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Abstract
Microtextured surfaces, such as those with groove, hole, or protrusion structures, are widely used in various industries for 
bonding dissimilar materials because of their anchor effect, which enhances adhesion and penetration with other materials. 
Although surfaces with grooves and protrusions are expected to show higher bonding strength, it is difficult to fabricate such 
hybrid structures using a material removal process or additive manufacturing. This study established a new burnishing method 
using a tool with preformed microgrooves at the tip to fabricate groove-with-protrusion structures on metal surfaces by plastic 
deformation. The tip of a ball-shaped polycrystalline diamond (PCD) tool was irradiated with a femtosecond pulsed laser to 
generate multiple trapezoid ten-micron scale grooves. Burnishing was then conducted on an oxygen-free copper surface to 
investigate the characteristics and mechanism of the burnishing-induced plastic deformation behaviors. The results showed 
that protrusions and grooves, which were several tens of micrometers in height and depth, were simultaneously produced 
along the tool path on the material surface. Tool sliding on the workpiece induced shear stress, which mainly triggered 
dislocation movement and plastic deformation enhancement. Cross-sectional observation revealed that grain elongation 
and refinement remarkably increased with the burnishing depth, indicating that the shear stress from burnishing produced 
refined grains that flowed and formed the protrusions. This research demonstrates the feasibility of a highly efficient method 
for simultaneously generating groove-with-protrusion structures with enhanced surface properties.

Highlights

1. Protrusions and grooves were alternately and simultane-
ously formed on the workpiece due to the plastic flow of 
the material.

2. The compressive stress induced by the normal force and 
the shear stress induced by the tangential force promoted 

plastic flow, increasing the groove depth and protrusion 
height.

3. Crystal grains were elongated and refined by the motion 
of dislocations activated by shear stress on the groove 
surface and flowed to form a protrusion.
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1 Introduction

Microtextured surfaces have been gaining much attention 
due to their ability to enhance surface functionality in vari-
ous materials. Much research has reported the effects of 
microstructures, such as controllable wettability [1], improv-
ing corrosion resistance [2], and interfacial adhesiveness 
[3]. Numerous shape patterns, including grooves [1], grids 
[4], and protrusions [5], have been created depending on 
the required features. Therefore, surface structure is one of 
the crucial factors in determining the service performance 
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of components. Among these properties, the utilization of 
controllable adhesiveness to directly join dissimilar mate-
rials has received great interest. Direct bonding is one of 
the typical jointing techniques to incorporate polymers on 
metallic components through microstructures without using 
any adhesives or screws. Especially in the automotive and 
aeronautical industries, the combination of different materi-
als is often adopted to reduce weight and the number of parts 
in structural components, such as electronic packages and 
automobile interiors.

The adhesion control by surface topography, namely, the 
anchoring effect, has been observed in various geometries. 
For example, cavity shapes, such as grooves, on metallic 
components act as pockets into which the polymer penetrates 
and solidifies [6, 7]. Also, the shapes sticking out from the 
material surface, e.g., protrusions on the metal side, can 
puncture the plastic side and provide greater strength against 
the forces applied to the bonding interface [5]. When only a 
groove shape is used, the shear stress is concentrated in the 
polymer, making joint strength highly dependent on the pol-
ymer’s properties. By contrast, metal protrusions penetrating 
the polymer distribute the shear stress across both materials 
to mitigate fractures. Thus, hybrid structures with two dif-
ferent kinds of microstructures, i.e., groove-with-protrusion 
structures, are expected to show better bonding strength and 
offer significant advantages for applications where the poly-
mer used has a low fracture toughness.

Although numerous methods exist for creating single 
kinds of structures, the literature on fabrication methods for 
hybrid structures is limited. Groove structures are conven-
tionally created by material removal processes, such as cut-
ting [8], laser processing [3], and etching [9]. Meanwhile, 
protrusions can be formed by additive manufacturing [10]. 
However, material removal can only create structures mainly 
in the area below the base metal, and additive manufactur-
ing can only provide protrusions in the area above the base 
metal, it is difficult to create both structures in a single pro-
cess. Although a protrusion shape can be formed by shav-
ing the entire base material during removal processes, low 
machining efficiency remains a severe problem. Therefore, 
an alternative method is required to fabricate this hybrid 
structure easily and efficiently in a single process.

One promising approach is the burnishing process, a 
surface modification technique that compresses the mate-
rial surface with a ball or roller tool to plastically deform 
the material [11, 12]. The applied pressure induces localized 
plastic deformation during the process. Owing to the larger 
diameter of the tool compared with the burnishing depth, the 
material undergoes deformation without removal. This phe-
nomenon is generally called the plowing effect. The amount 
of strain applied to the material can be controlled by opti-
mizing the burnishing depth, tool speed, and tool diameter, 
resulting in surface smoothing, improved wear resistance 

[13], residual compressive stress, and grain refinement 
on the topmost surface [14], which enhances the surface 
strength.

Previous studies applied this plastic deformation method 
for fabricating microtextured surfaces [15, 16]. They utilized 
the plastic flow of material on both sides of the tool trajec-
tory and the formation of a pile-up. However, their tool was 
a ball shape, and only one groove could be formed per bur-
nishing pass, resulting in poor processing efficiency. Thus, 
the use of a tool with a pregrooved tip would be a practical 
approach to fabricate multiple grooves and protrusions in 
one path of burnishing. Similar studies reported the efficient 
creation of microgroove surfaces in batches by cutting with a 
grooved tool [17]. When a tool with multiple microgrooves 
at the tip is used for burnishing, the material is expected to 
flow inside the tool grooves to form protrusions. Further-
more, plastic deformation causes grain refinement inside the 
workpiece, leading to the formation of a hybrid structure 
with high hardness. Since the tool is usually mounted and 
controlled on a lathe, localized machining and machining of 
3-D surfaces can also be performed. Thus, this new method 
shows high potential for fabricating functional groove-with-
protrusion structures with high efficiency. However, the 
related fundamental deformation behaviors and mechanisms 
are still unknown.

Owing to the considerable deformation resistance dur-
ing burnishing, the tool material requires high hardness. 
Polycrystalline diamond (PCD) is a suitable burnishing 
tool material, which is made by sintering diamond particles 
with a binder, such as cobalt, under high temperature and 
pressure. It does not exhibit cleavage properties as opposed 
to monocrystalline diamond, thus preventing chippings and 
fractures when used in compressive plastic deformation. 
Various approaches are available for fabricating microstruc-
tures on PCD, but each method has its limitations and dis-
advantages. For instance, a focused ion beam [18] requires 
a long processing time, and electrical discharge machining 
causes diamond particle graphitization inside the material 
at temperatures above 700 °C due to the heat effect on the 
surface [19], potentially compromising the hardness of the 
PCD tool. By contrast, an ultrashort pulsed laser has been 
reported to suppress the thermal effect on the workpiece 
[20]. Thus, this study used a femtosecond pulsed laser to 
fabricate microgrooves on a PCD tool.

To investigate the characteristics and effectiveness 
of this new processing method, the plastic deformation 
behavior of the workpiece under forces applied in each 
axial direction must first be clarified. However, the analy-
sis of such phenomenon in burnishing is complicated 
because the contact area between the tool and workpiece 
changes constantly, depending on the rise of the mate-
rial in front of the tool, the elastic recovery of the mate-
rial behind the tool, and the plastic flow in each direction. 
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Therefore, two experiments were carried out to separately 
analyze the forces exerted by the tool on the material in 
each direction and their effects on the plastic deformation. 
The first was an indentation experiment in which the tool 
was moved only in the Z direction to investigate the shape 
formed on the workpiece surface by normal force. The 
second was a burnishing experiment in which the tool was 
advanced in the X direction from the indentation state.

In this research, microgrooves were fabricated on the 
tip of a PCD tool by femtosecond pulsed laser irradia-
tion. Indentation and burnishing experiments were then 
carried out using the laser-engineered tool. The effects 
of compression and shear deformation caused by the tool 
motion were evaluated by comparing the results of the two 
experiments. Differences in processed surface morphology 
and subsurface microstructural changes were also inves-
tigated. The tool surface was observed after indentation 
and burnishing experiments to examine its topographical 
changes, and the characteristics and mechanism of plastic 
deformation behavior during the process were identified. 
This study aims to provide a cost-effective fabrication 
method for groove-with-protrusion structures on metals.

2  Experimental Procedures

2.1  Fabrication of Laser‑Engineered Tool

For laser-grooved tool fabrication, a femtosecond pulsed 
laser was irradiated onto the tip of a burnishing tool. The 
tool has a hemispherical shape at the tip, which is made of 
PCD, and the base material is tungsten carbide (Fig. 1a). As 
shown in Fig. 1b and the cross-sectional profile in Fig. 1c, 
the original surface area was smooth. In the close-up view 
of the tip in Fig. 1b, the area inside the white dashed line 
(500 µm diameter) is the region that contacts the workpiece 
during the experiment. Therefore, laser processing must be 
applied to the entire area within this circle.

Figure 2 shows the experimental setup of the femtosecond 
pulsed laser system (PHAROS-08–600-PP, manufactured by 
Light Conversion, Lithuania). The laser beam energy distri-
bution is Gaussian, and the beam polarization is linear. As 
shown in Fig. 3a, the center of the PCD tool tip was aligned 
with the laser focus position. The laser was scanned by a gal-
vanometer scanner in the X and Y directions so that grooves 
were machined at the position indicated by the white arrows. 
Each groove was fabricated at a scanning width of 40 µm 

Fig. 1  Original PCD tool: a overall view; b SEM image; c surface 
profile

Fig. 2  Experimental setup for femtosecond pulsed laser irradiation

Fig. 3  Laser scanning path for fabricating grooves at the tip of the 
tool: a overall view of the scanning path on the tool tip; b enlarged 
view of the scanning path for a single groove
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and a hatch width of 8 µm (Fig. 3b). The tool groove width 
was set to more than 40 µm, much larger than the work-
piece’s average grain size of 9.2 µm, to prevent plastic flow 
obstruction caused by collisions between grain boundaries 
and tool groove edges during burnishing. Laser scanning 
was conducted 40 times. The experimental conditions of 
laser irradiation are presented in Table 1.

After laser irradiation, the tool surface was observed 
using a field emission scanning electron microscope (FE-
SEM). Figures 4a and b show the overall images of the PCD 
tool tip after laser irradiation. Every groove had microtex-
tures at the bottom and the nanometer-scale stripe patterns 
on its side parts due to the influence of laser processing 
(Fig. 4c). Figure 4d displays the high-magnification image 
of one groove with formed edges. Microscopic irregularities 
were observed on the bottom surface of every groove. Dur-
ing burnishing, these rough structures will capture materials 
when the bottom of the groove surface comes in contact with 
the workpiece. To mitigate the severe adhesion of materials 
due to frictional contact with the workpiece during burnish-
ing, this study set the burnishing depths to be smaller than 
the tool groove depth.

Twenty-six trapezoidal grooves were fabricated, of which 
four positioned at y = − 120, − 40, 40, 120 µm were in the 
contact region. Figure 5 indicates the variation of depth and 
width of each groove along the X direction. As shown in 
Fig. 5a, the groove depth remained constant along the X 
direction for all grooves. By contrast, Fig. 5b indicates that 
the groove width was greater near the center of the tool but 
narrowed by approximately 8 µm at the edges of the contact 
region. This variation is presumably due to a height differ-
ence of approximately 14 µm between the center and edge 
regions. The laser focus point was adjusted at the center of 
the tool surface, causing a difference in groove width. This 
PCD tool was used throughout the experiments.

2.2  Burnishing and Indentation Experiments

Oxygen-free copper was chosen as the workpiece material 
for burnishing and indentation experiments. The workpiece 
dimensions are 15 × 15 × 3 mm. The workpiece used in the 

indentation experiment was prepolished. For the burnishing 
experiments, which involves tool movement in the X direc-
tion, surface flattening by an ultraprecision cutting machine 
was performed on the workpiece beforehand to reduce 
processing errors from surface inclination. The Young’s 

Table 1  Laser irradiation conditions

Laser medium Yb:KGW

Wavelength [µm] 1028
Pulse width [fs] 256
Spot diameter [µm] 16
Repetition rate [kHz] 100
Laser fluence [J/cm2] 2.0
Scanning speed [mm/s] 60
Number of irradiations 40

Fig. 4  SEM images of the tool surface after laser irradiation: a top 
view; b side view; c enlarged view of grooves; d enlarged view of the 
inside of a single groove

Fig. 5  Variation in a depth and b width of grooves formed around y = 
− 120, − 40, 40 and 120 μm
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modulus, yield stress, and tensile strength are 117 GPa, 200 
MPa, and 230 MPa, respectively.

Figure 6a shows a diagram of the burnishing system. 
The tool was attached perpendicular to the workpiece, 
which was fixed on the stage using wax, and the tool 
groove was adjusted to be parallel to the X direction. 
Figure 6b demonstrates the diagram of the two experi-
ments: first is when the tool was moved only in the Z 
direction as indentation, and second is when it was slid 
6 mm in the X direction for burnishing. The burnishing/
indentation depths were 9, 15, and 23 µm. Oil was used 
for lubrication to avoid material adhesion to the tool sur-
face. The detailed parameters for each experiment are 
summarized in Table 2. Forces applied by tool move-
ment were monitored using a piezoelectric dynamometer 
(9256 C2, Kistler Co., Ltd., Switzerland) throughout 
the experiments. After both experiments, the burnished 
groove-with-protrusion structures were observed using 
FE-SEM. The cross-sectional profiles were measured by 
scanning white light interferometry, and microstructural 

changes in subsurface layers were characterized by elec-
tron backscatter diffraction pattern analysis. Furthermore, 
the tool surface condition after burnishing was verified by 
SEM and energy dispersive X-ray spectroscopy. 

3  Results and Discussion

3.1  Surface Morphology of the Workpiece After 
Burnishing

Figure 7 shows the overall workpiece surface and magnified 
images of the workpiece when burnishing was performed at 
three different burnishing depths. Protrusions and grooves 
were formed alternately and continuously along the X direc-
tion and uniformly generated in line with the groove gap on 
the tool. No chips were observed during burnishing, indicat-
ing that these surface microstructures were formed through 
plastic deformation. In the enlarged views in Fig. 7d, e, and 
f, the bottom surface of the grooves exhibited streaks parallel 
to the tool movement direction, suggesting the occurrence of 
sliding contacts between the tool groove surface and work-
piece. This surface morphology is similar to that achieved 
with conventional ball or roller burnishing.

By contrast, pile-ups containing shear zones were ran-
domly observed on both sides of the protrusion surface. 
Given that the preflattened surface remained at the center 
of the protrusion, the inference is that no contact occurred 
between the surface and the bottom of the tool, indicating 
that these structures were formed solely through plastic flow.

Based on the above results, it can be deduced that the 
grooved tool initially glides over the workpiece during 
burnishing, effectively smoothing the central region of the 
grooves. The workpiece material then flowed into the tool 
groove by plastic flow and was deposited, leading to pile-
ups at both ends of the protrusion. It is worth noting that 
irregularities on the protrusion surface displayed significant 
nonuniformity. One possible reason for this phenomenon is 
the effect of the crystallographic orientation of polycrys-
talline copper. The randomly oriented crystal grains inside 
the workpiece caused different slip plane directions, which 
resulted in variations in the direction of slip deformation 
under applied forces [21]. This lack of uniformity influenced 
the plastic flow’s height and orientation, leading to irregu-
larities on the top surface of protrusions. Another reason 
could be the slight misalignment between the tool groove 
direction and the X-direction of the stage. If the tool groove 
orientation is precisely controlled in the experimental setup, 
the unevenness of the protrusions can be minimized, allow-
ing for the fabrication of uniform structures. This misalign-
ment of tool direction will result in changes to plastic flow 
and deviations of groove depth and protrusion height within 

Fig. 6  Schematics of a burnishing system and b indentation and bur-
nishing experiments

Table 2  Experimental parameters used in the burnishing and indenta-
tion tests

Indentation Burnishing

Burnishing/indentation depth [µm] 9, 15, 23 9, 15, 23
Speed (Z-direction) [mm/s] 0.05 0.05
Speed (X-direction) [mm/s] – 2.0
Environment Dry With oil
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several micrometers. Nevertheless, these changes have a 
minimal impact on structural functionality because the over-
all structure size is several tens of micrometers.

3.2  Comparison of Burnishing and Indentation 
Results

The surface morphology and cross-sectional profiles of the 
workpiece were compared after burnishing and indenta-
tion experiments to investigate the effect of tool movement 

Fig. 7  SEM images of the burnished surfaces under a burnishing depth of a 9 µm, b 15 µm, c 23 µm; d–f corresponding close-up views of the 
surface regions for each burnishing depth
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changes on the plastic flow of the material. Figure 8a and 
d show the overall and enlarged views of the workpiece 
for each experiment under a burnishing/indentation depth 
of 15 µm. Although protrusions and grooves were formed 
continuously in both experiments, the bottom parts of the 
grooves and the topmost surfaces of the protrusions dif-
fered significantly. As shown in Fig. 8b and e, the material 
surface exhibited the same morphology as the tool surface 
during indentation, while the groove surface in burnishing 
consisted of a smoothed central part and side parts with 
machining marks generated by friction against the lateral 
area of the tool groove. Moreover, Fig. 8c illustrates that the 
prepolished surface remained on the protrusion area after 
indentation, and no pile-ups occurred, unlike in Fig. 8f. 
Figure 9 displays the cross-sectional profiles of the work-
piece surface. The groove depth increased by 43% to 51% in 
burnishing compared with that in indentation. Additionally, 
while the protrusion in the indentation remained flat with a 
height of approximately 4 µm, in burnishing, one side of the 
protrusion rose to a maximum height of 18.2 µm, and the 
protrusion width decreased.

In the indentation experiments, only normal force was 
applied from the tool to the material, causing the expansion 

of compressive stress inside the workpiece in three dimen-
sions and leading to flow in the XY-plane direction. Mean-
while, frictional forces were generated as the tool moved in 
the X direction during burnishing, thus applying shear stress 
inside the material and accelerating the plastic flow.

A previous study reported that polymer–metal bond-
ing was successful when the microstructure aspect ratio 
exceeded 0.1, but structures with aspect ratios below 0.1 
rarely bonded [20]. In the present work, the fabricated 
microstructures exhibited aspect ratios ranging from 0.2 to 
0.4 across all burnishing depths, which is expected to be 
sufficient for polymer–metal direct bonding. Although the 
aspect ratio differed between the center and edges of the bur-
nished area, uniform groove-with-protrusion structures can 
still be achieved by adjusting the tool path with the groove 
pitch and overlapping passes during large-area processing. 
In addition, most microstructures used in direct bonding are 
1–100 µm in size, with deviations of only a few microns 
reported in many studies. Therefore, the proposed method 
meets this processing accuracy requirement.

The proportion of the workpiece material that was com-
pressed inward and the proportion that flowed upward were 
calculated to analyze the amount of material flow. With A 
as the cross-sectional area that protrudes above the original 
surface of the workpiece and B as the cross-sectional area 

Fig. 8  SEM images of surfaces: a indentation, depth 15 µm; b and c 
are close-up views of the regions indicated in (a); d burnishing, depth 
15 µm; e and f are close-up views of the regions indicated in (d)

Fig. 9  Cross-sectional profiles of surfaces after a indentation and b 
burnishing
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that is void at the bottom, A/B represents the proportion of 
the workpiece that is raised from below to above through 
plastic flow. The calculation results were 99.6%, 99.1%, 
and 73.2% under burnishing depths of 9, 15, and 23 µm, 
respectively. The results indicate that at 9 and 15 µm bur-
nishing depths, almost all the workpiece material flowed. 
Meanwhile, around 27% of the copper was compressed into 
the groove rather than flowing into the protrusion at a bur-
nishing depth of 23 µm.

The forces applied by the tool movement were analyzed to 
further investigate the relationship between tool movement 
and plastic deformation for each burnishing depth. Figure 10 
is a schematic of the forces occurring in each direction dur-
ing the experiments. The normal force ( Fx ), tangential force 
( Fz ), and angle of total force ( � ) are indicated in Fig. 11a. 

With an increase in burnishing depth, both forces progres-
sively grew and � incrementally rose. This finding indicates 
that the total force showed a gradual upward inclination 
toward the front of the tool. This inclination of total force 
generated increasingly high protrusions as the burnishing 
depth increased from 9 µm to 15 µm. In addition, large 
burnishing depths led to an expansion of the contact area 
between the tool and the material. Under a burnishing depth 
of 23 µm, the cross-sectional profile revealed the predomi-
nance of compression under the material surface despite the 
increased shear force. This phenomenon may be attributed 
to the enlarged contact area, which facilitates the entrap-
ment of a large amount of material beneath the tool surface. 
As a consequence, the plastically deformed material is sig-
nificantly distorted under elevated pressure, and the upward 
material flow is lessened.

Figure 11b shows the comparison of total forces between 
indentation and burnishing. Total force refers to the result-
ant force of Fx and Fz in burnishing and the normal force in 
indentation. In all the experiments, the total force in bur-
nishing was consistently smaller than that in indentation. In 
accordance with Newton’s third law, this finding indicates 
a reduction in the deformation resistance subjected to the 
tool by the workpiece. The sliding motion of the tool in the 
X direction caused a decrease in contact area compared with 
that during indentation. As a consequence, the applied pres-
sure increased, and the induced shear strain facilitated the 
flow of the material from the front to the lateral sides of the 
tool groove. This phenomenon may contribute to the forma-
tion of larger grooves and protrusions. Therefore, groove-
with-protrusion structures can be formed by two types of 
material deformation: the workpiece material is extruded 
by compression in the normal direction and flows laterally 
from the front of the tool due to shear stress. Based on the 
above results, the plastic flow behavior of the workpiece is 
significantly influenced by shear stress in burnishing, which 
makes this approach practical for fabricating groove-with-
protrusion structures with smaller tool stress.

3.3  Subsurface Microstructural Changes After 
Burnishing

Cross-sectional observations and local strain distribution 
measurements were conducted to further investigate the 
plastic flow in the subsurface layer of the workpiece. Fig-
ure 12 shows the IPF and KAM maps of the groove cross-
sections at different burnishing depths. In Fig. 12a1 and 
a2, the colloidal silica from polishing (sample preparation) 
remained at the edges of the groove, preventing the observa-
tion of the groove sidewalls, and only the groove bottom was 
visible. The blue dashed line indicates the top surface of the 
workpiece. The linear striations in each image were gener-
ated during the cross-sectional preparation of the workpiece 

Fig. 10  Schematic of the forces in each direction that occurred during 
burnishing experiments

Fig. 11  a The amount of normal and tangential force during the bur-
nishing experiments; b comparison of total forces of indentation and 
burnishing experiments
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through polishing. The residual effects of polishing were 
evident in oxygen-free copper, which is a ductile material. 
Given that these striations were uniformly distributed across 
the observed regions, their influence on the comparative 
analyses of different sections is considered negligible.

Figures 12a1, b1, and c1 indicate that the grain refinement 
near the top surface became significant with the increas-
ing burnishing depth. The average grain size on the surface 
decreased from 9.2 µm (before the experiment) to 1.3 µm 
under a burnishing depth of 23 µm. As shown in Fig. 12c1, 
some elongated grains were observed beneath the refined 
grains, perpendicular to the tool motion. Figures 12a2, b2, 
and c2 also reveal that the dislocations inside the deforma-
tion layer increased in density and depth with the increasing 
burnishing depth. This finding indicates that the dislocations 
were composited by the shear stress generated by the tangen-
tial forces. Given that the workpiece was a polycrystalline, 
these dislocations accumulated near the grain boundaries. 
Therefore, the grains in the subsurface layers were likely 
elongated by tool loading and then divided into fine grains. 
Since sub-crystalline grain boundaries are formed when the 
dislocation density reaches a certain degree, grain elongation 

and refinement presumably occurred due to dislocation 
movement [14].

Figure 13 indicates the grain size distribution at the top-
most surface of the original workpiece and the workpiece 
after the experiments under burnishing depths of 15 and 
23 µm. The results demonstrated that the grain size tended 
to be decreased as the burnishing depth increased. Plastic 
deformation was less likely to occur on the topmost surface 
when the grain boundary increased due to this refinement. 
Therefore, since materials containing fine grains have high 
strength, the groove-with-protrusion structures formed by 
burnishing are high-strength surfaces composed of refined 
grains. This grain refinement is particularly important in 
direct bonding, where microstructures on the metal are sub-
jected to shear stress. Since it is challenging to achieve these 
microstructural changes through microfabrication using 
other material removal processes or additive manufacturing, 
burnishing offers an advantage for fabricating microstruc-
tures with high strength.

The internal structural changes in protrusions and grooves 
were compared. Figure 14 shows the IPF and KAM maps of 
the protrusion at a burnishing depth of 15 µm. Figures 14b1 
and c1 reveal that on the groove surface, the deformation 
layer reached a size of approximately 20 µm from the top 
surface. Meanwhile, it was only 4–5 µm on the protrusion 
surface. Grain shape analysis showed that fine grains were 
observed near the top of the protrusion, even though the 
protrusion was not in contact with the tool surface. The inner 
part of the pile-up observed at both ends of the protrusion 
was composed of fine grains, the amount of which decreased 
toward the center. This result indicates that some of the elon-
gated and refined grains, formed due to compression and 
shear stress by the tool movement, flowed inside the tool 

Fig. 12  IPF and KAM mappings of the bottom of burnished groove 
surfaces under a burnishing depth of a 9 µm, b 15 µm, and c 23 µm

Fig. 13  Comparison of grain size distribution at the topmost surface 
of the grooves
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groove and formed protrusions. A comparison of dislocation 
densities in Fig. 14b2 and c2 also indicates that the protru-
sion formation was due to the dislocation movement inside 
the subsurface layer of the workpiece. These observations 
reveal the basic formation mechanism of grooves and protru-
sions during burnishing with a grooved tool.

3.4  Tool Surface Topographical Changes

The surface condition of the tool after burnishing was inves-
tigated. In general, the contact area between the tool and 
workpiece during burnishing is larger than that during other 
machining processes, causing friction and the adhesion of 
the workpiece material to the tool surface. Figure 15 shows 
the SEM images of the tool surface, and Fig. 16 shows the 
elemental mapping image of the top surface of the groove. 
Copper adhered to the irregularities of the top surface of the 
groove. These irregularities existed before laser irradiation, 

caused by the PCD structures made by diamond particles 
hardened with cobalt as a binder. If a tool with small surface 
roughness is utilized, then the amount of adhesion will be 
reduced. In addition, copper adhesion was rarely observed 
inside the tool groove and the entire contact area. The reason 
is that the depth of the tool groove was sufficiently large 
compared to the burnishing depth, and a gap existed between 
the tool surface and the workpiece surface, which played the 
role of an oil pocket. This area served as a lubricant oil film 
between the workpiece and the tool surface, helping to pre-
vent excessive adhesion [22]. Since little material adhesion 
was observed on the tool surface after all the experiments, 

Fig. 14  a SEM image of groove and protrusion at the burnished sur-
face under a burnishing depth of 15 µm; b and c are cross-sectional 
IPF and KAM mappings along the red and blue dashed lines indi-
cated in (a), respectively

Fig. 15  SEM images of the tool surface after burnishing: a overall 
view; b enlarged view of the top surface of groove; c enlarged view of 
the bottom surface of the groove

Fig. 16  Elemental mappings of the top surface of the tool groove 
after burnishing
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the tool can be used repeatedly to continuously fabricate 
groove-with-protrusion structures. The optimal processing 
parameter must be within a range that can achieve sufficient 
grain refinement on the workpiece surface without induc-
ing material adhesion on the tool surface. In this study, 
a burnishing depth of 23 µm was selected as the optimal 
parameter.

4  Conclusions

A ball-shaped PCD tool was irradiated by a femtosecond 
pulsed laser to generate grooves on the tool tip. Indentation 
and burnishing experiments were then conducted using this 
tool to fabricate groove-with-protrusion structures. The char-
acteristics and mechanisms of plastic deformation during 
this process were investigated. The following conclusions 
were obtained:

• Protrusions and grooves were simultaneously formed on 
the workpiece due to the plastic deformation of the mate-
rial in both experiments.

• The compressive stress induced by the normal force and 
the shear stress caused by the tangential force promoted 
plastic flow, thereby increasing the groove depth and pro-
trusion height. Shear stress significantly promoted the 
plastic flow behavior of the workpiece during burnishing.

• The burnished surface consisted of crystal grains that 
were elongated and refined by the dislocation motion, 
which was activated by the shear stress on the groove 
surface and flowed to form a protrusion.

• Minimal material adhesion was observed on the tool sur-
face after burnishing and was attributed to the lubrication 
oil film between the workpiece and the tool surface.

These findings clarify the characteristics of burnishing 
with a laser-engineered tool and the mechanism of plastic 
deformation. This work shows the possibility of extending 
its applications to the fabrication of functional surfaces, 
especially for metal–polymer bonding in industrial fields.
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