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Abstract: An active suppressing method of laser-induced plasma was proposed to optimize the crystal structure and
tribological properties for the surface laser sintering (SLS) of Ni3CrasAlisCo1sMosTisYs high-entropy alloy (HEA)
coatings using a pulsed laser with various shielding gases. The results indicate that electron temperature (7¢) and the
plasma jet volume with no shielding gas or in He atmosphere were higher than those in Ar—He atmosphere. Well-
defined phase transitions and significant metal atom diffusion occurred in SLS, and metallurgical bonding occurred with
the precipitation of a-AlFes, a-AINi, and y-AlFe,Ni. The lower energy absorbed by the plasma via inverse
bremsstrahlung (IB) strengthened interactions between laser and HEA, increasing the microhardness, and reducing the
dynamic friction coefficient. This elucidates the crucial influence of plasma control on laser-based additive
manufacturing.

Key words: laser-induced plasma; surface laser sintering (SLS); electron temperature (7.); inverse bremsstrahlung
absorption (IB); high-entropy alloy (HEA); residual stress

wear behavior of the pipeline pressure vessel.

1 Introduction

In high-energy physics and super-intense laser
facilities, the pipeline pressure vessel, a kind of
closed vessel which can bear pressure, is commonly
used to realize the transmission of the super-
intense beam [1,2]. To ensure ease of laser beam
transmission for reducing the impact of high-energy
laser beams, the light-transmission pipeline should
reach a very high vacuum degree, which places
strict requirements on the surface mechanics and

High-entropy alloy (HEA) superalloys are not
easy to precipitate harmful phases [3—5] compared
with Fe-based superalloys, and can work at high
temperature and high stress environment, which can
greatly enhance the high-temperature mechanical
properties, friction and wear properties of optical
transmission pipe. The crystal structure of HEAs
has a large influence on the tensile properties [6].
The Alp3CoCrFeNi HEA at low temperature
has good plastic-deformation behavior for the
formation of deformation twins, which is similar to
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the CoCrFeMnNi alloy studied by OTTO et al [7].
Moreover, it was found that CoCrFeMnNi HEA
maintained the face-centered cubic single-phase
structure after high intensity pulsed ion beam
irradiation [8]. ZHANG et al [9] reviewed the
recent development of HEAs, and summarized the
preparation methods and composition design.

Laser sintering has unique advantages in
interacting with powder or sheet compacts which
are different from substrate for difficult-to-machine
parts with high requirements [10—12]. Emerging
micro additive manufacturing technologies enabled
by novel optical methods has attracted the attention
of researchers [13,14], and ultrafine micro
nanostructures can be prepared by ultrafast
laser [15,16]. AIZENSHTEIN et al [17] investigated
the effect of pre-deformation and B2 morphology
on the mechanical properties of Al0.5CoCrFeNi
HEA, showing that deformation prior to heat
treatment can alter the B2 phase morphology from
“plate-like” to equiaxed morphology. ERDOGAN
and DOLEKER [18] reported that Al0.2CrFeNiCo
and Al0.2CrFeNiCu high entropy alloys were
deposited with high velocity oxygen fuel (HVOF)
on 316L substrate, and found that laser re-melting
coatings exhibited better oxidation performance.
Moreover, GERA et al [19] compared the
properties of Cu—Al-Ni—Mn—Zr shape memory
alloy prepared by selective laser melting and
conventional powder metallurgy. However, the
influence of laser-induced plasma plume and
refractive index of lens affected by temperature
should be examined in the process of high power
laser interaction with materials [20—22]. Laser
parameters and processing environment are thought
to be the two major factors affecting the plasma,
which attracts many scholars interests in studying
the laser-induced plasma process. Pulse contrast is
the key parameter of high peak-power lasers since
the prepulse noise may disturb laser—plasma
interactions [23,24]. According to the acoustic
emission (AE) signals, LUO et al [25] studied the
characteristics of plasma plume and penetration of
weld bead and found that the source for AE
generation was the recoil force and thermal
vibration generated by the plasma plume acting on
molten pool. WU et al [26] proposed that the
cooling effect, blowing effect and the static pressure
were enhanced by the lateral restraint, and the

restraint effect of the nearwall low-temperature area
limited the expansion of the plasma plume greatly.
During the laser welding of titanium alloy, ZHANG
et al [27] found that the periodic variations of the
keyhole area (KA) and the centroid high plasma
plume (CHPP) are unstable and the laser power of
1000 W is a turning point and affects the variation
trends of the KA and the CHPP. JIANG et al [28]
found that the decrease of plasma plume
disturbance, the increase of the laser energy in
keyhole and the decrease of boiling temperature
changed the absorption mechanism of laser energy,
resulting in a large aspect ratio with narrow and
parallel sides of weld cross section profile under
vacuum. However, they have not discussed the
processing of the interaction between laser and
matter in depth.

In Cantor alloy and AlCoCrFeNi HEAs
system, adding Ti, Mo and Y can be easy to form
phase structures with FCC, BCC and HCP solid-
solution structures [9]. So, the NizCrasAlisCois-
MosTisYs HEA coatings were prepared on P355GH
via surface laser sintering (SLS) under different
working modes of pulsed/CW lasers in the
atmosphere to improve the surface performance of
pressurized light-transmission pipes in this study.
The effect of laser-induced plasma on SLS was
investigated by analyzing the micromechanics,
friction, and wear behavior of the HEA coatings.

2 Experimental

The HEA coatings were prepared via SLS with
a custom robotic laser workcell (IPG Photonics
Corporation) which employed YLS—10000 Ilaser.
The SLS system and cycle strengthening are shown
in Fig. 1. The SLS parameters are given in Table 1.
To study the interaction of the plasma plume with
the laser beam, a NAC high-speed camera (20 kHz)
was used to capture the morphology of the plasma
plume. A schematic diagram of the laser-induced
plasma is illustrated in Fig. 1.

The chemical compositions of P355GH
structural steel as the substrate are given in Table 2.
The surface of the P355GH steel was finished and
soaked in acetone for 30 min to remove oil, dust
and other impurities. Then, the substrate was
sandblasted to remove the oxide layer, and the
coating was prepared within 2 h.
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Fig. 1 SLS system (a) and HEA coating (b)

Table 1 Parameters employed in SLS process

Parameter Value
Focal length/mm 400
Defocusing amount/nm 600
Laser wavelength/nm 107045
Spot diameter/mm 3
Particle size/um 23-74
Laser sintering distance/mm 900
Scanning speed/(mm-s™!) 2
Overlap ratio/% 50
Gas velocity/(L-min™") 6
Fiber core diameter/um 100

Table 2 Chemical compositions of P355GH structural
steel (wt.%)

Mn Si Cr Cu Ni Mo
1.10-1.70 <0.60 <0.30 <030 <0.30 <0.08
Nb Ti v Impurity Fe

<0.04 <0.03 <0.02 <0.257 Bal.

The sintering powder presented on the
substrate by squash presetting method was
precipitation strengthening high-entropy alloy
powder with spherical structure prepared by aerosol
method and the presetting thickness was ~1 mm,
with particle size of 50—200 um. The chemical
compositions of high-entropy alloy powder are
given in Table 3. The most important role of Cr
in high-entropy alloy powder was to increase the
oxidation resistance and wear resistance. Al and Ti
are critical elements to improve the surface stability
of the alloy. It is generally believed that high Al is

conducive to improving the oxidation resistance of
the alloy [29]. Increasing the content of Al results in
the formation of a BCC phase in the FCC matrix,
which yields an increase in the compressive
strength at the expense of ductility [30,31]. The Ti
was conducive to improving the hot corrosion
resistance, and a BCC structure was formed within
the FCC solid-solution phase in Cantor alloy
(containing Fe-BCC, Co-HCP, Cr-BCC, Mn-BCC
and Ni-FCC) when Ti-HCP was added [32,33]. Mo
can increase the amount of y phase and improve the
thermal stability.

Table 3 Chemical compositions of high-entropy alloy
powder (wt.%)

Ni Cr Al Co Mo Ti Y
30.00 25.00 15.00 15.00 5.0 5.00 5.00

According to the influential factors of laser-
induced-plasma, different working modes of CW/
Modulated and atmospheric environment were used
in the SLS process. The working modes of laser and
shielding gas, and the corresponding sample
number are given in Table 4.

Table 4 Sample number under different working modes
and shielding atmospheres

Laser No shielding He Ar—He
gas shielding gas shielding gas
Pulse 000 100 110
Cw 001 101 111
Before the experiment, the temperature

changes for pulsed and CW laser sintering were
simulated, as shown in Figs. 2(a, b). During laser
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Fig. 2 Macro finite element temperature field and molecular dynamics: (a) Pulsed laser; (b) CW laser; (c) Enthalpy;

(d) Energy

scanning, the initial substrate temperature gradually
increased under the action of long-time pulse
pumping, showing a significant heat accumulation
superposition effect [34]. This was the same as
the simulation of the pulsed laser power and
temperature by SU et al [35], which showed that
preheating and reducing the thermal relaxation time
can improve the power and efficiency of pulsed
lasers. With a laser power of 5 kW, the use of either
pulsed (1 kHz in frequency) or CW laser sintering
can result in a temperature of 10K in the molten
pool center and match the temperature of the
induced plasma. Compared with sintering using a
pulsed laser, the substrate temperature rise induced
by the CW laser was limited to a small area;
however, the sintering thickness was much larger
than that obtained using the pulsed laser.

A molecular dynamics simulation created with
the Forcite module of Materials Studio is shown in
Figs. 2(c, d). Molecular mechanics were used to
explore the possible structures from several typical
structural parameters and forces. A potential
energy function was used to express the change
in molecular energy when the organizational
parameters deviated from the “ideal”
Additionally, an optimization method was used to
determine the change in molecular energy when the
molecular energy deviated from the “ideal” value.
The optimization method was also used to find the

value.

configuration of the molecule when the molecular
energy was in the minimum state. According to the
ergodic hypothesis in statistical physics, the time
average of physical quantities is equal to the
average result of all systems in the canonical
ensemble (NVT) for a system in equilibrium. The
physical properties of the equilibrium state of the
system can be obtained by summing different
microscopic states. In Fig. 2(d), the Fe in P355GH
and the four main elements in the coating built a
HEA system, and the molecular dynamics energy
and temperature reached dynamic equilibrium in
the range of 42—75.6 MJ/mol and 2200—-3000 K.
Similar to the molecular dynamics simulation of
temperature effects, increasing temperature reduced
the anisotropy of distribution of atoms, which can
be ascribed to the fact that regular registry of
surface lattice atoms was changed with the
increase of thermal vibration amplitude of surface

atoms [36].
The obtained HEA coatings after SLS
experiment were polished, and the coating

interfaces were slightly corroded by dilute nitric
acid, which can be convenient to distinguish
coating from substrate. Typical spectrograms
between 200 and 600 nm were acquired using a
Leetes WL8A-pro spectrometer during the SLS of
the HEA under different laser working modes and
atmospheres. Morphologies, element compositions
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and phases were analyzed using a JSM—6360LA
type scanning electron microscope (SEM), energy
dispersive spectrometer (EDS), and D/max2500 PC
X-ray diffraction (XRD), respectively. Micro-
hardness tests under a load of 100 g for 10 s were
performed using a HXD—-1000TC tester. The
residual stress using fixed peak method for cross
correlation method conducted on X—350AC stress
tester with the Co target, incident angle of 0°, 25°,
35° and 45°, stress constant of —130 MPa/(°), 26
range of 155°—145° and scanning step of 0.10°. The
tensile test was carried out at the tensile rate of
I mm/min in the air to evaluate the mechanical
properties. Finally, the friction experiments were
conducted on CETR equipment, using the ball—
plane sliding contact mode, with Si3N4 ceramic ball
as grinding pair with diameter of 3.5 mm, and the
load was 10 N.

3 Results and discussion

3.1 Plasma plume

3.1.1 Observations and analysis of plasma plume
The plasma plume and molten pool under

different laser working modes and atmospheres are

Plasma NO OOO

Molten pool

(b)
Probe __

&

Electron \6
Equivalent //é L

B

positive charge

Plasma
plume

Electron temperature (Al), 7,/K

shown in Fig. 3(a). The plasma plumes consisted of
ionized metal vapor and ambient gases. Compared
with the plasma plumes in laser welding, those
induced by SLS stretched in the horizontal direction
due to transverse scanning, and the range of the
plasma plumes was narrowed as the pattern number
increased. Based on the theory of plasma sheath
layering, the laser-induced plasma produced by SLS
was an electromagnetic fluid filled with high-speed
electrons and ions. Both the number and thermal
velocity of electrons impacting the probe, were
much higher than those of the ions, as the thermal
velocity of the electrons was much higher than that
of the protons. Based on the principle of potential
and a study by REISGEN et al [37], the flow rates
of the electrons and ions reach equilibrium, thus
forming the plasma sheath layer, as shown in
Fig. 3(b).

The potential difference between the probe and
sheath edge was Upcs when the particles with dots
reached equilibrium at the sheath and the thickness
of the plasma sheath was /;, described as [38]
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Fig. 3 Induced mechanism of sheath potential in plasma: (a) Plasma plume; (b) Sheath potential; (c) Charge voltage and

electron temperature
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where k is the Boltzmann constant, 7 is the
temperature, m; is the ion mass, me is the electron
mass, and e is the electron charge.

In accordance with the plasma sheath theory
and the charge voltage of Ni, the plasma electron
temperature (7.) was calculated, and the signal
waveforms of the charge voltage and 7. in the
active period of a single plasma are shown in
Fig. 3(c). The dynamic behavior of the plasma
plume can be divided into three stages: (1) the
excitation phase, (2) the maintenance phase, and
(3) the decay phase. The charge voltage and 7. of
the plasma plume fluctuated within 2-3.0 V and

173

3000—4000 K, respectively, during the maintenance
phase.
3.1.2 Analysis of spectroscopy

The typical spectra from 200 to 600 nm,
obtained during the SLS of the HEA coatings under
different laser working modes and shielding
atmospheres, are shown in Fig. 4. The emission
spectra of the laser-induced plasma produced under
atmospheric conditions consisted of a broadband
background and hundreds of discrete emission lines.
The broadband background was caused by the
intense thermal radiation of the plasma plume,
while the discrete emission lines corresponded to
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the spectral lines of the Ni, Cr, Al, Co, and Fe atoms

and molecules. Ni was mainly detected near the

wavelengths of 333.231, 385.830, and 611.970 nm,

Cr near 309.428 and 524.145nm, Al near

428.297 and 434.780 nm, Co near 355.271 and

577.184 nm, and Fe near 282.529 and 319.240 nm.

A low-intensity O signal also appeared in the

spectra, except for No. 110 and No. 111, which

indicated that some metal atoms were oxidized.

Under different working modes and protective

atmospheres, some spectral lines disappeared and

others appeared, which indicated that the state of
the plasma plume in SLS was influenced by the
working mode and shielding gas atmosphere.

Additionally, the emission intensity of the plasma

plume tended to decrease with the pulsed mode and

Ar—He shielding gas environment. Meanwhile, the

reduction of emission intensity indicated that the

thermal radiation of the plasma plume is weakened,
due to diversification of the shielding gas

atmosphere [39].

3.1.3 Electron temperature, electron density and
inverse bremsstrahlung (IB) absorption of
plasma
The 7. and electron density (N.) are critical

basic indices to characterize plasma plumes and

estimate IB absorption. Taking into account the
theory of plasma sheath, in addition to Eq. (1), the

electron temperature can be calculated by Eq. (2)

under spectral conditions [40—42]:

log[ Lon? JZ—&+D (2)
gmAmn k]—é

where I, is the relative spectral intensity, 4 is the
wavelength, Amn is the transition probability of
spontaneous emission, gm is the degeneracy of the
excitation level, En is the upper-state energy level,
and D is a constant. By plotting the initial term,
log[ImnA/(gmAmn)], Versus En for several lines of the
same element in the Boltzmann plot, one can
estimate the electron temperature 7., which is
related to the slope of the linear fit —1/(kTe).

N, can be calculated based on the spectra
according to the Stark broadening effect. The
formula [43] to estimate the N. is expressed as

Ne :%Xmlé (3)
w

where Al is the full-width at half-maximum

(FWHM), and w is the electron collision-

broadening half-width. In this study, the line of
Ni, I 574.83 nm with high relevancy, was selected
to compute N..

IB absorption is the main route for plasma to
absorb and shield laser energy. The IB linear
absorption coefficient can be estimated as [44]

Z*e n.n In A

Ay =
3wice,2nm k)2 [1- (@, w)?

4)

where A, is the IB linear absorption coefficient, Z is
the ionic valence, n. is the electron density, #; is the
ions density, In 4 is the Coulomb logarithm, w is
the angular frequency of the laser, w, is the angular
frequency of the plasma oscillation, ¢ is the speed
of light, and & is the dielectric constant of vacuum.

According to the
between the laser and plasma plume, the energy
flux ratio of the laser through the plasma layer was
described by the beam transmittance rate. The
relationship between Ai, and the plasma length L
(measured from the plasma plume images) was
established. The obtained transmittance represents
the effective power efficiency:

010, =exp(=4,L) &)

where QO is the effective energy and (o is the
incident energy of the laser.

The T. values for a single plasma active cycle
and surface metallography of the plasma and HEA
coatings are shown in Figs. 5—7. The influence of
the working mode and shielding gas on the
laser-sintered coatings was characterized by the
fluctuations of the electron temperature and plasma.
Since plasma can absorb laser energy above the
surface of the material, the temperature was
increased and the absorption rate of the laser energy
by the material was reduced. From the results, it
seemed that the plasma induced by laser sintering
had a shielding effect on the SLS process. The
higher the 7. of the plasma, the more the laser
energy absorbed by the plasma, and therefore, the
more pronounced the shielding effect. As shown in
Fig. 5, T. without the shielding gas reached 5000 K,
and the eruption volume of the plasma plume was
noticeably larger than that of other four samples.
Compared with the fluctuations between 4000 and
5000 K seen for No. 100 and No. 101, the 7. for
No. 110 and No. 111 under Ar—He shielding gas
was lower, with fluctuations between 3000 and

interaction mechanism
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4000 K. The T, and jet volume of plasma under He under various gases followed the order of no
gas were higher than those under Ar—He, which shielding gas > He shielding gas > Ar—He shielding
indicated that the shielding effect induced by SLS gas. Furthermore, by comparing No. 000 with
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Fig. 7 Electron temperature and surface morphologies of No. 110 (a, b) and No. 111 (c, d)

No. 001, No. 100 with No. 101, and No. 110 with
No. 111, it seemed that the 7. using the pulsed laser
was lower than that using the CW laser, because the
irradiation time of the laser was less than the
forming time of the plasma, which was achieved by
adjusting the pulse frequency of the laser to inhibit
the generation of plasma.

Furthermore, the IB absorption of laser energy
by laser-induced plasma had important influence on
the quality of the alloy coating. Figure 5 showed
clear microcracks on the surface of the two alloy
coatings fabricated by SLS without shielding gas,
with crack width of 50 and 20 pum, respectively, due
to the inhomogeneous thermal effects resulted from
the high-intensity laser-induced plasma. Figure 6
showed lath grains on the surface of No. 100 and
intergranular gaps on No. 101. Figure 7 showed fine
grains on the surface of No. 110 and reticular grains
on No. 111. These effects are preliminarily judged
to be caused by stress under the influence of the
laser-induced plasma.

3.2 Microstructure of HEA coatings
3.2.1 Analysis of coatings surface

The surface morphology and energy dispersive
X-ray spectroscopy (EDS) results of the HEA
coatings are shown in Fig. 8. The accumulation of

surface grains on No. 100 decreased significantly
compared with that on No. 101, but the surface
grains on No. 101 exhibited significant peeling.
The energy absorption of the HEA was inhibited
due to the shielding of the laser-induced plasma,
corresponding to the 7. of No.101 reaching 5000 K,
as can be seen in Fig. 8. There was no distinct grain
accumulation or peeling on No. 110 and No. 111.
Judged from the Fe content in the EDS results, the
diffusion of No. 110 between the coating and
substrate was more pronounced, which can also be
seen in the line scan of the coating interface. This
indicates that the HEA was composed of five major
metal elements: Ni, Cr, Al, Co, and Fe.
3.2.2 Analysis of coatings interface

The line scan of the HEA coatings fabricated
by SLS is shown in Fig. 9. The coating thicknesses
of No. 100, No. 101, No. 110, and No. 111 were
~580, ~600, ~660, and ~600um, and the
thicknesses of the heat-affected zone (HAZ) were
~400, ~220, ~260, and ~240 um, respectively. The
Ni, Cr, Al, Co, and Fe underwent distinct content
changes at the coating interface, as each element
content fluctuated across a region near the junction
of the alloy coatings and HAZ, referred to as the
diffusion zone. The diffused thicknesses of No. 101
ranged from 180 to 220 pum, those of No. 100 and
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Fig. 8 SEM images and EDS results of HEA coatings under different working modes and shielding atmospheres:

(a, b) No. 100; (c, d) No. 101; (e, f) No. 110; (g, h) No. 111

No. 111 ranged from 50 to 60 um, and only that of
No. 110 approached 300 um. These values indicate
that there occurred considerable interdiffusion and
metallurgical bonding between the P355GH steel

and alloy coatings, due to the mutual transfer of
atoms and molecules. The more pronounced the
diffusion changes, the greater the penetration depth
and dilution ratio are.
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3.2.3 Thermodynamics and phase transition of HEA
coatings

The energy deposition from SLS depended on

the repetition rate and sintering speed of SLS,

which defined the relationship between the pulse

frequency and thermal diffusion time. The results
indicate that the temperature limit was positively
influenced by the number of pulses, and the heat
accumulation effect was significant. It is well
known that the thermal accumulation effect is a
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prominent feature when using CW lasers.

Suppressing the thermal effect of SLS will
allow control of the latent heat of liquefaction,
which can lead to phase transformations between
the HEA coatings and P355GH. The phases of the
HEA coatings prepared using SLS under various
working modes and shielding atmospheres are
shown in Fig. 10. The main peaks of the stable
phases y-AlFe;Ni (JCPDS No. 44-1126), a-AINi
(JCPDS  No. 44-1187), NiCoCrMo (JCPDS
No. 35-1489), and a-FeNi (JCPDS No. 47-1417)
were detected at 20=31.38°, 44.34°, 50.36°, and
81.16°, respectively. The combination of the Fe in
the P355GH steel with the Ni and Al in the alloy
coatings indicates that significant phase transitions
and metal atom diffusion occurred during SLS.
Furthermore, low-intensity diffraction peaks of
Cr,0; (JCPDS No. 84-0315), a-FeNi; (JCPDS
No. 38-0419), a-AlFe; (JCPDS No. 45-1204), NiO
(JCPDS No. 44-1159), and a-AlLOs; (JCPDS
No. 29-0063) were detected at 26=19.78°, 42.54°,
64.60°, 74.18°, and 89.76°, respectively, indicating
the presence of crystalline oxidation phases. In
addition, the spectral intensities of Cr,O; and
0-AlLO; gradually decreased, from No. 000 and
No. 100 to No. 110 and from No. 001 and No. 101
to No. 111, respectively. The mutual diffusion at the
coating interface yielded new phases, enhancing the
bonding strength and elastic modulus according to
the Gibbs phase rule. The Al-Ni and Al-Fe—Ni
phases helped form phase structures with the FCC,
BCC and HCP solid-solution and alloy compounds
structures, which can increase the bonding strength
and microhardness of the coating. Therefore, the
friction and wear properties of structural steel
surface can also be greatly improved.

3.3 Mechanical properties of HEA coatings
3.3.1 Microhardness and residual stresses of HEA
coatings

The angle between two relative prisms of the
Vickers indenter was 136°. Vickers indenter was
under 200 g load, and it was vertically pressed into
the surface of the coatings to result in indentation,
and the strength per unit area was Vickers hardness.
In Fig. 11, the microhardness values of the bare
P355GH steel and the No. 000, No. 001, No. 100,
No. 101, No. 110, and No. 111 coatings under
different working modes and shielding atmospheres
were HV 480, 1209.45, 1172.72, 1306.02, 1247.84,
1368.38, and 1355.53, respectively. The surface
hardness of the structural steel surface was greatly
improved, mainly due to the considerable
proportion of Cr in the coating.

In X-ray diffraction, a beam of X-ray with a
certain wavelength 4 irradiated the polycrystalline
surface, as shown in Fig. 12, and the maximum
intensity of the reflected X-ray (i.e. diffraction peak)
was obtained at a diffraction angle of 26. With d
being the distance between the diffracting crystal
planes, the diffraction follows Bragg’s law [45]:

2dsinf=n-A (6)

As 4 is known, the relationship between the
macroscopic measurable diffraction angle 26 and
the microcrystal plane distance d could be
established. When there is a stress ¢ in the coating,
d must change with the orientation of the crystal
plane and the stress. From our results, it is clear that
the change in 26 with the angle ¥ was closely
related to o, where ¥ is the angle between the
normal of the sample surface and the crystal surface
that diffracted X-rays. For isotropic polycrystalline

(a) B —NiCoCrMo G — a-FeNi, & —NiO (b)
® —q-AINi ¢ —a-AlFe; 7 —Cr,04
A —y-AlFe,Ni © —a-Al 04
A —a-FeNi A
o Y 7
P o AINi AlFe,Ni FeNi FeNi,
| 1] e (mp-1487) (mp-31186) (mp-2213) (mp-1079337)
/ " L i* 4/No. 000 -
/ P - No. 001 0 (‘.~
// I . Ll A No.N:)('nIOO }«{ é
g L o 2N e
Vi No. 111 :
- AlFe, NiO Cr,04 Al,O4
10020 30 40 ey 0w (mp-1183162) (mp-19009) (mp-755749)  (mp-7048)

Fig. 10 XRD patterns (a) and phase structures of HEA coatings under different working modes and shielding

atmospheres
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(b) No. 100; (c) No. 110; (d) No. 001; (e) No. 101; (f) No. 111

Diffraction peak

(b)  Diffraction intensity \

H distribution
£
g
A
1S
- |
i¥ 3
> I
¥, 20
Diffraction \_ / 5
plane T

(c) Residual stress: (223.4+61) MPa | |(d) Residual stress: (101.1£74) MPa | | (e) Residual stress: (64.9+27) MPa

122 124 126 128 130 132 122 124 126 128 130 132 122 124 126 128 130 132
20/(%) 20/(°) 20/(°)

(f) Residual stress: (144.5+24) MPa () Residual stress: (—78.1+45) MPa | | (h) Residual stress: (—5.3+12) MPa

1I22 12l4 12I6 1é8 III’>0 1I32 1l22 1é4 12l6 1i8 13I0 1I32 1I22 12I4 12I6 lé8 13;0 1I32

20/(°) 201°) 20/C°)
Fig. 12 X-ray diffraction stress measurement and residual stresses of HEA coatings: (a) Included angle, ¥;
(b) Measuring method; (c) No. 000; (d) No. 100; (e) No. 110; (f) No. 001; (g) No. 101; (h) No. 111



Xue YAN, et al/Trans. Nonferrous Met. Soc. China 33(2023) 168—188 181

materials and in the plane stress state, ¢ is directly
proportional to the slope of 26 with sin*¥, and can
be calculated according to Bragg’s law and the
elasticity theory:

o=KM (7N
m=—220_ ®)
dsin”
E T
K=- tg 6, — 9
2(1+v)cg ’ 180 ®)

where K is the stress constant, E£ is elastic modulus,
v is Poisson’s ratio, and 6y is the Bragg angle in a
stress-free state.

The residual stress can be deduced from the
theory of elasticity and X-ray diffraction [45]:

o 308 . 3(0)
SN 05(siny)  osiny)
(10)

The residual stress of the alloy coating
fabricated by SLS mainly comprises (1) thermal
stress that occurred when the coating was cooled
from high temperature to room temperature, due to
the uneven temperature distribution and difference
in thermal expansion coefficients between the
substrate and coatings and (2) intrinsic stress or
internal stress caused by the non-thermal effect. The
simulation results for temperature versus the stress—
strain field are shown in Fig. 13. Because of the
difference in the coefficient of thermal expansion
between the coatings and P355GH, the residual
stress generated in the coating (ow) can be described
as follows [46,47]:

o, = E,
th 1—1/

C

-~ ¢t
o)

(o —a)(T. - T;) (11)

where E. is the elastic modulus of the coating, v, is
Poisson’s ratio of the coating, a. (coatings) and o

(P355GH) are the thermal expansion coefficients,
and 7. and Ty are the temperatures during coating
preparation and measurement, respectively.

The maximum intrinsic stress (gin) can also be
described as follows:

O-in = CEcac (T;:m _T) (12)

S

where Tcm and T are the melting point and substrate
temperature, respectively, and C is a constant.

The residual stress (o) of the coating is then
the superposition of the coating thermal stress and
substrate thermal stress:

0=0w10in (13)

From the 26, vs sin’y regression curves in
Fig. 12, the residual stresses of No. 000, No. 100,
No. 110, No. 001, No. 101, and No. 111 under
different working modes and shielding atmospheres
were  (223.4+61), (101.1£74),  (64.9£27),
(144.5424), (—78.1445), and (—5.3£12) MPa,
respectively. The diffraction peaks for the coating
appeared at a 26 of 127°-130° and the tensile
stress showed elastic anisotropy, due to the
inhomogeneous elastic deformation and non-
uniform elastic—plastic deformation in the coatings,
implying elastic and plastic anisotropy in the
samples. The direction of principal stress matched
that of the principal strain in the samples. Their
partially nucleated phases were anisotropic, and the
non-nucleated polycrystalline coatings presented
pseudo-isotropy at the macroscopic level. Owing to
the existence of residual stress in the coating, the
thermal coupling effect in the coating was enhanced,
which made it a sensitive factor contributing to the
failure of the coating [48]. The residual stress in the
coatings originated from the coating growth process
and the storage environment. Its properties and
magnitude were closely related to the substrate
and coating materials, laser sintering technology,
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Temperature
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10 15 20 25 30 Uv't"?

Time ] +§

Fig. 13 Simulation of temperature and stress—strain field: (a) Temperature; (b) Stress; (c) Strain
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conditions, and post-treatment process, and
particularly, the effects of the different laser
working modes and shielding atmospheres.
3.3.2 Bonding strength and stress—strain responses
of HEA coatings

The interfacial bonding strength between the
coating and P355GH steel was an important index
for evaluating the process reliability of the coatings.
In SLS, the internal stress caused by different
thermal expansion coefficients of the HEA and steel
significantly affected bonding strength. The elastic
modulus, microhardness, and adhesion between the
coating and steel were the main factors that
determined bonding strength. The low value and
sensitive nature of the elastic modulus indicated a
bonding force between atoms, which also
conformed to Hooke’s law of elasticity [48]. Under
normal stress, the elastic modulus was calculated as
follows:

o=E-¢ (14)

where o is the normal stress, and ¢ is the normal
strain.

Under shear stress loading, the shear modulus
was calculated using the following equation:

=Gy (15)

where 7 is the shear stress, G is the shear modulus,
and y is the normal strain.

The relationship between E and G is expressed
as

E

"2+ (16)

The thermal stress of the coating was not
greater than the bonding strength of the coatings,
which indicated that the coating composition and
SLS process inhibited any significant increase in
the internal thermal stress. According to Fig. 14, the
bonding strengths of No. 000, No. 001, No. 100,
No. 101, No. 110, and No. 111 coatings using SLS
with different laser working modes and shielding
atmospheres were 40.45, 37.64, 45.87, 39.73, 51.71,
and 46.94 MPa, respectively. The results indicated
that higher elastic modulus led to higher bonding
strength. In application, the bonding strength
reflects the anti-elastic deformation ability of the
HEA coatings. More importantly, the elastic
deformation ability of the HEA coatings depends
on the structure and interaction between atoms,
which is affected by the laser-induced plasma. The
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Fig. 14 Bonding strength and stress—strain responses of
HEA coatings under different working modes and
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Stress—strain responses; (¢) Mechanical properties
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bonding strength of No. 110 coating under the
pulsed laser working mode and Ar—He shielding
atmosphere was noticeably higher than that of the
coatings under other laser working modes and
shielding atmospheres, owing to the suppression of
the plasma shielding effect.

The tensile strength of the coating was
analyzed by classical tensile testing, as shown in
Fig. 14. KWEON et al [49] discovered that a typical
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tensile test can reflect the real stress and strain
before the necking point:

0=S(1+s) (17)
e=In(1+s) (18)

where S and s are the test stress and strain,
respectively, and ¢ and ¢ are the real stress and
strain, respectively.

In contrast, due to the stress triaxiality of the
necking zone, the instantaneous real stress and
strain values in the post-necking region should be

calculated from the instantaneous load and
cross-section as
P
v (19)
A,
e=In| — 20
4 -

where P is the instantancous load, and 4y and 4 are
the original and corresponding cross-sectional areas,
respectively.

Since deformation during necking led to
transverse stress at the necking region, an
equivalent single-axis stress correction factor was
set in this study. The factor was determined
according to the pattern aperture, and was highly
difficult to measure. Subsequently, the empirical
function was calculated:

o0"=Bo 21)

B=0.0684(Ige)’ +0.0461(1ge)* —
0.205(1g€)+0.825 (0.12<£<3) (22)
The stress—strain responses of the HEA

coatings closely fitted the above empirical formula.
The only deviation was a pseudo-random
fluctuation in the elongation, where the elongation
of No. 000 was higher than that of No. 001. This
difference was mainly attributed to No. 000 and
No. 001 coatings possessing microcrack defects in
the surface layer. In contrast, the results of the
fitting indicated that the mechanical properties of
No. 110 and No. 111 coatings under the Ar—He
shielding atmosphere were comparatively superior.

3.4 Friction and wear resistance

The surface friction curve and wear depths of
the HEA coatings under a load of 10 N for 30 min
are shown in Fig. 15. In the initial stage, the friction
interaction between the coating and grinding ball

occurred in the form of static friction and dynamic
friction, and both the force and friction coefficient
were greater in static friction than in dynamic
friction. When the normal stress of friction
exceeded the fatigue limit of the HEA coatings, the
contact point was prone to plastic deformation, the
oxide film on the coating surface was destroyed,
and the HEA
molecules increased at the contact point, resulting
in cold welding, which mainly occurred in the
samples of No. 101 and No. 111, as shown in
Figs. 15(c, g). However, the phenomenon was
significantly weaker in the samples of No. 100 and
No. 110, as shown in Figs. 15(a, €). The dynamic
friction coefficient x reflects the friction and wear
properties of the HEA coating, and there was a
negative correlation between the wear resistance
and the coefficient. The following equation
describes the relationship among u, the friction
force f, and the positive pressure N:

u=fIN (23)

As shown in Fig. 16, the stable friction
coefficients (u) of No. 100, No. 101, No. 110, and
No. 111 alloy coatings by SLS under different
working modes and shielding atmospheres were
0.156, 0.201, 0.106, and 0.143, and the
corresponding friction forces ( /) were 1.553, 2.008,
1.058, and 1.427 N, respectively.

The above mechanical analysis and friction
and wear experiments were more convincing.
Whether evaluating through simulation, mechanical
experiment, or friction behavior analysis, or from a
macro or micro point of view, the different laser
working modes and shielding atmospheres had
significant effects on the properties of the HEA
coatings fabricated wusing SLS, particularly
impacting the shielding effect of the laser-induced
plasma on SLS.

interaction force between the

4 Conclusions

(1) The appearance and disappearance of some
typical spectral features indicated that the state of
the plasma plume in SLS was affected by the
working mode and shielding atmosphere, and the
emission intensity decreased in the pulsed laser
working mode and Ar—He shielding gas
environment.

(2) T. and the jet volume of plasma in He gas
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were higher than those in Ar—He gas, which
indicated that the shielding effect was induced by
SLS in the following order: no shielding gas > He
shielding gas > Ar—He shielding gas.
(3) During Ilaser scanning,
accumulation

there was a

noticeable thermal superposition
effect and it reached the latent heat of liquefaction
under the action of long-time pulse pumping.

Marked phase transitions and diffusion as well as

metallurgical bonding occurred, with the
precipitation of a-AlFes;, NiCoCrMo, a-AlINi, and
y-AlFezNi.

(4) The residual stress and dynamic friction
coefficient of the coating could be respectively
reduced to —5.3 MPa and 1.058 by changing the
laser working mode and shielding atmosphere,
which suppressed the shielding effect of the
laser-induced plasma on the SLS process.
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