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A B S T R A C T

Yttria-stabilized zirconia (YSZ) is an outstanding ceramic material with applications in dentistry, biomedical, and 
mechanical device, where a smooth and durable surface is required. This study employed ultrasonic vibration- 
assisted burnishing (UVB) to enhance the surface hardness of YSZ while simultaneously reducing its rough
ness. The surface topography formation, subsurface microstructure evolution, and surface hardness change of 
YSZ were investigated. It was found that a smooth surface with an average roughness (Ra) of 0.12 μm was 
achieved using UVB, representing 67.6 % reduction in surface roughness from the original sintered surface, 
which is attributed to the burnishing-to-cutting phenomenon during the processing. The UVB-induced 
compression and material densification prevented the formation of the monoclinic phase during the process
ing of YSZ. Grain refinement and crystal lattice distortion occurring in the subsurface layer led to an increase in 
surface hardness, reaching up to 19.7 % higher than that of the original sintered surface. Moreover, the UVB- 
processed surface demonstrated a high resistance to mechanical impacts, effectively inhibiting the tetragonal- 
to-monoclinic phase transformation in indentation testing. These findings demonstrate that UVB is an effec
tive approach for enhancing the surface and subsurface properties of the material.

1. Introduction

Yttria stabilized zirconia (YSZ) ceramic, with excellent mechanical 
properties and biocompatibility, is widely used in dental implants [1]
and load-bearing components [2], serving as a potential alternative to 
traditional metals. Due to yttria doping, YSZ is primarily composed of a 
stable tetragonal phase with a small amount of monoclinic phase, 
resulting in relatively high strength and fracture toughness compared to 
pure zirconia, which is predominantly composed of the monoclinic 
phase [3,4]. This is because under external mechanical load, the 
tetragonal phase would change to the monoclinic phase, accompanied 
by volume expansion. Consequently, although microcracks tend to occur 
in the material, the volume expansion results in compressive stress at the 
crack tip, which inhibits crack propagation [5]. Nevertheless, similar to 
other ceramics, YSZ is hard and brittle; therefore, its surface finishing is 
usually achieved through polishing [6], grinding [7], and nano-cutting 
[8]. Moreover, to further enhance the machinability of YSZ, grinding [9]
and cutting [10] assisted by laser irradiation, as well as tool heating 
[11], have also been attempted. However, these methods may reduce 
the surface’s ability to resist external mechanical loads in service, either 

due to mechanical machining-induced tetragonal-to-monoclinic (t-m) 
phase transformation [12,13] or thermal damage [14,15]. For this 
reason, alternative surface processing technologies are needed to 
smoothen the surface, and at the same time, harden the surface layer to 
enhance its ability of withstanding external loads and contact damages.

Burnishing is a surface finishing technique where a ball tool slides 
across the workpiece surface, inducing plastic deformation in the work 
material [16,17]. Additionally, it is effective for surface modification, 
enhancing wear resistance, fatigue limit, and inducing residual 
compressive stress in the work material [18], while also reducing sur
face porosity [19]. Burnishing has found widespread application in 
processing ductile metals, including various alloys [20,21] and stainless 
steels [22]. To enhance the performance of burnishing, ultrasonic vi
brations have also been introduced to the tool, with the direction of 
vibration perpendicular to the workpiece surface [23,24], which is 
known as ultrasonic vibration-assisted burnishing (UVB). This was done 
to allow the tool to strike the material, creating a hammering effect 
perpendicular to the workpiece surface and minimizing resistance in the 
burnishing direction.

While extensive research has been conducted on the burnishing of 
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ductile metals, studies on brittle materials are relatively few, as inducing 
plastic deformation of brittle materials without causing crack formation 
presents a significant challenge. A recent attempt has been made to 
utilize micro/nano burnishing for processing zinc selenide crystals, 
demonstrating that brittle materials can be burnished without forming 
cracks [25]. The burnished surface exhibits lower roughness compared 
to the original surface, and strain hardening of the material has been 
observed. Although, plastic deformation induced the appearance of 
dislocations and lattice distortions in the shallow subsurface induced by 
plastic deformation, no phase transformation has occurred in the bur
nished surface. Following this, a feasibility study on UVB of YSZ was 
conducted, utilizing a flexible workpiece stage and a rotating tool to 
enable shape-adaptive surface conditioning [26]. The surface roughness 
was successfully reduced through UVB. However, as the study mainly 
focused on the development of processing techniques for YSZ, the dif
ferences in processing characteristics from those of metal burnishing, 
and the mechanisms behind the surface morphology formation of YSZ 
remain unclear. Moreover, unlike the burnishing of zinc selenide crys
tals, phase transformations related to processing conditions have been 
observed in the burnished surface of YSZ [26]. Given that the micro
structure constituents in YSZ significantly affects its performance under 
mechanical load, understanding the mechanisms of phase trans
formation during burnishing process is essential for microstructure 
modulation. However, to date, the subsurface microstructure evolution 
of YSZ under burnishing has not been clarified, and whether this sub
surface microstructural change induces a surface hardening effect has 
not yet been experimentally validated.

In this study, UVB experiments were conducted on YSZ under various 
conditions and compared with those results obtained through conven
tional burnishing (CB). The surface formation mechanism in YSZ 
burnishing was investigated by examining the morphology and rough
ness of the workpiece surface, as well as characterizing the tool surface 
before and after burnishing. The subsurface microstructure evolution 
under UVB was investigated using cross-sectional transmission electron 
microscopy observations and micro-Raman spectroscopy analyses. Their 
mechanisms were illustrated and compared with those of CB, cutting, 
and indentation. The effect of ultrasonic vibration on the burnishing 
performance was identified. Finally, the UVB-induced surface hardening 
effect was validated by nanoindentation tests, and the resulting sub
surface damages were characterized. The results of this study are 
anticipated to advance the future manufacturing of YSZ parts, enhancing 
their surface functionality. They also serve as a reference for processing 
other advanced ceramics, thereby improving their integrity and 
functionality.

2. Material and methods

Fully sintered YSZ with 3 mol% Y2O3, which has a grain size of 
~500 nm was used as the workpiece. The workpiece dimensions are 
9.7 × 10.6 × 2.7 mm. The hardness, fracture toughness, and Young’s 
modulus are 12.5 GPa, 6.0 MPa m1/2, and 210 GPa, respectively. The 
workpiece has a sintered surface finish without any preprocessing, with 
a surface roughness of ~0.37 μm Ra.

Burnishing experiments were conducted on an X-Y-Z axis machine 
tool equipped with an ultrasonic vibration unit (AREUSE Ltd., Japan) on 
the Z-axis, as shown in Fig. 1a. The workpiece was fixed in a tank filled 
with oil for lubrication. Fig. 1b shows a schematic of the UVB process, 
during which the tool slides on the workpiece surface along y-direction, 
meanwhile the tool vibrates in z-direction. The vibration frequency of 
the tool was 27 kHz, and the amplitude was 2 μm. Different forces of 
50 N, 100 N, and 200 N were applied normal to the workpiece surface 
for the burnishing process, which was monitored by a piezoelectric 
dynamometer (9256C2, Kistler Co. Ltd., Switzerland). The correspond
ing burnishing depths were approximately 3.3 μm, 5.2 μm, and 6.5 μm, 
respectively. Various burnishing speeds and numbers of burnishing cy
cles were also applied during the processing. To ensure a consistent 
burnishing speed across all contact areas, the tool rotation function was 
not used. CB experiments were performed under the same processing 
parameters as the UVB ones for comparison. The detailed processing 
parameters for each experiment are listed in Table 1.

A burnishing tool made of polycrystalline diamond, having a hemi
spherical tip of 1.5 mm radius, was used for burnishing, as shown in 
Fig. 2a. A microscope image and a topographic map of the tool’s top 
surface are presented in Fig. 2b and c, respectively. SEM images of the 
tool surface at low and high magnifications are shown in Fig. 2d and e, 
respectively, for comparison with the surface of the tool after it has been 
used. Many irregular protrusions in the range of several hundred 
nanometers to several micrometers were observed on the tool surface. A 
typical surface profile of the tool, extracted along line A–A’ indicated in 
Fig. 2c, is plotted in Fig. 2f. The average roughness (Ra) and maximum 
profile valley depth (Rv) of the tool surface were 1.3 μm and 5.3 μm, 
respectively.

Fig. 1. Configuration of the burnishing experiments: (a) photograph of the experimental setup; (b) schematic of the ultrasonic vibration-assisted burnishing (UVB) 
process. After UVB processing, focused ion beam (FIB) milling was performed at the bottom of the burnished groove to create a lamella for transmission electron 
microscopy (TEM) observation.

Table 1 
Processing parameters of burnishing experiments.

Parameters Values

Burnishing force (F) 50, 100, 200 N
Burnishing speed (vc) 0.3, 3, 30, 60, 120 mm/s
Number of burnishing cycle (N) 1, 10, 20, 30
Vibration frequency (f) 0 (CB), 27 kHz (UVB)
Vibration amplitude (A) 0 (CB), 2 μm (UVB)
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After burnishing, the workpiece surfaces were observed by a scan
ning electron microscope (SEM) and measured by a white light inter
ferometer. The crystalline phase of YSZ was analyzed by a laser micro- 
Raman spectrometer. Cross-sectional observation of the workpiece 
subsurface microstructure was conducted with a transmission electron 
microscopy (TEM). The TEM lamella was prepared by a focused ion 
beam (FIB) system. Prior to this, osmium oxide layer and carbon layer 
were coated on the workpiece for surface protection. The surface 
morphology of the burnishing tool was characterized by an SEM 
equipped with energy dispersive X-ray spectroscopy (EDX) detector.

Finally, a nanoindentation device (ENT1100a, Elionix Inc., Japan) 
equipped with a diamond Berkovich indenter was used to evaluate the 
changes in surface mechanical properties after burnishing. The 
maximum applied load for nanoindentation tests was 50 mN and 1000 
mN, respectively. The loading/unloading rate for the indentation tests 
was 1 mN/s.

3. Results and discussion

3.1. Surface morphology characterization

Fig. 3a shows an overall view of the original surface of the fully 
sintered YSZ. Several protrusions, each tens of microns in size, were 
visible, along with a multitude of submicron-scale particles dispersed 
across the entire surface. These planar irregularities result from the 
growth of crystal grains during YSZ sintering. From an enlarged view, as 
shown in Fig. 3b, ultrafine grains and their grain boundaries are clearly 
observable. CB- and UVB-processed surfaces were observed on the same 
scale as the original surface. In the overall view of the surfaces after CB 
and UVB (see Fig. 3c and e, respectively), the large protrusions and small 
particles disappeared; however, many fine marks characterized by white 
lines parallel to the burnishing direction were observed on the surfaces, 

compared to the original surface (see Fig. 3a). In particular, the fine 
marks on the CB-processed surface are more numerous and pronounced 
compared to those on the UVB-processed surface. By enlarging the CB- 
processed surface (see Fig. 3d), it is evident that the grain boundaries 
disappeared, and no cracks were formed. Additionally, the fine marks 
resemble burrs, which may be caused by extrusion during burnishing 
using a tool with a rough surface profile. In contrast, upon examining the 
UVB-processed surface at higher magnification (see Fig. 3f), the for
mation of burr-like marks was less significant. By analyzing with ImageJ 
software, the burr area formed by CB accounts for 10 % of the observed 
area in Fig. 3d, while the burr area formed by UVB is reduced to 2 % in 
Fig. 3f. This may be because vibrations enhance lubrication, thereby 
reducing the extent of extrusion. In addition, unlike the CB-processed 
surface, where all grain boundaries had disappeared, some blurred 
grain boundaries were left on the UVB-processed surface. The blurred 
boundaries indicate that the material within the area tended to deform 
through compression rather than being removed, similar to observations 
in indentation [27]. Since the blurred boundary area is a narrow strip 
oriented along the burnishing direction, it may be attributed to insuf
ficient tool-workpiece contact, which is due to the combination of tool 
vibration and a rough tool surface. Increasing the burnishing cycles can 
effectively enhance the uniformity of the burnished YSZ surface.

A high-magnification image of the UVB-processed surface is shown 
in Fig. 4a. In addition to the burr-like marks, numerous periodic marks 
were imprinted on the burnished surface along the burnishing direction, 
which results from the hammering effect induced by tool vibration. 
However, these vibration marks appear randomly perpendicular to the 
burnishing direction and exhibit various shapes, as marked by the white 
lines in Fig. 4a. This phenomenon is also attributed to the rough tool 
surface, where certain irregular submicron-scale protrusions, as seen in 
Fig. 2e, impact the work material during tool vibrations. Fig. 4b displays 
a high-magnification image of the UVB-processed surface, focusing on 

Fig. 2. Characterization of the unused burnishing tool: (a) a microscope image of the side view of the tool; (b) and (c) are a microscope image and a topographic map, 
respectively, of the tool surface at the same location on the tool tip; (d) and (e) are SEM images of the tool surface at low and high magnifications; and (f) a surface 
profile of the tool extracted along line A–A’ indicated in (c).
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the boundary of the tool-work contact area. It is evident that crystal 
grains can be shaved off by the rough-surfaced tool during burnishing. 
Chips adhering to the processed surface were also observed. Thus, it can 
be inferred that during the burnishing of YSZ, at the microscopic level, 
certain local irregularities on the tool surface may act as abrasive grits, 
removing the work material in a ductile manner. Meanwhile, at the 
macroscopic level, the hemispherical tool plastically deforms the work 
material. A burnishing-to-cutting phenomenon has been observed in the 
burnishing of YSZ, which will discussed further in Section 4.1. This is 

somewhat akin to the reverse of the cutting-to-burnishing phenomenon 
observed in metal grinding [28].

3.2. Surface roughness analysis

To further analyze the deformation of YSZ caused by burnishing, the 
3D topographies of the burnished surfaces were characterized. As an 
example, Fig. 5a displays the surface after 30 cycles of UVB processing. 
Two surface profiles perpendicular to the burnishing direction 

Fig. 3. SEM images of yttria-stabilized zirconia surfaces: (a) and (b) are the overall and enlarged views of the original surface; (c) and (d) show the surface after 
conventional burnishing; (e) and (f) show the surface after ultrasonic vibration-assisted burnishing. Each burnishing test was performed under a force of 100 N, speed 
of 3 mm/s, and for 1 cycle.
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(indicated by lines A–A’ and B–B’ in Fig. 5a) were extracted and plotted 
in Fig. 5b. Additionally, the surface profiles of the burnished and 
unburnished areas, parallel to the burnishing direction (indicated by 
lines C–C’ and D–D’ in Fig. 5a), were extracted and plotted in Fig. 5c. It is 
evident from Fig. 5a that the topography of the burnished area is more 
uniform than that of the original surface, especially in areas where 
protrusions were present. Moreover, it is worth noting that the areas 
where the protrusions originally existed remained higher than other 
areas after burnishing. This suggests that the burnishing process pri
marily induces local deformation rather than material removal, unlike 
the cutting process. From this perspective, the burnishing process is 
effective for smoothing the YSZ surface without altering the macroscale 
shape of the workpiece surface. In the direction perpendicular to the 
burnishing direction, Fig. 5b shows that the profiles in the burnished 
area exhibit small and dense fluctuations without sharp peaks, which is 
distinct from those in the unburnished area where there are large and 
sparse fluctuations. Besides, it can be observed that the two profiles 
exhibit the same shape within certain parts of the burnished area, 
indicating that the tool surface profiles could be effectively replicated 
onto the workpiece surface under complete tool-work contact condi
tions. In the burnishing direction, Fig. 5c clearly demonstrates that, 
before burnishing, the surface profile exhibits numerous sharp peaks 
and valleys. After burnishing, all the sharp features of the surface profile 
have become rounded. Nevertheless, the profiles in the burnished areas 
still contain some noticeable valleys, which hinders further reduction in 
the fluctuating value of the surface profiles. This is attributed to the high 
hardness of YSZ and its limited plastic flow compared to metals, which 
prevents the protruding material from being pushed into the surface 

cavities during the burnishing process [29].
Fig. 6 compares the average roughness (Ra) of YSZ surfaces bur

nished under various conditions. To avoid interference from the tool 
surface profile, roughness measurements were taken along the 
burnishing direction. It can be seen from Fig. 6a that, after burnishing 
with a force of 50 N, the roughness decreased from its original value of 
0.37 μm Ra to approximately 0.22 μm Ra. When the force increased to 
100 N, the surface roughness reached a minimum of 0.18 μm, repre
senting a 51.4 % improvement from the original surface roughness. 
Upon further increasing the force to 200 N, however, the burnished 
surface became rougher compared to the conditions of 50 and 100 N; 
nevertheless, it remained smoother than the original surface. The phe
nomenon in which surface quality begins to deteriorate when the 
burnishing force exceeds a critical value is similar to that observed in the 
burnishing of metals [30]. This is because with a further increase in the 
burnishing force, the tool penetrates deeper into the work material; as a 
result, the tool tends to remove material by ploughing rather than 
plastically deforming it by compression [31]. It is also worth noting from 
Fig. 6a that under the same burnishing force, the UVB and CB produced 
similar surface roughness values, which differs from metal burnishing 
where UVB achieved a significantly better surface finish compared to CB 
[32]. This is supposed to be caused by the inherent properties of YSZ, 
which has ultrafine and hard grains. It has been known that grain 
boundaries are defects in the crystal structure [33], which disrupts the 
motion of dislocations through the material. The ultrafine grains, indi
cating a very high grain boundary density. Therefore, the dense grain 
boundaries intensively impede dislocation glide, limiting plastic flow 
and making it difficult for the protruding material to be pushed into the 

Fig. 4. High-magnification SEM images of the yttria-stabilized zirconia surfaces after ultrasonic vibration-assisted burnishing at different regions: (a) center of the 
tool-workpiece contact area, (b) boundary of the tool-workpiece contact area. The burnishing test was performed under a force of 100 N, speed of 3 mm/s, and for 
1 cycle.

Fig. 5. Surface topography of yttria-stabilized zirconia after ultrasonic vibration-assisted burnishing: (a) white light interferometer topographic image; (b) surface 
profile perpendicular to the burnishing direction [along lines A–A’ and B–B’ indicated in (a)]. (c) surface profile parallel to the burnishing direction [along lines C–C’ 
and D–D’ indicated in (a)]. The burnishing test was performed under a force of 100 N, speed of 3 mm/s, and for 30 cycles.
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surface cavities, even with tool vibration.
Fig. 6b depicts the influence of the burnishing speed and number of 

cycles on the surface roughness. The change in burnishing speed had no 
significant effect on the surface roughness. Previous studies have re
ported that in the grinding of YSZ, surface roughness notably decreased 
until the processing speed increased to between 40 m/s and 80 m/s 
[34]. Therefore, during the burnishing of YSZ, where the fastest 
burnishing speed is 120 mm/s, such a slow processing speed is consid
ered to result in negligible thermal effects, thereby having almost no 
impact on surface roughness. In contrast to the burnishing speed, a clear 
trend was observed where surface roughness decreased as the number of 
burnishing cycles increased. After 30 cycles, the smoothest surface was 
obtained exhibiting 0.12 μm Ra, indicating a 67.6 % reduction from the 
original surface roughness. This is thought to occur because during each 
burnishing cycle, the area of the workpiece contacted by the tool 
changes. As the tool moves repeatedly across the surface of the work
piece, it gradually forms a smooth surface by burnishing the areas that 
were either not contacted or insufficiently burnished during previous 

burnishing cycles.

3.3. Material phase analysis

Raman spectra were measured to detect phase transformations in 
burnished surfaces under different conditions. Fig. 7 plots these spectra 
and compares them with the spectrum of the original surface. All spectra 
exhibit similar features, with six main peaks located at 147, 264, 327, 
472, 613, and 636 cm− 1, respectively, as marked in the graph, indi
cating that the work material was composed of monoclinic (m) and 
tetragonal (t) phases [35]. Furthermore, a weak monoclinic doublet at 
180–190 cm− 1 was observed on the original surface. In contrast, for the 
burnished surface, the shape of the monoclinic doublet exhibits some 
changes, indicating a possible phase transformation. To quantitatively 
analyze the change of tetragonal phase to monoclinic phase, the 
monoclinic volume fraction Vm was defined using formula [36]: 

Fig. 6. Average roughness of the burnished surfaces: under various (a) burnishing forces, and (b) burnishing speeds and numbers of burnishing cycles. The blue 
dashed line and the red dashed line indicate the trends in surface roughness variation with burnishing speed and the number of burnishing cycles, respectively. UVB 
refers to ultrasonic vibration-assisted burnishing, while CB refers to conventional burnishing. The error bars represent the standard deviations from the mean values.

Fig. 7. Comparison of Raman spectra of the burnished surfaces: under (a) ultrasonic vibration-assisted burnishing (UVB) and conventional burnishing (CB) with 
various burnishing forces at a speed of 3 mm/s and for one cycle, (b) UVB with various burnishing speeds at a force of 100 N and for one cycle, and (c) UVB with 
various numbers of burnishing cycles at a force of 100 N and a speed of 3 mm/s.
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Vm =
I(181)
m + I(190)

m

2.07 × I(147)
t + I(181)

m + I(190)
m

(1) 

where I indicates the integrated intensity of the peaks. The superscript 
numbers designate the Raman shift of peaks, with subscripts m and t 
indicating the monoclinic and tetragonal phases, respectively.

Fig. 8 plots the Vm of the surfaces burnished under various condi
tions. All burnished surfaces have a smaller Vm compared to the original 
surface. In other words, the burnishing process inhibited tetragonal 
phase from changing to monoclinic phase. The mechanism of this effect 
will be discussed in Section 4.2. Notably, in one-cycle burnishing, the Vm 
changed in an unstable manner (Fig. 8a,b). This instability could be 
attributed to the rough original surface and the hard property of the 
material, which caused poor contact with the tool during the initial cycle 
of burnishing. As the number of burnishing cycles increased, both the 
average value of Vm and its deviation were significantly reduced. The Vm 
remained stable as the number of burnishing cycles increased beyond 10 
(Fig. 8c) due to the surface flattening effect. Additionally, the UVB- 
processed surface displays a higher Vm compared to CB when sub
jected to a larger burnishing force. This may be due to the tetragonal 
phase partially changing to a disordered phase under UVB, as suggested 
by TEM observations (discussed in the following subsection), which 
leads to a smaller denominator in Eq. (1).

3.4. Subsurface cross-sectional observation

The subsurface microstructure of the original workpiece, that is, the 
workpiece before the burnishing process, was first observed by cross- 
sectional TEM as a reference. A general view of the subsurface micro
structure is shown in Fig. 9a. It can be seen that many grains with 
random shapes compose the bulk. The surface profile of the workpiece 
resembles a wave, with valleys primarily at the junctions of two grains. 
The close-up views of the subsurface regions located close to and far 
from the surface are shown in Fig. 9b and c, respectively. The sizes of the 
grains are on the same scale, and the grain boundaries can be clearly 
distinguished. The electron diffraction patterns within the near-surface 
and far-surface regions show spot patterns, indicating there is no sig
nificant stress or deformation in either the surface or the interior of the 
original workpiece.

A general view of the subsurface microstructure of the workpiece 
processed by UVB is shown in Fig. 10a. The profile of the surface became 
flat due to the processing, compared to Fig. 9a. Additionally, in the 
entire subsurface region, no cracks formed after burnishing, in contrast 
to the subsurface machined by grinding [15] and cutting [12] under 
large cutting forces, where cracks were formed. The close-up view of the 
subsurface regions located close to the surface is shown in Fig. 10b. The 
original individual grains and their boundaries became invisible. A layer 
of structural change with a thickness of approximately 90 nm formed 

just beneath the surface, which was characterized by some lines parallel 
to the surface plane. The electron diffraction pattern within this layer 
tended to form a ring-like pattern, as shown in the upper left of Fig. 10f. 
This implies that burnishing results in a densified layer with grain 
refinement in the near-surface region. In contrast, in the subsurface re
gion located far from the surface, as shown in Fig. 10c, the grain 
boundaries remained clear as in the original workpiece. The diffraction 
pattern (see the upper right of Fig. 10f) displayed spot patterns, sug
gesting that the grains in this deep region remained free from defor
mation compared to the near-surface region. A magnified view of the 
densified layer is shown in Fig. 10d. Nanocrystals are clearly observed 
within this region. A high-magnification image of the nanocrystals is 
shown in Fig. 10e, which reveals that the nanocrystals have lattices 
oriented in various directions surrounded by disordered areas. This 
distinction can be observed in the fast Fourier transform (FFT) results 
shown in lower left and right of Fig. 10f, where the disordered areas and 
nanocrystals display halo rings and spot patterns, respectively. The 
lattice distance of the nanocrystal in Zone2 was calculated to be 
approximately 0.1232 nm, suggesting that the nanocrystal may have a 
tetragonal phase reflecting (104) or a monoclinic phase reflecting (330). 
The specific phase requires further identification.

Fig. 11a shows the subsurface microstructure of the workpiece pro
cessed using CB. Similar to the surface produced by UVB, no microcracks 
were observed in the entire subsurface region. The close-up view of the 
subsurface regions located close to the surface is shown in Fig. 11b. 
Unlike UVB, which generated a continuous dense layer in the near- 
surface region, CB resulted in dispersed densified zones. The diffrac
tion pattern within the near-surface region (see the upper left of Fig. 11f) 
suggests that the material underwent lattice distortion, though not as 
severe as in UVB. In other words, UVB produced a more severe plastic 
deformation than CB, resulting in a significantly denser layer. A dis
cussion of this phenomenon is provided in Section 4.2. In the subsurface 
region located far from the surface, as shown in Fig. 11c, the grain 
features were similar to those in the original workpiece. The diffraction 
pattern in the upper right of Fig. 11f presented a spot pattern, implying 
that this region was less affected by the burnishing process. A magnified 
view of the near-surface layer is shown in Fig. 11d. Some nanocrystals 
were observed within the grains just beneath the burnished surface. A 
high-magnification image of the nanocrystals is presented in Fig. 11e. 
Two different spot patterns are observed in the FFT results of the two 
typical nanocrystals, as shown in the lower left and right of Fig. 11f, 
indicating that these nanocrystals have lattices oriented in different 
directions. The variation in lattice arrangement direction for the nano
crystals may be due to inherent defects within the grains, which could 
promote diverse dislocation nucleation. Fig. 11g presents the elemental 
mapping of a typical area containing a densified zone. The atomic per
centage of elements was plotted along the white line based on the 
average within the area marked by the white dashed box. It can be seen 

Fig. 8. Change in monoclinic volume fractions of the burnished surfaces: under various (a) burnishing forces, (b) burnishing speeds, and (c) number of burnishing 
cycles. UVB refers to ultrasonic vibration-assisted burnishing, while CB refers to conventional burnishing. The error bars represent the standard deviations from the 
mean values.
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that the chemical composition in the densified zone is similar to other 
areas. These results indicate that both UVB and CB contributed to grain 
refinement in the near-surface layer without causing any chemical 
reaction.

3.5. Tool surface observation

Fig. 12a shows a SEM image of the tool surface after UVB. A bright 
area was observed in the center of the tool tip. According to EDX anal
ysis, as shown in Fig. 12d, a large amount of Zr and O elements were 
detected in the center of the tool tip, and C element filled the outer area. 

As the tool is made of polycrystalline diamond, this suggests that ma
terial removal occurred during burnishing and subsequently adhered to 
the center of the tool tip. This is consistent with the shaved-off phe
nomenon observed on the workpiece surface (see Fig. 4b). Additionally, 
the shape of the chip adhesion area is approximately circular, which 
implies that the workpiece material primarily underwent compression 
and elastic recovery as it was scratched by the tool, forming a circular 
tool-work contact area. Material removal did not occur in front of the 
tool, as in cutting, but instead took place across the entire tool-work 
contact area due to the rough surface of the tool.

Fig. 12b presents a magnified image of the tool surface outside the 

Fig. 9. Cross-sectional TEM images of the yttria-stabilized zirconia before burnishing process: (a) general view of the subsurface; (b) close-up view of the subsurface 
located close to the surface; (c) close-up view of the subsurface located far from the surface. The white dashed lines indicate the grain boundaries. Insets in (b) and (c) 
are the selected area electron diffraction (SAED) patterns of the circled areas.

Fig. 10. Cross-sectional TEM images of the yttria-stabilized zirconia processed by ultrasonic vibration-assisted burnishing: (a) general view of the subsurface; (b) 
close-up view of the subsurface located close to the surface; (c) close-up view of the subsurface located far from the surface. (d) High-magnification view of the near- 
surface region indicated in (a). (e) High-magnification view of the densified layer. (f) Selected area electron diffraction (SAED) patterns of the circled areas indicated 
in (b) and (c), and Fast Fourier transform (FFT) patterns within the boxed areas indicated in (e). The burnishing test was performed under a force of 100 N, a speed of 
3 mm/s, and for 1 cycle.
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tool-work contact area, corresponding to the areas rich in carbon ele
ments as indicated in the EDX analysis. A rough surface adhered with 
small particle-like chips was observed. In contrast, Fig. 12c shows a 
magnified view of the tool surface within the tool-work contact area. It 
was found that the chips adhering to the tool surface transformed into a 
powder-like layer due to the strong compression. Besides, within the 
tool-work contact area, some craters on the tool surface were not 
covered by chips, suggesting that these areas experience inadequate 
contact with the workpiece as a result of the rough tool surface. The 
chips adhered to the tool surface are supposed to have little impact on 
the integrity of the burnished surface. This is because, on one hand, they 
are powder with much lower hardness than the bulk material. On the 

other hand, the chips adhered to the tool are constantly wiped off during 
the machining process, while new chips continuously attach to the tool 
surface.

3.6. Surface hardness test

The hardness of the burnished surfaces was evaluated using nano
indentation tests at maximum loads (Pmax) of 50 mN and 1000 mN. 
Typical load-displacement curves under various conditions were plotted 
in Fig. 13. Under the Pmax of 1000 mN, the curves of the UVB- and CB- 
processed surfaces exhibit a similar trend, reaching a maximum pene
tration depth of approximately 1800 nm during the loading to Pmax. 

Fig. 11. Cross-sectional TEM images of the yttria-stabilized zirconia processed by conventional burnishing: (a) general view of the subsurface; (b) close-up view of 
the subsurface located close to the surface; (c) close-up view of the subsurface located far from the surface. (d) High-magnification view of the near-surface region 
indicated in (b). (e) High-magnification view of the area indicated in (d). (f) Selected area electron diffraction (SAED) patterns of the circled areas indicated in (b) and 
(c), and Fast Fourier transform (FFT) patterns within the boxed areas indicated in (e). (g) High-angle annular dark field (HAADF) image of an area containing a 
densified zone, along with the elemental mapping within the yellow rectangular box. The atomic percentage of elements was plotted along the white line based on 
the average within the area marked by the white dashed box. The burnishing test was performed under a force of 100 N, a speed of 3 mm/s, and for 1 cycle.
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Fig. 12. SEM images of the tool surface after ultrasonic vibration-assisted burnishing: (a) overall view of the tool surface. The chip adhesion mainly occurred within 
the white dashed circle. (b) close-up view of the original tool surface indicated in (a); (c) close-up view of the chip adhesion indicated in (a). (d) Elemental mapping of 
the same area shown in (a). The burnishing test was performed under a force of 100 N, speed of 3 mm/s, and for 1 cycle.

Fig. 13. Typical load-displacement curves obtained in nanoindentation tests on the original surface and the surfaces processed by ultrasonic vibration-assisted 
burnishing (UVB) and conventional burnishing (CB) under a force of 100 N, at a speed of 3 mm/s, and for 1 cycle.

Fig. 14. Comparison of changes in (a) hardness, and (b) monoclinic volume fractions of the residual indents. The ultrasonic vibration-assisted burnishing (UVB) and 
conventional burnishing (CB) tests were performed under a force of 100 N, speed of 3 mm/s, and for 1 cycle. The error bars represent the standard deviations from 
the mean values.
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Elastic recovery occurs during unloading, ultimately leaving a residual 
depth of approximately 980 nm. In contrast, the curve of the original 
surface shows a much larger penetration depth at Pmax and a larger re
sidual depth, which are approximately 1950 nm and 1150 nm, respec
tively. Under the Pmax of 50 mN, the curves for each surface during the 
loading period are consistent with those at the Pmax of 1000 mN, 
respectively. Zooming in on those curves, it can be seen that the curve of 
the original surface produces a much greater depth than the curves of 
the burnished surfaces at the beginning of the loading period, indicating 
surface hardening by the burnishing process. The curve of the UVB- 
processed surface always has a smaller penetration depth compared 
with that of the CB-processed surface under the same load, indicating 
more intensive hardening near the surface by UVB. The hardness value 
of each surface was calculated based on the load-displacement curves, 
and compared with one another, as shown in Fig. 14a. Under an 
indentation load of 50 mN, the original surface hardness was approxi
mately 13.7 GPa, while the CB-processed surface hardness increased to 
approximately 14.9 GPa, and the UVB-processed surface hardness 
reached an even higher value of approximately 16.4 GPa. In other 
words, the hardness of the surface processed with UVB increased by 
10 % compared to that processed with CB, and by 19.7 % compared to 
the original surface hardness. When the indentation load was 1000 mN, 
the original surface hardness reduced to approximately 11.9 GPa due to 
the indentation size effect. Both UVB- and CB-processed surfaces showed 
a hardness approximately 10 % higher than the original surface, but the 
hardness difference between UVB- and CB-processed surfaces was not 
significant. This suggests that the enhancement of surface hardening by 
UVB is concentrated only near the surface at shallow depths compared to 
CB, which is consistent with the observations in the subsurface cross- 
section.

To detect possible phase changes on burnished surfaces caused by 
external mechanical impacts, Raman spectra of the edges, centres, and 
planes of the residual indents produced by the nanoindentation test were 
examined, and their monoclinic volume fractions were calculated. The 
results are shown in Fig. 14b. Although the indentation deformation 
significantly increased Vm compared to the state before the indentation 
(see Fig. 8a), indicating that the indentation caused t-m phase trans
formation, the extent of the transformation on the CB-processed surface 
was smaller than that on the original surface. Moreover, after indenta
tion on the three types of surfaces, the UVB-processed surface exhibited 
the lowest t-m phase transformation.

4. Discussions

4.1. Surface morphology formation mechanism

Unlike metal burnishing, which plastically deforms the workpiece 
surface without material removal, the burnishing of YSZ involves a small 
amount of material removal, evidenced by SEM images showing grains 
being shaved off (see Fig. 4b) and the tool adhering to fine, powder-like 
chips after the burnishing (see Fig. 12c). This is due to the relatively hard 
and brittle nature of YSZ compared to workpiece materials such as 
various alloys [20,21] and stainless steel [22], as well as the rougher 
surface of the applied polycrystalline diamond tool in contrast to 
single-crystal diamond tools [25]. Although material removal occurs 
during the burnishing of YSZ, it also differs from cutting or grinding 
processes where large amounts of material are removed, resulting in 
machined surfaces closely replicating the tool path in the depth direc
tion. This distinction is evident from Fig. 5c, which shows that in the 
burnishing direction, only sharp features of the burnished surface were 
smoothed while the overall waviness remained unchanged. Addition
ally, significant elastic recovery of the workpiece material occurred 
during the burnishing, resulting in a rounded tool-workpiece contact 
area with chip adhesions present within it (see Fig. 12a).

Therefore, based on the above analysis, a model of burnishing-to- 
cutting was proposed to explain the formation mechanisms of surface 

morphology during the burnishing of YSZ, as illustrated in Fig. 15. From 
a macroscopic perspective (see Fig. 15a), due to the extremely large tool 
radius and small burnishing depth, the workpiece material in front of the 
tool flows completely downward and undergoes compression. Given the 
limited plasticity of YSZ, the compressed material mostly undergoes 
elastic recovery after the tool passes. From a microscopic perspective, 
the rough tool surface slides over the rough workpiece surface. The 
submicron-scale protrusions on the tool surface act as cutting edges, 
penetrating the workpiece material and partially removing workpiece in 
areas where there is local interference between the tool and the work
piece as the tool moves forward. This process will occur in all areas of 
contact between the tool and the workpiece, as depicted in Fig. 15b,c. 
This is similar to the abrasive wear process that takes place when a hard 
rough surface slides across a softer surface [37]. However, the front part 
of the tool (see Fig. 15b) initially tends to remove the sharp features 
from the workpiece surface to achieve a relatively smooth surface, while 
the rear part of the tool (see Fig. 15c) tends to scratch the surface already 
machined by the front part of the tool, resulting in a smoother workpiece 
surface. Furthermore, during the UVB process, the burnishing depth is 
estimated to be approximately 6 μm based on the tool radius (see Fig. 2a) 
and the width of the burnished area (see Fig. 5a). Given that the tool 
vibration amplitude is approximately 2 μm, although the central area of 
the tool is expected to be in continuous contact with the workpiece like 
in CB process, the outer areas of the tool intermittently contact the 
workpiece due to the tool vibration. As a result, the front and rear parts 
of the tool intermittently engage with the workpiece, promoting inter
face lubrication and reducing burr formation. Although certain irregular 
submicron-scale protrusions on the tool may impact the workpiece 
material as the tool vibrates, causing numerous periodic marks to be 
imprinted along the burnishing direction, the overall surface quality 
produced by UVB is better than that produced by CB.

4.2. Subsurface structural evolution mechanism

The tetragonal phase of YSZ tends to transform into the monoclinic 
phase under high tensile and shear stress conditions involving uncon
strained volume expansion [38] or under uniaxial tensile and 
compressive loads, while hydrostatic tensile and compressive loadings 
do not [39]. The cyclic indentation of YSZ revealed that the extent of the 
t-m phase transformation varies at different locations within the residual 
indents [27]. The region beneath the indent plane, dominated by shear 
stress, exhibited the highest Vm, whereas the region beneath the indent 
centre, dominated by hydrostatic compressive stress, showed the lowest 
Vm. In contrast, during the burnishing process, the burnishing tool 
makes contact with the workpiece over a large area. This contact ge
ometry enhanced the hydrostatic compressive stress and constrained the 
volume change of the material. Hence, the structural changes induced by 
burnishing differ significantly from those caused by cutting and inden
tation, where a sharp tool/indenter is used. In the latter, the shear stress 
produced by the sharp edge/tip dominates the material removal and 
deformation. Consequently, the monoclinic volume fraction of the 
burnished surface decreased, whereas that of the cut surface increased 
[12].

A combination of high compressive and shear stresses in burnishing 
process causes intensive dislocation initiation/growth in the material, 
resulting in grain refinement in the near-surface region, as shown in the 
schematic model in Fig. 16a. The residual compressive stress in the 
grain-refined layer after burnishing further increased surface hardness 
and additionally inhibited monoclinic phase formation by restricting 
volume expansion [40]. Furthermore, in UVB, the ultrasonic vibration 
induces a hammering effect that periodically impacts the refined layer, 
causing material densification, which further enhances the compressive 
stress and surface hardening, as shown in Fig. 16b. This is a hybrid effect 
of burnishing and ultrasonic impact, which generates a hardened layer 
on the workpiece surface with a strong resistance to external loads and 
mechanical damage Therefore, the UVB process could provide 
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advantages in strengthening the subsurface of YSZ in terms of phase 
transformation and hardness compared to diamond turning [27] or 
abrasive machining [41], although it cannot achieve as good surface 
roughness as the latter processes. Sandblasting, etching, and laser 
treatment have been used for the surface modification of YSZ [42]. 
These methods effectively modify surface topography but do not induce 
significant compressive stress. Therefore, burnishing is superior to these 
methods for modifying the subsurface microstructures, which may be 
helpful in those YSZ parts used in heavy-duty applications. Additionally, 
since burnishing mainly relies on compression deformation rather than 
material removal, it produces little waste. It is an economical and 
environmentally sustainable technique for modifying YSZ parts.

Moreover, it is important to note that the ageing of YSZ, a sponta
neous time-dependent degradation related to the t-m phase 

transformation, inevitably occurs, especially when exposed to water or 
water vapor. As ageing progresses through the ceramic surface and 
subsurface, it may promote the formation of microcracks in areas 
neighbouring the grains and even cause grain detachment/pullout, 
thereby increasing surface roughness, which negatively impacts the 
strength and fracture toughness of fabricated YSZ parts [43]. Since it has 
been found that a compressive residual stress layer in the top surface of 
the workpiece is beneficial for ageing resistance [44], processing the 
YSZ surface with UVB may decrease its susceptibility to ageing.

5. Conclusions

Ultrasonic vibration-assisted burnishing (UVB) was performed on 
yttria stabilized zirconia (YSZ) under various conditions and compared 

Fig. 15. Schematic of the formation mechanism of surface morphology in burnishing process: (a) Macroscopic burnishing. (b) Microscopic multi-point cutting at the 
front part of the tool. (c) Microscopic multi-point cutting at the rear part of the tool. In (b) and (c), the black solid lines are the tool surface profiles. The grey dashed 
lines are the workpiece surface profiles before the tool contacting. The grey solid lines are the workpiece surface profiles not in contact with the tool. The white 
dashed lines are the workpiece surface profiles during the tool contacting, which align with the black solid tool surface profiles. Therefore, during the tool-work 
contact, the areas of interference between the tool and the workpiece, which lie between the grey dashed line and the black solid line, tend to be removed by 
the tool. After tool-work contact, the areas in the workpiece that interferes with the tool are partially removed, while the remaining areas exhibit elastic recovery.

Fig. 16. Mechanisms of subsurface microstructural evolution in ultrasonic vibration-assisted burnishing: (a) schematic model showing the grain refinement of yttria- 
stabilized zirconia (YSZ) under compressive/shear stresses applied by a blunt tool; and (b) flowchart of the effects of burnishing and ultrasonic vibration factors on 
the subsurface microstructural evolution.
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with those results obtained through conventional burnishing (CB). 
Mechanisms of surface morphology formation and subsurface micro
structure evolution during burnishing were revealed by characterizing 
both the surface morphology and subsurface microstructure of the 
workpiece, as well as tool conditions. Nanoindentation tests were per
formed on burnished surfaces to verify hardening effect on YSZ. The 
resulting subsurface damages were also characterized. The following 
conclusions can be drawn:

(1) Surface roughness decreased with more burnishing cycles and 
higher burnishing force, while it was less affected by the 
burnishing speed. However, if the burnishing force exceeded a 
critical value, the surface quality began to deteriorate due to the 
ploughing effect caused by the increased burnishing depth. After 
30 cycles of burnishing at a force of 100 N, the surface achieved a 
smoothness of 0.12 μm Ra, resulting in a 67.6 % reduction in 
roughness compared to the original sintered surface.

(2) Macroscopic burnishing and microscopic multi-point cutting 
collectively contribute to surface smoothing in the burnishing of 
YSZ, resulting in a finish that is not only far better than the tool’s 
surface roughness but also significantly smoother than the orig
inal workpiece’s surface roughness. The microscopic cutting in
volves material removal by shaving off with the rough surface of 
the tool.

(3) The burnishing-induced compressive stress and material densifi
cation could suppress the formation of the monoclinic phase 
during the processing of YSZ. UVB produced a hammering effect 
that further enhanced subsurface residual stress and grain 
refinement area, and led to a continues densification zone within 
the top of the grain refinement layer.

(4) Significant surface hardening occurred after UVB due to the grain 
refinement. The grain refinement layer resulted in an increased 
surface hardness of up to 19.7 % compared to the original surface 
when subjected to a maximum 50 mN indentation load.

(5) The UVB-processed surface demonstrated strong resistance to 
subsequent indentation damage, exhibiting minimal tetragonal- 
to-monoclinic phase transformation in the residual indents 
compared to the original and CB-processed surfaces.

The results of this study demonstrated new possibilities for 
improving the surface quality and subsurface property of YSZ in one step 
by UVB, which is expected to contribute to the future manufacturing of 
YSZ products with enhanced surface functionality. Nevertheless, due to 
its hard and brittle properties, the current burnishing techniques for 
metals cannot efficiently process YSZ. Further work on controlling 
processing conditions to reduce variability in surface integrity is needed. 
Additionally, a statistical investigation of burnishing characteristics of 
YSZ is required.
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[40] Muñoz-Tabares, J.A., Jiménez-Piqué, E., Reyes-Gasga, J., Anglada, M., 2012. 
Microstructural changes in 3Y-TZP induced by scratching and indentation. J. Eur. 
Ceram. Soc. 32, 3919–3927.

[41] Minguela, J., Ginebra, M.P., Llanes, L., Mas-Moruno, C., Roa, J.J., 2020. Influence 
of grinding/polishing on the mechanical, phase stability and cell adhesion 
properties of yttria-stabilized zirconia. J. Eur. Ceram. Soc. 40, 4304–4314.

[42] Soon, G., Pingguan-Murphy, B., Lai, K.W., Akbar, S.A., 2016. Review of zirconia- 
based bioceramic: surface modification and cellular response. Ceram. Int. 42, 
12543–12555.

[43] Chevalier, J., 2006. What future for zirconia as a biomaterial? Biomaterials 27, 
535–543.

[44] Deville, S., Chevalier, J., Gremillard, L., 2006. Influence of surface finish and 
residual stresses on the ageing sensitivity of biomedical grade zirconia. 
Biomaterials 27, 2186–2192.

W. Huang et al.                                                                                                                                                                                                                                 Journal of Materials Processing Tech. 333 (2024) 118586 

14 

http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref26
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref26
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref27
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref27
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref27
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref28
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref28
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref28
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref29
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref29
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref29
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref30
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref30
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref30
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref31
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref31
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref31
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref32
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref32
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref32
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref33
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref33
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref33
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref34
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref34
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref35
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref35
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref35
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref36
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref36
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref37
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref37
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref37
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref38
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref38
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref38
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref39
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref39
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref39
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref40
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref40
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref40
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref41
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref41
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref41
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref42
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref42
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref42
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref43
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref43
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref44
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref44
http://refhub.elsevier.com/S0924-0136(24)00304-2/sbref44

	Surface morphology formation and subsurface microstructure evolution of zirconia in ultrasonic vibration-assisted burnishing
	1 Introduction
	2 Material and methods
	3 Results and discussion
	3.1 Surface morphology characterization
	3.2 Surface roughness analysis
	3.3 Material phase analysis
	3.4 Subsurface cross-sectional observation
	3.5 Tool surface observation
	3.6 Surface hardness test

	4 Discussions
	4.1 Surface morphology formation mechanism
	4.2 Subsurface structural evolution mechanism

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References




