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Abstract. Compared to traditional processing techniques, laser additive manufacturing technology has
advantages such as short processing cycles, no molds, and is not limited by complex structures. However, the
forming quality of GH3625 nickel-base alloy metal parts is affected by various process parameters, in which the
distribution characteristics of laser beam energy density, microstructure and mechanical properties play a key
role. In order to investigate the influence of beam energy density distribution on the main properties of GH3625
nickel-based alloy metal parts, the beam energy density distribution was changed by controlling the defocusing
amount. Then it sets 5 different defocusing parameters to obtain the corresponding energy density distribution
characteristics. Observing and analyzing the various properties of alloy powder from the perspectives of different
scanning speeds, laser power, and energy density distribution characteristics. The results show that when the
laser power is 600W, the scanning speed is 700mm/min, and the energy density distribution is characteristic 4,
the metal parts have the best performance. Its density is 99.90%, microhardness is 350.44 HV, tensile strength is
1328Mpa, friction coefficient is about 0.51, and wear rate is 0.55%. This indicates that the laser additive forming
method proposed in this study can effectively improve the hardness, density and other properties of GH3625
nickel-based alloy metal parts to achieve the best state, which provides an important reference for the further
optimization of the material preparation process.

Keywords: Laser additive manufacturing / defocusing amount / energy density distribution characteristics /
mechanical properties / metal density
1 Introduction

Laser additive manufacturing (LAM) is a technology that
uses computer-aided CAD software to model and layer
parts, and uses the method of material accumulation layer
by layer to manufacture solid parts. Compared to
traditional processing techniques, it has advantages such
as short processing time, no mold, and is not limited by
complex structures. LAM technology has broad applica-
tion prospects in fields such as aerospace, automotive
manufacturing, biomedicine, and national defense [1,2].
The energy density (EDE) characteristics of the laser beam
(LB) used in LAMare usually Gaussian distribution, with a
large temperature gradient (TGR), which has a significant
impact on the growth of organizational grains and produces
microscopic defects, reducing mechanical properties [3].
Improving the distribution characteristics (DCH) of laser
EDE will directly affect the TGR, cooling rate, and
solidification rate of the molten pool, which is meaningful
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to enhance the quality of laser additive processing [4].
However, currently, changes in the DCH of EDE aremainly
achieved through beam shaping, which is difficult to
achieve and the process is complex, with high costs [5].
Therefore, this study controls the distribution of beam
EDE by controlling the defocusing amount, for exploring
the impact of laser EDE DCH on the microstructure and
properties of LAM alloys. The research is separated into
four. The first is the literature review section, which
summarizes the current research status of relevant
technologies and fields both domestically and internation-
ally, and analyzes the shortcomings of existing research.
The second is the exploration of EDE distribution control
methods, which proposes a method to control the defocus
amount (DAM) on the ground of the characteristics of
the LB to change the EDE DCH of the LB. The third is the
experimental design part, which prepares for exploring the
impact of beam EDE DCH on the main performance of
metal parts. The fourth is the analysis of experimental
results. By designing a series of comparative experiments,
the final analysis results are obtained. The research aims to
explore the impact of laser EDE distribution on LAM
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materials, and find more uniform EDE DCH of lasers to
reduce adverse effects such as cracks and deformation
caused by uneven EDE distribution in LAM.

2 Related works

The additive manufacturing of metal materials is usually
divided into LAM, electron beam additive manufacturing,
arc additive manufacturing, etc. according to their energy
sources. LAM technology has broad application prospects
in fields such as aerospace, automotive manufacturing,
biomedicine, and national defense. Zhao and his team
prepared Ti6AL4V alloy using static magnetic field direct
energy deposition method, and then modulated the
microstructure of the alloy using magnetic field assisted
LAM method. The refined b grains and discontinuous a
grain boundaries (GBs) significantly increase the tensile
elongation [6]. Zhang and his team conducted a compara-
tive research about the microstructure and corrosion
resistance of AL7075 alloy from LAM and forging processes
to improve the reliability and lifespan of lightweight
components. The results indicate that compared with the
samples prepared from forgings, the samples prepared with
additives have a lower corrosion tendency and a higher
corrosion rate [7]. Zhou and his team used finite element
method to investigate the tribological properties of LAM
gradient ag multilayer graphene/TC4 alloy self-lubricating
composite material (GTMAC). The results indicate that
GTMAC samples with smaller equivalent stresses can
avoid material cracking and peeling [8]. Song and his team
found that Ti64 material using laser powder bed melting
(LPBF) had poor ductility. To improve the material’s
properties, they studied the effect of aluminum content on
the material’s strength. The results indicate that the higher
the aluminum content, the gradually increased work
hardening and uniform elongation of the material [9]. Li
and his team proposed a new artificial intelligence assisted
3D material topology design method to fully utilize the
advantages of voxel forming methods and establish a
quantitative relationship between laser and process
parameters. Numerical examples show that compared
with classical optimization methods, this method can
significantly improve the mechanical properties of macro-
scopic structures [10].

Usually, the EDE distribution of the LB emitted by a
laser follows a Gaussian distribution, and in many laser
technologies, there are different requirements for the EDE
distribution of the LB. Therefore, in recent years, many
scholars have conducted beam shaping research to change
the DCH of LB EDE. Li and his team will achieve
beamforming in wireless optical communication by
incoherently stacking different orbital angular momentum
(OAM) modes at different power ratios to obtain emission
beams of different shapes with different power distribu-
tions. The results indicate that the beamforming scheme on
the ground of OAM mode can significantly improve the
effective coverage of traditional OWC systems [11]. Liu and
his team designed a beam shaping system on the ground of
a multichip two-dimensional green laser diode array with a
fast axis collimator installed inside the light source to
achieve a small size and high brightness fiber coupled laser
module. This achieves the rearrangement of the beam on
both axes, improving the beam quality [12]. Li and his team
proposed a design framework for a beam shaping system
with variable output beam size and specified irradiation
profile, including the calculation and optimization process
of the initial system, achieving high zoom ratio variable
diameter beam shaping [13]. Chen and his team proposed a
method for generating uniform flat top beams using a liquid
crystal spatial light modulator (LC-SLM) to optimize the
accuracy of ultra sensitive inertial measurement. It
modulates a random incomplete Gaussian beam into a
flat top beam by loading a beam shaping optimization
algorithm on LC-SLM [14]. Chandran and his team
achieved high-performance waveguide crossing on the
ground of cosine cones using a beam shaping method for
ultra compact waveguide intersections on a single silicon
photonic platform. The results indicate that the insertion
loss of the device is 0.197±0.017 dB at the designed central
wavelength of 1310 nm. The measured response of the
device is basically consistent with the results of three-
dimensional time-domain finite difference simulation [15].

Through existing research, it can be found that the
EDE characteristics of LB used in LAM are usually
Gaussian distributions with large TGRs. This has a
significant impact on the growth of organizational grains
and is prone to micro defects, thereby reducing the
mechanical properties of the material. Therefore, the
control of beam EDE distribution and the impact of beam
EDE distribution on the microstructure and mechanical
properties of metal parts urgently need to be studied. In
addition, the existing changes in energy density distribu-
tion characteristics are mainly achieved through beam
shaping, which is difficult to achieve and the process is
complex, and the cost is high. Therefore, research is
conducted for controlling the beam density energy
distribution (EDI) by controlling the defocusing amount,
and to explore the impact of density DCH on the main
properties of materials.

3 Control method of laser beam energy
density distribution

When conducting laser additive forming manufacturing,
the forming quality is influenced by various process
parameters. In addition to general parameters, the focusing
form of the laser beam, the shape and size of the spot, and
the EDE distribution of the beam will have a significant
impact on the quality of laser additive forming. Among
them, the DCH of laser beam EDE can directly affect the
TGR, cooling rate, and solidification rate of the molten
pool. Therefore, studying the DCH of beam EDE and
obtaining a simple and feasible control method to change
the DCH of beam EDE is of great significance for
controlling melt melting and improving the quality of
laser additive processing. Generally speaking, the EDE of
the LB emitted by the laser exhibits a Gaussian
distribution in space, and the Gaussian laser beam can
be expressed using the Kirchhoff formula, as shown in
equation (1).



Fig. 1. Normalized energy density distribution of Gaussian laser and flat top laser.
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In equation (1),A0 is the amplitude of the center light at
the origin; k is the wave number; R(z) is the wavefront
radius of a Gaussian beam on the beam waist. In the LAM
process, the energy emitted by a laser beam on a unit area
of the material is called EDE, and its calculation method is
shown in equation (2).

E ¼ P=Dv: ð2Þ
In equation (2), E is the energy density; P serves as the

laser power (LP);D serves as the diameter of the light spot;
v is the scanning speed. Gaussian beam is a relatively
special type of Gaussian spherical wave [16,17]. The
distribution of light field intensity in the propagation
direction is shown in equation (3).
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In equation (3), C is the constant factor; v0 is the waist
spot radius of aGaussian beam;v(z) is the radius of the light
spot on the equal phase plane along the propagation axis.
The EDI of a Gaussian beam in the vertical propagation
direction is shown in Equation (4).
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The commonly used laser beam in laser processing is a
Gaussian beam. Although Gaussian beams are easy to
obtain, their energy decreases from the center to the
surroundings, resulting in a large TGR. Flat topped beams
can obtain relatively uniform EDE DCH and markedly
improvetheexcessiveTGR[18–20].Therefore, insomecases,
it is necessary to transformGaussian beams into flat topped
beams with uniformEDI. The normalized EDE distribution
of flat top laser and Gaussian laser is shown in Figure 1.
Figure 1 showcases that compared to the Gaussian laser
EDI, the area with concentrated EDE distribution at the
centerpositionhas significantly increased.Theway toobtain
a flat top laser requires changing the diameter of the beam
spot,whichaffects theEDEdistributionof the laser.Usually,
the EDE DCH of a Gaussian laser can be effectively
controlledbychanging its beamorder.However, thismethod
requires the use of optical components to achieve beam
shaping in actual production, and the operation is relatively
complex.Therefore, this studyconsiderschangingtheenergy
DCH of the beam trough transforming the DAM. The
defocusamount includes twostates: positivedefocusamount
and negative defocus amount, as shown in Figure 2.

Considering the characteristics of two defocusing
amounts, and considering that the melting and solidifica-
tion of metal powder during the LAM process are
completed above the substrate, the laser energy during
negative defocusing is mainly used for deep melting. This
can cause damage to the formed part. Therefore, the study
only discusses the positive defocusing amount. The change
in defocusing actually affects the size of the laser spot on the
workpiece, thereby affecting its EDE distribution. The
conversion expression of spot diameter and defocus amount
is shown in equation (5).

X0 ¼ Z0 D� dð Þ
f
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In equation (5),X0 is the spot diameter of the laser beam
on the workpiece; Z0 serves as the DAM; f serves as the focal
length; D serves as the diameter of the incident LB. The
change in defocusing amount can transform the convergence
and divergence of the beam, thereby increasing or reducing
the size of the laser spot. This study refers to the EDE
distribution of each DAM as the EDE distribution feature,
and when the defocus amount is 0mm, it is called the EDE
distribution feature 1. When the defocusing amounts are
2mm, 4mm, 6mm, and 8mm respectively, they are referred
to asEDEDCH2, 3, 4, and5.The calculationmethod for the
energy density distribution of laser under different defocus-
ing amounts is shown in equation (6).
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Fig. 2. Schematic diagram of two defocusing states.

Table 1. Distribution characteristics of laser energy density with different defocusing amounts.

Characteristic 1 2 3 4 5

Defocusing amount (mm) 0 2 4 6 8
Spot diameter (mm) 1 1.5 1.9 2.3 2.6
Energy density (J.mm�2) 60 40 31.6 26.1 23.1
Center flat top area (mm2) 1.01 1.45 1.80 2.09 2.28
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In equation (6), Zr is the Rayleigh length; v is the radius
of the light spot; l is the wavelength of the femtosecond
laser; P is the LP. The EDE distribution characteristics of
five different defocusing amounts are showcased in Table 1.

4 Preparation method and scheme design
of experimental materials

4.1 Experimental materials and equipment

The experiment used GH3625 nickel based alloy powder
produced by a certain technology company, with a particle
size range of 45–150mm. This alloy contains 12 chemical
components that can enhance the properties of the alloy. Ni
and Cr elements can improve the corrosion resistance of the
alloy, while Nb and Mo elements can strengthen the alloy
and improve its durability. Ti element can reduce the poor
Cr region in the grain boundary region. AL can improve
weldability, Fe can strengthen solid solution and reduce
costs, and C can improve the durability and creep
properties of the alloy.

The LAM experiment was conducted using a Late-
CLAM-150V 3D printer, with amaximum power of 1000W
and a maximum forming size of 150 mm*100mm. The
equipment adopts a coaxial powder feeding laser head, and
is equipped with an external powder feeder outside the
equipment. In addition, the device is externally connected
to a computer control system, which utilizes the control
system to achieve five axis linkage of the laser head.
Experiments were conducted on each EDE distribution
feature using LP of 400W, 600W, 800W, and scanning
speeds of 600mm/min, 700mm/min, and 800mm/min. In
addition, the equipment used in the experiment includes a
metallographic microscope Nikon MA100N, HSV-1000A
digital micro Vickers hardness tester, electronic balance,
universal tensile testing machine (UTMA-1000D), and
friction and wear testing machine.
4.2 Experimental plan design

The first step is metallographic analysis and testing. Before
observing and analyzing the microstructure, metallograph-
ic samples need to be prepared. The preparation process
includes sampling, grinding, polishing, and corrosion. If the
sample is too small, it needs to be embedded. This study
first used the electric discharge wire cutting method to
sample the sample, and then polished it from coarse to fine
using sandpaper. The particle size of the sandpaper was
80mesh, 200mesh, 400mesh, 800mesh, 1000mesh,
2000mesh, and 3000mesh. After grinding to a flat and
smooth surface, a polishing experiment was conducted
using polishing paste on a polishing machine to eliminate
scratches caused by sandpaper polishing. Finally, the
prepared sample was chemically corroded using an acidic
corrosion solution of aqua regia. After the corrosion is
completed, the metallographic surface is rinsed with clean
water, and then a second rinse is carried out with
anhydrous ethanol. After rinsing, it is dried using a dryer
and observed under a metallographic microscope.

The study divides the mechanical performance analysis
of metal parts into four main properties for testing, namely
microhardness analysis, density analysis, tensile perfor-
mance analysis, and friction and wear performance
analysis. This study used wire cutting to obtain blocks
of 15 mm*15 mm*4mm. Before hardness measurement,
the samples were gradually polished with 400 to 2000 grit
sandpaper to ensure clear indentation can be observed
during microhardness testing. The test applied a load of
500 g and maintained the load for 15 seconds, with 5 points
taken from each sample for testing. When conducting
density analysis, it is necessary to place the sample to be
tested on an electronic balance, read and record the weight
on the electronic balance display, and record it. Then it will
place the beaker on the electronic balance, tie the sample to
be tested with a thin rope, and immerse it in water to



Fig. 3. Schematic diagram of stretching sample.

J. Hu: Manufacturing Rev. 11, 22 (2024) 5
stabilize its suspension. At this time, read its weight. By
measuring the buoyancy, the volume and density of the
sample are calculated, and finally the density is obtained.
The tensile performance analysis study uses the cutting
method to cut tensile samples, and after cutting the tensile
test samples, tensile tests are conducted. The tensile
samples are shown in Figure 3.

When conducting friction and wear inspection analysis
between formedmetals, this studyusedpindisc friction,with
a friction pin size of 4.6 mm*3.6 mm*16mm. The parameter
settings for the friction process include a wear time of
10 minutes, a load application of 100N, a click frequency of
6.25Hz, and awinding speed of 100 r/min.Before the start of
the wear experiment, the friction pin and grinding disc were
cleaned and dried, and the weight of the friction pin was
measured to obtain the weight change. Meanwhile, the
friction testing machine generated a test report.

5 Analysis of the impact of LB energy
density distribution on the main performance
of laser additive forming of metal parts

5.1 Macro morphology analysis of metal parts formed
by laser additive forming

To compare the influences of different EDE DCH on the
morphology of the sample, this study selected formedmetal
parts with a LP of 600W for analysis. The results indicate
that when the laser input power is constant, the EDE DCH
can markedly affect the oxidation on the surface of the
sample. As the EDE characteristic transforms from 1 to 4,
the width of the melt channel of the sample gradually
decreases, and the surface flatness changes. When the EDE
characteristics are 1 and 2, the sample exhibits varying
degrees of powder adhesion, which is due to the large TGR
of the LB. The center of the molten pool absorbs (MPA)
more energy, while the edge of the MPA less energy,
resulting in pressure recoil. In addition, the sides of the
sample are wavy, and when the EDE is divided into feature
4, the spacing between the ripples is roughly equal. This is
because the laser EDI of feature 4 is more uniform, and the
height difference of the molten pool is smaller.
5.2 Microstructure analysis of laser additive forming
metal parts

To compare the influences of different EDEDCH about the
microstructure of the sample, this study also selected
microstructures with different parameters of 600W and
scanning speed of 700mm/min for analysis. The results
show that when the EDE characteristic transforms from 1
to 4, the grain growth conditions of the organization are
good, so equiaxed grains are the main growth mode. But
when the EDE distribution is characteristic 5, the heat
input is insufficient, and the TGR becomes larger.

5.3 Density analysis of laser additive forming of metal
parts

Pores, as the main macroscopic defects in the LAMprocess,
affect the mechanical properties of formed parts and are
one of the important evaluation indicators for the quality of
formed parts. The number of internal pores in a material is
usually measured by density, and the smaller the quantity
of pores, the higher the density. In the process of LAM
forming, if the process parameters are not properly
selected, it is easy to cause more or less pore defects in
the formed metal parts. Therefore, experimental studies
were conducted to investigate the effects of LP, scanning
speed, and laser EDE DCH on the density of LAM metal
parts. The density changes of various energy density
distribution characteristics under different laser frequen-
cies and scanning speeds are shown in Figure 4.

Figure 4a demonstrates that as the LP grows from
400W to 600W, the energy input gradually increases, the
temperature increases, and the density of the metal parts
under the five characteristics gradually increases. As the
LP is too high from 600W to 800W, it leads to excessive
energy absorption by the metal powder, resulting in
remelting of the alloy sample and the formation of internal
defects, leading to a decrease in density. Figure 4b
demonstrates that as the scanning speed increases from
600mm/min to 700mm/min, the density of the sample
gradually increases. This is because the scanning speed
affects the contact time between the LB and the metal
powder. When the scanning speed exceeds 700mm/min,
the density begins to decrease. This is because the scanning
speed is too fast, and the energy absorbed by the powder
cannot completely melt, resulting in a decrease in density.

To further explore the impact of EDE distribution on
density, the density of metal parts formed under different
characteristics was tested, and the variation pattern is
shown in Figure 5.

Figure 5 shows that under different LPs, the impact of
EDE DCH on density shows the same trend. When the
EDE DCH change from feature 1 to feature 4, the density
of the sample increases. When the EDE distribution



Fig. 4. Density distribution characteristics of various energy densities under different power and scanning speeds.

Fig. 5. Density changes of formed metal parts under various energy density distribution characteristics.

6 J. Hu: Manufacturing Rev. 11, 22 (2024)
transforms from feature 5 to feature 5, the density
decreases accordingly. When the laser density is 600W,
the density of the samples obtained from each EDE
distribution feature is relatively high, and the highest
density is 99.90% when the EDE distribution feature is 4.

5.4 Microhardness analysis of laser additive forming
metal parts

The commonly used mechanical performance indicators
include hardness, tensile strength (TST), friction and wear,
etc. Good mechanical properties are important indicators
for evaluating metal parts. A study was carried for
measuring the hardness of the polished surface of alloy
metal parts. A total of 5 measurement points were selected
every 3mm, and the average value after measurement is
the hardness value. The microhardness of metals under
different power and scanning speeds is shown in Figure 6.
Figure 6a showcases that when the LP is 600W, the
microhardness of the formed metal parts is the highest
under each feature, with feature 4 having the highest
hardness of 358.25 HV among all features. Figure 6b shows
that at the EDE feature 4 and scanning speed of 700mm/
min, the maximum microhardness value measured for
metal parts is 350.44 HV.

In addition, the study focuses on the DCH of EDE as the
main analysis indicator to observe the changes in micro-
hardness of formed metal parts under three different power
levels; Its details are shown in Figure 7.

Figure 7 shows that during the process of changing the
EDE distribution from feature 1 to feature 4, the
microhardness of the metal parts gradually increases at
each LP; When the EDE distribution transforms from
feature 4 to feature 5, the microhardness decreases. On the
ground of the content of Figure 7, it can be seen that at a LP
of 600W, feature 4 has the highest microhardness.



Fig. 6. Microhardness of various laser powers and scanning speeds.

Fig. 7. Microhardness of different energy density distribution characteristics.

Fig. 8. TST of various energy density distribution characteristics.
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Fig. 9. Force displacement curves of different energy density distribution characteristics.

Fig. 10. Friction and wear performance under different power and scanning speeds.
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5.5 Analysis of tensile properties of laser additive
forming metal parts

The commonly used method for evaluating material
strength is to conduct tensile testing on it, and tensile
strength and elongation can determine the quality of
material properties. The experiment involves cutting
samples in both parallel and vertical scanning directions
(VSD) to perform polar tensile tests. The variation curve of
TST with energy density DCH of LAM alloy samples is
shown in Figure 8.

Figure 8a shows that in the parallel scanning direction,
when the EDE distribution transforms from feature 1 to
feature 4, the tensile strength gradually increases; When



Fig. 11. Friction coefficient and wear rate of different features.
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changing from feature 4 to feature 5, the tensile strength
decreases. When the LP is 600W, the maximum TST of
EDE distribution feature 4 is 1328 Mpa. Figure 8b
showcases that the variation pattern of TST in the VSD
is in line with that in the parallel direction. The maximum
value is 1268 Mpa.

To further verify the strength of metal components
under different EDE distributions, the study plotted
characteristic force displacement curves under five differ-
ent characteristics, as shown in Figure 9.

As shown in Figure 9, the higher the tensile strength,
the smaller the elongation. The elongation of feature 1 is
15.06%, feature 2 is 12.64%, feature 3 is 11.57%, feature 4 is
10.22%, and feature 5 is 11.83%.

5.6 Analysis of friction and wear properties of laser
additive forming metal parts

Wear resistance is another very important characteristic in
material properties, and the two main indicators reflecting
material friction and wear performance are friction
coefficient and wear rate. This summary conducts friction
and wear tests on LAM alloy samples, analyzing the effects
of different LP, scanning speed, and EDE DCH on their
friction performance. The changes in friction performance
of metal parts under different LP and scanning speeds are
showcased in Figure 10.

Figure 10a shows that under different LP, after
applying a load, the friction coefficient rapidly increases
and fluctuates back and forth as the experiment progresses,
starting to fluctuate steadily around 50 seconds. As the
power is 600W, the friction coefficient is the lowest, and
when the power is 400W, the friction coefficient is
the highest. As the LP is 600W, the wear rate is also the
smallest, at 0.55%.Figure 10b shows thatwhen the scanning
speed is 700mm/min, the minimum wear rate of the metal
parts is 0.52%, and the friction coefficient is also the highest.

To further explore the impact of EDE DCH on friction
and wear performance, this study observed the changes in
the relation in friction coefficient and time for different
characteristics, as well as the changes in wear rate, as
shown in Figure 11. The scanning speed for this experiment
is set to 700mm/min.

As shown in Figure 11, as the EDE distribution
transforms from feature 1 to feature 4, the friction
coefficient gradually decreases and the wear rate decreases;
As the EDE distribution is characteristic 5, the friction
coefficient increases and the wear rate increases. When the
LP is 600W, the scanning speed is 700mm/min, and the
EDE distribution feature is 4, the friction coefficient and
wear rate are both the smallest, with a friction coefficient of
about 0.51 and a wear rate of 0.55%.
6 Conclusion

To explore the impact of laser EDE distribution on metal
parts, a study was conducted to control the DCH of laser
EDE by changing the defocusing amount. A series of
experiments were conducted on GH3625 alloy powder. The
macroscopic morphology, microstructure, density, hard-
ness, tensile and friction wear properties of LAM metal
samples were analyzed from three aspects: LP, scanning
speed, and energy density distribution characteristics. The
conclusion drawn from the analysis of the results is that
changes in defocusing amount can bring about changes in
the EDE DCH. Low LP or excessive scanning speed can
lead to insufficient energy absorption of metal powder,
resulting in insufficient melting of metal powder and
uneven forming surface. Excessive LP or low scanning
speed can lead to severe oxidation of the formed surface.
When the EDE distribution transforms from feature 1 to
feature 4, the EDE distribution gradually is uniform and
the forming quality is better. When the power is 600W and
the scanning speed is 700mm/min, the forming material
with feature 4 has the best performance among all features.
Its density is 99.90%, the maximum microhardness
measured is 350.44 HV, the tensile strength is 1328 Mpa,
the friction coefficient is about 0.51, and the wear rate is
0.55%. When the EDE distribution is characteristic 5, as
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the EDE distribution is uniform, the EDE is small and the
forming quality is still not ideal. Aerospace structural
components usually work in high-temperature environ-
ments, and in the subsequent research process, further
exploration of material mechanical properties in high-
temperature environments can be considered.
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