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High-entropy alloys, as the novel multi-principal alloys composed of five or more elements in equal-atomic ratios
or near-equal atomic ratios, are widespread in extreme environments, including high-temperature, high-dynamic
loading, and high-irradiation. However, how to improve their machinability still faces challenges because of
their high hardness and wear resistance. To solve this problem, this paper proposes an in-situ laser-assisted
diamond turning process. Experimental results show the machinability of the high-entropy alloy CoCrFeMnNi is
obviously improved. The average value of the surface roughness Sa of the machined sample reaches 2 nm.
Compared with the traditional single-point diamond turning, the surface quality is improved by 33.3 %,
demonstrating the effectiveness of the proposed machining method. Tool wear also decreases by above 35 %,
again demonstrating the superiority of the proposed machining method. Besides, the effect of the machining on
the crystalline structure is also analyzed. Therefore, this study provides an efficient and simple approach for
enhancing the machinability of the high-entropy alloy CoCrFeMnNi, which can be applied in industrial pro-
duction in the future.

their exceptional properties, these alloys hold the promise of being
utilized as structural components in a wide range of engineering appli-
cations [17].

1. Introduction

High-entropy alloys are complex alloys that have significantly

increased the number of alloy systems available, resulting in alloys with
guaranteed structural and functional properties [1-3]. High-entropy
alloys are also a relatively new class of metallic materials with excep-
tional thermophysical properties [4,5]. They differ from traditional al-
loys with one or two main elements, which are common in many
engineering alloys. High-entropy alloys use at least five principal ele-
ments in proportions of 5 %-35 % and exhibit solid structure features
[6-12]. These alloys can have an exceptional combination of material
properties, such as superior ductility, high strength, fracture toughness,
superior mechanical properties at extremely high temperatures, and
excellent corrosion, oxidation, and creep resistance [13-16]. Because of

According to the literature, high-entropy alloys including CoCr-
FeMnNi are produced using both liquid-state and solid-state processing
techniques [18]. Vacuum arc melting has been identified as one of the
most common methods of liquid-state processing for high-entropy al-
loys. To prevent oxidation during the liquid state processing, metallic
alloy ingots or particulate elements are subjected to heat treatment in an
electric furnace or using a tungsten electric arc in an argon environment
[19]. However, limitations with liquid state processing have been
discovered: evaporation of substances with low melting temperatures;
and the formation of heterogeneous compounds due to a low solidifi-
cation rate [20]. The method for developing solid-state processing of
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high-entropy alloys is also extensively implemented and explicitly
mentioned. In solid-state processing, fine metallic materials are blended
at room temperature and subsequently consolidated at elevated tem-
peratures. Aside from liquid-state and solid-state processing techniques,
there has been a significant increase in the number of research studies
involving mechanically alloyed high-entropy alloys over the last decade.
The various high-entropy alloys are created using various methods while
retaining their essential properties and significance. Several studies have
demonstrated the printability of high-entropy alloys using electron
beam melting [21-23]. The findings suggest that additive
manufacturing could produce nearly completely dense samples with
superior tensile properties. Despite this, the surface quality and geo-
metric accuracy of high-entropy alloys CoCrFeMnNi manufactured by
additive manufacturing cannot still meet the standards required for in-
dustrial use due to the characteristics of the powder-based layer-by-layer
deposition process [12]. Processing high-entropy alloys with welding
technologies such as friction stir welding and electron beam welding
[24] have, on the other hand, been the subject of numerous studies to
date, however, the surface quality does not fulfill the precision level in
practical uses. As a result, additional machining procedures are required
to enhance the surface quality of high-entropy alloys CoCrFeMnNi. On
the other hand, CoCrFeMnNi is difficult to machine due to its unique
composition and material properties. The high-entropy alloy is made up
of five distinct elements in atomic proportions that are relatively similar,
resulting in a material with a complex microstructure and a high level of
atomic disorder [25]. This atomic disorder makes it difficult for dislo-
cations to migrate within the material, resulting in unfavorable
machining hardness and difficulty in machining. The presence of mul-
tiple elements disrupts the crystal lattice and reduces machinability,
resulting in decreased tool life. Currently, only a few researchers have
utilized milling to investigate its machinability [26]. However, the
surface roughness achieved through milling is at the micrometer level
(Ra ~1 pm), which does not meet the precision compound re-
quirements. The single-point diamond turning is a well-established
machining method capable of achieving nanometer-level surface
quality.

In-situ laser-assisted machining has been demonstrated to further
enhance the surface quality of the difficult-to-machine material
[27-30]. In-situ laser-assisted machining combines laser heating and
material removal in a single manufacturing step [30-33]. During in-situ
laser-assisted machining, a laser beam is directed onto the workpiece
cutting zone while the material is removed by the cutting tool. The laser
heats the material, changing its hardness and ductility to make it more
machinable [29,33-35]. Furthermore, laser heating can cause desirable
microstructural changes in the alloy that improve its mechanical prop-
erties [31], such as the formation of fine and equiaxed grains, which
improves its strength and makes it suitable for machining. In-situ
laser-assisted machining has the potential to improve the machin-
ability of the high-entropy alloy by modifying the machined surface
properties and the microstructure, resulting in better surface finish and
machining efficiency while also producing a desirable microstructure
that improves its mechanical properties. Because of the imbalanced
mechanical performance of the high-entropy alloy, in-situ laser-assisted
machining can be especially beneficial. During machining, laser heating
can make it less prone to deformation and fracture [27,36-39].

As one of the promising machining technologies for fabricating
micro-scale components, ultra-precision machining on high-entropy
alloys should have excellent capability. However, no extensive
research on ultra-precision machining of CoCrFeMnNi has been con-
ducted to date. As a result, we must investigate this matter so that their
applications can be processed. This paper proposes an in-situ laser-
assisted diamond turning (LADT) approach to address the challenges of
machining CoCrFeMnNi with nano-scale. In this approach, the in-situ
laser-assisted machining is combined with the single-point diamond
turning. According to the results of experiments in this study, the
machinability of the high-entropy alloy CoCrFeMnNi appears to be
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improved by in-situ laser-assisted diamond turning process. Surface
quality is improved, and tool wear is significantly reduced when
compared to traditional single-point diamond turning, demonstrating
the practicality of the proposed machining approach. This paper also
investigates the effect of machining on the crystalline structure. This
research suggests a practical method for improving the machinability in
the nano-scale of the high-entropy alloy CoCrFeMnNi, which could be
used in manufacturing processes, as the demand for micro-components
significantly increases.

2. Methods
2.1. Sample preparation

The equiatomic ratio CoCrFeMnNi sample was made by the vacuum
induction melting of high-purity (more than 99.8 %) raw materials. All
alloying elements were cleaned using acetone before putting the raw
materials into the crucible. Then, the chamber of the vacuum induction
melting furnace was vacuumed and then filled with argon. The melting
temperature was kept at about 1500 °C. In order to ensure chemical
composition homogeneity, this alloy was re-melted three times. After
cooling in the furnace, the ingot was cut by low-speed wire electrical to
the dimension of 10 mm x 10 mm x 5 mm for the next in-situ laser-
assisted diamond turning experiments. The initial surface roughness
(Sa) of the sample is around 2.5 pm. The energy-dispersive X-ray spec-
troscopy (EDS) mapping of the sample surface is shown in Fig. 1, which
shows the five elements are equally distributed in the sample. This
guarantees the uniformity and quality of samples, which helps the next
comparison study of different machining processes.

2.2. In-situ laser-assisted diamond turning process

Compared with copper alloy or aluminum alloy, the high-entropy
alloy CoCrFeMnNi has higher hardness and strength. When the mate-
rial hardness increases greatly, the wear of the single-crystal diamond
cutting tool increases when machining the workpiece [30,40,41]. As a
consequence, this leads to an escalation in machining costs and a
reduction in machining quality. Therefore, this study proposes an in-situ
laser-assisted diamond turning (LADT) process to decrease tool wear and
improve surface quality. Fig. 2 shows the schematic diagram of this
process. In this process, the laser beam is emitted from the laser-assisted
machining device and traverses through the single-crystal diamond of
the cutting tool, finally reaching the surface of the workpiece. After
absorbing the laser heat, the workpiece surface softens, and its hardness
decreases. The spot size of the laser beam can be adjusted by the
laser-assisted machining device. During machining, the CoCrFeMnNi
sample is mounted by a fixture on the spindle of the ultraprecision lathe.

Fig. 3 shows the experimental setup of the in-situ LADT process.
During machining, the CoCrFeMnNi sample with the dimension of 10
mm X 10 mm x 5 mm was fixed on the spindle of a three-axis ultra-
precision lathe (450UPL, Moore Tool Co., USA) via a fixture. This ul-
traprecision lathe has three motion axes, namely the spindle, X-axis, and
Z-axis, and all of them have extremely high motion accuracy. A single-
crystal diamond cutting tool was fixed on the laser-assisted machining
device (Optimus Ty, Micro-LAM, Inc., USA) that was mounted on the Z-
axis via the screw. A laser power sensor was applied to measure the laser
power. The laser power was set at 1.75 W in this study. And the wave-
length of the laser was 1064 nm. The cutting experiments were divided
into two steps: roughing machining and finishing machining. The cor-
responding machining parameters are determined using the orthogonal
experimental method. The cutting tool specification and detailed
machining parameters are listed in Table 1.
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Fig. 1. EDS mapping of CoCrFeMnNi samples.
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Fig. 2. Schematics of the in-situ LADT process.

3. Results and discussion
3.1. Machined surface quality

To demonstrate the effectiveness and superiority of the proposed in-
situ LADT process, a comparison study was made with the traditional
single-point diamond turning (SPDT) process using the same machining
parameters. After machining, two samples were cleaned for 5 min using
an ultrasound cleaning machine. Fig. 4 shows their photographs, which
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are obtained by a digital camera. And it can be found that they both have
mirror surfaces.

To quantitatively characterize their machining quality, a white light
interferometer (NexviewTM, Zygo Corp., USA) was applied to obtain
their surface topologies and surface roughness values at two different
measurement regions, as illustrated in Fig. 5. It can be found that the
average value of the surface roughness of the sample after the traditional
SPDT process is 3 nm, while the average surface roughness of the in-situ
LADT process is 2 nm. It is decreased by 33.3 %, which obviously verifies
the superiority of the proposed in-situ LADT process in this study. The
cross-sectional profiles of the 213.78 pm x 213.78 pm region were also
extracted to further analyze the surface quality of the two samples. In
comparison with the traditional SPDT process, the proposed in-situ
LADT process results in a much smoother cross-section of the sample
surface. Furthermore, the arithmetic mean height (Ra) of the cross-
sectional profile is 1.9 nm, which is decreased by 34.5 %, again
demonstrating the effectiveness and superiority of the proposed in-situ
LADT process.

To further analyze the material removal mechanism of the high-
entropy alloy CoCrFeMnNi and investigate the softening effects of the
laser, a finite element model of the machining process was established.
In this model, the sample was simplified as a rectangular block, with the
bottom side fixed as the boundary conditions. The cutting tool was
treated as a rigid body. Fig. 6 illustrates the simulation results of von-
Mises equivalent stresses obtained by the commercial software ABA-
QUS. In the simulation of the SPDT process, the temperature of the
workpiece was set to the room temperature of 20 °C, as shown in Fig. 6
(a). In order to investigate the softening effects of the laser heating, the
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Fig. 3. Experimental setup of an in-situ LADT process.

Table 1
Cutting tool specification and detailed machining parameters.

Cutting tool Detailed machining parameters

specification

Radius 1 Roughing machining Finishing machining

(mm)

Flank angle ~ 15° Depth-of-cutting 5 Depth-of-cutting 2
(pm) (pm)

Rake angle —35° Feed rate (mm/ 2 Feed rate (mm/ 1
min) min)
Spindle speed 2000  Spindle speed 2000
(RPM) (RPM)

temperatures of the workpiece were set to 300 °C and 600 °C, as shown
in Fig. 6(b) and (c). It can be observed that, in comparison to the SPDT
process, the in-situ LADT process exhibits a significant reduction in von-
Mises equivalent stress, which contributes to an enhancement in surface
quality [42]. This phenomenon further serves as evidence that laser
heating plays a role in enhancing surface quality.

3.2. X-ray diffraction analysis

X-ray diffraction (XRD) analysis was performed on sample surfaces

to explore the crystalline structure after machining processes (in-situ
LADT process and traditional SPDT process), as depicted in Fig. 7. The
results imply that neither the in-situ LADT process nor SPDT process
causes any significant alterations to the crystal structure, with only the
face-centered cubic (FCC) structure observed in the XRD patterns.
However, when compared to the unmachined surface, both in-situ LADT
machined surface and SPDT machined surface exhibit increased peak
intensities in the (111) plane while decreasing peak intensities in the
(200) plane, suggesting that the removal of surface layers during
machining may induce crystal reorientations [43]. As indicated in Fig. 7
(b-d), all three peaks of machined surfaces display a shift towards lower
26 angles relative to the unmachined surface, indicating the introduc-
tion of small tensile stresses rather than compressive stress in the
machined surfaces. This can be attributed to the dominant thermal effect
during the machining process, which plays a more significant role than
mechanical effects in generating residual stresses [44]. The smaller peak
shift observed in the in-situ LADT machined surface compared to the
SPDT machined surfaces may be attributed to the laser power employed
in this experiment, which might not have been sufficient to induce se-
vere thermal expansion.

In order to further investigate the effects of machining processes on
the sample material, the electron backscatter diffraction (EBSD) tests
were also conducted on the cross-section of samples by the scanning
electron microscope apparatus attached to an EBSD detector, as shown

diamond turning
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Fig. 4. Photographs of the mirror surfaces. (a) In-situ LADT machined surface and (b) SPDT machined surface.
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Fig. 5. Surface roughness and cross-sectional profile at two different measurement regions of machined sample surfaces. (a) SPDT process and (b) in-situ

LADT process.

in Fig. 8. It can be found that the surfaces machined using the in-situ
LADT process and the SPDT process show no significant differences,
which is consistent with the XRD patterns because the absence of the
broadening low peak after the in-situ LADT process and the SPDT pro-
cess indicates that neither severe plastic deformation nor significant
grain refinement was introduced [45].

Additionally, the kernel average misorientation (KAM) maps were
also obtained to characterize the residual stress when conducting EBSD
tests because the residual stress has direct influences on the sample
mechanical properties and product life cycle [46,47]. Fig. 8 (c) and (d)
depict the KAM maps along the cutting depth direction. It can be obvi-
ously found that the residual stress is mainly located on the top surface
of samples. The affected layers are 83 pm and 138 pm thick for the
in-situ LADT machined surface and SPDT machined surface, respec-
tively. The proposed in-situ LADT process has a minor impact on the
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residual stress of samples when compared to the SPDT process,
demonstrating its superiority.

3.3. Tool wear

Tool wear condition is also an important indicator to reflect the su-
periority of the proposed in-situ LADT process [48]. Fig. 9 shows the tool
wear conditions of the traditional SPDT process and the proposed in-situ
LADT process. It can be observed that both of them have tool wear,
which is along the cutting edge. When machining the mirror surface, the
cutting edge firstly contacts the sample surface, so it is easily worn.
Besides, it is also found from the SEM images of the tool wear conditions
that the flank wear is the main wear mechanism for the two different
machining processes. There is adhesive wear for the traditional SPDT
process, which occurs on the rake face.
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Table 2 shows the measurement results of the tool wear conditions. tool is decreased by 49 % if using the proposed in-situ LADT process,
The wear length of the cutting tool for the traditional SPDT process is which demonstrates the superiority of the proposed in-situ LADT process
255 pm while that for the proposed in-situ LADT process is only 161 pm, in decreasing the tool wear.
which is decreased by 36.9 %. Similarly, the wear width of the cutting
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SPDT machined surface.

4. Conclusions

This study proposes an in-situ laser-assisted diamond turning (LADT)
process to enhance the machinability of the high-entropy alloy CoCr-
FeMnNi. In this process, the in-situ laser-assisted machining is combined
with the traditional single-point diamond turning process. A focused
laser beam is used to soften the high-entropy alloy CoCrFeMnNi and a
sharp diamond cutting tool is used to obtain the nanoscale surface
quality.

Experimental results show the machined surface quality of the in-situ
LADT process can reach 2 nm, which is improved by 33.3 %, demon-
strating the effectiveness of the proposed machining process. The kernel
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average misorientation maps show the proposed in-situ LADT process
has a minor impact on the crystal structure and the residual stress,
showing the superiority of the proposed in-situ LADT process. Experi-
mental results also find that the wear length of the single-crystal dia-
mond cutting tool can decrease from 255 pm to 161 pm, further
verifying the effectiveness of the proposed machining process in
improving the machinability of the high-entropy alloy CoCrFeMnNi.

Therefore, this study not only provides an efficient machining
method for enhancing the machinability of the high-entropy alloy but
also helps engineers and researchers understand the material removal
mechanism of the CoCrFeMnNi.
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Fig. 9. SEM images of the tool wear. (a) The SPDT process and (b) the in-situ LADT process.

Table 2
Tool wear of different machining processes.
Length (pm) Width (pm)
Traditional SPDT process 255 20
In-situ LADT process 161 10.2
Percentage decrease 36.9 % 49 %
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