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Abstract: As a rule, parts that are made of titanium alloys are critical parts that can work in corrosive medium, accept alternating loads,
have certain parameters of surface quality and surface layer. A finite-element simulation of a burnishing process of titanium alloy Ti-6Al-4V
(an alloy that is widely used in medicine, as an example in endoprostheses) with/without ultrasonic loading at various processing speeds was
carried out. It is established that when burnishing with ultrasonic vibrations of the tool, it is possible to obtain a qualitatively different
picture of the distribution of residual stresses in the surface layer of the part. The features of the contact interaction of the tool with the
workpiece surface were established for ultrasonic vibrations of the tool. For finite element simulation two types of ultrasonic vibrations were
chosen (according to real ultrasonic tool): longitudinal and longitudinal-torsion vibrations. It is shown that the use of ultrasound can reduce
the temperature of the deformation zone, which is extremely important when processing titanium alloys. It was also found that the use of
metal-containing lubricant can improve the surface quality parameters after ultrasonic burnishing.
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1. Introduction

Titanium alloys are used in various industries: chemical,
aerospace, medicine, automotive, shipbuilding, etc. Titanium is an
indispensable material for parts of gas turbine engines, mainly for
the manufacture of a compressor assembly, i.e. for discs, blades,
guide units, intermediate rings, shafts, etc.

In medicine, titanium is used primarily because of the biological
inertness in relation to a human organism, high corrosion resistance,
high mechanical properties, availability, and relatively low price.
The Ti-6Al-4V alloy is widely used in implantology, orthopedics
and surgery, which significantly exceeds the “competitors” based
on cobalt and stainless steels in operational parameters.

Titanium-based alloys are known for being difficult to
machining, especially by surface plastic deformation (SPD)
methods. An effective SPD is the burnishing process, as a result
residual compressive stresses are formed in the surface layer of the
part that prevent the formation of microcracks, and the surface
roughness decreases.

In research papers [1-3], the results of diamond burnishing of
parts made of titanium alloys VT22 and VT23 with preliminary
application of solid polymer lubricant to their surface were
presented, as a result of which a high-quality surface was obtained
after deformation without its destruction. However, the necessity for
this technology is that the manufacturing process is more expensive.

A promising direction in the intensification of SPD processes,
including the burnishing process, parts made of titanium alloys is
the modification of lubricants with antifriction additives, as well as
the modification of lubricants with nano- and ultrafine powders of
soft metals (copper, tin, aluminum, etc.). An additional introduction
of metal powders allows to reduce the friction coefficient and
increase the specific processing force, the value of which provides
an increase in residual compression stresses [4, 5]. In most studies,
the effect of ultrafine powders on lubricants has been studied in
motor oils. In [4, 5] the processes of prolonged contact of engine
parts were studied, the volume content of metal powder ranges from
0.5-3.0%. With this powder content, the rheological properties of
the lubricant will not change significantly. In SPD processes the
specific loads of the contact interaction of the tool with the surface
of the part are significant, therefore, it is necessary to increase the
volumetric content of metal powder in the lubricant.

An effective way to intensify the burnishing process of difficult-
to-treat materials, particularly titanium and its alloys, is to apply
ultrasonic vibrations to the tool [6,7,8]. However, in view of the
high adhesion of titanium and its alloys titanium seizes with the tool
material, resulting in increased tool wear and deterioration of the
surface of the workpiece [9].

2. Problem discussion

The wear resistance of friction pair is one of the quality
parameters of hip, shoulder and wrist endoprosthesis. Wear
resistance defines the life of endoprosthesis and impact of wear
products on the human body.

Based on previous research it is proposed to use the ultrasonic
burnishing process as surface plastic deformation process at finish
stage of machining for increasing the wear resistance of materials of
friction pair in endoprosthesis. Minimization of adhesion part of
friction during treatment of cobalt-chromium-molybdenum,
titanium and zirconium alloys will be obtained by using of
compound ultrasonic vibrations of deforming tool and composite
lubricants. This treatment will provide a detail with high parameters
of surface and surface layer.

The influence of processing speed during ultrasonic burnishing
on the surface texture was studied on a workpiece made of titanium
alloy VT23. Processing modes: processing speed V: 70 mm/s, 180
mm/s, 300 mm/s and 600 mm/s, static force P=100 N, tool material
— tungsten carbide, tool radius R = 3 mm, lubrication—oil 120.
Surface Nel - 70 mm/s, Surface Ne9 - 600 mm/s (see Fig. 1
and Fig. 2).

At speeds in the range from 70 to 180 mm/s (see Fig. 2, a), a
homogeneous texture is observed in the form of alternating dents
formed from the indentations of the tool into the surface of the
workpiece, light interference is observed on the surface, and no
visible damage of material is observed. With an increase in the
processing speed to 600 mm/s (see Fig 2, b), a texture with
alternating traces of tool indentations is also observed, however,
alternating darker regions are also observed, having elongation in
the direction of rotation of the workpiece (microdestruction of the
material).

Fig. 1. Surfaces of VT22 after ultrasonic burnishing on different conditions.
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vibrations, and with US vibrations at different speeds is almost the
same (see Fig.6).
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Fig. 2. Sutfaces of VT22 after ultrasonic burnishing with tool 7w o
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It is possible to ensure high surface quality parameters at high
processing speeds by reducing shear deformations in the surface
layer of the workpiece. After treatment of titanium alloys by shot
peening or ball rolling, it is possible to obtain a workpiece surface
with high quality parameters without destroying it. However, these
methods cannot handle thin-walled parts or provide dimensional
processing. In this work, we studied the influence of the complex
trajectory of the tool using the finite element (FE) method in the
QForm program (ultrasonic longitudinal-transverse vibrations in FE
simulation, ultrasonic longitudinally-torsion vibrations in full-scale
experiment).

3. Objective and research methodologies

FE simulation was carried out according to three schemes: a) -
burnishing without ultrasonic vibrations of the tool; b) - burnishing
with ultrasonic longitudinal (USL) tool vibrations; ¢) - burnishing
with ultrasonic longitudinal-transverse (USLT) tool vibrations
(see Fig. 3).

The FE model considered elastic-plastic deformation with
thermal processes. Material - titanium alloy Ti-6Al-4V. The
coefficient of friction according to the Coulomb is 0.25. The
vibration frequency of 22 kHz was set in tabular form. To obtain a
better picture of the distribution of the stress-strain state, the FE
mesh of the workpiece was compacted at the area of contact with
the tool (see Fig.4).
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Fig. 3. Burnishing process schemes: a — without US vibrations;
b — with USL vibrations of tool; ¢ - with USLT vibrations of tool.

First, a FE simulation of a single loading-unloading of the
workpiece was carried out, process is similar to the indentation of
the ball during shot peening. Residual compressive stresses are
formed in the surface layer after unloading, both in the axial and in
the tangential directions (see Fig.5).

Fig. 4. Finite element model of the workpiece.

It has been established that the temperature of the surface layer
of the workpieces during surface plastic deformation without US

Fig. 5. Distribution of residual axial stresses (a) and residual tangential
stresses (b)

At a speed of 300 mm/s, the minimum temperature corresponds
to processing with USLT vibrations. To obtain more accurate data
on the influence of the processing mode on the temperature the tool

must pass a longer distance.
- °C - °C
a b

Fig. 6. Temperature distribution in the deformation zone according to
process with tool speed 300 mm/s: a — burnishing without US vibrations;
b — burnishing with USLT vibrations

The FE simulation showed that the quantitative and qualitative
picture of the distribution of residual stresses depends on the type of
ultrasonic vibrations and the processing speed. The operational
reliability of the product depends on the size and sign of residual
stresses. As a result of burnishing process without US vibrations,
residual tensile axial stresses and the smallest residual compressive
tangential stresses arise on the surface and in a thin surface layer.
The largest residual axial and tangential stresses occur when
burnishing with USLT tool vibrations (see Fig.7).

With an increase in the processing speed from 300 to 600 mm/s,
the distribution of residual stresses over the material depths after
burnishing without US practically does not change. After
burnishing with USL and USLT vibrations, the picture of stresses
changes significantly, the value of compressive residual stresses
decreases, at processing speed 600 mm/s the value of residual
compressive stresses on the surface is less than in the near-surface
layer (in contrast to processing speed 300 mm/s). This can be
caused by two factors: a smaller volume of material deformed by
the tool due to vibrations and an increased processing speed;
increasing shear strain by increasing the processing speed
(see Fig.8 and Fig.9).
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Fig. 8. The distribution of residual stresses in the near-surface layer of
material after burnishing process depending on the type of US vibrations of
tool (V =300 mm/s): a — axial stresses; b — tangential stresses
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Fig. 9. The distribution of residual stresses in the near-surface layer of
material after burnishing process depending on the type of US vibrations of
tool (V =300 mm/s): a — axial stresses; b — tangential stresses
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The pressure on the workpiece is greater during burnishing
without US vibrations than during burnishing with US vibrations.
During burnishing with US vibrations, regardless of the type of
vibrations, the pressure on the workpiece in the central part will be
almost the same, the pressure is greater with USLT vibrations along
the periphery of the zone (see Fig. 10). The area of pressure on the
workpiece, both during indentation and during lifting the tool, will
be greater during USLT vibrations (due to the pendulum movement
of the tool).
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Fig. 10. Pressure spot on the workpiece at the extreme points of the tool
movement during deformation (V=300 mm/s)

In accordance with the pressure on the workpiece, more tool
wear will occur during burnishing without US vibrations. Tool wear
is 25-30 times less during burnishing with US vibrations (see
Fig.11). True, it is worth noting that the calculation does not
consider the dynamic component of the impact of the tool on the
surface.

. E—
tool movement

0000060
0000055
0000050

F=12.13 mm ons

0000035
0000030
0000025
0000020
0000015
0000010
0000005
0000000

—
detoil movement

—»
detail movement

b c

Fig. 11. Tool wear after 3 mm of burnishing pass (V=600 mm/s): a —
burnishing without US vibrations of the tool; b — burnishing with USL tool
vibrations; ¢ - burnishing with USLT tool vibrations.

The basis of the metal-containing lubricant was industrial oil
120. Powders of copper-Cu and aluminum-Al with an average
particle size of 10 um were selected. The maximum volumetric
content of the powder was 32% of the volume of oil.

The surface of the VT22 alloy workpiece, after burnishing at a
speed of 300 mm/s with 120, has a rougher texture, traces of the
indentation of the tool into the surface of the workpiece are more
clearly visible in comparison with the treatment with metal-
containing lubricant (see Fig. 12).

Fig. 12. Microrelief of burnished surfaces at a processing speed of 300
mm/s with copper-containing (a) and aluminum-containing (b) lubricant.

The most uniform surface microrelief, with complete
deformation of the machining traces from turning and without
visible traces of tool indentation into the surface, corresponds to
treatment with 120+Al lubricant

4. Conclusion

It has been established that burnishing with USLT vibrations
makes it possible to obtain large values of residual compressive
stresses in the surface layer. The use of US vibrations reduces the
temperature in the deformation zone and tool wear. The use of
USLT vibration during burnishing will allow to process titanium
alloys at high speeds without destroying the surface of the detail.
The burnishing efficiency with US vibrations depends on the linear
speed of the detail material in the contact zone. As a result of
simulation and full-scale experiment, it was found that the use of
metal-containing lubricants allows to obtain a high-quality surface
of parts made of titanium alloys due to the formation of an
intermediate layer between the surface of the part and the tool.

The use of metal-containing lubricants extends the
technological regimes of the ultrasonic burnishing of titanium
alloys, by increasing the processing speed and the specific
deformation forces, at which there will be no adhesive seizure of the
workpiece with the tool.
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