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Abstract The paper presents a deep analysis of surface modifications induced by
roller burnishing process of Ti6Al4V titanium alloy. The extensive experimental
campaign has been performed based on a Design of Experiments at varying lubri-
cation/cooling strategies (dry, cryogenic and MQL), roller radius, burnishing speed
and burnishing depth. The resulting surface integrity has been analyzed in terms of
surface roughness, micro hard-ness, microstructural changes and tribological perfor-
mance. In particular, the wear rate of the burnished sample has been evaluated as a
quality indicator of the process. The overall results show the influence of burnishing
process parameters on surface quality and wear resistance of Ti6Al4V highlighting
the capability of the process to significantly improve the above performance espe-
cially when cryogenic cooling is applied. Finally, the extensive experimental activity
allowed to find a combination of processing parameters and lubrication conditions
able to significantly improve the surface quality of the final component.

Keywords Burnishing · Surface integrity · Severe plastic deformation · Wear
resistance

1 Introduction

Surface modification processes are often used to finish many components, especially
those requiring high quality and service performance such as wear and corrosion
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resistance, fatigue endurance etc. In fact, somemanufacturing processes can alter the
quality and geometric tolerances of the products requiring further post processing [1].
Thus, surfacemodification processes can be used tomodify the properties of the orig-
inal material limiting such changes on targeted areas of the components, typically the
surface [2]. Therefore, different surface modifications can be performed according
to the specific characteristics that each product needs to exhibit. Within these tech-
niques, burnishing process is the one born to smooth the surface of machined compo-
nents with interesting consequences like increase of fatigue strength and an overall
enhanced surface integrity [3]. Burnishing is a cold working process in which the
surface and subsurface layers’ experience plastic deformation by a smooth rolling
body pressed against the surface of the workpiece. The most used tools are spherical
(ball burnishing) and cylindrical (roller burnishing). In the latter, the roller bodies
need to be continuously in contact with the workpiece surface while rolling, thus,
it is usually designed to be held and guided in a bearing system. The tool is then
mounted on a milling machine or lathe and brought into contact with a machined
surface with the aim to smooth the surface by applying a load greater than the
yield strength of the component. Thus, the mirror like final surface and the overall
superior surface integrity of the burnished product are achieved by varying a series
of process parameters such as feed rate, burnishing depth, speed, roller geometry,
number of passes, cooling/lubrication strategies, etc. [3–5]. Although studies have
been conducted to understand the relationship within the burnishing parameters and
the post processed surface integrity onmany industrialmaterials [6–8], a clear knowl-
edge when Ti6Al4V is burnished is still missing. Thus, it is crucial to perform deeper
investigation aiming to assess the influence of process parameters on surface integrity
of roller burnished Ti6Al4V and their effects on the overall wear resistance. In fact,
the massive use of such alloy in the aerospace industry is mainly related to its combi-
nation of lightweight, strength, high temperature resistance and ductility. However,
the poor tribological properties of titanium alloys represent still a limitation for their
widespread use in many industrial fields. Thus, surface treatments of Ti6Al4V are
commonly performed in order to improve its overall wear performance [9]. In this
paper, the effects of burnishing depth, speed, cooling/lubrication techniques and tool
radius on the surface integrity and wear resistance of the alloy are deeply studied by
means of a full factorial Design of Experiments (DOE). The overall results offer a
detailed operational framework of the burnishing processing influence on the final
Ti6Al4V surface quality and product wear performance.

2 Materials and Methods

The material under investigation is the Grade 5 titanium alloy Ti6Al4V. The tita-
nium bars (with a diameter of 30 mm) have been first finished by machining, subse-
quently, roller burnishing tests have been conducted using a high-speed CNC turning
center equippedwith a cooling line to supply different cooling and lubricationmedia.
Burnishing tests have been performed using a custom-made roller-burnishing tool,
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made of a hardened steel fastened to a customized crotch. The burnishing tool was
connected to a piezoelectric dynamometer for force detection. The barsweremounted
on a lathe with a tailstock and their length and diameter were selected to be small
enough to avoid deflection of the workpiece during burnishing. The temperatures
reached during the tests have been monitored by an infrared thermo-camera and
the experimental campaign has been carried out under dry, minimum quantity of
lubrication (MQL) and cryogenic (cryo) lubrication/cooling conditions. The MQL
tests have been performed applying vegetable oil through an external nozzle to the
tool-workpiece contact zone with a flow rate of 60 ml/h while the cryogenic coolant
(LN2) has been delivered at the pressure of 6 bar through two nozzles (with an inner
diameter of 2 mm) at a maximum distance to the contact region of 10 mm. It is worth
pointing that the cryogenic liquid has been applied on the unprocessed surface during
the process at a distance of 10 mm ahead the roller tool with a resulting pre freezing
effect which avoids the problems encounteredwith the direct application of a conven-
tional cryogenic process such as the risk to freeze the bearing systems holding the
tool or reducing the flow capability of the material which usually lead to a poorer
surface quality [4]. Figure 1 shows a schematic of the experimental equipment.

The full factorial experimental campaign has been carried out at varying
burnishing speed (v), burnishing depth (ap), roller radius (R) and lubricant condi-
tions for a total of 81 different tests with three repetitions each. The parameters
used during the experimental campaign are reported in Table 1. Furthermore, an
explorative preliminary experimental campaign (27 tests) has been also performed
in order to select the optimal feed rate and number of passes which have been fixed
to 0.05 mm/rev and 2 respectively.

The range of tested number of passes and feed rate were 1, 2 and 3 passes and
0.05, 0.1 and 0.2 mm/rev respectively according to what stated in literature [3–5].
It is worth noting that the burnishing forces have been measured as an output of the

Fig. 1 Experimental setup for aMQL, b cryogenic and c dry burnishing; d burnishing tool details
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Table 1 Design of
experiments for the full
factorial experimental
campaign

Factor Level 1 Level 2 Level 3

Lubricant/coolant Dry MQL Cryogenic

Burnishing depth (mm) 0.1 0.3 0.5

Speed (m/min) 50 100 200

Radius (mm) 1 2.5 5

process instead of controlled input variables. This is due to the need to maintain the
same burnishing depth and to guarantee the same dimensional tolerances in each of
the investigated case. In fact, the proper setting of burnishing parameters is crucial
to avoid exceeding the tolerance field. Moreover, it has been possible to customize
the tool and the holder for the specific needs.

The cross section of burnished samples has been cut and mounted into a resin
holder for further analysis. The specimens have been mechanically polished and
etched using the Kroll’s reagent (92 ml of distilled water, 6 ml of nitric acid, 2 ml of
hydrochloric acid) and then analyzed using an optical microscope (1000×). Mean
surface roughness Ra has also been measured by means of a non contact 3D confocal
profilometer while the micro-hardness (HV0.01) of the surface and subsurface layer
has been probed by means of an instrumented micro-nano indenter.

The microhardness tests have been carried out through the depth of the burnished
samples taking into account the edge effects. Thus, in order to avoid undesired
results, the first micro indentation has been performed at a distance of about 20 µm
from the burnished surface. The distance between consecutive indentations as well
as that from the surface was always bigger than 3 times the longest diagonal of
the impression. Another batch of burnished samples has been used to perform wear
tests. In particular, a linearly reciprocating ball-on-flat sliding wear tests have been
performed according to the ASTMG133 standard bymeans of a tribometer equipped
with an alumina ball as a static partner. The tests were performed on the as received
material, the burnished samples and the as machined surface.

The specific wear rate, was calculated using the Archard model reported in Eq. (1)

Wr = V/Fn ∗ l
(
mm3/N/m

)
(1)

where V is the sample volume loss, Fn is the average normal load and l is the sliding
distance. A confocal white light 3D surface profilometer was used to measure the
volume loss of the burnished specimen for the evaluation of wear rate.

Figure 2 reports a further detail of the roller geometry highlighting the volume
contact within the tool and the roller at a burnishing depth of 0.3 mm.
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Fig. 2 Sketch of the roller
and the contact with the
workpiece

3 Results and Discussion

3.1 Burnishing Force

Figure 3 shows as the burnishing forces, defined as the force in the radial direction, are
influenced by the investigated process parameters. The burnishing forces increase
with increasing of burnishing depth since a larger localized cold worked zone is
created leading to higher plastic deformation.

These results are in agreement with those observed by Luo et al. [10], where it
was demonstrated that burnishing forces increase approximately exponentially with
the increase of the burnishing depth. Also, larger tool radius generates increasing
burnishing forces even if to a lower extent than those produced by varying the
burnishing depth. Moreover, the forces increase under cryogenic burnishing due to
the higher strain hardening capability of the investigated alloy [11, 12]. In contrast,
lower burnishing forces for dry and MQL have been measured and both conditions

Fig. 3 Mean burnishing
force measured at varying
the process parameters, the
tool geometry and the
cooling/lubrication
conditions
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Fig. 4 Steady-state measured temperatures under a dry, b MQL and c cryogenic conditions for a
speed of 200 m/min, tool radius of 5 mm and burnishing depth of 0.5 mm

display similar trends since they work in a similar environment where little or no
cooling effect is revealed (as also reported in Fig. 4).

Finally, the burnishing speed plays a little role on the variation of burnishing forces
although a slight increase with increasing the speed is observed. This tendency is due
to the absence of the thermal softening phenomenon since very low temperature are
reached during the process (Fig. 4). Therefore, the strain rate plays a significant role
on the burnishing forces variation. Thus, the low temperature variation registered
during all the investigated tests also implies that no dynamic recrystallization occurs
during burnishing process at the selected process conditions.

3.2 Mean Surface Roughness

The mean surface roughness of the as machined sample was probed to be of about
1.32 µm. On the contrary, burnished surface roughness showed significant improve-
ment reaching up to the 79% of reduction from the as machined surface. Figure 5
shows that with increasing of burnishing force the surface roughness decreases since
surface irregularities can be reduced or eliminated by pressing the roller on the
cylindrical surface.

Fig. 5 Mean surface
roughness (Ra) of burnished
samples under dry, MQL and
cryogenic cooling conditions
(the error bars indicate data
dispersion)
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This implies a greater volume of compressed material during the process which,
within the investigated range of parameters, leads to a greater portion of burnished
surface undergoing significant flow filling more efficiently the asperities of the
machined surface and smoothing the overall sample surface. Superior burnished
surface roughness can also be achieved by using larger tool radius due to geometrical
and operational effects.

In fact, a larger radius allows to press a higher amount ofmaterial under the tool as a
consequence of a higher ploughing. Also, larger radius generates higher engage angle
(Fig. 1d) which determines an increase of the burnishing force and, consequently, an
improvement of the surface roughness. Finally, the cooling strategy shows a slight
influence on the surface roughness since for a given burnishing force the Ra values
are quite similar although MQL and dry burnishing seem to create superior surface
quality. These evidences can be explained by the local rise of the temperature during
dry burnishing. Thus, the surface asperities can be easily deformed while, the use of
LN2 condition keeps the temperature range low reducing the ability of the material
to flow during the process. Finally, since the MQL condition results to a similar
environment of the dry (Fig. 4), thus the Ra values are quite similar to those obtained
in dry condition.

3.3 Microhardness and Microstructure

A significant increase of surface hardness is revealed after burnishing process as
shown in Fig. 5. The results data highlight that the hardness values increase with
the burnishing forces as a consequence of a greater deformation layer depths and
larger localized cold worked zones. Therefore, surface hardness values increase by
selecting process parameters which lead to achieve higher burnishing force (Fig. 6).
Also, the difference in cooling strategy was found to have a significant impact on the
surface microhardness changes.

In particular, cryogenic cooling has been proved to greatly improve the strain hard-
ening capability during high strain severe plastic deformation [13]. Thus, for a given
burnishing force, cryogenic cooling produced superior microhardness compared to

Fig. 6 Surface hardness at
varying of burnishing force
and cooling strategies (as
received Ti6Al4V has a
hardness value of 380 HV;
the error bars indicate data
dispersion)
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Fig. 7 Microstructure of samples burnished under aMQL,b dry and c cryogenic cooling conditions
and sub-surface microhardness variation

the other lubrication strategies. In contrast, MQL and dry show comparable trends
since the temperatures in both conditions are quite similar as previously explained.
Therefore, similar burnishing force for a fixed process condition are produced.
Figure 7 shows the influence on surface integrity when samples are burnished under
MQL, dry, cryogenic conditions at speed of 200 m/min, burnishing depth of 0.5 mm
and a roller radius of 5 mm.

In particular, the micrographs show the formation of a deep affected layer related
to the hardness changes which gradually approaches to the bulk one, together with
a severe plastic deformation layer (SPD) formed in the first few microns of the
affected layer. The cryogenic is the cooling methodologies that shows the more
significant hardness enhancement at deeper depth, while dry and MQL burnishing
show an analogous affected layers. Therefore, for a given burnishing force, the SPD
and affected layers in cryogenic burnishing are larger than those experimentally
observed in MQL and dry burnishing (Fig. 8).

3.4 Wear Resistance

Generally, wear resistance can be improved in several manners [3] and within these
surface modification processes, including burnishing, are able to induce positive
effects on wear properties. In particular, (Fig. 9) an increasing of wear resistance
(i.e., specific wear rate is reduced) can be observed by increasing the tool radius, the
speed and the depth of burnishing.
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Fig. 8 SPD layer (filled
symbols) and affected layer
(empty symbols) at varying
of burnishing force and
cooling strategies (the error
bars indicate data dispersion)

Fig. 9 Variation of wear rate
with surface hardness

The above process parameters play a synergic effect in generating higher
burnishing force (Fig. 3).

Consequently, the surface hardness increases with increasing the burnishing force
(Fig. 6) resulting in a lower specific wear rate. The variation of the specific wear rate
as function of the surface hardness is depicted in Fig. 9.

Also the affected layer significantly influences the wear resistance since the
specific wear rate is lower for larger affected layer [3]. Therefore, the cryogenic
burnishing produces the superior surface in terms of wear resistance since it is able
to generate deeper affected layer and higher surface hardness values.

4 Overall Evaluation of Roller Burnishing of Ti6Al4V

The full factorial design of experiments allows to discuss the results highlighting a
clear influence of the investigated process parameters and the variable of interests
when burnishing Ti6Al4V. Figure 10 reports the main effects plot for the responses
(i.e. burnishing force, mean surface roughness, affected layer, SPD layer, surface
micro hardness and wear rate) versus the factors.
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Fig. 10 Main effects plot for the complete full factorial experimental plan

The results summarize the overall variables trends for the investigated process
parameters. In particular, the beneficial effect of the cryogenic cooling condition on
the surface roughness, hardness and wear rate is clearly shown in Fig. 10.

Also, the affected layer is evidently deeper when the cryogenic cooling is applied
and the initial SPD layer ismore pronounced. These characteristics have been demon-
strated to be beneficial since they also contribute to a deeper compressive residual
stresses state on the surface [3, 4]. The main effect of the speed is to increase
burnishing forces, decrease surface roughness and increase the surface hardness
and affected layer depth. It also shows beneficial effect in reducing the specific wear
rate. The same trend is also verified for the ranges of depth of burnishing and tool
radii used during the experimental campaign.

5 Conclusions

The extensive experimental evidences reported in this paper show the influence of
burnishing process parameters on surface quality and wear resistance of Ti6Al4V.
The employed process parameters were able to generate a variety of burnishing
force driving the surface modifications leading, in turn, to a change in tribological
performance. The experimental evidences showed a trend where higher burnishing
forces increased the surface hardness, reduced roughness and improved the wear
resistance. The achieved results highlight the capability of the process to significantly
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improve the above performance especially when cryogenic cooling is applied. The
MQL and dry also improve the wear performance of Ti6Al4V compared with the as
machined one even if at a lower extent than the cryogenic one. From the other hand,
when a drastic reduction of roughness is required, dry and MQL strategies offer the
best results. Finally, the outcomes of this study allow to clearly find a combination
of process parameters, within the investigated levels, able to offer the best surface
quality according to the specific needs and applications of the Ti6Al4V components.
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