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EFFECT OF BURNISHING LOAD ON SURFACE ROUGHNESS AND WEAR BEHAVIOUR
OF ZE41 MAGNESIUM ALLOY

Magnesium (Mg) alloys have become an attractive choice for lightweight structural applications. However, improving the
tribological characteristics of Mg alloys is essential to widen the range of applications. In the present work, ball burnishing was
performed with different burnishing loads from 40 N to 80 N to investigate its effect on surface roughness, microhardness, and
wear resistance. It was found that the 50 N burnishing load exhibits the best surface finish with a reduction of 46.2% in surface
roughness compared to unburnished alloy. The highest microhardness was observed at 60 N load with an improvement of ~35.5%.
Higher loads beyond 50 N resulted in increased surface roughness. Higher burnishing load caused surface distortion and flaking
which decreased the microhardness beyond 60 N load. At 50 N burnishing load, better wear resistance with a reduction of ~40%
was achieved compared to unburnished alloy. Improvement in surface finish and microhardness are responsible for better wear
resistance. Worn surfaces exhibited abrasion, oxidation, and delamination wear mechanisms in the unburnished sample. Whereas,
delamination wear was absent in the burnished specimen at 50 N burnishing load.
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1. Introduction

Recently, magnesium (Mg) alloys demonstrated their
potential as promising candidates to manufacture light weight
structures in aviation, defence, electronics and automobile indus-
tries due to lower density, higher specific strength, and adequate
castability [1-4]. Along with the mechanical performance, exhib-
iting adequate wear and frictional characteristics is also crucial
in engineering applications to tailor Mg alloys for wide range of
usage. Lower hardness and poor corrosion and wear resistance
of Mg alloys are responsible for its limited use in engineering
fields [5]. To overcome these limitations, developing Mg based
new alloys has become an active research field in materials
engineering [1,2]. On the other hand, several processing tech-
niques have been applied to improve the properties of Mg alloys
by either significantly changing the microstructure or chemical
composition of the alloys. Some of these techniques involve
modification of surface properties without affecting the bulk
microstructure and chemical composition of Mg alloys which
can be categorized as surface engineering techniques. Among
these methods, ball burnishing is one of the alternatives that

uses a spherical ball to press as well as to roll on the substrate
surface and results in good surface quality, improved hardness
and imparts compressive residual stresses at the surface [6]. The
ball burnishing process is a solid state surface treatment which
is simple and can be conveniently carried out with the exist-
ing machine tools. For example, conventional or CNC turning
and vertical milling machines can be used for performing ball
burnishing operations without employing high-cost specially
designed equipment [7]. From the literature, it can be learned
that several Mg alloys have been subjected to ball burnishing to
improve their surface properties.

Salahshoor et al. conducted ball burnishing of Mg-Ca alloy
with operation parameters including pressure, speed, feed, number
of paths, etc. It was observed from the demonstrated results that
the burnished surfaces were smoother and shiny. Furthermore,
subsurface hardness was improved with burnishing pressure, and
also residual stresses were found to be highly compressive after
burnishing [8]. In addition to imparting the residual stresses, ball
burnishing process also introduce microstructural changes by
producing twins and sub grains. Uddin et al. ball-burnished AZ31B
Mg alloy that resulted in smooth surface topography, improved
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hardness, and microstructural disturbances with the formation of
deformation twins [9]. Jagadeesh et al. processed ZE41 Mg alloy
at varying burnishing parameters. The study showed a 94.9% and
50.62% improvement in surface finish and microhardness respec-
tively. The reason behind the significant improvement in hardness
was claimed to the effect of strain hardening achieved in the sub-
strate after burnishing [10]. Thus, it was evident from literature
that ball burnishing improves surface finish and microhardness.
The tribological performance evaluation after ball burnishing of
ZEA1 alloy demonstrates that the wear rate and coefficient of fric-
tion (COF) are decreased by 51.22% and 72.58%, respectively.
The improved wear resistance is ascribed to the enhancement
in surface finish and hardness due to strain hardening. Worn
surface shows oxidation, delamination and plastic deformation
as dominant wear mechanisms [11]. An optimum burnishing
condition was decided by investigation on ZE41 alloy that resulted
in a decreased wear rate of 40% and COF of 45%. Furthermore,
a wear-burnishing map was constructed that shows different
wear mechanisms seen at different levels of wear regimes [12].
From the literature, it is understood that the role of ball
burnishing of Mg alloys on friction and wear performance is
not sufficiently explored, in particular for ZE41 alloy. There-
fore, in the present study, ball burnishing was performed with
varying loads to investigate its effect on surface roughness,
microhardness, friction, and wear characteristics and further the
corresponding wear mechanisms were explored.

2. Experimental details

Rare earth (RE) ZE41 Mg alloy in as-cast condition was
used with a chemical composition (by weight) of 3.90% zinc
(Zn), 0.54% cerium (Ce), 0.54% zirconium (Zr), total RE 1.10%,
and balance is Mg. The received alloy was cut by a power hack-
saw and the surface was milled using a CNC milling machine.
Samples of size 20x20x5 mm® were cut from the machined
plates. Burnishing operation was performed on a 3-axis CNC
milling machine (MTAB, MAXMILL) using a burnishing tool
that has a freely rotating spherical tungsten carbide ball of 10 mm

Burnishing force

Rotating ball

Burnished surface

diameter supported by three smaller balls. The required burnish-
ing load was applied by elastically compressing the spring. The
ball rotates as well as slides simultancously on the surface of
the workpiece during the process. Burnishing was performed
with varying loads from 40 N to 80 N. The other burnishing
parameters are shown in TABLE 1 [10,11].

TABLE 1
Ball Burnishing process parameters
Burnishing | Feed rate | Number of | Lateral feed | Burnishing
Speed (RPM) | (mm/min) passes (micron) load (N)
40, 50, 60,
1200 150 1 50 70, 80

A stereo zoom microscope (RSM-9, Radical) was used to
capture the pictures of burnished area. The roughness of each
sample surface was assessed by using a surface profile meter
(Mitutoyo, SJ-410). The microhardness of specimen was meas-
ured by Vickers microhardness setup (Economet VHI-MDX,
Chennai Metco) using a load of 50 g and 15 s dwell time.

Wear properties were assessed by conducting sliding wear
test in dry condition by using a reciprocating type tribometer
(Ducom India) against a steel ball (#6 mm) having 62 HRC
hardness. Milled and burnished samples were cleaned, dried and
weights were recorded by using a digital balance of precision
0.1 mg. The wear test was conducted using a 10 N normal load,
0.06 m/s sliding speed, and 100 m travelling distance. A stroke
length of 6 mm and frequency of 5 Hz was used. The recorded
friction coefficient values were against time. After the completion
of'test, the weight of worn specimens was taken and volume wear
loss was determined. Thereafter, the specific wear rate (mm?>/Nm)
was determined using the formula in Eq. (1).

Specific wear rate (mm3 /Nm) =

Volume wear loss

(M

- sliding distance x normal load

Where Volume wear loss is in mm?, sliding distance is in meter
(m) and normal load is in newton (N).

Specimen

Fig. 1. (a) Schematic of ball burnishing process, and (b) photograph showing the burnishing process setup



The worn surfaces of the specimen and debris were exam-
ined by a “scanning electron microscope” (SEM, JEOL JSM-
6380A), and “energy dispersive spectroscopy” (EDS), and the
corresponding wear mechanisms were evaluated.

3. Results and discussion
3.1. Surface roughness and microhardness

The surface features of unburnished and burnished samples
with different loads are shown in Fig. 2. The pictures give an
insight into understanding the mechanism of ball burnishing.
Fig. 2(a) shows milling marks that appeared in the unburnished
specimen. Fig. 2(b) to 2(f) shows surface features under burnish-
ing loads varied from 40 N to 80 N respectively. A roughness of
0.894 um was measured at the surface of the base alloy. Fig. 3(a)
shows surface roughness variations with different burnishing
loads. With the increased load from 50 N to 80 N, increased
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roughness was noticed. At 50 N, the surface roughness value was
minimum and the 40 N load resulted in higher surface rough-
ness compared to 50 N load. It is noted that a lower burnishing
load resulted in a better surface finish, but lower than 50 N load
is not sufficient to deform the surface ridges and asperities and
partial deformation of asperities in 40N load resulted in degraded
surface quality and surface roughness is high [10]. As the load
increases beyond 50 N load the surface finish gradually de-
creases. But 60 N and 70 N burnishing load exhibited better
surface finish compared to the unburnished specimen. At 80 N
burnishing load, the surface shows flaking and distortion and
has the highest surface roughness.

At lower load (40 N), the burnishing ball penetration into
the workpiece surface is smaller that resulted in lower level of
deformation in the surface asperities and led to poor surface
finish. At higher load (50 N), the contact area of the rotating
ball is also increased, that widens the area of plastic deforma-
tion resulting in complete deformation of the surface asperities
to improve the surface finish [10]. However, further increase in
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Fig. 3. Plot of (a) surface roughness vs. burnishing load, and (b) microhardness vs. burnishing load
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burnishing load causes gradual flaking and distortion of surfaces
that increased the surface roughness [11]. At 80 N load the sur-
face flaking and distortion are high because of excessive strain
hardening. 50 N burnishing load produced minimum surface
roughness of 0.481 um which is a reduction of 46.2% compared
to the unburnished specimen. Increased surface roughness of
0.847 pm was measured in case of 80 N load.

The plot of Vickers microhardness against burnishing loads
is shown in Fig. 3(b). It was noticed that microhardness has been
increased with burnishing load from 40 N to 60 N, thereafter it
was decreased up to 80 N. Burnishing load of 60 N resulted in
the highest microhardness (88.5 HV) with a 35.5% improvement
compared to the unburnished specimen (65.3 HV). The surface
produced with 50 N burnishing load has 86.6 HV hardness with
a 32.6% increment compared to unburnished alloy. At lower
burnishing load, the plastic deformation is not sufficient, and
partial deformation of surface causes lower strain hardening.
At higher load, the surface deformation increased thereby the
intensity of strain hardening increased and microhardness was
also improved as observed at 50 N and 60 N load [11, 13]. How-
ever, beyond 60 N load, the microhardness was decreased due to
the flaking and distortion caused by severe plastic deformation
and excessive strain hardening of surface as observed at 80 N
burnishing load [10].

3.2. Wear behaviour
3.2.1. Friction coefficient and wear rate

The COF curves for unburnished and burnished specimens
with burnishing loads (40 N to 80 N) are presented in Fig. 4(a).
The unburnished specimen shows a higher friction coefficient
at the beginning due to the presence of sharp ridges and initial
surface asperities of counter ball. Once the initial surface as-
perities were deformed, the COF was gradually decreased. Mg
alloy is always prone to oxidation at air environment [14,15].
The counter ball was continuously sliding against the mag-
nesium specimen due to which frictional heat was produced

that oxidized the substrate surface [16]. This oxide film acts
as a temporary protective layer that reduces material loss and
the COF is reduced [17]. However, with the passage of time,
the oxide layers became unstable and continuously formed and
removed under the repeated sliding action of steel ball. This
resulted in the fluctuation of the COF curve and increased the
COF [18]. An average COF of 0.26 was measured in the case
of unburnished specimen.

From Fig. 4(a), higher COF can be noticed for the burnished
surfaces at the beginning of the sliding due to the initial asperities
on the surface of the counter ball. However, due to the improved
hardness and surface finish of the substrate, the COF curve gradu-
ally became stable. Further, the developed oxide layers were
stable for a longer time compared to the unburnished sample.
However, gradually the repeated formation and removal of oxide
layers due to sliding action of counter ball caused fluctuations in
the COF curves. The 50 N burnishing load resulted in the lowest
COF 0f 0.15 due to the improved hardness and best surface fin-
ish. All the burnished samples exhibited lower COF compared
to unburnished. The average COF at 40 N, 50 N, 60 N, 70 N,
and 80 N burnishing loads was measured as 0.18, 0.15, 0.17,
0.19, and 0.20. Improved hardness of surface and production of
better surface quality due to the ball burnishing are responsible
for lower COF.

Fig. 4(b) represents the wear rate of unburnished and bur-
nished samples. The unburnished sample exhibits the highest
wear rate of 5.75x10* mm?/Nm. This is due to the lower hard-
ness and surface finish, and removal of more amount of material
under sliding force of counter ball. The burnished samples with
improved microhardness provide sufficient resistance against
the counter ball and the material removal is lowered. 50 N load
exhibits a lower wear rate of 3.45x10™* mm?/Nm with a reduc-
tion of 40% compared to unburnished sample. With increased
burnishing load beyond 50 N, the wear rate was also increased.
At 80 N burnishing load, a wear rate of 5.19 10 mm?/Nm was
measured which is the highest wear rate among all the burnished
alloys. The presence of flaking and surface distortions due to
excessive strain hardening are responsible for the higher removal
of material at 80 N load.
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Fig. 4. (a) Friction coefficient curve and (b) wear rate plot for unburnished and burnished samples
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3.2.2. Worn surface morphology

Fig. 5(a-f) depicts worn surfaces and wear tracks of un-
burnished and burnished samples with different loads. It was
observed that the unburnished alloy has a bigger wear track width
of 1.68 = 0.03 mm and all other burnished samples resulted in a
smaller track width. Improved hardness and higher surface finish
are responsible for lower penetration of the ball and thus width
of the track was decreased. At 50 N burnishing load, the sample
shows least wear track width of 1.31 + 0.01 mm and with the
increased burnishing load beyond 50 N, wear track width was

1.68 £ 0.03 mm m

1.32£0.02 mm

\
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increased. 80 N burnishing load showed the highest track width
among burnished samples due to the presence of flaking and
surface defects, which were responsible for lower resistance to
counter ball and higher amount of material is removed.

The worn surface morphologies of unburnished and bur-
nished samples at 50 N load from SEM analysis are compared in
Fig. 6(a, b) and Fig. 6(d, e), respectively. Longer and relatively
finer grooves were observed on the surface of base alloy aligned
in the direction of the sliding (Fig. 6(a)), which were produced
due to the abrasive action of the hard particles present in the
counter ball [19,20]. Oxide debris were visible all over the worn
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Fig. 6. Worn surface morphology of (a, b) unburnished sample and (d, ¢) burnished sample at 50 N load. EDS analysis of (¢) unburnished sample,

and (f) burnished sample at 50 N load
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Fig. 7. Collected wear debris morphology of (a) unburnished sample, and (b) burnished sample at 50 N load

surface of unburnished alloy and EDS analysis shows higher
percentage of oxygen that confirms oxidation wear in Fig. 6(c)
[21,22]. Frictional heating during reciprocating action of counter
ball is responsible for oxidation of substrate surface which led
to formation of oxide debris. Delaminated layers were observed
in unburnished worn surface. During the wear process the sub-
surface cracks grow and propagate underneath and when these
cracks join the wear surface delamination happens [23,24]. Long
plate-shaped wear debris were produced due to the delamination
as shown in Fig. 7(a) [25].

However, delamination is not observed in the case of 50 N
burnished sample as presented in Fig. 6(d, €). Numerous parallel
grooves due to abrasion wear were noticed [26]. Smaller oxide
debris all over the worn surface were observed and corresponding
EDS analysis of Fig. 6(d) shows higher percentage of oxygen
indicating oxidation wear. In Fig. 7(b), the debris morphology
shows small fragment shape indicating abrasion wear [27]. Hence
form the present study, it can be understood that the abrasion wear
coupled with oxidation and delamination wear mechanisms are
observed as prominent in the unburnished specimen. Whereas
no sign of delamination was observed in the burnished sample.

4. Conclusion

In the current study, ball burnishing of ZE41 magnesium
alloy with burnishing loads from 40 N to 80 N was performed,
and its effect on surface roughness, microhardness and wear
was examined. It was observed that ball burnishing produced
better surface finish by deforming the surface asperities. The 50
N burnishing load produced best surface finish with a reduction
in surface roughness by 46.2% compared to unburnished alloy.
Plastic deformation and subsequent strain hardening were re-
sponsible for improved microhardness in the burnished samples.
At 60 N load the highest microhardness with an improvement of
35.5% compared to unburnished sample was observed. However,
higher burnishing load caused surface distortion and flaking due
to excessive strain hardening and reduced hardness. The COF
and wear rate of burnished samples were low compared to un-

burnished. The 50 N burnished sample exhibited minimum wear
rate with a reduction of 40% compared to unburnished alloy.
Improved hardness due to strain hardening and better surface
finish are responsible for lower material removal. Abrasion wear
coupled with oxidation and delamination wear mechanisms are
found to be dominant in unburnished alloy, whereas in the case
of burnished specimens, abrasion and oxidation mechanisms
played dominant role.
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