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Abstract: Abrasive flow machining (AFM) is a non-traditional process used to
de-burr, radius, polish and remove recast layers of the components in a wide
range of applications. The material removal in abrasive flow machining takes
place by flowing the media, mixed with abrasives, across the surface to be
machined. The media is the key element in the process because of its ability to
precisely abrade the selected areas along its flow path. From the review of
literature, it was found that there is a need to know the viscosity of the media,
since it has a significant effect on the process performance parameters. In the
present work, a viscometer set-up has been fabricated based on the principle
of visco-elasticity. The creep compliance and the bulk modulus have been
determined and the viscosity of the abrasive media has been subsequently
calculated. Measurements have been conducted for obtaining viscosity along
with an assessment of specimen length and initial load, the influence of reduced
data points and the repeatability of the experiments. Besides this, experiments
have been conducted at varying concentration and temperature of the abrasive
media. Experiments show that the viscosity of the media increases with the
percentage concentration of abrasives and decreases with temperature.
Viscosities at different concentration of the abrasives were compared with the
values obtained from a capillary viscometer and the comparison was found to
be good.
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machining of advanced engineering materials, shear strain acceleration
phenomenon in metal cutting, computer aided manufacturing, CAPP and other
areas related to manufacturing science and engineering.
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author of a text book entitled Advanced Engineering Fluid Mechanics and has
an edited volume on Computational Fluid Flow and Heat Transfer. He has over
60 publications in international journals, 15 in Indian journals, and over 70
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1 Introduction

Abrasive flow machining is a finishing process in which a small quantity of material is
removed by flowing semi-solid, abrasive-laden putty (called media) over the machined
surface. The media is a rubber-like material of a high viscosity and can be deformed by
applying a little pressure. Two vertically opposed cylinders extrude abrasive media back
and forth through the passage formed either by the workpiece and tooling, or by the
workpiece alone. The semi-solid abrasive media is forced through the workpiece or
through the restricted passage formed by the workpiece. Abrasive particles act as cutting
tools, resulting in a multi-point cutting process. The material removal rate is quite
low. The process is employed for both metals and non-metals. Abrasive flow machining
is suitable to automate finish operations that ask for high cost and are labour intensive.
It is also employed for finishing operations in aerospace, automotive, semiconductor
and medical component industries. Specifically, it is very useful for finishing the surfaces
of extrusion dies, nozzles of a flame cutting torch and airfoil surface of an impeller,
deburring of aircraft valves bodies and removing of recast layer after electric discharge
machining.

The characteristics of the media, including its viscosity, abrasive concentration and
temperature determine the aggressiveness of action of the abrasives during the abrasive
flow machining process. The media used in abrasive flow machining is a pliable material
and is resilient enough to act as a self-forming grinding stone when forced through a
passageway (Rhoades, 1989). It consists of a base and abrasive grits of two or three sizes.
The base material is visco-elastic and made up of an organic polymer and hydrocarbon
gel. The composition of the base material determines its degree of stiffness. The stiffest
medium is used for small holes. High stiffness of the media results in pure extrusion,
while soft media leads to a faster flow in the centre instead of along walls. It is reported
that media with a greater stiffness finishes a passageway more uniformly, while a less stiff
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media results in a greater radius of the passage opening (Williams and Rajurkar, 1989,
1992). Experience with various types of media and abrasives have been reported in the
literature (Inasaki et al., 1993; Loveless et al., 1994; Perry, 1989). There is clear evidence
that the viscosity of the media plays a very important role in abrasive flow machining.
While limited attempts have been reported in the literature (Davies and Fletcher, 1995;
Fletcher et al., 1990; Hall et al., 1992), a systematic approach towards the evaluation of
the viscosity of media has not been addressed.

In an earlier study (Jain et al., 2001), the authors reported the development of a
capillary viscometer for viscosity measurement of the AFM media. The advantage of the
design was its simplicity, specifically the possibility of making measurements at steady
state. However, it had two drawbacks: Firstly, the instrument was bulky, requiring a large
amount of material. Secondly, the static load required to maintain flow was quite large,
being in the range of 100–150 kg. Thirdly, traces of oil in the media sample led to
considerable scatter in the measured data. The apparatus developed in the present work
requires smaller samples and smaller loads, but the technique relies on the temporal
response of the media, and hence requires measurements as a function of time. The
compactness of the apparatus has an inherent advantage when the viscosity is to be
obtained as a function of bulk temperature.

The main objectives of the present work can now be summarised as follows:

• design and fabrication of a set-up for viscosity measurement of the abrasive media

• study changes in viscosity with abrasive concentration and temperature

• compare the results obtained with those from a capillary viscometer.

2 Viscoelastic model

The AFM media has been modelled in the present study as a Kelvin solid (Flugge, 1967).
It can be visualised as a combination of a spring and a dashpot, connected in parallel. At
all times, the strain � of the two elements are equal and the total stress � is split into �´
(spring) and �� (dashpot) in such a way that they experience equal strain �. This condition
is expressed as
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′ =σ εE (1)

′′ =σ ηε
.

Here, E is the elasticity modulus and � is the viscosity. The total stress will be the sum
of both the stresses supported by the spring and the dashpot, namely:

σ σ σ= ′ + ′′ (3)

Hence σ ε ηε= +E
.

(4)ε ε σ
η

.

+ =
T

. Or,
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where T�
�
E . Equations (4) defines the behaviour of a Kelvin solid. For a unit applied stress

��H(t). (5)

Equation 4 can be integrated to yield

ε( ) ( exp( ))t
E

t

T
= − −1

1 (6)

To study the behaviour of viscoelastic materials, a standard creep test is often utilised.
Here, a stress ���0�(t) is applied, and the time-dependent strain � is measured. For
linear materials the strain is proportional to stress and may be written as

ε σ( ) ( )t J t=
0

(7)

The function J(t) is the strain per unit applied stress, and is a material property; for t	0,
it is a monotonically increasing function and is called the creep compliance. For a Kelvin
solid, Equation (6) shows that the creep compliance is given as

J t
E

t

T
( ) ( exp( ))= − −1

1 (8)

The creep compliance given by Equation (8) can be found experimentally. With the help
of the creep compliance function, the viscosity of the AFM media can be calculated. The
modulus of elasticity can be equivalently found in terms of the bulk modulus (Agrawal,
1999; Drozdov, 1996; Flugge, 1967).

The experimental determination of the bulk modulus and creep compliance of the
AFM media, and the calculation of viscosity from creep compliance are discussed below.
The following assumptions have been enforced:

• inertia forces are neglected

• the body forces are assumed to be negligible

• the stress and strain fields are assumed to be axi-symmetric

• plane stress condition is assumed to hold (stress component in the z direction
is zero).

The loading condition for obtaining the bulk modulus is the following. Consider a
cylindrical piece of radius r and length L. Pressure P0 is applied radially up to angle 

(��) from both sides. It is assumed that there will be no change in the shape of the
workpiece during loading, i.e. the condition of pure dilatation holds. Using the
correspondence principle, the expression for volume change as a function of time for a
Kelvin solid can be shown to be (Drozdov, 1996; Flugge, 1967):

∆V t L B tr P( ) ( )= −2

3

2

0
π (9)
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Here B(t) is the bulk modulus of the viscoelastic material and is a function of time. The
loading conditions for the measurement of creep compliance are as follows. There is a
cylinder of radius r and length L of viscoelastic material. Radial pressure is applied
throughout the periphery of cylinder. The quantity � is the distance between the rigid
plane and the upper surface of the cylinder. In time t* the cylinder will touch the rigid
plane. As discussed in Davies and Fletcher (1995), the expression for the creep compliance
function can be derived as

J t
L

B t( ) ( )= +












1

3

9
2

0

∆

σ
(10)

Creep compliance for any viscoelastic material can be experimentally found by the
Equation (10). From the data of creep compliance as a function of time, a curve of
the form

J(t)�a�b 
exp (–c 
 t ) (11)

can be fitted with a, b, and c as regression coefficients. On comparing the above equation
(11) with Equation (8), the material viscosity � can be obtained as 1/(a
c).

3 Experimental apparatus

The media used in the present work is Polyborosilixane (supplied by Extrude Hone, USA),
with silicon carbide particles as abrasives.

The loading of the specimen comprises applying a uniform radial pressure
distribution along the length of a cylindrical piece of AFM media. For this purpose, a
polyvinyl chloride (PVC) tube of length 160 mm, outside diameter 40 mm and thickness
of 1 mm is used. This tube is cut along its length in such a way that one free longitudinal
end of the tube can roll on top of the other and radial pressure is transmitted to the
cylindrical piece. Radial pressure is applied on the PVC tube with the help of a nylon
rope. The rope is fixed at one end of the steel rod, that is tightened on a mild steel plate.
The apparatus is designed in such a way that the pressure applied through the tube on
the abrasive media is purely radial and uniformly distributed over the length of the
cylindrical piece. The friction between the medium and the inner surface of the tube is
taken to be negligible. Friction between the nylon thread and the outer surface of the
tube is also negligible in comparison with the loads employed in the experiment. The
design, fabrication and testing of the apparatus has been discussed in Agrawal (1999).
A photograph of the apparatus as well as the schematic drawing are shown in Figure 1.
A drawing of the capillary viscometer is shown in Figure 2.
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Figure 1 (a) Photograph of the viscosity measuring apparatus based on principles of
viscoelasticity; (b) Schematic drawing of the experimental apparatus; (c) Drawing
of the PVC tube holding the media, with the longitudinal cut shown

(a)
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Longitudinal cut

(b)

(c)

Loading pan

Pulley system

Base plate

Mild steel plate

Aluminium rod
Aluminium plate

PVC tube

Thread
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4 Experimental procedure

AFM media with the required concentration of abrasives and the appropriate temperature,
is taken in the form of a cylindrical piece. This piece is placed inside the PVC tube
(Figure 1(c)). The diameter of the media cylinder to be called the test cylinder is equal to
the inner diameter of the tube. The tube is placed vertically over the mild steel plate such
that the cylindrical piece touches the mild steel plate at the bottom. The other end of test
cylinder is free to move vertically. The nylon rope is coiled over the tube. An aluminium
rod is placed on top of the test cylinder. This end of the tube is covered with an aluminium
plate. To measure the movement of the test cylinder, a dial gauge (not shown in Figure
1b) is placed over the top surface of the aluminium rod such that its plunger just touches
the aluminium rod. Radial pressure is applied to the tube by placing known weights
in the loading pan. In the experiments, weights of the order of 5–10 kg have been
used. Owing to the radial pressure, the longitudinal ends of the tube tend to slide on one
another, but are restricted by the material inside the tube. The radial pressure that is
applied to the tube is completely transmitted to the media. Due to this pressure the
diameter of test cylinder decreases and at the same time the length increases. The
increment in the length of the test cylinder leads to the movement of the aluminium
rod located at the top surface of the cylinder. The upward movement of the aluminium
rod can be measured by the dial gauge. The least count of the dial gauge is 0.01 mm.
The reduction in diameter is measured with the help of a digital Vernier caliper, that
has a lowest count of 0.01 mm. The measurements of length and diameter are performed
at pre-defined time instants. A typical duration of the experiment is of the order of
200–300 seconds. To establish the quality of the set-up, experiments have been conducted
for different initial lengths of the cylinder and at different loads. For ascertaining
repeatability, experiments have been conducted five times for a given length and load
of the cylindrical test piece. The effect of abrasive concentration on viscosity has been
studied via experiments conducted at different concentrations. To study the effect of
temperature, experiments have been conducted at different temperatures for a particular
concentration of abrasives. The results of the present study have been compared with
those from a capillary viscometer (Figure 2) developed by the authors in an earlier work
(Jain et al., 2001).

Figure 2 Schematic drawing of the capillary viscometer, from Jain et al. (2001)
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5 Results and discussion

Viscosity data along with a discussion on their sensitivity to the specimen length and
initial load, reduced data points and repeatability of the experimental set-up are reported
in the present section. In addition, experiments on viscosity of the media at different
abrasive concentrations and temperatures are also reported. The results of the experiments
for the viscosity determination at different concentrations of the abrasives from the
present viscometer are compared with those obtained by the capillary viscometer of (Jain
et al., 2001).

5.1 Effect of specimen length and initial load

Figures 3–4 show the bulk modulus and the creep compliance as a function of time for a
typical value of the initial length of the specimen and initial load respectively. It is
observed from the graphs that the bulk modulus and the creep compliance both increase
exponentially with time. The graphs are quite similar to those for a Kelvin’s solid, and in
fact validate this assumption. In principle, viscosity calculated from the creep compliance
function should not be affected by change in initial length of the specimen and initial load
applied. These data are given in Table 1, where the information about load has been
equivalently expressed in terms of the radial stress. The best-fit exponential function
(Equation 11) for B(t) as well as J(t) have been reported in Table 1. The correlation
coefficient of curve fitting is better that 95% in all the experiments. The exponential
functions are shown by dashed lines in Figures 3 and 4. It is to be noted from Table 1 that
the viscosity obtained at various initial lengths (except at 120 mm) and initial loads are
quite close. The mismatch at a length of 120 mm could be classified as a case of isolated
scatter since it was not realised in other experiments.

Figure 3 Bulk modulus (mm2/N) as a function of time at a load of 5 kg and an initial
specimen length of 110 mm. Specimen temperature is 30°C
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5.2 Reduced data points

It can be seen from Figures 3–4 that the initial rates of increase of the bulk modulus and
creep compliance are quite high, but the slopes decrease as time increases. The viscosity
of the material is thus expected to be affected strongly by the initial rate. To assess the
importance of the data collected at small time, points collected after 120 seconds were
ignored. The viscosity re-calculated from the reduced data set was found to be within
1–10% of the values in Table 1, and have been reported in Table 2. This is a confirmation
of the result that viscosity depends crucially on the time-varying part of the exponential
function and measurements here should be carefully recorded. All subsequent results in
the paper have been given in terms of the full data set.

Figure 4 Creep compliance (mm2/N) as a function of time at a load of 5 kg and an initial
specimen length of 110 mm. Specimen temperature is 30°C

Table 1 Viscosity of AFM media at different initial lengths of the work-piece and loads

Initial Radial Bulk modulus B(t) Creep compliance J(t) Viscosity
length stress mm2/N mm2/N N-s/mm2

mm N/m2

90 0.00457 20.01–20.0 exp(�0.014 t) 121.08–108.64 exp(�0.024 t) 0.344

100 0.00575 16.65–16.45 exp(�0.017 t) 115.65–94.075 exp(�0.026 t) 0.332

110 0.00373 11.51–14.27 exp(�0.013 t) 166.23–122.47 exp(�0.02 t) 0.308

115 0.00357 19.19–20.95 exp(�0.011 t) 121.88–110.51 exp(�0.026 t) 0.315

120 0.00205 42.61–45.34 exp(�0.013 t) 193.51–187.23 exp(�0.02 t) 0.258

130 0.0019 19.78–16.58 exp(�0.01 t) 152.65–154.31 exp(�0.021 t) 0.327
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5.3 Repeatability of the experiments

An experimental measurement set-up is repeatable if it gives identical results for each set
of experiments conducted repeatedly under similar initial length and loading conditions.
It was observed in the present work that the viscosity of the media for the experiments
conducted under similar initial conditions were quite close. This data is reported in
Table 3. The uncertainty band for the viscosity data can be formally specified to be �4%,
with 95% confidence.

Table 2 Viscosity of the AFM media with full and reduced set of data points

Initial Radial Creep compliance J(t) Viscosity Viscosity Percentage
length stress mm2/N (full data (reduced change in
mm N/m2 points) data points) viscosity

N-s/mm2 N-s/mm2 (%)

90 0.00457 119.39–98.91 exp(�0.025 t) 0.344 0.335 2.64

100 0.00575 109.88–78.29 exp(�0.03 t) 0.332 0.303 8.78

110 0.00373 164.01–124.09 exp(�0.022 t) 0.308 0.277 10.07

115 0.00357 119.32–100.85 exp(�0.027 t) 0.315 0.310 1.63

120 0.00205 186.98–184.09 exp(�0.022 t) 0.258 0.243 5.91

130 0.00190 147.79–147.99 exp(�0.0215 t) 0.327 0.314 3.91

Table 3 Repeatability test for the determination of viscosity of AFM media from five
independent experiments

Initial Radial Bulk modulus B(t) Creep compliance J(t) Viscosity
length stress mm2/N mm2/N N-s/mm2

mm N/m2

110 0.00224 32.57–35.23 exp(�0.008 t) 186.01–185.98 exp(�0.016 t) 0.336

110 0.00224 40.37–46.98 exp(�0.006 t) 176.83–157.17 exp(�0.016 t) 0.345

110 0.00224 29.80–36.55 exp(�0.009 t) 190.81–178.39 exp(�0.015 t) 0.349

110 0.00224 34.35–31.48 exp(�0.007 t) 182.64–153.3 exp (�0.0165 t) 0.332

110 0.00224 25.30–25.01 exp(�0.018 t) 170.86–155.08 exp(�0.017 t) 0.344

5.4 Effect of abrasive concentration

Figure 5 shows the creep compliance as a function of time when the AFM media is
loaded with abrasives. The effect of abrasives on the bulk modulus was found to be
minimal and has not been reported. This is understandable because the abrasive particles,
as well as the basic AFM material, are both practically incompressible. In contrast, it
is observed in the present work that as the percentage of concentration of abrasives
in the media increases, the viscosity of the media increases. The viscosity at different
concentrations of the media is reported in Table 4. As the percentage concentration
of the abrasives in the media increases, the mobility of the media particles decreases.
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Consequently, the increment in the length of the cylindrical piece in viscometer decreases.
This leads ultimately to an increase in the viscosity of the media. An alternative
explanation can be provided in terms of the theory of mixtures. The equivalent viscosity
of the abrasive particles being practically infinity, the abrasive-media mixture will have a
viscosity greater than that of the media alone.

Figure 5 Creep compliance (mm2/N) as a function of time at a load of 3 kg and an initial
specimen length of 110 mm. Specimen temperature is 30°C. Abrasive concentration
is 66%

Table 4 Viscosity of AFM media at different concentration of abrasives

Initial Radial Abrasives Creep compliance J(t) Viscosity
length stress concentration mm2/N N-s/mm2

mm N/m2 (%)

110 0.00224 56 190.22–145.408 exp(�0.037 t) 0.142

110 0.00224 61 169.494–140.807 exp(�0.03 t) 0.197

110 0.00224 66 168.228–167.804 exp(�0.024 t) 0.248

110 0.00224 71 140.722–124.352 exp(�0.0254 t) 0.279

110 0.00224 76 169.91–143.23 exp(�0.017 t) 0.346

5.5 Effect of temperature

To study the effect of temperature on viscosity, experiments have been conducted at
different temperatures of the media. The specimen was kept in a constant temperature
bath for a sufficiently long time to raise its temperature to a desired value. Table 5 presents
the viscosity of the media at different average temperatures. It is quite clear that, as
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the temperature increases, there is a decrease in the viscosity of the media. As the
temperature of the media increases, an increase in the rate of change in the length of the
cylindrical piece is observed in the temporal response. This is equivalent to a reduction
in viscosity. In this respect, the media behaviour is consistent with that of a classical
viscous fluid.

Table 5 Viscosity of AFM media as a function of temperature

Initial Radial Temperature of Creep compliance J(t) Viscosity
length stress the media mm2/N N-s/mm2

mm N/m2 (�C)

110 0.00149 30 150.164–136.35 exp(�0.023 t) 0.289

110 0.00149 36 166.622–145.562 exp(�0.026 t) 0.231

110 0.00149 42 202.86–180.043 exp(�0.027 t) 0.183

110 0.00149 50 217.343–203.432 exp(�0.038 t) 0.121

5.6 Viscosity measurements by the capillary viscometer

To study independently the effect of concentration on viscosity of the media, experiments
have been conducted using a capillary viscometer (Jain et al., 2001). Table 6 shows the
values of viscosity at different concentration of abrasive particles obtained from the
capillary viscometer as well as the present viscometer. It is observed that the results from
the capillary viscometer are similar to the results of the present viscometer. It is observed
that at 56% abrasive concentration, the difference in viscosity is high. This is because at
lower concentrations of the abrasive particles, the rate of change of length of the specimen
is high, and inaccuracies in time measurement play a role. At lower concentrations,
alternate mixing arrangements are possible for the particles, in addition to a clustering of
the abrasives. These factors lead to scatter in the viscosity data. The differences in the
measurement from the two viscometers are smaller than at other abrasive concentrations.

Table 6 Viscosity of AFM media at different abrasive concentrations; comparison of the
present viscometer with a capillary viscometer of (Jain et al., 2001)

Abrasives Average viscosity Average viscosity Difference
concentration (capillary (Jain et al., 2001)) (present viscometer) %
% kN-s/m2 kN-s/m2

56 185.40 142.08 23.36

61 205.60 196.66 4.35

66 231.87 247.69 6.82

71 273.35 279.77 2.35

76 320.07 346.20 8.16
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6 Conclusions

Experiments have been conducted for the determination of the viscosity of AFM media,
along with a discussion on the sensitivity of the property on the initial length of the
specimen, reduced data points and repeatability of the measurements. Good repeatability
has been observed and the data are not sensitive to the process parameters such as the
load and the specimen dimension. Experiments have also been conducted at different
abrasive concentrations and bulk temperature of the AFM media. Viscosity has also
been determined at different concentrations using a capillary viscometer, and compared
with the present viscometer. The major conclusions drawn from the present work are
as follows:

• The AFM media has a well-defined viscosity, and its mechanical behaviour
closely approximates a Kelvin solid.

• As the percentage concentration of the abrasive increases, there is a continuous
increase in the viscosity.

• A significant effect of temperature on the viscosity of the media is observed.
The viscosity of the media decreases with an increase in temperature.

• The viscometer developed in this study is versatile and repeatable. The results of
the viscosity of the media at different concentrations of abrasives are close to those
of the capillary viscometer. The measurement of the viscosity of the abrasive media
using the present approach is, however, simpler to that of the capillary viscometer.
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