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Abstract

Yttria-stabilized zirconia (YSZ) ceramic is a widely used material in mechanical and biomedical engineering, such as
machine parts and dental implants. For most applications, surface conditioning methods are required to produce smooth and
reinforced surfaces with compressive residual stress. This paper investigates the processing characteristics of YSZ under
ultrasonic vibration-assisted burnishing (UVB) enhanced by flexible stage and tool rotation techniques, respectively. For the
use of flexible stage-enhanced UVB, the fluctuation of burnishing force was greatly reduced. As results, a smooth surface
with a roughness of 164 nm Ra was obtained, which shows 39.7% surface roughness reduction from the original surface, and
9.4% surface roughness reduction from the surface burnished with conventional UVB. The burnished surface yielded strong
residual compressive stresses of 401 MPa in the burnishing direction and 695 MPa in the step-feed direction. For the use of
tool rotation-enhanced UVB, tool rotation-induced arc-shaped surface textures were formed on the burnished surface, and
the textures became more distinct and denser as the rotation speed increased. The surface roughness was reduced by 58.9%
from the original surface with the tool rotation-enhanced UVB. Stress-induced phase transformation of YSZ was identified
in all burnished surfaces. This study demonstrates the feasibility of one-step manufacturing of a smooth surface with high

residual compressive stress, which expands the applications of YSZ.

Keywords Zirconia - Ultrasonic vibration-assisted burnishing - Surface conditioning - Surface integrity - Phase

transformation

1 Introduction

Yttria-stabilized Zirconia (YSZ) is a kind of promising
ceramic material, owing to its excellent biocompatibility and
mechanical properties, such as high hardness, fracture tough-
ness, and wear resistance [1, 2]. YSZ exhibits a phenome-
non of stress-induced strengthening; as a result, its fracture
toughness can be enhanced when subjected to mechanical
loading. This mechanism is based on the volume expansion
of YSZ during the phase transformation from the tetragonal
phase to the monoclinic phase (t-m phase transformation)
and is effective in suppressing the extension of cracks on the
surface [1]. Due to this unique characteristic, YSZ is applied
as an important alternative for conventional metal materials
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in machine parts and dental implants. However, to replace
parts in various applications, the surface quality of the YSZ
parts must meet the functional requirements. For example,
when the YSZ is applied to dental implants, the surface
roughness of less than 200 nm Ra is required to reduce the
number of bacteria adhering to the implant surface [3, 4].
Moreover, in applications under cyclic loading conditions,
compressive residual stresses need to be applied to the mate-
rial to improve its fatigue strength and fracture toughness
[5]. Although conventional surface finishing methods, such
as polishing [6] and diamond cutting [7] can effectively pro-
duce a smooth surface on YSZ, they are difficult to induce
strong residual compressive stress in the subsurface.
Burnishing is a traditional surface conditioning method
widely used in the machining of ductile metallic materi-
als, such as aluminum alloys and stainless steel [8]. It is
possible to improve the surface performance, such as sur-
face smoothness, wear resistance, corrosion resistance,
and residual compressive stress [9, 10]. In addition, unlike
other mechanical machining processes, such as grinding and
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cutting, which produce a significant amount of chips and
can pose environmental issues, burnishing is a non-mate-
rial removal process known for its environmental friendli-
ness [11]. Recently, micro/nano burnishing has also been
attempted to machine toxic brittle materials [12]. In addi-
tion, to improve burnishing process, ultrasonic vibration was
applied to the tools in burnishing direction or normal to the
machining plane to reduce resistance during burnishing [13].
For example, Amanov et al. [14] performed a burnishing
process on AZ91D Mg alloy with the tool striking the work-
piece surface at a high frequency of 20 kHz. A nanocrystal-
line surface layer was successfully generated on the top sur-
face, and consequently increased the hardness of the surface
compared to that of the bulk material. Teramachi and Yan
[15] applied ultrasonic vibration of tool in the burnishing
of an additive-manufactured AlSil0 Mg workpiece. They
found that the ultrasonic vibration assistance could eliminate
a greater number of voids at a greater depth, improve the
hardness of workpiece by 24%, and reduced the burnishing
force. Ding et al. [16] employed 2D ultrasonic burnishing
technology to strengthen the 7075 aluminum alloy surface.
After the burnishing, the surface roughness was significantly
reduced from micron level (2.490 pm) to nano level (71 nm),
meanwhile the hardness was increased from 164 to 252 HV.
Moreover, ultrasonic vibration can also be applied to ball/
roller burnishing, where sphere/cylinder tools roll on the
workpiece surface and the direction of tool vibration is nor-
mal to the workpiece surface, to enhance the burnishing per-
formance [17, 18]. However, so far, few studies have focused
on the ultrasonic vibration-assisted burnishing (UVB) of
brittle materials. Particularly, the processing characteristics
of zirconia by UVB is not clear.

When burnishing hard materials, the burnishing force
fluctuates sharply with the variation of burnishing depth
due to the unevenness of the workpiece surface, which may
cause surface fractures of the workpiece and even damages
to the burnishing machine and tools. To overcome this prob-
lem, in this study, flexible stage-enhanced UVB techniques
was proposed for machining YSZ. In this method, the work-
piece is fixed on a flexible stage that can move slightly up
and down in the loading force direction; thus, during UVB
the surface height of the workpiece can be adjusted to keep
the burnishing force almost constant via spring compression
and extension. This is especially helpful for shape-adaptive
finishing of curved surfaces with unevenness. On the other
hand, the conventional UVB causes directional distributions
of surface roughness and mechanical properties. As a results,
surface anisotropy becomes a problem in some applications.
To solve this problem, tool rotation was introduced into
UVB, where the rotation axis is in the loading force direc-
tion. In this way, the tool rotation-induced stirring and grind-
ing effects can improve the uniformity of both the stress
distribution and the surface roughness of the workpiece. As
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these two proposals were motivated for enhancing differ-
ent aspects of the same UVB process, this paper indepen-
dently examined the processing characteristics of YSZ under
each method, including surface morphology and roughness,
residual compressive stress, and phase transformation. The
machining mechanisms of the two methods were also clari-
fied. The findings of this study are expected to contribute to
the future development of surface conditioning technology
of zirconia and other brittle materials.

2 Materials and methods
2.1 Material properties

Fully sintered YSZ plates containing 3 mol% Y,0; for
stabilization were used as workpieces. The YSZ materials
have ultra-fine grain size in 300-500 nm. The size of the
workpieces is 20X 20X 2.7 mm. The as-received workpieces
have a surface roughness of ~275 nm Ra and ~3.3 pm Rz.
The details of major material properties of YSZ are listed
in Table 1.

2.2 Experimental setup for flexible stage-enhanced
UVB

Figure 1 shows the flexible stage (Areuse Co., Ltd.) used in
this study. The size of the flexible stage is 80 mm X 80 mm
x 32 mm. The upper part of the flexible stage is supported
by two springs, allowing its movement along the Z-axis,
while four cylinders completely restrict its movement in the
X-Y plane and any axis of rotation. This mechanism can
prevent the titling of the plate and distribute the force evenly
to each spring even when the force is not applied at the plate
center. The lower part of the flexible stage was mounted on
a four-axis (XYZ0) control machine tool (LL4S-300 Sodick
Co., Ltd.). The YSZ workpiece was fixed on the top of the
flexible stage. An ultrasonic vibration spindle unit (Areuse
Co., Ltd.) was attached to the Z-axis of the machine tool to
drive burnishing tools. The vibration amplitude was set to
2 pm in Z direction. A ball-shaped polycrystalline diamond
(PCD) burnishing tool with radius of 1.5 mm (Resmotool
Co., Ltd.) was used in the experiments. A S-shaped tool
path made of continuous workpiece feeding in Y direction

Table 1 Major material properties of YSZ [19]

Property Value

Y,0; doping content 3 mol%
Hardness 12.5 GPa
Young’s modulus 210 GPa
Fracture toughness 6.0 MPa-m'?
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and step feeding in X direction was performed to burnish
large areas, as shown in Fig. 2(a). Rough burnishing and fine
burnishing were performed by changing the pitch in the step-
feeding direction. The rough and fine burnishing tests were
performed with the pitches of 50 and 10 pm, respectively.
The corresponding burnishing speed (work feed) were 3 and
5 mm/s, respectively. At the initial stage of the burnishing
process, the tool gradually approached the workpiece surface
in the Z-axis and penetrated the workpiece surface until the
force reached 100 N. Then, the workpiece moved along the
X and Y axes to begin the burnishing. The experimental
conditions of the flexible stage-enhanced ultrasonic vibra-
tion burnishing are listed in Table 2.

2.3 Experimental setup for tool rotation-enhanced
UVB

The UVB using a rotating tool was conducted with the same
machine tool and ultrasonic vibration spindle unit as the
UVB using a flexible stage; however, the workpiece was
fixed on a rigid stage. During the burnishing process, the
tool not only vibrated in Z-direction, but also rotated in X-Y
plane, as shown in Fig. 2(b). Several single-path burnish-
ing tests were performed at a constant workpiece feed of
3 mm/s with different rotation speeds. At the initial stage
of the burnishing process, like the flexible stage-enhanced

Fig. 1 Flexible stage: a photo
of appearance; b schematic of
working principle

Fig.2 Schematics of the meth-
ods of a flexible stage-enhanced
ultrasonic vibration burnish-
ing, and b rotation-enhanced
ultrasonic vibration burnishing.
(Not to scale)

Table 2 Experimental conditions of flexible stage-enhanced ultra-
sonic vibration burnishing

Parameters Values

Flexible stage Without With
Spring constant [N/mm)] N/A 4.52
Work feed [mm/s] 3 5 3 5
Pitch [pum/step] 50 10 50 10
Threshold [N] 110

Initial burnishing force [N] 100

Vibration frequency [kHz] 27

Vibration amplitude [um] 2

Atmosphere In lubricating oil

UVB, the workpiece started to move until the burnishing
force reached to 100 N. The experimental conditions of the
rotation-enhanced ultrasonic vibration burnishing are listed
in Table 3.

2.4 Measurement and characterization methods
The burnished surfaces were observed by scanning electron
microscope (Inspect F50, FEI company). Surface roughness

was measured by a laser-probe surface profilometer (MP-3,
Mitaka Kohki Co., Ltd). Residual stresses were measured by
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a portable residual stress analyzer (u-X360s, Pulstec Indus-
trial Co., Ltd). Phase transformation was evaluated by X-ray
diffraction (D8 Discover, company). During burnishing, a
three-component piezoelectric dynamometer (9256C2, Kis-
tler Co., Ltd.) was used to measure the burnishing forces.

3 Results for flexible stage-enhanced UVB
3.1 Surface morphology
The SEM images of the as-received surface and the sur-

faces finely burnished with and without the flexible stage

Table 3 Experimental conditions of rotation-enhanced ultrasonic
vibration burnishing

Parameters Values
Initial burnishing force [N] 100
Work feed [mm/s] 3
Vibration frequency [kHz] 0,27
Vibration amplitude [um] 0,2

1000, 2000, 4000, 8000
In lubricating oil

Rotation speed [rpm]
Atmosphere

are shown in Fig. 3. Before burnishing, some protrusions
of a few tens of microns can be observed on the surface
at low magnification, as shown in Fig. 3(al). In addi-
tion, numerous submicron-scale particles are widely dis-
tributed over the entire surface. Figure 3(a2) shows the
enlarged view of the surface before burnishing. Ultra-fine
grains in the size ranging 300-500 nm and their grain
boundary can be clearly observed. After the fine burnish-
ing without the flexible stage, the surface observed at low
magnification is shown in Fig. 3(b1). The protrusions and
particles were eliminated, and the surface looks much
smoother than before burnishing. However, long straight-
line marks along the burnishing direction and parallel
to each other at the same distance as the pitch of step
feed were formed on the burnished surface. In addition,
numerous short straight lines along the burnishing direc-
tion were formed within the area burnished by one pass.
To characterize these short straight lines more clearly, a
high-magnification image of an area burnished by one
pass was captured, as shown in Fig. 3(b2). It is found that
these short straight lines have higher heights relative to
their left and right sides of the surfaces, which implies
that these lines were formed by extrusion due to the
stress concentration around the straight lines. The grain
boundaries were completely disappeared on the surface,

Fig.3 SEM images of workpiece surfaces: a before burnishing, b finely burnished without flexible stage, and ¢ finely burnished with flexible
stage. al—cl are low-magnification images, and a2—c2 are high-magnification images
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but in some area the vibrations marks were formed on the
burnished surface. The extrusion and vibration marks on
the surface indicate that during the burnishing process
without the flexible stage, the contact between the tool
and the workpiece was unstable, and thus the distribu-
tion of the contact stress was uneven. Figure 3(c1) shows
the general view of the surface finely burnished with the
flexible stage. The step feed-induced long straight-line
marks became less visible, and the short straight-lines
marks parallel to the scratching direction were also sig-
nificantly suppressed. A high-magnification image of an
area burnished with the flexible stage was presented in
Fig. 3(c2). The burnished surface is very smooth without
any extrusion-induced straight-line marks or vibration
marks. In addition, it can be noticed that there are many
small areas exhibiting different contrast on the surface,
which corresponds to different grains. However, the den-
sity of grain boundaries was reduced owing to the plastic
deformation of the grains. The grain boundaries on the
surface with the flexible stage were not completely dis-
appeared like those on the surface without the flexible
stage, which may be attributed to the fact that the actual
burnishing force with the flexible stage is smaller that
without the flexible stage. This issue will be discussed
in Sect. 3.5.

The appearances of the workpiece surfaces burnished
with and without the flexible stage are compared with the
as-received workpiece surface, as shown in Fig. 4. All
samples were placed on a patterned table. Owing to the
rough surface of the as-received workpiece, it is difficult
to mirror the pattern of the table. In contrast, the surfaces
burnished with and without the flexible stage are smooth,
leading to a specular reflection; as a result, the reflection
of the table’s pattern in the burnished surfaces can be
observed. However, the exact difference between surfaces
burnished with and without the flexible stage is hard to
distinguish from the photos. The surface roughness will
be quantitatively discussed in Sect. 3.2.

3.2 Surface roughness

To evaluate the roughness of the burnished surfaces, sur-
face profiles along the burnishing direction were meas-
ured on the sample burnished with and without the flexible
stage, and compared to the surface profile of the as-
received sample, as shown in Fig. 5. Large fluctuation
(peak-to-valley of 0.2-3.5 pm) relative to the averaged sur-
face was obtained in the surface profile of the as-received
workpiece. Sharp peaks and deep valleys were observed
in Fig. 5(a), which may be caused by the protrusions and
craters on the as-received workpiece surface, respec-
tively. After the burnishing without the flexible stage,
the variation of the profile of the burnished surface was

Fig.4 Comparison of the appearance of the surface burnished with/
without flexible stage and the as-received surface

reduced to 0—1.6 pm. Additionally, peaks had a moderate
sharpness, and the valleys became shallow, as shown in
Fig. 5(b). This implies that part of the protruding material
was pressed and flowed to fill the craters; as a result, the
burnished surface became relatively smooth. In contrast,
after the burnishing with the flexible stage, the variation
of the profile of the burnished surface was to 0.1-1.4 pm,
as shown in Fig. 5(c), which was slightly smaller than
that of the burnished surface without the flexible stage.
Moreover, the protrusions-induced peaks became blunt.
This indicates that the protruding material was compered
more with the assistance of the flexible stage, due to more
stable contact stress.

The arithmetic mean roughness of the as-received surface
and the burnished surfaces with/without the flexible stage
measured along the burnishing and step feed directions were
calculated, as shown in Fig. 6. Under the conditions with-
out the flexible stage, the arithmetic mean roughness was
reduced by 33.6% in the burnishing direction and by 36.1%
in the step feed direction. In contrast, under the conditions
with the flexible stage, the arithmetic mean roughness was
reduced by 39.8% in the burnishing direction and by 39.2%
in the step feed direction. Additionally, it is worth noting that
ultrasonic vibration-assisted burnishing process can produce
a surface with roughness below the threshold required for
use as a dental material (200 nm Ra). Therefore, burnishing
process is a promising replacement for polishing process.
The influence of the pitch of the step feed was not included
in this figure. It will be systematically investigated in the
next step when considering surface functions.

3.3 Residual compressive stress

The residual compressive stress of the burnished surface
with/without the flexible stage along the burnishing and
step feed directions were measured and compared with that
of the surface by polishing, which is a conventional finish-
ing process of YSZ. The residual compressive stress of
the polished surface is 17 MPa, as shown in Fig. 7. After
the burnishing with/without the flexible stage, the residual
compressive stresses of the surface were greatly increased,
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Fig.5 Surface profiles of the workpieces: a as-received, b burnished without flexible stage, and ¢ burnished with flexible stage

Fig.6 Comparison of the arithmetic mean roughness of the as-
received surface and the surfaces burnished with/without flexible
stage measured along different directions

and the residual compressive stress induced by the flex-
ible stage-assisted burnishing is slightly higher than that
by without the flexible stage-assisted burnishing, which
has the stress of 401 MPa in the burnishing direction and
695 MPa in the step feed direction. This indicates that the
residual compressive stress in the burnishing and step feed
directions induced by the flexible stage-assisted burnishing
is 22 times and 41 times higher than that of the polished
surface, respectively. This stress is expected to improve the
fracture toughness and enhance fatigue strength of YSZ
[5, 20].

It is important to note that the distribution of the residual
compressive stress appeared to be distinct different along dif-
ferent directions after the burnishing. Particularly, the stress
was much larger in the step feed direction than in the bur-
nishing direction, regardless the use of flexible stage or not.
Such stress distribution has also been reported in the grind-
ing of YSZ [6]. This is because in the burnishing direction,

@ Springer

Fig.7 Comparison of the residual compressive stress of the as-
received surface and the surfaces burnished with/without flexible
stage measured along different directions

the compressive action was only performed on the mate-
rial in front of the tool which has not yet been deformed;
while in the step feed direction, side of the material to be
burnished in current tool path has been compressed by the
previous tool path, as illustrated in Fig. 8. As a result, in the
step feed direction a stronger plastic deformation was pro-
duced between the two paths by bidirectional compressive
stress, causing a much larger residual compressive stress.

3.4 Phase transformation

In general, YSZ is stable as a tetragonal phase at room
temperature, but under stress, it undergoes tetragonal to
monoclinic (t-m) phase transformation. Therefore, the pos-
sible transformation in the burnished surfaces with/with-
out the flexible stage was evaluated by XRD. Their XRD
spectra are plotted together with the spectrum of the as-
received surface, as shown in Fig. 9. In the XRD spectrum
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Fig.8 Schematic model of the

formation of residual compres-
sive stress in various directions.
(Not to scale)

Fig.9 Comparison of the XRD spectra of the as-received surface and
the surfaces burnished with/without flexible stage

of the as-received surface, a sharp peak I''" at 26=30°
corresponding to tetragonal phase (111) was observed, and
two small peaks 7,""=D and 7,1V at 20=28° and 31.2°
corresponding to monoclinic phase (11—-1) and (111) also
appeared. After burnishing, the intensity of the main peak
It(m) became weaker and broader, meanwhile, the peak
1"V disappeared due to the broadening of the It(l D peak,
which are caused by burnishing-induced plastic deforma-
tion of the crystal lattice.

To quantitatively evaluate t-m phase transformation, the
monoclinic ratio X, based on XRD spectrum was calcu-
lated using the following Eqgs. [21, 22]:

_ I$11)+[$1_1)
m — —
Ir(éll)_i_ll(;l 1)+Il(”l)

ey

The calculated monoclinic ratios of different sam-
ples are shown in Fig. 10. Compared to the monoclinic
ratio of the as-received surface, the monoclinic ratio of
the burnished surface with and without the flexible stage

Fig. 10 Comparison of the monoclinic ratio of the as-received sur-
face and the surfaces burnished with/without flexible stage

increased by 48.7% and 42.0%, respectively. Nevertheless,
the monoclinic ratios in both cases are less than 0.1, and
the tetragonal phase, which is necessary for the strengthen-
ing mechanism of the stress-induced phase transformation,
still plays a dominant role. The monoclinic ratio was kept
below 0.1 after burnishing is thought to be that the bur-
nishing-induced compressive stress increased the energy
required for phase transformation with volume expansion,
which makes it difficult for phase transformation to occur
further [23].

3.5 Mechanisms of UVB with a flexible stage

The burnishing force normal to the workpiece surface is
measured at both rough and fine burnishing conditions,
as plotted in Fig. 11(a) and (b). Owing to the fact that a
S-shaped tool path was performed to burnish a large area,
as illustrated in Fig. 11(c), and the workpiece surface was
slightly tilted relative to the X-Y plane of the machine tool,
the burnishing force was gradually increased from the side
with a lower Z-position to the side with a higher Z-position
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as the tool moved forward. Subsequently, after a step feed
was performed, the burnishing force started to decrease from
the side with a higher Z-position to the side with a lower
Z-position as the tool moved back. As a result, a wave-like
curve of cutting force was formed throughout the burnishing
process. All measured burnishing forces have a minimum
value of 100 N, which matches the preset initial burnishing
force, while the average forces fluctuate around 130 N due
to the tilted workpiece surface. Besides, it can be clearly

Fig. 11 Comparison of the burnishing resistance with and without
flexible stage assistance: a under rough burnishing (burnishing speed
of 3 mm/s and pitch of 50 pm), b under fine burnishing (burnishing
speed of 5 mm/s and pitch of 10 pm). ¢ Schematic of the mechanisms
of burnishing force fluctuation
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seen that the fluctuation range of the forces in rough and
fine burnishing are significantly reduced with the use of the
flexible stage than without it. Specifically, the burnishing
force was reduced up to 95.4% and 97.7% in the rough and
fine burnishing, respectively.

To reveal the mechanism of the reduction of the burnish-
ing force fluctuation, a schematic model of the machining
process is illustrated in Fig. 12. For simplicity, the flexible
stage is represented by a spring, whose spring constant is
k. When the tool is located at an initial position, the spring
is compressed by a length of /. Therefore, according to the
Hooke’s law, the burnishing force at the initial position can
be calculated by following equation:

Fyo=kl 2)

Due to the unevenness of the original workpiece surface,
spring (flexible stage) will move up and down as the work-
piece is fed. When the tool is located at a hill portion of the
workpiece surface, as shown in Fig. 12(a), the displacement
of the spring is &, in the compressive direction; whereas
when the tool is located in a valley portion of the work-
piece surface, as shown in Fig. 12(b), the displacement of
the spring is , in the tension direction. Thus, the burnishing
force at the hill and valley positions can be expressed by
Egs. (3) and (4), respectively.

Fgi=k(l+6)) 3)

Fgy=k(I-6,) 4

According to Newton’s third law of motion, the resistance
force Ry measured by dynamometer should be equal to the
burnishing force F. Therefore, the fluctuation value of the
burnishing force can be given by:

Fig. 12 Schematic models of the burnishing process with flexible
stage when the tool is located at a hill, and b valley portions of the
workpiece surface
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ARy = +k6 ®)

where 0 is the absolute value of the displacement of the
current position relative to the initial position. The formula
has positive sign when the spring is compressed and has
negative sign when the spring is extended relative to the
initial position.

When burnishing the workpiece without the flexible
stage, it can be regarded as replacing the spring with a stage
made of workpiece material; consequently, the equivalent
spring constant of the stage made of workpiece material is
equal to the hardness of the workpiece. As the spring con-
stant k is much smaller than hardness of the workpiece, the
fluctuation range of the burnishing force with the flexible
stage is much smaller than that without the flexible stage.
The smaller fluctuation range of the force indicates that a
sudden change of the burnishing force was suppressed. As a
result, the use of a flexible stage can inhibit crack formation
and then create smooth surfaces. Moreover, the flexible stage
is considered to be effective when burnishing workpieces
with three-dimensional surfaces, because it can prevent dam-
ages from geometric irregularities such as protrusions.

4 Results for tool rotation-enhanced UVB
4.1 Surface morphology

The SEM images of the surface burnished with and without
ultrasonic vibration under different tool rotation speeds are

shown in Fig. 13. In general, the surfaces burnished with/
without vibration shows similar surface features. When
the tool rotation speed was more than 4000 rpm, the tool
rotation-induced periodic surface texture was evident and
became dense as the tool rotation speed increased. However,
when the tool rotation speed was less than 2000 rpm, numer-
ous fine curved lines appeared on the surface, which makes
it difficult to distinguish the periodic surface texture, espe-
cially when the tool rotation speed decreased to 1000 rpm.
The formation of the periodic surface texture will be dis-
cussed in Sect. 4.4.

To further characterize the fine curved lines on the bur-
nished surface, high-magnification SEM image of the sur-
face at each condition was observed, as shown in Fig. 14. At
the low tool rotation speed (<2000 rpm), uneven extrusions
perpendicular to the burnishing direction occurred on the
surface, which is caused by the rotary motion of the tool.
These rotation-induced extrusions are more pronounced
than the step feed-induced extrusions with a non-rotating
tool (see Fig. 3); as a result, burrs were formed on the sur-
face. In addition, on the surface burnished without vibra-
tion, blurred grain boundaries can be observed. However, the
quality of the surface burnished with vibration is worse than
that without vibration, due to the vibration marks addition-
ally formed on the surface. At the high tool rotation speed
(>4000 rpm), the occurrence of the rotation-induced uneven
extrusions was significant suppressed as the tool rotation
speed increased, especially when vibration was applied.
As the vibration marks were disappeared, the quality of the

Fig. 13 SEM images of the burnished surface by a rotation tool at a 1000 rpm, b 2000 rpm, ¢ 4000 rpm, d 8000 rpm. al—d1 are produced with-

out ultrasonic vibration, a2—d?2 are produced with ultrasonic vibration
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Fig. 14 Enlarged SEM images of the burnished surface by a rotation tool at a 1000 rpm, b 2000 rpm, ¢ 4000 rpm, d 8000 rpm. al—-d1 are pro-
duced without ultrasonic vibration, a2—d2 are produced with ultrasonic vibration

surface burnished with vibration becomes better than that
without vibration, at the high tool rotation speed.

4.2 Surface roughness

The roughness of the as-received surface and the surfaces
burnished with and without vibration at different tool rota-
tion speeds were evaluated, as shown in Fig. 15. Obviously,
the roughness of all burnished surfaces is significantly
reduced compared to the as-received surface. Moreover, the
burnished surfaces became smoother as the rotational speed
increased. Particularly, the ultrasonic vibration burnishing
with a rotating tool of 8000 rpm rotation speed reduced the
surface roughness by 58.9% compared to the as-received
surface. However, at low tool rotation speed (<2000 rpm)
the surface roughness produced by vibration burnishing is
worse than that by the burnishing without vibration. At high
tool rotation speed (>4000 rpm), the vibration burnishing
generated a better surface finish than the burnishing with-
out vibration. The results of surface roughness are consist-
ent with the observation of surface morphology shown in
Figs. 13 and 14.

A more uniform plastic deformation of the material is
occurred at a higher tool rotation speed. This is supposed
to be caused by the fact that when the tool rotation speed
increases, the number of times that each region is subjected
to rotary burnishing will increase. To quantify the relation-
ship between the number of burnishing times of a certain
region and the tool rotation speed, a kinematic model of
the burnishing process with tool rotation was developed, as

@ Springer

Fig. 15 Comparison of the arithmetic mean roughness of the surfaces
burnished with/without vibration at different tool rotation speed

shown in Fig. 16. The number of rotation times of tool (n)
during the period from the first time the tool contacts the red
point to the last time the tool contacts the red point can be
calculated by the following equation:

n= M+1 (6)

60v,

where N is the tool rotation speed, vy, is the burnishing speed
(also the work feed speed), and r is the contact radius between
the tool and workpiece. Thus, the number of burnishing times
for a certain region at the tool rotation speed of 1000, 2000,
4000, and 8000 rpm, are 2.2, 4.4, 8.9 and 17.8, respectively.
Therefore, when the tool rotates at a large speed to burnish the
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Fig. 16 Kinematic model of the
burnishing process with tool
rotation

material, the burrs formed in the beginning of burnishing will
be gradually smoothed out by subsequent burnishing. Besides,
the benefits of vibration burnishing in smoothing workpiece
surfaces also become less apparent when tool rotation is
applied, because the workpiece can be burnished multiple times
with a rotating tool even vibration is not applied to the tool.

4.3 Phase transformation

When the tool is rotating during the burnishing, the linear
velocity of an arbitrary contact point varies with its distance
from the center of tool rotation. Thus, the state of machining
may be changing along the direction perpendicular to the
burnishing direction, that is, the center and the edge of the
burnished groove may undergo different degrees of micro-
structural changes. To confirm this, the Raman spectra of
the edge and center regions of the surface under ultrasonic
vibration burnishing with a rotating tool of different rotation
speeds are characterized. For example, Fig. 17(a) shows a
microscope image of a groove under ultrasonic vibration
burnishing with a rotating tool of 1000 rpm. The Raman
measurements were performed in the center and edge regions
indicated in Fig. 17(a), and the corresponding Raman spec-
tra are plotted in Fig. 17(b). For both spectra, main peaks at
the wavenumber of 145 cm™! and 265 cm™! were observed,
indicating that the tetragonal phase are dominant. While the
presence of monoclinic phase was also confirmed, which
proved by the peaks at 181 cm™! and 190 cm™!. To quantify
the t-m phase transformation of the center and edge regions
at different burnishing conditions, monoclinic ratio of each
region and condition was calculated according to the follow-
ing equation, and compared with the as-received workpiece.

V- 1[(;81)+1r(nl90)
" 2,071 4 08D 4 00

(N

where V,, is the monoclinic ratio calculated by Raman spec-

trum, 1,8V and 1,"°? are the integrated intensity of the
monoclinic peak at 181 cm™' and 190 cm™!, respectively.
1147 is the integrated intensity of the tetragonal peak at
147 cm™!.

Figure 18(a) and (b) present the monoclinic ratio of the
burnished surface under vibration and non-vibration condi-
tions. For both conditions, the monoclinic ratio at the edge
region tends to have a larger value than that at the center
region. This may be due to the fact that the relative velocity
between the tool and workpiece surface increased with the
distance from the tool rotation center to the tool-workpiece
contact point, which leads to a stronger the shear component
of the force applied to the material. Compared with the orig-
inal value, for the monoclinic ratio of the edge region, the
surfaces by non-vibration burnishing tend to have a smaller
value at each tool rotation speed, while the surfaces by vibra-
tion burnishing have a greater value when the tool rotation
speed is low (<2000 rpm), and have a sudden decrease when
the tool rotation speed is high (>4000 rpm). For the mono-
clinic ratio of the center region, each burnishing conditions
produced a lower value than the original surface. This indi-
cates that the t-m phase transformation at the center region
was suppressed during the tool rotating burnishing, regard-
less the assistance of ultrasonic vibration, because a large
burnishing depth at the center region caused compressive
stress to dominate [19].

4.4 Mechanisms of UVB with a rotating tool

The surface burnished with a rotating tool has a periodic
surface texture along the burnishing direction (see Fig. 13),
which is different from the surface burnished without a rotat-
ing tool (see Fig. 3). To understand the formation mecha-
nism of the periodic surface texture, kinematic analysis of
the rotating tool was performed, and the trajectory of the tool
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Fig. 17 a Microscope image, and b Raman spectra of the edge and center regions of the surface under ultrasonic vibration burnishing with a

rotating tool of 1000 rpm

Fig. 18 Comparison of the monoclinic ratio of the burnished surface with different tool rotation speeds when a ultrasonic vibration is not

applied, and b ultrasonic vibration is applied

edge in tool rotation burnishing is schematically shown in
Fig. 19. If the tool only rotates without linear motion relative
to the workpiece, for a certain point P’, its trajectory on the
workpiece is a circle whose radius, r, is equal to the distance
from the point to the rotation center. Thus, the trajectory of
P’ can be expressed by the following equations:

P.(1) = r(1 + cos (o1 — 7)) 8)

P;(t) = —rsin (0t — 7) )

where 7 is the time, w is the angular velocity of the tool
rotation and equal to 2xN.

When the tool starts to rotate and linearly move rela-
tive to the workpiece along the positive direction of x-axis
with a speed of v,, for a point P’ located at the same
location as P’, its y-coordinate is the same as the y-coor-
dinate of point, because the motion state in the direction

@ Springer

Fig. 19 Schematic of the trajectory of the tool edge in tool rotation
burnishing
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of y-axis is the same. However, the x-coordinate of point
P has a displacement space of v,t with respect to point P’,
as shown in Fig. 19, owing to the movement of the tool
along the direction of x-axis. Thus, the trajectory of point
P can be expressed by the following equations:

P.() =P/ (1) + vt (10)

Py =P/ (11)

During the burnished with a rotating tool, material
extrusion would occur at the edge of the tool-workpiece
contact area, thus the extruded material follows the trajec-
tory described by Eqgs. (10) and (11) forming the periodic
surface texture. In addition, the pitch distance of the peri-
odic surface texture d can be calculated by:

d=vT (12)

where T is the time for one revolution of the tool.

When the tool rotation speed of 4000 and 8000 rpm,
T are 0.015 and 0.0075 s, respectively. Substituting the
value of T into Eq. (12), the calculated d at the tool rota-
tion speed of 4000 and 8000 rpm are 45 and 22.5 pum,
respectively. The actual d was measured by averaging all
pitch distances in the observation area of Fig. 13(c) and
(d), and compared with the theoretical value, as plotted in
Fig. 20. The pitch distance of the periodic surface texture
produced during ultrasonic vibration burnishing matches
well with the theoretical values under various tool rota-
tion speed. However, the pitch distance caused by non-
ultrasonic vibration burnishing is 11.3% larger than by
ultrasonic vibration burnishing at 4000 rpm tool rotation
speed, and 12.1% larger at 8000 rpm tool rotation speed.
This indicates that the machining state under vibration
burnishing is approaching more closely to the theoretical
state, which is good for controlling the machining pro-
cess. The deviation of d under non-vibration burnishing

Fig.20 Comparison of theoretical and measured distance of tool
rotation-induced burnishing marks

may be caused by an unstable contact of the tool and
workpiece.

5 Conclusion

In this study, ultrasonic vibration-assisted burnishing
using a flexible workpiece stage and a rotating tool were
performed on Yttria-stabilized Zirconia (YSZ) for surface
conditioning. The processing characteristics, including
surface morphology, surface roughness, residual compres-
sive stress, and phase transformation, were examined. The
mechanisms of these ultrasonic vibration-assisted burnish-
ing methods were discussed. The main conclusions are as
follow:

e Ultrasonic vibration-assisted burnishing is an effec-
tive method to improve surface quality. When burnish-
ing using a flexible workpiece stage, the fluctuation of
burnishing force can be greatly reduced (up to 97.7%),
leading to a better surface roughness. A smooth surface
with a roughness of 164 nm Ra was obtained with using
a flexible workpiece stage, which shows 39.7% surface
roughness reduction over the original surface, and 9.4%
surface roughness reduction over the surface burnished
without using a flexible workpiece stage.

e In a large area created by the combination of continu-
ous burnishing motion and step feed motion, the resid-
ual compressive stress along the step-feed direction of
695 MPa is much larger than that along the burnishing
direction of 401 MPa, because the material underwent
bidirectional compression along the step-feed direction.

e  When burnishing using a rotating tool, the surface quality
can also be improved. However, at low rotation speeds
(<2000 rpm), vibration burnishing caused higher sur-
face roughness than non-vibration burnishing; while at
high rotation speeds (>2000 rpm), vibration burnishing
caused lower surface roughness than non-vibration bur-
nishing. This is because the number of times that each
region is subjected to rotary burnishing will increase as
the rotation speed, eliminating vibration marks.

e Arc-shaped surface textures were formed on the bur-
nished surface due to the tool rotation, and the textures
became more distinct and denser as the rotation speed
increased. The surface roughness under tool rotation bur-
nishing was reduced by 58.9% over the original surface.

e Stress-induced phase transformation of YSZ was identi-
fied in all burnished surfaces. When burnishing using
a flexible workpiece stage, the tetragonal phase in the
as-received workpiece tends to transform into the mono-
clinic phase. However, when burnishing using a rotating
tool, the trend of phase transformation highly depends on
the location of the tool workpiece contact. At the center
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of the burnished area, the monoclinic phase was reduced,
whereas at the edge of the burnished area, the monoclinic
phase increased compared to the as-received workpiece.

The reduction of surface roughness and the adding of resid-
ual compressive stress on YSZ were achieved simultaneously
by enhanced ultrasonic vibration-assisted burnishing. This
study might provide a potential alternative to surface smooth-
ing of YSZ and serves as reference for shape-adaptive surface
conditioning of various materials. Flexible stage-enhanced
UVB significantly reduces the burnishing force during area
burnishing, accompanied by t-m phase transformation. In con-
trast, tool rotation-enhanced UVB suppresses t-m phase trans-
formation. As these two proposals were motivated for enhanc-
ing different aspects of the same UVB process, their effects are
investigated independently in this paper. However, the inte-
gration of the two methods is expected to be more effective.
The synthetic effects of the integration of these methods in the
UVB will be further investigated in the future.
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