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A B S T R A C T

High-entropy alloys (HEAs) are a potential industrial material for large-scale applications because of their su-
perior physical and chemical attributes. However, owing to the incomplete understanding of the manufacturing
mechanism for this material, it is a challenge to realize ultra-precision nanoscale manufacturing of HEAs while
preventing surface and subsurface damage. Therefore, in this work, ultrasonic vibration-assisted diamond cutting
(UVDC) was utilized to manufacture HEAs workpieces, with the aim of clarifying and revealing the formation
mechanisms of high-precision surface integrity. The scientific phenomena of material removal characteristics are
explored and investigated, encompassing a range from macroscopic surface overall topography to microscopic
subsurface atomic changes. This is achieved through comprehensive comparisons of the workpiece surface,
subsurface features, chip morphology, and tool damage in cutting processes with and without high-frequency
ultrasonic vibration assistance. Results indicate that the diverse machinability advantages of HEAs in intermit-
tent cutting can effectively inhibit surface and subsurface damage, including better cutting stability, smoother
material removal, and lower tool wear. This study enhances the understanding of the high-precision surface
formation mechanisms in HEAs by suppressing damage during UVDC, thereby meeting the stringent demands of
practical applications.

1. Introduction

Diamond cutting (DC) technology is widely used to obtain
nanometer-precision workpiece surfaces, which is applied in the fields of
optics, medicine, and microelectronics [1–3]. With the development of
materials science, new types of industrial materials, high-entropy alloys
(HEAs), have excellent physical and chemical attributes, such as high
hardness, superb wear resistance, excellent corrosion resistance, etc.,
and a diverse array of potential applications, but they generally have
poor processability [4,5]. Because HEAs have active transition elements
that are prone to affinity reactions with the carbon elements of diamond
tools, reducing tool life, it is hard to realize high-precision workpiece
surfaces using only diamond-cutting technology [6,7]. Therefore, how
to achieve nano-precision workpiece surface quality manufacturing of

HEAs through ultra-precision diamond cutting technology has become a
challenge.

Ultrasonic vibration-assisted diamond cutting (UVDC) technology
has been extensively employed in recent years to manufacture and
enhance the precision of workpiece surfaces for materials that are
challenging to cut when satisfactory results cannot be obtained through
DC technology alone [8–10]. Ultrasonic vibrational machining can
improve the machinability of diamond cutting. In terms of tool duration,
Song et al. thought that when the cutting time between the diamond tool
and the workpiece was less than 0.3 ms, the tool durability could be
substantially enhanced through experimental analysis of intermittent
cutting of ferrous metal materials [11]. In terms of the cutting force, Niu
et al. believed that vibration-assisted machining dramatically decreased
the average cutting force, thereby improving the machinability during
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the material removal [12]. In terms of cutting stability, Xiao et al.
deemed that even if a larger tool radius was used for processing,
vibration-assisted cutting technology still effectively suppressed chatter
and improved cutting stability [13]. In terms of workpiece surface
quality, Xing et al. considered that intermittent cutting enhanced the
workpiece machining quality of metal materials and reduced surface
damage [14].

Based on the above manufacturing advantages, many researchers
have conducted various research on UVDC manufacturing technology.
Regarding the study of the cutting mechanism, Chen et al. analyzed the
removal process of materials during vibration cutting of aluminum-
based silicon carbide [15]. Zhang et al. studied the cooling mechanism
during vibrational machining [16]. Regarding the tool wear mechanism,
Pan et al. studied the wear of diamond tools in cutting tungsten-heavy
alloy and found that intermittent cutting effectively reduced the dia-
mond graphitization [17]. Zhang et al. found that sub-millisecond oxide
formation was an important factor for the rapid wear of diamond tools
while processing ferrous materials, and vibration cutting can inhibit the
occurrence of this phenomenon [18]. Regarding the research on
machining parameter optimization, Nath et al. found a relationship
among vibration frequency, vibration amplitude, and nominal cutting
speed, and analyzed their impact on workpiece surface quality, cutting
force and tool wear [19]. Regarding the advancement of new ultrasonic
vibration devices, Wang et al. studied a non-resonant elliptical vibration
device to achieve texture structure processing on brittle materials,
expanding the manufacturing method of microstructures using discon-
tinuous cutting technology [20]. Duan et al. developed a
three-dimensional vibrational cutting device and proved that the
application of Lissajous vibration trajectory machining can further
reduce cutting forces by experimental verification [21]. Regarding the
research on simulation, Patil et al. simulated the intermittent cutting
technology of Ti6Al4V material by finite element simulation technology
and explained the processing mechanism during the material removal
process at the macro level [22]. Wang et al. applied molecular dynamics
to simulate the elliptical vibration-assisted machining process of tung-
sten alloy, explaining the impact of vibration processing on the internal
atomic level changes of the material at the microscopic level [23].

From the perspective of material processing, UVDC machining
technology primarily focuses on two major categories of materials:
ferrous metals and fragile materials. Ferrous metals include iron-based
materials [24,25], titanium-based materials [26,27], nickel-based ma-
terials [28,29], and tungsten-based materials [30,31], among others.
Current research on these materials aims to uncover the mechanisms
behind rapid tool wear, improve the machining precision of workpieces,
and analyze the characteristics of material removal. Fragile materials
can be categorized further into two subcategories: hard-brittle materials
(such as WC [32], SiC [33], ZrO2 [34], BK7 [35], and Si [36]) and
soft-brittle materials (such as GaF2 [37], KDP [38], and ZnSe [39]).
Research on the intermittent cutting of fragile materials is currently
centered around understanding mechanisms of fracture generation,
precisely controlling the brittle-ductile transition, and achieving
high-precision manufacturing of complex or free-form surfaces.

Furthermore, with the progress in material analysis techniques, a
growing number of researchers are applying advanced characterization
techniques to analyze and explore the microscopic phenomenological
characteristics of workpiece materials. This approach aims to further
explore and uncover the fundamental mechanisms of material changes
during processing. Saito et al. utilized X-ray diffraction (XRD) technol-
ogy to study the elements composition of the workpiece surface after
vibration processing of steel materials and discussed the impact of alloy
elements on the damage and wear of diamond tools [40]. Chen et al.
employed Raman spectroscopy technology to analyze single-crystal sil-
icon chips after vibration cutting and deliberated the affecting of pro-
cessing parameters on the phase transformation of silicon [41]. Wang
et al. used Electron Backscattered Diffraction (EBSD) technology to
characterize processed tungsten alloys and compared the effects of

intermittent cutting and continuous machining on the regeneration of
grain boundaries at grain boundaries in the crystal refinement layer
[42]. Peng et al. used Transmission Electron Microscopy (TEM) mea-
surement technology to analyze the evolution gradient characteristics of
the subsurface microstructure of titanium alloy materials after vibration
processing and compared the damage situation with and without assis-
tance machining [43].

At present, some researchers are trying to conduct research on ultra-
precision vibration-assisted processing technology for HEAs materials.
Luo et al. used molecular dynamics simulation technology to simulate
the UVDC process of HEAs workpieces, and explored the cutting tem-
perature, cutting force, and chip deformation [44]. Zhang et al. carried
out a preliminary investigation into the machinability of HEAs materials
when subjected to high-frequency vibration-assisted cutting [45].
However, these studies are still insufficient for a deep understanding of
the macroscopic surface features and microscopic subsurface micro-
structure characteristics formed during the material removal process
when cutting HEA workpieces using UVDC technology. A comprehen-
sive investigation and exploration of the phenomenological aspects of
UVDC processing of HEAs to reveal the underlying machining mecha-
nisms remains a significant research gap.

This research endeavor aims to deepen our understanding and un-
cover the mechanism underlying the removal of material during the
formation of high-precision surfaces when UVDC technology is used to
process HEAs workpieces. The in-depth scientific phenomena of mate-
rial removal characteristics are explored and investigated, ranging from
macroscopic overall surface topography to microscopic subsurface
atomic changes. The machinability advantages of HEAs in intermittent
cutting are obtained through in-depth comprehensive comparisons of
the workpiece surface, subsurface features, chip morphology, and dia-
mond tool wear in cutting with and without ultrasonic vibration assis-
tance. The research results help to further understand the essential
material removal mechanisms in ultraprecision surface formation by
analyzing and investigating the inhibition of surface and subsurface
damage for HEAs processed by high-frequency UVDC processing
technology.

2. Processing principle of UVDC

Fig. 1 illustrates the overall layout of UVDC machining technology
and the processing principle behind HEAs removal. The ultrasonic-
assisted machining apparatus is mounted on the B-axis platform,
which moves following the Z-axis direction. The HEAs materials, which
are held in the fixture, are secured to the rotating spindle as illustrated in
Fig. 1 (a) and 1 (b). The diamond cutter equipped in this apparatus is
connected to the ultrasonic vibration system through transducers to
ensure the effective transmission of ultrasonic energy and stable oper-
ation. Fig. 1 (d) displays the geometric features of the diamond tool in
this work, including rake face, flank face, cutting edge, tool radius, and
tool handle. Additionally, the UVDC processing technology causes the
diamond tool to undergo rapid, repetitive periodic harmonic motions,
resulting in material removal from the workpiece surface [35]. The re-
petitive engagement and disengagement of the tool with the workpiece
result in a transient material removal time within each cycle. In this
study, the ultrasonic vibration-assisted device which is supported by
Son-X company operates at frequencies exceeding 100 kHz, resulting in
an actual cutting time of only 20–40% per cycle, equivalent to 2–4 μs
[46]. This instantaneous cutting process does not provide sufficient time
for chemical affinity effects, for instance, the generation of graphitiza-
tion phenomenon, to occur throughout the engagement of the tool with
the workpiece. Consequently, this protects the tool and extends its
lifespan. Furthermore, the movement path of the diamond tool in the
vibration process follows an arc-shaped cutting path that is approxi-
mately linear. During a vibration cycle, the tool advances following the
red line for cutting and then reverses following the blue line for
retraction in Fig. 1(c). The reason for the movement trajectory is that the
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vibration is not only longitudinal vibration along the Y-axis direction but
also transverse vibration along the Z-axis direction. In this stable cutting
process, their amplitude ratio is 5:1 [47]. Moreover, there is a 180-de-
gree phase difference between the transversal and longitudinal vibra-
tions at the tooltip. Because of this arc-like vibration trajectory, as the
cutting tool engages and disengages with HEAs during each processing
cycle, multiple residual traces are left on the machined workpiece [48].
According to the preceding analysis, the movement path of the diamond
tool tip can be described as:
{
Y(t)
v = Ay sin

(
2πft + φy

)

Z(t)
v = Az sin(2πft + φz)

, (1)

where Ay and Az are the amplitudes, f is the frequency, φy and φz are the
phases, and t is the cutting time. Furthermore, in this work, the study
displays a frequency of approximately 103 kHz, with amplitudes
measuring roughly 1000 nm in the cutting direction and 200 nm in the
cutting depth direction.

During high-frequency vibration cutting, although the nominal cut-
ting speed remains constant, the actual materials removal rate varies
cyclically. As the machining tool cuts through the workpiece material,
the actual removal rate begins to fluctuate, initially increasing and then
decreasing. While the actual cutting speed gradually reduces to the

decoupling point, the cutter and the workpiece material begin to sepa-
rate from each other and move in opposite directions relative to the
workpiece movement direction. Hence, the actual cutting speed can be
formulated as:

V(t)
CS =V(t)

W +V(t)
Tool =V(t)

W +
{
2πfAy cos

(
2πft+φy

)}
i
→

+ {2πfAz cos(2πft+φz)} j
→
, (2)

where V(t)
W is the nominal cutting speed.

In a vibration cycle, it is assumed that the diamond tool begins at the
origin of the ultrasonic vibration system, marking the start of the first
cycle. Initially, there is no direct contact between the tool and the
workpiece being processed. As the tool begins to move and makes
contact with the workpiece for the first time, both move toward each
other until they reach maximum displacement. This process can be
described as follows:

Ay sin(2πftC)+V(t)
W (T /4 − tC)=Ay, (3)

where tS is the contact time point between the tool and the workpiece,
which can be obtained based on Taylor expansion formula:

Fig. 1. Schematic diagram of UVDC processing of HEAs. (a) Overall layout of machining device; (b) Particulars of the cutting process; (c) Process of removing
materials in intermittent cutting; (d) Diamond tool.

Fig. 2. Experimental setup of UVDC and DC. (a) UVDC; (b) DC.

Y. Xing et al. Journal of Materials Research and Technology 34 (2025) 880–897 

882 



tC =

(

Ay +
V(t)
W T
4

)

(
2πfAy − V(t)

W
) . (4)

During the period from when the tool starts to move toward the
workpiece until the tool changes direction of movement, the length of
material removed S(t)C can be expressed as:

S(t)C = S(t)CT − S(t)CW =Ay − Ay sin

⎛

⎜
⎝2πf

⎛

⎜
⎝

Ay +
T
4V

(t)
W

2πfAy − V(t)
W

⎞

⎟
⎠

⎞

⎟
⎠

+ V(t)
W

⎛

⎜
⎝

π
4
−

Ay +
T
4V

(t)
W

2πfAy − V(t)
W

⎞

⎟
⎠, (5)

where S(t)CT and S(t)CW are the distances moved by the tool and the work-
piece respectively.

When the tool and workpiece separate, the relative speed between
them is zero. At this time, the relationship between the tool and the
workpiece along the cutting direction is expressed as:

2πfAy cos(2πftS)+V(t)
W =0, (6)

where tS is the separation time point between the tool and the work-
piece, which can be obtained:

tS =
1
2πf arccos

− V(t)
W

2πfAy
. (7)

During the period when the tool and the workpiece move in the same
direction until they are separated, the material removal length S(t)S is

S(t)S = S(t)SW − S(t)ST =V(t)
W

⎛

⎜
⎜
⎝

arccos
(

V(t)
W

2πAyf

)

2πf −
T
4

⎞

⎟
⎟
⎠ − Ay

+ Ay sin

⎛

⎜
⎜
⎝2πf

⎛

⎜
⎜
⎝

arccos
(

V(t)
W

2πAyf

)

2πf −
T
4

⎞

⎟
⎟
⎠

⎞

⎟
⎟
⎠, (8)

where S(t)ST and S(t)SW are the distances moved by the tool and the work-
piece respectively.

Therefore, in a single vibration cycle, the length S of material
removed can be obtained:

3. Experiment and measurement

The experiments are processed on an ultra-precision machine tool
with UVDC and DC machining respectively, illustrated in Fig. 2(a) and
(b). The ultrasonic device with vibration frequency 103 KHz and
amplitude 1 μm is set on the rotating platform, translating in the Z-axis

direction in linear mode. The ultrasonic equipment is constituted by the
longitudinal transducer and the curved sonotrode, driving the diamond
tool to cut the workpiece material with high-frequency vibration. Two
natural diamond tools of the same type are used for experiments in
UVDC and DC processing. In the experiments, the diamond cutting tools

feature a radius measuring approximately 1 mm, along with rake and
relief angles set at 0◦ and 15◦. Samples of HEAs (CrMnFeCoNi) have a
radius of 5 mm and a thickness of 10 mm, which are pretreated by the
electrical discharge machining to ensure the parallelism of workpieces.
The selected HEAs are the crystal structure of face-center-cubic (FCC) in
this research. The content and distribution of the composition elements
in the unprocessed materials are approximatively proportional and
equational by the measurement of EDS mapping, as shown in Fig. 3(a)

S= S(t)C + S(t)S =Ay − Ay sin

⎛

⎜
⎝2πf

⎛

⎜
⎝

Ay +
T
4
V(t)
W

2πfAy − V(t)
W

⎞

⎟
⎠

⎞

⎟
⎠+V(t)

W

⎛

⎜
⎝

π
4
−

Ay +
T
4
V(t)
W

2πfAy − V(t)
W

⎞

⎟
⎠

+V(t)
W

(
arccos

(
V(t)
W
/
2πAyf

)

2πf −
T
4

)

− Ay +Ay sin
(

2πf
(
arccos

(
V(t)
W
/
2πAyf

)

2πf −
T
4

))

.

(9)

Fig. 3. EDS mapping of CrMnFeCoNi HEA sample. (a) Content of each element;
(b) Distribution of each element.

Table 1
Experimental machining parameters.

Nominal
cutting
speed (m/
min)

Cutting
depth
(μm)

Feeding
distance
(μm/time)

Vibration
frequency
(KHz)

Vibration
amplitude
(μm)

UVDC 1 10 2 103.54 1
DC 1 10 2 \ \
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and (b). The workpiece materials are stuck to the fixture. Also, before
actual processing, other diamond tools are used for secondary pre-
treatment to ensure the flatness of the workpiece material, avoiding
under-cutting and over-cutting phenomena, and ensuring the stability of
the sample removal amount. Furthermore, to more intuitively display
the variations in the surface and subsurface characteristics of the ma-
terials after cutting, the straight groove is processed and formed through
linear cutting. The relevant processing parameters are displayed in
Table 1. Besides, dry-cutting processing without cooling liquid is
executed to collect chips and avoid unnecessary interference.

After the cutting experiments of UVDC and DC, a variety of mea-
surement and characterization techniques are employed to explore the
surface and subsurface microstructural features for the workpiece

materials. The white light interferometer is used to measure and digitize
the three-dimensional morphology and surface roughness. The atomic
force microscope (AFM) is utilized to investigate the surface pattern of
micro-morphology. A field emission scanning electron microscope
(SEM) is applied to observe the surface damage feature, chip formation,
and diamond tool wear. An X-ray diffraction analysis (XRD) is operated
to survey the variation of crystal structure after UVDC and DC
machining. Energy-dispersive X-ray spectroscopy (EDS) is applied to
map and analyze the elemental content and distribution before and after
manufacturing. The focused ion beam (FIB) is applied to create samples
for subsequent measurements. A spherical aberration-corrected trans-
mission electron microscope (ACTEM) is used to measure the subsurface
microstructure characterizations.

Fig. 4. The three-dimensional topographies and surface roughness of the machined workpiece after DC and UVDC in cutting-in region, stable cutting region and
cutting-out region measured by white light interferometry.
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4. Results and discussion

4.1. Surface topography features

Three-dimensional surface topography and surface quality of the
machined workpiece after DC and UVDC are surveyed using a white
light interferometer. Since the straight groove surface is processed by
linear cutting of the diamond tool, three regions of groove surfaces are
measured separately, namely Region 1 in the initial cutting area, Region
2 in the stable cutting area, and Region 3 in the final cutting area, as
shown in Fig. 4. For the initial cutting area of material removal, the
machining result of Region 1 is the area with the largest amount of
material removal since the nominal cutting depth is same as the actual
cutting depth when the diamond tool first cuts. After DC processing, the
obvious tearing phenomenon occurs on the machined workpiece sur-
face. This result shows that larger material removal makes the shear
stress applied by the diamond tool on the HEAs workpiece more
concentrated, causing the local stress to exceed the yield strength of
HEAs and trigger the occurrence of cracks. When the intermittent cut-
ting is applied, there is no obvious surface tearing in the initial cutting
area, but the chatter phenomenon occurs. For stable cutting regions of
material removal, the amount of material removed is significantly
smaller than the initial cutting area, which is no longer evaluated by the
nominal cutting depth but by the undeformed cutting thickness. After
DC machining, the surface roughness Sa and Sz values are 29 nm and
1.491 μm, respectively. After UVDCmachining, the surface roughness Sa
and Sz value are improved to 7 nm and 433 nm, respectively. This result
shows that UVDC processing can obviously increase the surface rough-
ness and decrease the local height difference compared with DC pro-
cessing. For the final cutting area of material removal, the surface to be
measured is the arc-shaped machined surface since the tool does not
perform further cutting. Different from the measurement results in the
stable cutting area, this area can directly observe the surface quality
after cutting the undeformed chip thickness. For DC machining, surface
cracks can still be observed even though the amount of material removal
has been reduced. This phenomenon shows that direct cutting of HEAs
with diamond tools is prone to surface damage. This damage can either
be carried away with the chip in the next feeding cutting, or it remains
on the workpiece due to excessive fracture depth [36]. For UVDC

processing, there is still no obvious damage to the workpiece surface,
and the chatter phenomenon disappears compared to the initial cutting
area. In addition, whether it is DC processing or UVDC processing, the
initial machining area exhibits the poorest surface quality, and the stable
cutting area demonstrates the highest surface quality based on a
comprehensive comparison of three areas, namely Region 1, 2, and 3.
Also, UVDC processing results are all better than DC processing results in
any area due to intermittent cutting characteristics. The processing
feature of high-frequency micro-displacement between the diamond
tool and the workpiece alters the friction characteristics at the cutting
interface, reduces the cutting force required for material removal, and
enhances the uniform distribution of shear stress [8,14,28]. Therefore,
this process improves the surface quality of the workpiece and reduces
its roughness.

SEM measuring technology is used to more intuitively observe the
morphology characteristics of the machined surface processed by DC
and UVDC in Figs. 5 and 6 respectively. Also, the stable cutting areas are
selected as the measuring positions to show the effect of different pro-
cessing technologies on HEAs and avoid unnecessary interference. After
DC processing, there are various damage types on the machined surface
in Fig. 5 (a). For Region A, a large dimple remains on the workpiece
materials as shown in Fig. 5 (b). Throughmagnified observation in Fig. 5
(c), the pit displays a fracture trend in Region B. This phenomenon oc-
curs because HEAs have low plastic deformation and thermal conduc-
tivity. As a result, the instantaneous stress concentration can exceed the
material strength limit during continuous cutting, ultimately leading to
fracture [49]. In Region C and partially magnified Region D, strong
friction marks can be observed in Fig. 5(d) and (e), indicating that severe
friction behavior and trace amounts of burning occur in local areas [50].
During the continuous cutting process, a significant amount of me-
chanical energy is transformed into thermal energy, but uneven heat
concentration can cause the occurrence of strong friction because of the
worse heat conductivity of the HEAs workpiece. Moreover, obvious
scratching damage not only appears on Region E as shown in Fig. 5 (f)
but also can be observed almost everywhere by DC processing.

After UVDC processing, the features of the workpiece surface can be
observed in Fig. 6. There are two main surface characteristics on the
workpiece surface, namely circular holes and vibration marks. For the
circular holes observed in Fig. 6(a) and (b), their shapes are regular and

Fig. 5. Surface damage features after DC.
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deep, which is different from the fracture characteristics of pits after DC
processing. In Fig. 6 (c), the surface residual skin left after processing can
still be observed through the partial magnification of the cavity in Re-
gion B. Also, the interior of the cavity exhibits irregular fracture fea-
tures. The reason for this phenomenon may be that the whole crystal of
HEAs is pulled out of the workpiece materials during the intermittent
machining process because of the pushing and stretching effects of the
cutting edge. In addition, the vibration marks that are observed in Fig. 6
(d)–(f) are generated because the movement trajectory of the diamond
tool in UVDC technology is approximately linear elliptical vibration as
shown in Fig. 1 (c), thus leaving residual marks. Each time the diamond
tool passes through a vibration cycle, it leaves a vibrative trace until the
end of the manufacturing [48]. Furthermore, the intermittent cutting of
UVDC technology not only leaves vibration marks along the direction of
cutting depth but also leaves marks of material plastic stacking along the
tool edge, which is akin to the result of DC processing in Fig. 6 (d) [51,
52]. The workpiece materials begin to deform plastically and flow
laterally along the tool side due to the squeezing and shearing effects of

the diamond tool during the cutting process, forming the plastic side
flow phenomenon [14]. Besides, the vibration residual traces of two
adjacent linear cuts intersect with each other as shown in Fig. 6 (f). The
result of this vibration phase difference value shows that although the
vibration frequency is as high as 103 KHz, UVDC processing of HEAs is
still stable cutting, and the plastic deformation ability is improved. By
comprehensively comparing the machining results of the two processing
technologies, the surface quality of the HEAs after UVDC exhibits a
significant improvement compared to DC, and the obvious surface
damage almost disappears. The results indicate that intermittent cutting
technology for manufacturing HEAs can improve cutting stability,
enhance ductile processing capabilities, and optimize surface
morphology.

AFM technology is used to conduct measurements to further observe
the microscopic morphology features of the machined workpieces after
DC and UVDC processing in Fig. 7. The measurement position range of 2
μm × 2 μm is randomly selected in the stable cutting area in Region 2.
For the measuring result of DC processing, irregular surface

Fig. 6. Surface damage features after UVDC.

Fig. 7. The local surface characteristics with and without vibration cutting. (a) DC; (b) UVDC.
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microtopography can be observed, and disordered tiny peaks and val-
leys are noticed on the workpiece surface where the local drop height is
about 53 nm by surveying the cross-sectional profile in Fig. 7(a). This
result certifies again that continuous DC of HEAs has poor cutting sta-
bility and makes it difficult to achieve a flat and smooth surface. For the
measuring result of UVDC processing, jagged and uniform vibration
residual marks are seen and observed by measurements of cross-
sectional profiles in Fig. 7 (b). The height and width of the peak and
valley morphology generated in one vibration cycle are approximately
17 nm and 160 nm respectively. The results show that intermittent
interaction and detachment between the cutter and the workpiece
significantly improve the stability and predictability of HEAs removal.

4.2. Subsurface microstructure characteristics

The characteristics of the microstructure located beneath the work-
piece surface for HEAs after DC and UVDC machining are observed and

measured from microstructure gradient evolution to atomic arrange-
ment features by ACTEM. The changes in subsurface gradient after
mechanical processing are categorized into three distinct layers: the
recrystallization layer, the transition-crystal layer, and the matrix layer.
In this study, the recrystallization layer and crystal transition layer are
separately discussed in detail concerning the effects of different pro-
cessing techniques on microstructural evolution, as illustrated in
Figs. 8–12.

Fig. 8 (a) shows the overall trend of microstructure evolution
through DC processing. Fig. 8 (b) presents the selected area electron
diffraction (SAED) pattern in the recrystallization layer. Nanocrystals
and equiaxed crystals can be found in the recrystallized layer in Fig. 8
(c). The crystals of the original material undergo a process of fragmen-
tation, nucleation, growth, and deformation under the influence of
mechanical load and strong friction of the diamond tool, and eventually
accumulate, forming a recrystallization layer [53,54]. Since a new
crystal nucleus needs to be accompanied by the elimination of

Fig. 8. Microstructure characteristics of recrystallization layer for the machined workpiece subsurface after DC; (a) Microstructure gradient variation; (b) SAED of
the selected area in (a); (c) Nanocrystalline in the recrystallized layer; (d) Region A; (e) Twin structure in Region B; (f) FFT pattern in Region B; (g) Region C; (h)
Stacking faults structure in Region D; (i) IFFT pattern in Region D.
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dislocations and the migration of sub-grain boundaries during the dy-
namic recrystallization process, the atoms inside the newly formed
nanocrystals rearrange themselves to create characteristics different
from those of the original crystal in Fig. 8 (d). Furthermore, the defor-
mation twin structure is observed in Region B in Fig. 8 (e), which can be
confirmed by the characteristic structure of the Fast Fourier Transform
(FFT) image in Fig. 8 (f). Also, the angle of misorientation between the
matrix and the twins is 55◦, and their interplanar spacing is 0.205 nm
and 0.178 nm respectively. The existence of the twin structure indicates
that unstable stress concentration exists during continuous diamond
cutting of HEAs and leads to induced twin deformation, prompting the
crystal to continue sliding along the stress direction [9,55].

In Region C, a regular crystal arrangement, exhibiting an interplanar
spacing of 0.218 nm, can be observed and confirmed by FFT images in
Fig. 8 (g). Moreover, the crystal structure in the recrystallization layer
after DC processing still retains the FFC structure, indicating that me-
chanical processing does not change the original structural properties of

the HEAs. In Region D, Fig. 8 (h) shows the stacking fault structure can
be observed and confirmed by the feature of elongated diffraction
fringes in the FFT image. In the Inverse Fast Fourier Transform (IFFT)
image of Region D, the periodic polyline segment features in the spatial
domain further verify the discontinuous stacking fault structure char-
acteristics of atomic arrangement in Fig. 8 (i). Since HEAs have a special
structure in which multiple elements coexist, stacking fault character-
istics can occur in newly formed grain boundaries and crystals, espe-
cially during the transition from sub-grain boundaries to high-angle
grain boundaries during the dynamic recrystallization process.

The microstructure gradient evolution after UVDC processing is
shown in Fig. 9 (a), which is divided into four parts, namely the white
layer, the recrystallization layer, the crystal transition layer, and the
matrix. In the recrystallized layer after UVDC processing in Fig. 9 (b),
the diffraction peaks of the rings vary in intensity compared to that after
DC processing in Fig. 8 (b). This result indicates that the uniformity of
grain size after UVDC processing is lower than that observed after DC

Fig. 9. Microstructure characteristics of recrystallization layer for the machined workpiece subsurface after UVDC. (a) Microstructure gradient variation; (b) SAED of
the selected area in (a); (c) Nanocrystals in the recrystallized layer; (d) Region A; (e) Stacking faults structure in Region C; (f) IFFT patten in Region C; (g) Region B;
(h) White layer phenomenon in Region D; (i) Region E.
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processing. In Fig. 9 (c), the grains resulting from dynamic recrystalli-
zation are very fine, with some of them being elongated. Furthermore, in
Region A, the inside of the nanocrystal shows high-density stacking
faults as shown in Fig. 9 (d), which is different from the structural
changes inside the nanocrystal after DC machining in Fig. 8 (d). In the
partially enlarged area C, stacking fault characteristics can be observed
in Fig. 9 (e), indicating a lattice spacing of 0.177 nm. Furthermore, as
depicted in Fig. 9 (f), the IFFT pattern of this region reveals a large
concentration of edge dislocations. High concentrations of dislocations
and stacking fault defects usually limit the dynamic recovery of the
material under high deformation rate loads, thus enhancing the me-
chanical strength of the workpiece material [56].

Besides, in Region B, two types of amorphous structures appear in the
recrystallization layer in Fig. 9 (g). In Region D, the white layer phe-
nomenon occurs on the surface beneath the workpiece, at the top of the
recrystallized layer, and its thickness is only about 1.417 nm in Fig. 9
(h). Based on the characteristic observation of the FFT pattern, there is
an obvious amorphous phase in the white layer, while an obvious

crystalline state appears in the recrystallization layer. The white layer is
primarily attributed to the intense cutting heat generated by the severe
friction between the tool and the workpiece, coupled with the high shear
strain experienced during material removal. This combination of factors
leads to severe plastic deformation and phase transformation of the
original grains, ultimately resulting in the formation of a non-crystalline
hardened layer [57,58]. When comparing the results after UVDC pro-
cessing to those after DC processing, there are two primary reasons for
the occurrence of the white layer phenomenon on the workpiece sub-
surface. On the one hand, the difference in cutting speed is one of the
main reasons. The cutting speed during DC processing is a constant 1
m/min, while the cutting speed during UVDC processing is
time-varying, with a maximum cutting speed that can reach nearly 40
m/min at a vibration frequency of 103 kHz. Although the cutting time of
UVDC in one vibration cycle is only 2 μs, the instantaneous high-speed
cutting causes the cutting stress and heat to reach sufficient conditions
for the phase transformation of HEAs [59,60]. On the other hand, cut-
ting stability is another crucial factor in the occurrence of the white layer

Fig. 10. Microstructure characteristics of the subsurface transition-crystal layer for the machined workpiece after DC. (a) Microstructure gradient variation; (b) SAED
of the selected area in (a); (c) Transition-crystal layer; (d) Region A; (e) Region B; (f) IFFT pattern in Region B; (g) Region C; (h) Region D; (i) Region E.
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phenomenon. Although the DC process is a continuous diamond-cutting
process, unstable cutting conditions still make it difficult to distribute
heat and stress uniformly, which has been previously verified by
research on surface topography. Furthermore, the presence of the
amorphous white layer indicates that the surface hardness after UVDC
processing is actually higher than that achieved through DC processing,
due to the hardening effect of the surface processing [61,62].

In addition, in Region E, a crystalline state, a crystalline-to-
amorphous transition zone, and an amorphous-like state are present,
progressing from the inside of the crystal to the grain boundary and then
to the outside of the crystal. The FFT diffraction pattern presented in
Fig. 9 (i) confirms this progression. In other words, a state approaching
amorphousness appears around some crystals in the recrystallized layer
after UVDC processing. The reason for this phenomenon may be the
rapid changes in shear stress and cutting heat due to continuous varia-
tions in instantaneous speed during intermittent cutting. Although high-
speed cutting produces significant heat generation and high levels of
strain during UVDC machining, the separation between the cutter and
the workpiece during one complete vibration period quickly releases

cutting heat and residual stress, leading to lower energy penetration
compared to DC machining. This process hinders the crystal from
achieving uniform energy absorption within the dynamic recrystalliza-
tion process, ultimately resulting in the emergence of local amorphous
phenomena. Additionally, the amorphous phenomena also explain why
the uniformity of grain sizes in the SAED pattern of the recrystallized
layer is lower than that of the DC processing results in Fig. 9 (b), indi-
cating that the measured area contains amorphous components.

Microstructure characteristics of the transition-crystal layer through
DC processing are illustrated in Fig. 10. The recrystallization layer, sit-
uated between the transition-crystal layer and the workpiece surface,
measures approximately 189 nm in thickness as illustrated in Fig. 10 (a).
The diffraction peaks of the rings in the SAED pattern of Fig. 10 (b)
indicate that the crystal size in the transition-crystal layer is larger than
that in the recrystallization layer. Additionally, compared with Fig. 8(b),
the particle uniformity of the crystals in Fig. 10 (b) is lower. In Fig. 10
(c), elongated and large crystals can be observed in the transition-crystal
layer, whereas nanocrystalline grains are present in the recrystallized
layer.

Fig. 11. Microstructure characteristics of the subsurface transition-crystal layer for the machined workpiece after UVDC; (a) Microstructure gradient variation; (b)
SAED of the selected area in (a); (c) Transition-crystal layer; (d) Region A; (e) Region B; (f) IFFT pattern in Region B; (g) Region C; (h) Region D; (i) Region E.
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Furthermore, various microstructural features can be observed in
Region A through HRTEM analysis, as shown in Fig. 10 (d). In Region B,
a significant concentration of stacking faults and twin structures is
evident at the grain boundary, which can be verified by FFT patterns
presented in Fig. 10 (e). Dense folding structures in the IFFT pattern, as
shown in Fig. 10 (f), further verify the existence of high-density stacking
faults and dislocations. This feature indicates that high strain rates and
local stress concentrations occur in the transition-crystal layer during DC
processing. In Region C, stacking faults are also observed at the grain
boundary in Fig. 10 (g), indicating that with decreasing energy pene-
tration, crystal slip is hindered, leading to an increased likelihood of
stacking faults and twinning. In Region D, a well-ordered crystal
arrangement can be observed, with an interplanar spacing of 0.176 nm
as shown in Fig. 10 (h). Furthermore, the crystals in the transition-
crystal layer after DC processing still retain FCC alloy, as confirmed by
the FFT analysis, indicating that the crystal structure of the HEAs re-
mains unchanged after DC process. In Region E, twinning structures can
be observed, which are verified by the FFT pattern in Fig. 10 (i).

Fig. 11 shows the microstructural characteristics of the transition-
crystal layer through UVDC processing. The thicknesses of the recrys-
tallization layer and the transition-crystal layer are significantly smaller
than those after DC processing in Fig. 11 (a). Fig. 11 (b) displays the
SAED pattern of the transition-crystal layer. Particle size is larger than
that in the recrystallization layer, as evident from Fig. 9 (b). Further-
more, the grain size in the transition-crystal layer is larger than that after
DC processing, as demonstrated by Fig. 10 (b). In Fig. 11 (c), the
thickness of the recrystallization layer is about 33 nm, and the thickness

of the transition-crystal layer is about 105 nm after UVDC processing.
The sum of their thicknesses is lower than the thickness of the 189 nm
recrystallization layer after DC cutting. This phenomenon indicates that
the affecting range of energy penetration of UVDC processing along the
cutting depth direction is smaller than the affecting range of DC
processing.

In Region A, microstructural features observed at various positions
within the crystal are visible in Fig. 11 (d). In Region B, the grain
boundaries of crystals after UVDC processing appear as smooth low-
angle boundaries, as illustrated in Fig. 11 (e). This is in contrast with
the pronounced high-angle grain boundaries observed between adjacent
grains after DC processing, shown in Fig. 10 (e). It shows that the grain
boundary energy in the transition-crystal layer is smaller. This phe-
nomenon provides evidence from a different perspective that the depth
of subsurface evolution after UVDC is shallower than that resulting from
DC processing. Additionally, high-density edge dislocations and folding-
type stacking faults are observed at grain boundaries through IFFT
pattern analysis, as exemplified in Fig. 11 (f). In Region C, there is a
regular arrangement of atoms inside the crystal, exhibiting an inter-
planar spacing of 0.179 nm as illustrated in Fig. 11 (g). In Region D,
crystalline structures are visible at the grain boundaries adjacent to the
matrix within the transition-crystal layer, as demonstrated in Fig. 11 (h).
In Region E, the transition from a crystalline state to a transitional-
crystal state, and finally to an unordered state, can be observed from
the interior of the crystal to the grain boundary and then to the exterior
of the crystal. This pattern is similar to the crystal characteristics
observed in the recrystallized layer in Fig. 9 (i). Moreover, after UVDC

Fig. 12. Elements distribution (CrMnFeCoNi) on the workpiece subsurface after DC and UVDC respectively. (a) Dark field image for subsurface microstructure after
DC processing; (b) EDS mapping of region in (a); (c) Dark field image for subsurface microstructure after UVDC processing; (d) EDS mapping of region in (c).
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processing, an unordered state forms around the crystal, which contrasts
with the close proximity observed between adjacent crystals following
DC processing.

In addition, Fig. 12 illustrates the distribution of elements on the
subsurface of the workpiece following mechanical fabrication. After DC
processing, a recrystallization layer consisting of nanocrystal grains and
a transition-crystal layer composed of elongated grains are evident in the
measurement area depicted in the dark field image of Fig. 12 (a). Uti-
lizing EDS mapping, Fig. 12 (b) reveals a uniform distribution of ele-
ments, including iron, cobalt, nickel, chromium, manganese, and
oxygen, corresponding to the region shown in Fig. 12 (a). After UVDC
processing, the same EDSmapping method is applied, and the results are
displayed in Fig. 12 (c) and 12 (d). These findings demonstrate that the
distribution of elemental atoms remains uniform and consistent after
both DC and UVDC processing.

4.3. Chips formation features

Information on chip morphology characteristics can be further dis-
cussed and the influence of different manufacturing technologies on the
workpiece finish can be obtained. Fig. 13 shows the features of chip
morphology after DC processing. Discontinuous and fragmented chips
can be observed in Fig. 13(a), indicating that the HEAs exhibit poor
ductility and are prone to forming shattered chips through direct DC
processing. For the free surface of chips in Region A, uneven jagged
chips can be found in Fig. 13(b) and (c). The reason for the occurrence of

these jagged structural features is mainly because of the shear defor-
mation of the chips during cutting [62,63]. Also, in Region A-1, the flake
structures with different heights and uneven thicknesses on the free
surface of the chip prove the processing instability of HEAs for DC
technology. In Region A-2, the edges of the chips are micro-teethed.

In addition, for the chip bottom in Region B in Fig. 13(e)–(i), the
obvious fragmented fracture can be discovered on the chip right side. In
Region B-1, the chip thickness at the fracture section changes from
narrow to wide because the undeformed chip thickness gradually in-
creases during the cutting process of the arc-shaped diamond tool along
transverse feeding. The changing characteristics of the chip thickness
explain the reason why the fragmented cracks are generated on the right
side of the chip. As the thickness of the undeformed chip grows, the
cutting energy required to remove material in this area exceeds the
energy threshold for the critical fracture strength of HEAs, leading to the
generation of cracks [35]. Furthermore, once these generated cracks are
not removed along with the chips, they can expand onto the workpiece
surface and damage the surface as illustrated in Fig. 4. The appearance
of numerous cracks indicates that the cutting stability of HEAs work-
pieces using DC technology is poor. Observed through local magnifica-
tion in Fig. 13 (i), the material slippage occurs along the shear direction
at the fracture section. The material slip indicates that although the
cutting stability of DC machining HEAs is not satisfactory, the shear
removal of materials is still a plastic deformation process. In Region B-2,
micro-fractures at the chip edge can be observed. Also, the tearing
characteristic appears at the fracture edge through partial magnification

Fig. 13. Chips topography features after DC machining. (a) Overall chip morphology; (b)–(d) Free surface characteristics of chips; (e)–(i) Characteristics of the
chip bottom.
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observation. Tearing damage at the narrow end of the chip is reflected
on the surface because the tool moving in the feed direction is no longer
a cutting material in this area [64]. This damage feature at the bottom of
the chip is one of the reasons why the HEA workpiece has poor surface
quality after DC machining.

Fig. 14 displays the features of chip morphology after UVDC pro-
cessing. The chip maintains a continuous and smooth overall shape in
Fig. 14 (a), indicating that the machining stability of intermittent cutting
HEAs is significantly improved compared with the DCmachining results.
Region A shows the characteristics of the chip bottom in Fig. 14(b)–(d).
Different from the smooth chip bottom after DC processing, there are
adhesive materials and residual vibration marks at the chip bottom after
UVDC processing in Regions A-1 and A-2. The formation of attached
materials can be associated with micro burrs resulting from vibrational
cutting. These burrs can melt and adhere to the chip bottom because of
the intense pressure and strong friction at the tooltip. Additionally, the
formation of residual vibration marks is primarily caused by the arc-like
cutting trajectory. The residual marks on the chips can be mapped with
those on the surface as illustrated in Figs. 6(e) and Fig. 14 (d).

Fig. 14(e)–(i) display the features of the chip-free surface in Region
B. In Region B-1, the shear marks on the free surface after UVDC pro-
cessing are more localized and flatter, in contrast to the dense and un-
even jagged marks observed after DC processing. Furthermore,
fluctuation traces can be observed by magnifying local shear marks.
These tiny fluctuation traces along the shear direction are formed by the
frequent impact of the diamond tool on the chip during intermittent

cutting. In Region B-2, the chip edges show a periodic knotting phe-
nomenon, which is different from the relatively regular chip edges after
DC processing. Additionally, each knot has a large number of filamen-
tous striped edges which are formed by each vibration impact. The
width of each stripe indicates the extent of cutting influence during a
single vibration cycle.

4.4. Tool wear

Fig. 15 illustrates the wear on diamond tools after processing HEA
workpieces, following a cutting area of 10 mm2 and a cutting distance of
5 m approximately, using DC and UVDC technologies respectively. After
DC processing, the overall characteristics of the machining tool can be
observed as illustrated in Fig. 15 (a). In Region A, the cutting edge be-
tween the rake face and the flank face has been severely worn in Fig. 15
(b). The wear width is approximately 4.26 μm. This result indicates that
diamond tools are incompatible with directly cutting HEAs since the tool
wears too quickly even over a very short cutting distance. Additionally,
in Region A-1, built-up edges are discernible on the worn cutting-edge
profile, as depicted in Fig. 15 (c). Moreover, because built-up edges
are typically harder than that of the original workpiece material due to
the machining hardening effect, built-up edges on the cutting edge can
serve as substitutes for the cutting tool during machining. This substi-
tution results in a decline in surface quality and heightened surface
damage. The rapid deterioration of diamond tools and the presence of
built-up edges are major factors that hinder DC machining technology

Fig. 14. Chips topography features after UVDC machining. (a) Overall chip morphology; (b)–(d) Characteristics of the chip bottom; (e)–(i) Free surface charac-
teristics of chips.

Y. Xing et al. Journal of Materials Research and Technology 34 (2025) 880–897 

893 



from achieving high-precision surface manufacturing on HEA work-
pieces. In Region B, a significant amount of material adheres to the rake
face, as illustrated in Fig. 15(d)–(f). This material attachment occurs
primarily because the chips in the second deformation zone undergo
partial melting under conditions of high temperature and pressure
extrusion because of intense friction, leading them to stick to the rake
face [45,65].

After UVDC processing, the overall characteristics of the machining
tool can be observed in Fig. 15 (h). In Region C, unlike the rapid wearing
observed on the cutter profile after DC processing, a distinct cutting-
edge profile with insignificant wear can be seen in Fig. 15(h)and(i).
This phenomenon indicates that UVDC processing technology can
inhibit tool wear and extend its lifespan when manufacturing HEA
workpieces. During vibrational cutting, the detachment of the cutter and
the workpiece allows cutting heat to dissipate, thereby reducing the
likelihood of chemical wear. Additionally, the tool reciprocates with
high-frequency vibration cutting at 100 kHz, resulting in an actual
cutting time of only 20%–40% per cycle, namely 2–4 μs. These brief
contacts allow the diamond tool to be further secured and reduce the
possibility of damage. Furthermore, when coolant is continuously
sprayed, a defensive film can form on the cutting edge during the sep-
aration process, providing additional protection for the tool.

4.5. Discussion on cutting mechanism

To thoroughly analyze the benefits of UVDC processing technology

in inhibiting surface and subsurface damage during the manufacturing
of HEA workpieces, the material removal mechanism with and without
ultrasonic vibration assistance is comprehensively discussed and sum-
marized based on previous research content. Fig. 16 illustrates the dif-
ferences in HEA materials after using DC and UVDC technologies,
highlighting the changes from macroscopic surface features to micro-
scopic subsurface evolution. When a diamond tool directly cuts the HEA
workpiece, the concentration of instantaneous shear stress and thermal
stress leads to material fracture and strong friction marks on the work-
piece surface, resulting in significant damage. This is due to the low
plastic deformation and poor thermal conductivity of HEA materials.
However, UVDC processing technology induces high-frequency, low-
amplitude intermittent periodic simple-harmonic vibrations in the dia-
mond tool, which effectively alleviates and evenly distributes the ther-
mal and shear stresses on the workpiece being processed. This improves
the surface integrity of the HEA workpiece.

For diamond tool wear features, due to being rich in active transition
metal elements, direct cutting of HEA materials induces catastrophic
wear even if very short machining distances are performed, thereby
aggravating surface damage. During UVDC processing, the high-
frequency intermittent cutting characteristics enable the tool and
workpiece to undergo instantaneous cutting and separation. In each
cycle, the effective cutting time is only 2–4 μs. This process helps
maintain the sharpness of the cutting edge and extends the tool lifespan,
thereby enhancing the precision of workpiece manufacturing. Addi-
tionally, the discontinuous and fragmented chip morphology indicates

Fig. 15. The diamond tool wear after DC and UVDC machining respectively. (a)–(f) tool wear morphology after DC machining; (g)–(i) tool wear morphology after
UVDC machining.
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the poor machinability of HEA workpieces when using DC. The presence
of adiabatic shear marks further confirms the instability of the cutting
process. In contrast, the periodic dynamic stress changes characteristic
of UVDC technology effectively reduce internal shear and interface
friction effects, forming smooth and continuous chips.

Furthermore, a comprehensive comparison of subsurface micro-
structure evolution characteristics can provide deeper insights into the
manufacturing mechanism of high-frequency intermittent cutting. As
shown in Fig. 16, the range of gradient changes after UVDC processing is
significantly smaller than that observed after DC processing based on the
summary of experimental phenomena, indicating that vibrational cut-
ting can mitigate subsurface damage. The periodic separation of the
diamond tool from the workpiece releases part of the stresses that would
otherwise penetrate into the subsurface, which reduces the likelihood of
distortion in the original crystal structure of the matrix compared to a
continuous cutting process. Additionally, the microstructural evolution
areas of the two processing technologies can be primarily categorized
into the recrystallization layer, transition-crystal layer, and matrix layer.
The amorphous white layer appears below the workpiece surface after
UVDC processing, suggesting a more uniform distribution of mechanical
and thermal stress during high-frequency vibration cutting. In the
recrystallized layer, nanocrystals exhibit dislocations, stacking faults,
and twins after DC, whereas nanocrystals primarily show high-density
stacking faults after UVDC, indicating that intermittent cutting can
enhance the plastic deformation of HEA workpiece materials. In the
transition-crystal layer, DC processing results in a large number of
elongated grains, with high-density stacking faults and twins coexisting
at the grain boundaries. UVDC processing reduces the number of elon-
gated grains and decreases the density of the stacking fault structure.

5. Conclusion

This work focuses on a comprehensive understanding of the material
removal mechanism of ultraprecision surface formation to inhibit
damages for high-entropy alloys (HEAs) using high-frequency ultrasonic
vibration-assisted diamond cutting (UVDC) technology. Machinability
advantages are obtained based on diverse investigations and compari-
sons by phenomenological characteristics from macroscopic overall
surface topography to microscopic subsurface atomic changes, including
workpiece surface, subsurface features, chip morphology, and tool
damage in cutting with and without high-frequency ultrasonic vibration
assistance. The important conclusions are as follows.

(1) Compared with the continuous diamond cutting (DC) HEAs in the
stable processing results, the surface roughness after UVDC pro-
cessing has been significantly improved from 29 nm to 7 nm.
Furthermore, strong friction marks and surface fracture damage
can be effectively suppressed because the intermittent cutting
process can improve the plastic deformation capacity and heat
dissipation capacity during the removal of the materials. In this
process, residual vibration marks with a height of about 17 nm
are left on the surface of the workpiece due to the diamond tool
performing an arc-like movement trajectory.

(2) Among the characteristics of the microstructure evolution,
impact damage of subsurface deformation after UVDC processing
is less than that after DC processing since the cyclic disconnection
between the tool and the HEAs decreases the possibility of severe
deformation of the matrix grains induced by continuous stress
accumulation.

(3) Compared with the discontinuous broken chips after DC
machining, the chips after UVDC processing are continuous and

Fig. 16. Schematic diagram of the material removal mechanism of HEA workpiece with or without ultrasonic vibration assistance. (a) After DC machining; (b) after
UVDC machining; (c) the meaning of different symbols.
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smooth, indicating that high-frequency intermittent cutting im-
proves machining stability and the plastic deformation ability
during materials removal.

(4) Diamond tools are not suitable for direct cutting of HEAs because
the tools wear too quickly even within short cutting distances in
the experiments. In contrast, a distinct cutting-edge profile with
insignificant wear can be observed after UVDC processing, indi-
cating that intermittent cutting can inhibit tool wear and prolong
its durability. The wear reduction of diamond tools is an impor-
tant reason for reducing surface and subsurface damage to HEAs
workpieces.
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