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Abstract—Roller burnishing is an important finishing
operation that is widely used to improve metals’ tribological
properties such as surface finish and hardness. Burnishing
speed and depth of interference are key process conditions
when it comes to maximizing the benefits gained from this
operation. This study aims to optimize these two parameters
in the case of roller burnishing of 6061-T6 aluminum rods in
terms of their impact on surface roughness and hardness.
To achieve results that are sound statistically, data collected
from carefully designed factorial experiments were analyzed
using the analysis of variance (ANOVA) approach. Mintab®
was the statistical software of choice used to conduct actual
computations and analysis of the data. Results showed that
both surface roughness and hardness were improved.
Surface roughness was reduced on average by 87.6% while
hardness was increased on average by 14.5%.

Index Terms—ANOVA,
roughness, hardness

roller burnishing, surface

I.  INTRODUCTION

Burnishing is a low cost process that applies a
cylindrical or ball roller against a metal workpiece to
smooth or level its surface irregularities. Burnishing leads
to residual stresses up to a depth of 0.6 mm beneath the
surface [1], which tend to improve surface properties
such as microhardness [2], wear resistance [3], fatigue
strength [4] and surface finish [5]-[8]. Due to these gains,
burnishing is widely used in important applications in the
aerospace, nuclear, and medical industries [9]. Despite
the apparent simplicity of the process, it has received a
wide interest in the literature trying to understand its
mechanics [10], evaluate its impact on surface
characteristics [11], or optimize process conditions [7].

Analytical models that take into consideration the
geometries of the burnishing tool and the workpiece, and
the microscopic topography of the machined surface have
been proposed in the literature [12], [13]. The model in
[12] indicated that the decrease of surface roughness is
proportional to burnishing force to the 2/3 power in roller
burnishing and to the % power in ball burnishing. A 3D
finite element model for the ball burnishing operation
was proposed in [14]. In their model, the mechanism of
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formation and flow of the ridge seemed to have a pivotal
role in shaping surface characteristics by burnishing.

The effect of contact width and orientation in roller
burnishing on surface quality and tribological behaviour
of Aluminium 6061 was investigated by [15]. Based on
their findings, the smaller the rollers were, the lower the
friction coefficient was produced. This was noticed under
dry conditions and when sliding was in the direction
parallel to burnishing orientation. Reference [16] studied
the effect of the burnishing force and the number of
passes in the case of ball- and roller-burnishing tools, on
the surface roughness and surface hardness of
commercially available aluminum and brass. His results
showed that improvements in the surface roughness and
hardness were achieved by the application of both ball
and roller burnishing tools. Both ball and roller
burnishing of Rb40 steel was studied in terms of
associated roughness, hardness and wear resistance [11].
It was found that roller burnishing provides the best
roughness results, but in terms of hardness and wear
resistance, ball burnishing was better.

In the search for optimal conditions in roller
burnishing of 6061-T6 aluminum alloy, various
burnishing speeds, burnishing depths of penetration and
number of passes were considered in the study by [17].
They showed that low speeds and high penetration depths
produce much smoother surfaces, whereas a combination
of high speed with high penetration depth leads to
rougher surfaces. The best surface finish was achieved at
number of passes of 3 and 4. An optimization approach
based on desirability functions together with response
surface methodology to optimize ball burnishing process
of 7178 aluminium alloy was introduced by [18]. The
burnishing force, number of passes, feed rate and
burnishing speed were the model variables under
investigation. The results indicated that burnishing force
and number of passes were the significant factors on the
surface roughness. The effect of roller burnishing on high
cycle fatigue properties of the hot-rolled Mg-12Gd-3Y
magnesium alloy was examined in [4]. In the as-rolled
and aging heat-treated specimens, their results showed an
increase from 150 and 155 MPa, to 225 and 210 MPa,
respectively, in fatigue strength.
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More recent studies aim to optimize the process
conditions in burnishing by employing advanced
techniques such as response surface methodology (RSM)
[18] and Taguchi method [7]. In this study, the aim is to
apply ANOVA technique to assess the significance of the
burnishing effect and some of its process conditions on
surface roughness and hardness of the widely used 6061-
T6 aluminum alloy. This study is motivated by the large
variability in the results presented in related research
studies [12]-[18]. Accordingly, the use of a powerful
statistical technique such as ANOVA will be highly
valuable in reaching sound conclusions with acceptable
levels of confidence.

Il. DESCRIPTION OF EXPERIMENTS

Specimens used in this study were 23 mm circular rods
made of 6061-T6 aluminum alloy. The rods were then cut
into an approximate length of 100 mm and turned on a
lathe machine to a diameter of 22 mm. Cutting speed
during turning was 550 rpm, feed rate was 0.5 mm/rev,
and depth of cut was 0.1 mm. After turning, rods were
burnished using a 13 mm diameter steel roller of 5 mm
width, as shown in Fig. 1. A water-based lubricant was
also used in these experiments to prevent the formation of
built-up material on the burnishing roller. Different levels
of burnishing speed and depth of interference were tried
and studied in the burnishing experiments. Four levels of
burnishing speed were used: 0.123, 0.1435, 0.164 and
0.205 mm/min. Also, four levels of depth of interference
were used: 0.02, 0.04, 0.06 and 0.08 mm. At every
combination of levels of burnishing speed and depth of
interference, four replicates of average surface roughness
measurements and four replicates of hardness
measurements  were taken. In each replicate,
measurements were taken before and after. Then the
absolute difference or change in the two readings was
calculated.

Surface roughness was measured using a stylus-type
surface profilometer. Hardness was measured on a
universal hardness tester according to ASTM E18
standard. An E-scale, with 1/8 inch steel ball, 90 kgf of
major load, and 10 kgf minor load was used. Four
hardness readings at 900 intervals were collected over the
surface of the mid cross section of the specimen. The
average value was then registered as one hardness
reading.

Figure 1. Setup of burnishing experiments as conducted on a lathe
machine
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I1l. EXPERIMENTAL RESULTS

Results of average surface roughness and hardness
measurements are summarized in Tables | and II,
respectively. As mentioned above, these tables show
readings of average surface roughness and hardness
before and after roller burnishing, as well as the
calculated absolute change between the two readings. It
should be noted that all burnishing experiments and
associated measurements were conducted in a random
order to minimize the effects of time-related nuisance
factors.

Considering average surface roughness readings of
Table | at before and after conditions, it can be shown
that the average surface roughness is reduced on average
by 87.6% following burnishing. Similarly, it can be
shown that surface hardness is increased on average by
14.5% following burnishing. These two results suggest
that burnishing has a significant and positive effect on
both surface roughness and hardness of the 6061-T6
aluminum alloy.

IV. ANALYSIS OF VARIANCE AND RESULTS
DISCUSSION

Data of Tables I and Il for the average surface
roughness and hardness measurements can be analyzed
using the ANOV A statistical technique. This technique is
based on partitioning the variability present in the data
guided by an assumed, but suitable, statistical model.
Considering the absolute change between the two ‘before
and after’ readings as the response variable, the following
linear statistical model is used to describe the data for

both average surface roughness and hardness
measurements:
i=1234
V=4S, 4D, +(D) ey, {i=1234 P
k=1234

where Yy, is a random variable denoting the (ijk)"
average surface roughness or hardness reading, pLis the
overall mean, S; is the effect of the i level of the
burnishing speed, D; is the effect of the i™ level of the
depth of interference, (SD);; is the effect of the interaction
between the burnishing speed and depth of interference,
and €y is a random error term, which is assumed
normally distributed with zero mean and constant
variance [10]. Since the errors are assumed normally
distributed, and the results by the ANOVA technique are
somewhat sensitive to this assumption, such assumption
needs to be tested first. A histogram plot of the residuals
can be used for this reason as one of the approaches used.
The residuals histogram is established for the case of
average surface roughness data, as shown in Fig. 2. It can
be noted from this figure that the data are adequately
described by the bell-shaped normal distribution, as
needed by the ANOVA technique.
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TABLE I. EXPERIMENTAL RESULTS FOR ROUGHNESS VERSUS BURNISHING SPEED AND DEPTH OF INTERFERENCE
Burnishing speed (mm/min)
Roughness (jm) 0.123 0.1435 0.164 0.205
Before | After | Change | Before | After | Change | Before | After | Change | Before | After | Change
3.58 0.46 3.12 4.24 0.97 3.27 314 0.52 2.62 4.72 0.49 4.23
2.85 0.3 2.55 2.86 0.46 24 342 0.2 3.22 4.68 0.44 4.24
0.02
2.52 0.21 231 3.61 0.66 2.95 4.46 0.45 4.01 3.97 0.59 3.38
2.63 0.36 2.27 2.8 0.23 2,57 371 0.3 341 3.27 0.66 2.61
35 0.57 293 2.63 041 2.22 3.02 0.26 2.76 4.28 041 3.87
€ 4.24 0.32 3.92 3.16 0.26 2.9 3.26 0.58 2.68 3.3 0.2 31
£ | 0.04
E:/ 3.81 0.22 3.59 2.81 0.29 2.52 3.24 0.18 3.06 2.14 0.27 1.87
c
(]
g 3.48 0.84 2.64 3.29 0.33 2.96 2.58 0.34 2.24 1.92 0.28 1.64
[&]
'E 4,56 0.3 4.26 3.24 0.33 291 3.7 0.3 34 3.19 0.37 2.82
o
%. 459 0.67 3.92 2.59 0.37 2.22 2.99 0.71 2.28 3.07 0.44 2.63
O | 0.06
2.52 0.27 2.25 3.08 0.35 2.73 2.61 0.32 2.29 5.15 0.75 44
2.76 0.31 245 2.62 0.21 241 3.29 0.27 3.02 3.18 0.21 2.97
2.84 0.48 2.36 3.08 0.55 253 2.66 0.25 241 221 0.57 1.64
311 0.46 2.65 3.72 0.6 3.12 349 0.44 3.05 33 0.57 2.73
0.08
2.73 0.37 2.36 3.06 0.4 2.66 2.72 0.34 2.38 3.29 0.35 294
3.45 0.26 3.19 3.05 0.27 2.78 3.15 0.26 2.89 242 043 1.99
TABLE II. EXPERIMENTAL RESULTS FOR HARDNESS VERSUS BURNISHING SPEED AND DEPTH OF INTERFERENCE
Burnishing speed (mm/min)
Hardness
(HRE) 0.123 0.1435 0.164 0.205
Before | After [ Change | Before | After | Change | Before | After | Change | Before | After | Change
63 70 7 61 68 7 63 68 5 63 66 3
0.02 59 67 8 66 72 6 64 68 4 67 71 4
' 67 74 7 63 69 6 65 70 5 63 66 3
65 74 9 67 73 6 59 65 6 62 65 3
— 64 75 11 60 67 7 55 60 5 66 70 4
£
£ 0.04 61 70 9 64 70 6 68 73 5 69 74 5
g ' 68 78 10 57 66 9 62 69 7 63 69 6
S 59 69 10 66 73 7 64 70 6 61 66 5
£ 63 78 15 65 78 13 63 74 1 70 78 3
s 66 80 63 74 67 77 61 70
= 0.06 14 11 10 9
53 65 78 13 59 68 9 63 72 9 67 74 7
[a}
65 78 13 71 84 13 63 73 10 65 73 )
68 84 16 58 73 15 56 68 12 58 69 11
0.08 61 78 17 64 76 12 59 72 13 65 75 10
' 57 73 16 67 81 14 64 76 12 67 76 9
63 78 15 62 75 13 63 77 14 61 73 12
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Figure 2. Histogram of residuals showing a normal distribution for
roughness data

Applying ANOVA to the average surface roughness
and hardness data using Minitab® software, the output
shown in Fig. 3 is obtained. It can be seen in this figure
that the R2 (reads R-Sq) value is 30.84% for average
surface roughness and 92.16% for hardness. The R2
value represents the percentage of data variability
accounted for by the model [19], [20], as written in Eq.
(1). The low R2 value for average surface roughness can
be explained by the effect of other nuisance factors, e.g.
specimen-to-specimen variations in micro-features. The
high R2 value for hardness indicates that the linear
statistical model adequately describes the variability in
the data.

Fig. 3 also shows the p-values, reads P, for the
burnishing speed, depth of interference, and the
interaction between the burnishing speed and depth of
interference factors. Assuming a 95% level of statistical
significance, i.e. a = 0.05, then any p-value < a = 0.05
would indicate that the effect of the corresponding factor
is significant. Accordingly, it can be concluded that the
effects of burnishing speed, depth of interference, and the
interaction between the burnishing speed and depth of
interference factors on average surface roughness are not
significant. In addition, it can be concluded that the
effects of burnishing speed and depth of interference
factors on surface hardness are significant, where as the
effect of interaction between the burnishing speed and
depth of interference factors on surface hardness is not
significant.

General Linear Model: Roughness, Hardness versus Interference, Speed

Factor Type Levels Values
Interference fixed 4 0.02, 0.04, 0.06, 0.08

Speed fixed 4 0.1230, 0.1435, 0.1640, 0.Z050
Analysis of Variance for Roughness, using Adjusted 55 for Tests
Source DF  Seq 55 AdY 55 Ad) M3 F ¥
Interference 3 1.6719 1.6719 0.5573 L.55 0.214
speed 3 0,781z 0.78lZ 0.2804 0.72 0.542
InterferencesSpeed 9  5.2409  5.2409 0.5823 l.62 0.136
Error 48 17.2557 17.2557 0.3595

Total 63 24.9497

b = 0.599578 R-5gq = 30.84% R-Sg(adj) = 9.23%

Bnalysis of Variance for Hardness, using Adjusted $§ for Tests

Source DF  Seq 55 Adj 55 Adj MS F P
Interference 3 624.861 624,861 208.287 136.93 0.000
speed 3 224.535 224.535 74.845  43.20 0.000
Interference*Speed 5  B5.619  5.618  0.958  0.63 0.766
Error 48 73.013 73.013 1.5zl

Total 63 931.027

§ = 1.23333  R-Sq = 92.16% FR-Sgladj) = 89.71%

Figure 3. ANOVA results generated using Minitab for the roughness
and hardness data
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The ANOVA technique is sometimes supplemented by
the main effect plots of the individual factors, as another
way of confirmation. The main effect plot for a factor is a
graphical representation of the average responses for the
different levels of that factor. Thus, the main effect plots
for the depth of interference and burnishing speed are
presented in the case of average surface roughness and
hardness data, respectively, in Fig. 4 and Fig. 5. It can be
seen from Fig. 4 that a constant mean response is evident
in the main effect plot for the depth of interference. This
indicates that the effect of the depth of interference on the
average surface roughness is not significant, which agrees
with the conclusion that was reached based on the
ANOVA technique. The main effect plot for the
burnishing speed in Fig. 4 shows a weak increasing trend
in the mean response, which varies between 2.9 and 3.1
pm only. Therefore, as was concluded based on the
ANOVA technique, the effect of the burnishing speed on
the average surface roughness seem to be negligible.

It can be seen in Fig. 5 that as the depth of interference
increases the mean hardness increases. This figure also
shows that as the burnishing speed increases the mean
hardness decreases. This indicates that the effects of the
depth of interference and burnishing speed on the surface
hardness are significant, in agreement with our previous
conclusion that was based on the ANOVA technique. It
can be shown also from the data in Table 2 that maximum
surface hardness is achieved when the depth of
interference is set at 0.08 mm and the burnishing speed is
set at 0.123 mm/min. This corresponds to an average
surface hardness of 78.25 HRE.
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Figure 4. Main effect plots for depth of interference and burnishing
speed in the case of roughness data
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Figure 5. Main effect plots for depth of interference and burnishing
speed in the case of hardness data
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V. CONCLUSIONS

In this work, the effect of roller burnishing and
relevant process conditions such as burnishing speed and
depth of interference were examined in the case of 6061-
T6 aluminum alloy. The following conclusions can be
made in light of the experimental results and analysis
using ANOVA technique presented in this study:

1. Roller  burnishing leads to  significant
improvements in surface roughness and hardness of the
6061-T6 aluminum alloy. This is evident as the average
surface roughness was reduced on average by 87.6%
following burnishing, surface hardness was increased on
average by 14.5% after burnishing.

2. Variations in burnishing speed and depth of
interference have negligible effects on average surface
roughness.

3. Burnishing speed and depth of interference have
independent and significant effects on surface hardness.

4. Maximum surface hardness was achieved when
the depth of interference was set at 0.08 mm and the
burnishing speed was set at 0.123 mm/min. This

corresponds to an average surface hardness of 78.25 HRE.
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