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Effect of Ball Burnishing Process on the Surface Quality
and Microstructure Properties of AISI 1010 Steel Plates
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A newly developed ball burnishing tool was designed and tested for surface finishing of large flat surfaces in
a shortest possible time. Optimization and analysis of the burnishing process were carried on AISI 1010
steel hot-rolled plates using the Taguchi technique and response surface methodology (RSM) to identify the
effect of burnishing parameters (i.e., burnishing speed, burnishing force, and feed rate) on surface
roughness, surface hardness, and microstructure of burnished surfaces. The optimal burnishing parame-
ters were found after conducting the Taguchi’s L,s; matrix experiments and obtaining the response models
for the surface roughness and the hardness. It was found that the burnishing force has the most influential
effect on the surface roughness and hardness, followed by the burnishing speed, and least influence by the
feed rate. In addition, microstructural examinations of the burnished surface indicate that burnishing force
more than 400 N causes flaking of the burnished surfaces. The optimal burnishing parameters for the steel
plates were a combination of a burnishing speed of 235 rpm, a burnishing force of 400 N, and a feed rate of
0.18 mm/rev. Using these parameters, the mean surface roughness has been improved from Ra = 2.48 to

1.75 pm, while the hardness increases from 59 to 65.5 HRB.
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1. Introduction

Surface quality is of great importance in the performance of
mechanical components. Despite the manufacturing process
used, surface roughness of different asperities usually exists in
almost all surfaces of mechanical parts such that obtained in
machined casting dies or hot-rolled plates. As a result, more
attention is paid on the finishing process during manufacturing.
Methods that are commonly used to improve surface finish and
produce low values of roughness include grinding, lapping,
honing, and polishing. A more widely used method of surface
finishing is burnishing. In this method, a large contact pressure
is exerted on the surface of the workpiece by a smooth roller
(roller burnishing) or a ball (ball burnishing) to cause plastic
deformation of surface irregularities. The high burnishing
pressure, exceeding the yield strength, causes roughness peaks
to flow toward the valleys and thus smears all the texture of the
rough surface, resulting in smoother surfaces. This method of
cold-working surface treatment is different from other surface
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treatments, such as shot peening and sand blasting in such a
way it produces a good surface finish, increases dimensional
and shape accuracy, enhances surface hardness, and also
induces residual compressive stresses at the metallic surface
layers.

Several works have investigated the effect of burnishing on
improving mechanical properties, and shown that proper design
of burnishing process can lead to increased hardness (Ref 1-3),
to enhance quality of surface finish (Ref 4-10), to increase
maximum residual stress in compression (Ref 11-14), to
prevents corrosion and stress corrosion cracking, and to
enhance the wear resistance and fatigue life of the workpiece
(Ref 15, 16). In general, burnishing leads to changes in the
microstructure of the burnished surface. For example, Palka
et al. indicated that burnishing of X5CrNi 18-9 stainless steel
has led to an increase in number of slip bands, density of
dislocations and twinning deformations in the burnished
surfaces, resulting in an increase in the yield stress from 230
to 450 MPa (Ref 17). These surface properties are generally
advantageous. However, excessive burnishing can lead to sub-
surface cracks which cause spalling, i.e., a phenomenon where
the upper layer of a surface flakes off of the bulk material.

There are several controlling parameters that can have an
effect on the workpiece surface properties (Ref 4). These
parameters include: burnishing speed, feed rate, force (or
pressure), number of burnishing passes, workpiece material,
ball material, ball size, and lubricant. In general, the two most
frequently cited parameters affecting surface finish are the
burnishing force and the feed rate. Hassan and Al-Bsharat
(Ref 13) showed that the burnishing force and the number of
tool passes are the most predominant of the parameters that
have an effect on the surface roughness of the workpiece during
burnishing process.

Despite the large number of works on burnishing of round
workpieces such as crankshafts and bearing races, the treatment
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of large flat surfaces by either roller or ball burnishing is yet to
be fully investigated (Ref 9, 14, 18, 19). The reason is that
burnishing with a conventional simple tool of large flat surfaces
requires enormous amount of experimental time to be per-
formed. Considering the above, this article examines the use of
a newly developed ball burnishing tool to give enhanced
surface properties for AISI 1010 steel plates. The tool was
specifically designed to treat large flat surfaces in a reasonable
experimental time. In order to explore the optimum combina-
tion of burnishing parameters, several experiments were
designed and performed on a machining center based on the
response surface methodology (RSM) (systematic method for
using the influential factors in a process for improvement and
optimization) with the Taguchi’s L,s matrix (Ref 20, 21). The
effects of burnishing parameters (i.e., burnishing speed, force,
and feed rate) on the surface roughness and surface hardness
were investigated, as presented by the mean surface roughness
(Ra) and Rockwell hardness number (HRB), respectively. In
addition, the topography of the burnished samples was
examined using atomic force microscopy (AFM). Metallurgical
examinations were also carried out using scanning electron
microscopy (SEM) to examine the effect of burnishing
parameters on the surface microstructure.

Table 1 Chemical composition of the specimen material
(AISI 1010 steel)

Element Wt.%
C 0.108
Mn 0.529
Si 0.04
P <0.01
S <0.01
Cr 0.038
Ni 0.044
Cu 0.059
Al 0.062
Mechanical properties of the workpiece material
Yield strength, MPa 2232
Tensile strength, MPa 331.58
Hardness, HRB 59+1
Tensile elastic modulus, MPa 208,600

2. Experimental Work

The material used in this work is made of AISI 1010 steel
and was received in a form of hot-rolled plates with a thickness
of 3 mm. Table 1 shows the chemical composition listed in
weight percent along with the mechanical properties of the
studied material. As indicated in Table 1, the yield and tensile
strengths are 223.2 and 331.6 MPa, respectively. The surface
hardness was measured using hardness tester “AffriR System.”
The hardness of the unburnished surfaces was measured to be
59 + 1 HRB. The surface roughness before and after burnishing
was measured using a roughness tester of type RT-10. The
mean surface roughness (Ra) of the unburnished material was
measured to be 2.48 4+ 0.4 pm. The mean roughness, as well as
the hardness, are calculated by averaging several measurements
(total of nine measurements were made) at different locations of
the workpiece surface. In addition, surface topography and
material microstructure of the unburnished and burnished
samples were examined using a NanoScope IV Multimode
Atomic force Microscope AFM and a JSM-6300 Scanning
Electron Microscope SEM.

The steel plates were cut into tensile specimens so that they
can be burnished and then used for further investigation of their
mechanical behavior. The specimens were cut along the rolling
direction of the original plates by laser cutting to guarantee
smoothest surfaces with best possible dimensional precision.
The burnishing tool device and the test specimens were
assembled onto a C-tek machining center (CNT 830) as shown
in Fig. 1.

Figure 2(b) shows a schematic representation of the
burnishing tool device designed and made to perform the
burnishing experiments. The device is in the form of a disc with
four holes separated by 90° angle. In each of these holes, a
simple burnishing tool can be mounted. The tool is designed in
such a way that it can be simply mounted onto the tool holder
of the machining center. In this study, one simple burnishing
tool is used (see Fig. 2a and c¢) and fixed at a radius of 47.5 mm
from the center of the disc to perform the experimental work.
Consequently, one pass during the burnishing process can cover
95-mm width of burnished surface. As compared to conven-
tional burnishing process, this method of burnishing represents
a significant reduction in the burnishing time. As a result,
burnishing of large flat surfaces can be easily achieved in a

Burnishing area

Test specimen

(Se ed direction

Cross feed direction

(b)

Fig. 1 (a) Burnishing tool device mounted on the machining center and (b) machining setup
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Fig. 2 (a) One simple burnishing tool, (b) burnishing tool device, and (c) a detailed view of the simple burnishing tool: 1, tightening screw;
2, graduated stem; 3, body; 4, spring; 5, blocking screw; 6, adapter; 7, hold; 8, supporting balls; and 9, burnishing ball

reasonable time. The burnishing balls used in this study have a
diameter 10 mm. These balls are commercially available in ball
bearings and are made of carbon-chromium steel having
maximum surface roughness of 0.04 pm and hardness of
62-65 HRC. Even though only one-size ball is used during this
study, the tool can handle balls of different diameters. The
burnishing ball is supported by five small balls (component 8 of
Fig. 2¢) in order to reduce ball sticking during the burnishing
process. A spring, located above the burnishing ball, is used to
apply the necessary burnishing force. A calibration was
performed in order to relate the axial displacement of the
screw (component 1 of Fig. 2c) with the applied force on the
burnishing ball. The value of the force is read directly from
a graduated stem (component 2 of Fig. 2¢). A dummy tool
of the same weight as the simple burnishing tool was installed
on the opposite side to maintain equilibrium during the
experiments.

3. Experimental Design and Analysis

Three burnishing parameters were selected for optimizing
the burnishing process using Taguchi’s method. The exam-
ined burnishing parameters include: (1) burnishing speed,
(2) force, and (3) feed rate. Other parameters such as ball
diameter, number of burnishing passes, and penetration depth
are considered constant in the course of this study. All
experiments were performed using an oil (ESSOLUBE HD
15W-40 and kinematic viscosity at 40 and 100 °C are 113
and 15.4 mm? s, respectively) as a lubricant between the
tool and the workpiece. For each parameter, five levels were
considered. Table 2 summarizes the burnishing conditions
and their coded levels. According to Taguchi’s method with
three independent parameters, 25 experiments were con-
ducted with combination of values listed in Table 2. To
simplify the experimental plan, the values of the levels of
each parameter were coded. Five coded levels were used
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Table 2 Parameters of burnishing process

Levels
Factors Symbol -2 -1 0 1 2
Speed, rpm X1 67 151 235 319 403
Force, N X2 200 300 400 500 600
Feed, mm/rev X3 0.1 0.18 0.26 0.34 0.42
Ball diameter, mm 10
No. of passes 2
Burnishing depth, mm 0.2

Burnishing conditions Lubricated

(=2, —1, 0, 1, 2) using the following transformation
equations:

n—235

X = 4 (Eq 1)
F — 400

Xy = 100 (Eq 2)
[ —026

BT 7008 (Fq 3)

where xj, x,, and x3 denote burnishing speed, force, and feed
rate, respectively.

Table 3 shows the arrangements and the results of the 25
experiments that were performed based on Taguchi’s design.
Using these results in order to find the relationship between the
surface roughness, hardness of AISI 1010 steel plates and the
three ball burnishing parameters x;, x,, and x3, a second-order
mathematical model was used of the form:

Y = by + bix1 + baxa + b3xz + bi1xt + b3
+ b33x3 + bioxixz2 + bi3x1x3 + by3xaxs (Eq 4)

where the b terms are the regression coefficients and y is Ra
or HRB. The estimated coefficients 4 by Minitab Software
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Table 3 Experimental design matrix and result of surface quality

Speed, rpm Force, N Feed, mm/rev Responses

Exp. no Coded value Act. value Coded value Act. value Coded value Act. value Ra, pm Hardness, HRB
1 -2 67 -2 200 -2 0.1 0.95 66.2
2 -2 67 -1 300 -1 0.18 2.37 66.4
3 -2 67 0 400 0 0.26 2.06 65.8
4 -2 67 1 500 1 0.34 1.89 64.5
5 -2 67 2 600 2 0.42 2.82 66.5
6 -1 151 -2 200 -1 0.18 0.4 66.7
7 -1 151 -1 300 0 0.26 1.95 63.7
8 -1 151 0 400 1 0.34 2.79 65.9
9 -1 151 1 500 2 0.42 1.42 66
10 -1 151 2 600 -2 0.1 1.27 70.9
11 0 235 -2 200 0 0.26 0.79 62.3
12 0 235 -1 300 1 0.34 1.05 66.2
13 0 235 0 400 2 0.42 1.89 60.9
14 0 235 1 500 -2 0.1 2.01 64.4
15 0 235 2 600 —1 0.18 1.78 70.7
16 1 319 -2 200 1 0.34 0.89 62.2
17 1 319 —1 300 2 0.42 1.3 62.9
18 1 319 0 400 -2 0.1 245 61.1
19 1 319 1 500 —1 0.18 1.73 67.2
20 1 319 2 600 0 0.26 1.79 64.6
21 2 403 -2 200 2 0.42 0.94 65
22 2 403 -1 300 -2 0.1 231 64.8
23 2 403 0 400 —1 0.18 2.29 64.6
24 2 403 1 500 0 0.26 2.86 66.7
25 2 403 2 600 1 0.34 2.82 63.7
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Fig. 3 Effect of burnishing speed on mean roughness: (a) at different feeds (mm/rev) and (b) at different forces (N)

with the predictors x, x,, and x3 are used to calculate the fit-
ted values for the surface roughness and hardness responses.
The following models are determined:

Ra = 1.747 4 0.052x; + 0.239x, + 0.03x3 + 0.166x%

— 0.145x5 + 0.002x3 + 0.067x1x, — 0.081x;x3  (Eq 5)

HRB = 65.2 — 0.49x; + 0.86x, — 0.73x3 + 0.117x + 0.2x3
— 0.318x§ —0.44x1x) + 0.41x1x3 (Eq 6)

Using the above Eq 5 and 6, the variations of the mean
roughness and hardness with burnishing speed, feed rate, and
force are presented in terms of two-dimensional plots, as shown
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in Fig. 3-8. Each curve in a given plot represents the response
of one burnishing parameter while the other two parameters
were kept constant.

4. Results and Discussion

4.1 Variations of Mean Roughness with Burnishing
Parameters

4.1.1 Burnishing Speed. The effects of burnishing speed
on the mean roughness for various feed rates and forces are
shown in Fig. 3(a) and (b), respectively. It can be observed in
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Fig. 6 Effect of burnishing speed on surface hardness: (a) at different feeds (mm/rev) and (b) at different forces (N)

Fig. 3(a) that the relationship between the mean roughness and
the burnishing speed is parabolic. For each graph, the mean
roughness goes though a minimum value at a given burnishing
speed. Examining all feed rates, the value of burnishing speed
at which a minimum roughness is achieved ranges from 151 to
319 rpm. In addition, Fig. 3(b) shows that for a burnishing
force of 400 N, there exits a critical number of burnishing
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speed at which all graphs passes. This critical number of
235 rpm is independent of the feed rate. Below this number, an
increase in the feed rate increases the mean roughness.
However, for burnishing speed above this critical number, an
increase in the feed rate decreases the mean roughness. It is also
indicated in Fig. 3(b) that for a burnishing feed of 0.26 mm/rev,
low values of mean roughness is achieved at low values of
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Fig. 8 Effect of burnishing force on surface hardness: (a) at different speeds (rpm) and (b) at different feeds (mm/rev)

burnishing forces. However, low values of forces will not be
selected because it will be shown later that these low values
have little improvement on the hardness.

4.1.2 Burnishing Feed. Figure 4(a) shows the effect of
feed rate on the roughness for different burnishing speeds and
at fixed force (F = 400 N). The results indicate that, except at
the critical speed of 235 rpm, for burnishing speeds below the
235 rpm the mean roughness increases with the feed. The
opposite trend is true in cases with burnishing speeds above
235 rpm. In addition, Fig. 4(b) demonstrates the variations of
the mean roughness with the feed rate for different forces. The
results indicate that at a given burnishing force the feed had no
effect on the mean roughness at the critical speed of 235 rpm.

4.1.3 Burnishing Force. Figure 5(a) presents the varia-
tions of the mean roughness with burnishing force at different
speeds, indicating that the mean roughness can be significantly
altered by the burnishing force. According to Fig. 5(a), the
minimum roughness is obtained with a burnishing speed of
235 rpm. Therefore, a speed of 235 rpm is considered the
optimum burnishing speed for AISI 1010 steel plates. It should
be noted that at a feed of 0.26 mm/rev, a combination of high
burnishing speed with high burnishing force is detrimental to
the mean roughness. This is because high forces causes shear
failure in the subsurface layers which in turn causes flaking as
it will be confirmed later by the microstructure examinations
of the burnished samples. Figure 5(b) presents the effect of
burnishing force on roughness by varying the feed rate at speed
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of 235 rpm. It is shown that all curves collapsed into a single
curve, indicating that the mean roughness is independent of the
feed at this optimum burnishing speed.

4.2 Variations of Hardness with Burnishing Parameters

4.2.1 Burnishing Speed. The variation of the surface
hardness with burnishing speed at different feeds is shown in
Fig. 6(a). At given force of 400 N, a combination of low
burnishing speed and low feed rate improves the surface
hardness. At low speed, an increase in the feed rate significantly
decreases the surface hardness. On the other hand, at high
speed, the effect of changing the feed on the surface hardness is
marginal. Figure 6(a) also shows that the variation of surface
hardness with the speed is a decreasing function at low feed and
an increasing function at high feed. This indicates that there
may be a critical value of feed rate (f~ 0.3 mm/rev) at which
no variation of the surface hardness with burnishing speed
occurs. Moreover, Fig. 6(b) shows the relation between the
burnishing speed and surface hardness for different applied
force and at fixed feed rate of 0.26 mm/rev. The results indicate
that the surface hardness is significantly improved for a
combination of low burnishing speed and high force. At low
speed, the surface hardness greatly increases with an increase in
the applied force. However, at high burnishing speed, little
variation in the surface hardness occurred with a change in the
applied force. It is also shown that the large drop in hardness
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caused by high burnishing speed can be compensated by low
burnishing force. In addition, Fig. 6(b) shows a similar
hardness trend to that obtained in Fig. 6(a) as indicated by
the existence of a critical force (F~300 N) at which the
surface hardness is independent of the burnishing speed.

4.2.2 Burnishing Feed. Figure 7(a) and (b) shows the
variations of the surface hardness with burnishing feed rate at
different speeds and forces, respectively. The curves are
presented at a constant burnishing speed n =235 rpm. As
indicated earlier in Fig. 6(a), Fig. 7(a) shows that a combina-
tion of low feed and low speed causes better surface hardness.
The results also indicate that at low feed, an increase in the
speed rate significantly decreases the surface hardness. While,
at high feed, little effect occurs on the surface hardness when
varying the speed. Moreover, Fig. 7(b) indicates that there is an
increase in the surface hardness with increasing the magnitude
of force at fixed feed rate. Within the range of feed rate used in
this work, it can be seen that an increase in the feed rate up to
0.18 mm/rev leads to a slight increase of the surface hardness.
However, an increase in the feed rate in the region above
0.18 mm/rev causes a significant decrease of the surface
hardness.

4.2.3 Burnishing Force. The effect of the burnishing
force on the surface hardness is shown in Fig. 8(a) and (b) at
different speeds and feeds, respectively. The results shown in
Fig. 8(a) demonstrate that the change in surface hardness by

(a) Ra=199 nm, Rmax = 1546 nm (b)

Ra=20.0 nm, Rmax =271 nm

varying the burnishing speed at high forces is much more than
that at low forces. At high forces, increasing the speed
reduces the surface hardness. On the other hand, the increase
in burnishing speed at low force (i.e., =200 N) increases
the hardness. In addition, Fig. 8(b) indicates that, at a given
feed, an increase in the burnishing force increases the surface
hardness. When high burnishing force is applied, the amount
and depth of plastic deformation is expected to increase at the
surface of the workpiece. This in turn causes an increase in
the work hardening of the surface layers. Moreover, at a given
force, the surface hardness increases and then decreases as a
function of the feed. In this case, the surface hardness reached
a maximum at a feed rate of 0.18 mm/rev at the optimum
speed of 235 rpm. A feed rate of 0.18 mm/rev gave the best
value of the surface hardness within the range of the
burnishing force used. Therefore, a feed rate of 0.18 mm/rev
is considered the optimum burnishing feed for AISI 1010 steel
plates.

4.3 Metallurgical and AFM Topographical Examinations

Considering both objectives to minimize the surface
roughness and maximize the surface hardness, the two
optimum parameters that were selected so far are a burnish-
ing speed of 235 rpm and a feed rate of 0.18 mm/rev. The
results indicate that the third optimum parameter, that is the

(¢) Ra=48.6 nm, Rmax =440 nm

Fig. 9 Comparison of surface roughness for different 1010-steel specimens measured with an AFM within the area of 8 x 8 um. (a) Unbur-
nished; (b) burnished (burnishing conditions: F = 500 N, n = 235 rpm, and /= 0.18 mm/rev); (c) burnished (burnishing conditions: F = 600 N,

n =235 rpm, and /= 0.18 mm/rev)

X1000

Fig. 10 Microstructural examination of cross-section of 1010-steel specimens using SEM. (a) Unburnished; (b) burnished (burnishing condi-
tions: F'= 500 N, n =235 rpm, and f'= 0.18 mm/rev); (c) burnished (burnishing conditions: F = 600 N, n = 235 rpm, and f'= 0.18 mm/rev)
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burnishing force, can be either 500 or 600 N. Both of these
cases gave comparable results with little advantage to the
600 N case. Figure 9 compares the topographical AFM
surfaces of the two burnishing cases with that of the
unburnished surface. As shown, even at small-scale investiga-
tion, the case with 500 N force yielded better results than the
case with 600 N. Nevertheless, observations made by SEM on
a cross-section of the burnished samples indicate that 500 and
600 N forces have both caused shattering of the workpiece
subsurface as clearly shown in Fig. 10. The increase in the
burnishing force from 500 to 600 N increases the depth of the
hardened layer from 35 to 50 pum, respectively. In this layer,
there is a large distortion of the grains due to the plastic
deformation accompanying the burnishing process. At these
high forces, the surface hardness increases with force until it
reaches a limit beyond which flaking of the metal would occur.
This situation causes lower efficiency and failure of the
workpiece and therefore a smaller burnishing force of 400 N
was selected. The case with 400 N did not cause flaking in the
subsurface layer. Therefore, the optimum burnishing parame-
ters for AISI 1010 steel plates are 235 rpm for the burnishing
speed, 0.18 mm/rev for the feed rate and 400 N for the
burnishing force.

5. Conclusions

Ball burnishing process of large flat plates made of AISI
1010 steel plates has been investigated. The analysis of the
experimental results based on the Taguchi’s and the response
surface methods, reveals that:

(1) The newly developed ball burnishing tool can be used
to successfully finish large flat surfaces in a reasonable
time.

(2) The surface quality of AISI 1010 steel plates are most
influenced by the burnishing force, followed by the bur-
nishing speed, and least by the burnishing feed.

(3) A prediction model of second order was successfully
developed in order to determine the optimum burnishing
conditions for AISI 1010 steel plates, and they are
235 rpm for the burnishing speed, 0.18 mm/rev for the
feed rate, and 400 N for the burnishing force.

(4) The microstructure examinations shows that when
burnishing AISI 1010 steel plates, the force should not
exceed 400 N or otherwise flaking of the metal would
occur. However, it should be noted that the increase in
the burnishing force increases the depth of the hardened
layer.
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