was examined [23]. They have shown that a
higher concentration of abrasives produces better surfaces and
higher material removal. The finite element method was used to
determine the velocity and stress distribution in the AFM
process [24]. The velocity and pressure distribution inside the
flow geometry can be obtained from CFD simulation. The
velocity is maximum at the center and minimum near the walls.
The pressure decreases gradually after passing from the inlet to
the exit [25].

In this study, the material removal model for a double-acting
AFM and the experimental validation of the model was
presented. The material removal model was based on the
mathematical model suggested by Jain et.al [4] and the active
grain numbers and the total material removal formulations were
re-evaluated. The experimental study was performed on the Ti-
6Al-4V alloy using 400 mesh size SiC abrasive material for
abrasive concentrations of 20%, 40% and 60% by weight. A
CFD analysis was carried out to determine the wall shear stress,
velocity distribution, static and dynamic pressure values and
used in the mathematical model. The amount of metal removal
from the workpiece surface was investigated at different
abrasive concentrations. The results of the experimental study
that was previously done for Ti-6Al-4V alloy [26] were
compared with the results of the mathematical model presented
in this study.

2. The mechanism of material removal and the
mathematical model
2.1 The mechanism of material removal

In the AFM process, the material removals occur by the
motion of the particles (Figure 2). Particle size and shapes are
different but all particles assumed as circular or near-circular
shaped in the modeling. The particles are near the surface of the
workpiece called active particles. Active particles remove the
surface of the workpiece (Figure 3).

2.2. The Mathematical Model of the Material Removal

The material removal model is based on the mathematical
model suggested by Jain et.al [13]. The active grain numbers
and the total material removal formulations were re-evaluated.

The force (F) acting on the abrasive grain produces an
indentation and the plastically deformed zone rises upward.
When the media flows through the surface at high pressure, the
abrasive grain shears the plastically displaced material and
forms a chip. To obtain the actual diameter of the abrasive from
mesh size to millimeter:

Passive Area

Active Particles

Active Area

Workpiece
Figure 3. Active and passive areas-particles

28
dg = W (1)
The vertical force component (indenting force) on the grain
with a diameter (dg) is calculated by

F=og™ @)
4
where ¢ is wall shear stress acts on the abrasive grain.
Taking a as the radius of the indentation projected area (AA),
and Hy as the workpiece material hardness, the force can be
expressed as:

F = H,AA = H,ma? ©))

The indentation depth (t) and the radius (a) can be obtained
from Figure 4 as:

(4)

=2 |(%-r2) 5)

and

a= Jt(d,-1) (6)

The indentation depth (t) is finally expressed by substituting
a from Eqn. (4) into Eqgn. (5);

=% _ (ﬁ_F_n) @)

4  Hym

where, F, is normal force applied to abrasive grain, tis depth
of indentation of abrasive into workpiece material, Hy is
hardness of workpiece material and dg is diameter of abrasive
grain. Similarly, angle 6 can be calculated using the triangle
AOAB shown in Figure 4(b);

6 = sin™! <Z—Z> 8

The generated cross-sectional area of the groove (Ag) which
is the hatched area of the grain in Figure 4(a) is the difference
between the areas of sector OADCO and triangle AAOC.

ay=n () ~2a(% ) ©
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Figure 4. (a) Spherical representation of abrasive grain
(b) Triangular asperity model of the workpiece surface [13]

By substituting a and 0 from Eqns. (6) and (8), (Ag) is found
as,

Ay = ?sin‘l;dtig_t) - ft(dg —t) (df - t) (10)

Then the material removed by weight (W,) by an abrasive
grain is;

Wa = pAgTy, (11)

where Ty is the workpiece width. By substituting A4 into
Eqgn. (11),

2 [t(dg-
W,=p ?sin_l%— ’t(dg—t)(%g—t) T, (12)

Assuming that all active grains behave similarly, the total
material removal is the multiplication of the number of active
grains (N.) by Wa,. The number of active grains (Na) per unit
length is;

C
Ny =— (13)

g

where C is the abrasive media concentration by weight.
From this, total number of abrasive grains acting to surface of
workpiece (Ns) is equal to

Ng = SN,L,, (14)

Length of the media (Lm) can be calculated from the rate
between areas cylinder and slot cross-section. S is workpiece
contour length and Ts is slot thickness of passage which media
passes.

_ mRAALg

L
m STs

(15)

where, L is stroke length and R is radius of media cylinder.
Hence, the weight of material removed in a single stroke (W) of
the AFM process is derived as;

W = W, N, (16)

Total weight of material removal (Wt) can be found by
multiplying the number of cycles (n)

3 ﬁ .42 /t(dg—t) B _ g
W,=nxp , Sin B t(dg t) ( 5
t) T, X SN,L,, (18)

According to this model, the material removal depends on
the indentation depth (t), the abrasive grains size (dg), and the
number of abrasive grains (Ns) acting on the working area of
the workpiece.

2.3. The CFD Model

ANSYS FLUENT was used for analyzing the process. By
using the results of the analysis the wall shear stress, velocity
distribution, and static and dynamic pressure values can be
determined and used in the mathematical model. The workpiece
model has a rectangular flow passage (2mmx20mmx10mm) as
shown in Figure 5.

7, bl ==
Figure 6. Two-way abrasive flow machine

3. Experimental Study

The experimental study was performed on a two-way AFM
machine which was shown in Figure 6. The Ti-6Al-4V alloy
samples were cut by using wire-EDM to 5x10x20 mm prisms
from a stock (Figure 7). The samples were weighed by using
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Shimadzu Aux220 balance before and after the AFM process. A
polymer-based abrasive media was prepared using 400 mesh
sizes of SiC abrasives with weight concentrations of 20%, 40%,
and 60%. The media and the process parameters were given in
Table 1.

Figure 7. Ti-6Al-4V alloy samples

4. Results and Discussion

The CFD analysis was carried out by using ANSYS
FLUENT and the results were shown in Figure 8. The wall shear
stress is 0.517 MPa for the flow geometry. The material removal
caried out using 400 mesh size SiC abrasive for abrasive
concentrations of 20%, 40%, and 60% by weight. The results of
the experimental study were compared with the results of the
mathematical model presented in this study. The comparison of
the mathematical and experimental material removal can be
seen in Figure 9 for various AFM cycles.

(@)

(b)

(c)
Figure 8. The results of CFD analysis a) velocity b) static
pressure and c) wall shear stress distributions.

The amount of material removal is increasing with the
increasing abrasive concentration. It can be clearly seen in the
figures. The difference between the results of the presented
model and experimental ones are very close to each other for all
abrasive concentrations. With a help of the presented model,
material removal can be pre-determined before the AFM
process. In the material model; the media viscosity, the
workpiece material hardness, the area of the passage, abrasive
grain size, and wall shear stress value are the main dependent
values that affect the system. Therefore, the model needs to be
verified for other parameters (i.e. viscosity of media, the
hardness of workpiece material, area of the passage, and
abrasive grain size) also.

10

Table 1. The AFM media and the process parameters

Parameter Value
Number of cycles 1, 3,5, 10, 20, 50
Abrasive type SiC
Abrasive mesh size 400

Abrasive media Polymer based

Abrasive concentration 20%, 40%, 60 % wt.

Abrasive media speed 400 mm/min
Abrasive media viscosity 60 Pa.s
Abrasive media flow per cycle 6 liters per 90 seconds
Working pressure 5 MPa
Bore diameter of the AFM machine 140 mm
Stroke length of the AFM machine 400 mm
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Figure 9. The material removal results predicted by the
mathematical model and the experimental study with respect to
AFM cycles for a) 20% b) 40% and c) 60% abrasive
concentrations.

5. Conclusions

In conclusion, the mathematical model which was derived to
obtain material removal can be successfully used for the AFM
process design. By using the presented model, the AFM process
parameters can be pre-determined according to the required
final form. The model was verified for different abrasive
concentrations for a constant set of other AFM parameters. The
model needs to be verified for other parameters (i.e. viscosity of
media, the hardness of workpiece material, area of the passage,
abrasive grain size) in further studies.
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