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Abstract 
The evolution of element distribution during laser cladding involves two dynamic behaviors, i.e., liquid molten pool flow and 
FeCoCrNi high-entropy alloy (HEA) coatings solidification. However, it is quite difficult to characterize element distribution 
during the flow of the liquid molten pool rigorously. The current investigation conducted the optical microscopy, scanning 
electron microscopy, X-ray diffraction analysis and energy dispersive spectrometer to study the dilution, phase composition, 
microstructure of the FeCoCrNi coatings. The flow field was simulated to uncover the dynamic change mechanism of the 
molten pool and explain the experimental results. The results indicated that the coating is substantially composed of FCC 
and BCC solid solution with a typical dendrite microstructure. Gray Laves phase-(Ni, Co)2Ti and a small number of white 
dot particles, Fe–Cr phase, are dispersed in the inter-dendritic region. The HEA atoms (Fe, Co, Cr, Ni) gradually aggregate 
from the center to the side at the coating boundary region, while the Ti atom is the opposite. The Marangoni flow inflection 
point at the molten pool boundary will cause HEA atoms to aggregate. On the contrary, Ti atom enters the molten pool 
from the bottom with the heat buoyance flow and then migrates to the boundary along with the Marangoni flow. Therefore, 
the content of Ti in the coating boundary decreases. The Marangoni flow, heat buoyance flow, and recoil pressure flow are 
interwoven in the middle region of the coating, resulting in a more uniform element distribution than the boundary region.

Keywords  Ti–6Al–4V · Laser cladding · High-entropy alloy coatings · Microstructure · Element distribution · Molten pool 
flow

1  Introduction

Ti–6Al–4V is one of the significant materials for the aero-
space industry because of its high specific strength, excellent 
corrosion resistance and toughness properties compared to 
other structural materials [1]. Nevertheless, the high fric-
tion coefficient and low hardness that are confined to obtain 
excellent surface performance have restricted the wide-
spread application of titanium alloys [2, 3]. The surface 

modification technology such as laser cladding is a promis-
ing way to repair and strengthen material surfaces. The high 
energy density of the laser results in a coating thickness that 
is adjustable (from micrometers to several millimeters) and 
maintains a strong metallurgical bond to the substrate [4–6].

The literature abounds with correlation studies of the 
laser cladding. Given the category of powder material 
according to the selection and ratio of the cladding mate-
rial. The most commonly investigated powder material are 
Ni-based alloys [7], Fe-based alloy [8], Co-based alloy [9], 
intermetallic compounds Ti–Al [10], Fe–Al [11], Ti-Ni [12], 
Ni–Al [13], ceramic phases TiN [14], TiB [15], TiC [16], 
Ti5Si3 [17], Al2O3 [18] and composite coatings [19, 20]. 
High entropy alloys (HEAs), proposed by Yeh et al. [21] in 
2004, is a new concept in alloy design, which is made up of 
more than five metallic elements in equimolar or near-equi-
molar ratios. High entropy alloys exhibit uniqueness as they 
are usually composed of simple solid solutions with a BCC 
structure [22] or FCC [23] structure. High-entropy alloys 
(HEA) possess special and expected properties such as high 
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hardness and wear resistance by means of the appropriate 
selection of the alloying elements. Consequently, HEAs are 
considered as a promising coating material for improving 
the surface performance of titanium alloys.

Most of the research conducted so far on the fabrication 
of high entropy alloys by laser cladding technology focused 
on the following three aspects: the design of HEAs elements, 
microstructural evolution [24], and the improvement in prop-
erties, which include microhardness [25], wear resistance 
[26], corrosion resistance [27], high-temperature oxidation 
resistance [28]. Elemental segregation during the coating 
solidification was discovered for the reason that HEAs con-
sist of multiple elements and each element exhibits differ-
ent properties. Yue et al. [29] investigated the solidification 
behavior of AlCoCrCuFeNi HEAs on magnesium substrates. 
The simulation results indicated that some Cu elements dif-
fuse into the Mg melt and subsequently solidifies following 
the Mg–Cu phase diagram due to the lower affinity of Cu 
elements to other HEA elements. Guo et al. [30] proposed 
the viewpoint that high melting point elements accumulate 
in the region of primary solidification and low melting point 
elements accumulate in the region of final solidification.

Elemental segregation during solidification is generally 
caused by the difference in element properties. The laser-
powder/substrate interaction causes the coating powder to be 
melted before the molten pool solidifies. The liquid coating 
produces a violent flow under the effect of surface tension, 
thermal buoyancy and steam recoil pressure, resulting in 
matrix Ti atoms and HEA elements disperse to the various 
area of the molten pool [31]. The difference of flow direction 
and velocity in different regions leads to the uneven distribu-
tion of elements in liquid coating and the change of micro-
structure evolution during solidification, which ultimately 

affects the surface properties of HEAs coating. Therefore, it 
is necessary to explore the influence of molten pool flow on 
element distribution in laser cladding HEAs coating.

In the present investigation, the FeCoCrNi alloy powder 
was used to fabricate HEAs coatings on Ti–6Al–4V (TC4) 
titanium alloy by laser cladding. The dilution rate of the 
coatings with different heat input and preplaced layer thick-
ness were investigated. Furthermore, the microstructure 
characteristics are explained according to the aggregation 
of Ti atoms. The distribution characteristics of HEAs ele-
ments (FeCoCrNi) and matrix Ti atoms in the upper bound-
ary region, the lower boundary region and the middle region 
of the coating were interpreted according to the convection 
characteristics. The flow field was simulated to uncover the 
dynamic change mechanism of the molten pool and explain 
the experimental results.

2 � Experimental Details

140 × 70 × 6 mm TC4 titanium alloy was applied as the sub-
strate for laser cladding in this study. The TC4 matrix at 
normal temperature exhibits a stable α + β phase, which is 
shown in Fig. 1a. In addition, the FeCoCrNi HEAs powder 
used in the experiment is prepared by vacuum gas atomiza-
tion with a size of 15–53 μm (Fig. 1b). And the chemical 
composition of TC4 substrate and FeCoCrNi HEAs powder 
is detailed presented in Table 1.

In order to avoid the introduction of extra impurities in 
the binder, the pre-set powder method was applied in the 
experiment. Moreover, two grooves with depths of 0.5 mm 
and 1 mm were cut on the substrate to improve the accu-
racy of preplaced powder thickness. Then the powder was 

Fig. 1   Morphology of TC4 
matrix and FeCoCrNi HEAs 
powder in laser cladding experi-
ment

Table 1   Chemical composition 
of TC4 titanium alloy and 
FeCoCrNi HEAs powder

Chemical composition (wt%) Fe Co Cr Ni Ti Al V

Ti–6Al–4V ≤ 0.15 0 0 0 Bal. 6.04 3.71
FeCoCrNi HEA power 24.44 26.18 22.43 Bal. 0 0 0



469Metals and Materials International (2021) 27:467–480	

1 3

spread evenly on the surface of the substrate and compacted 
to ensure the coating thickness is equal to the groove height.

The experiment was conducted in a glove box filled with 
argon shielding gas, which contained less than 60 ppm of 
oxygen to prevent the molten metal from oxidizing. A 6-axis 
KUKA robot was used to operate the laser cladding process, 
which was equipped with a Rofin-Sinar laser system capable 
of achieving the power of 2000 W. Before laser cladding, 
the substrate surface was polished with a grinding wheel 
to improve the surface finish, subsequently, cleaned with 
ethanol. All final coatings were fabricated with the basic 
parameters, which were given in Table 2. Besides, the focal 
length employed in each experiment is 60 mm uniformly. 
The laser cladding system is displayed in Fig. 2. And a sche-
matic view of the laser cladding process is depicted in Fig. 3.

The metallographic samples along the cross-section 
of specimens were observed by optical microscopy after 
chemically etching in Keller reagent (consisting of 2.5% 
HNO3 + 1.5% HCl + 1% HF + 95% H2O). The phase identifi-
cation was measured by an Empyrean XRD system. And the 
microstructure of the coatings was observed using a scan-
ning electron microscope. Quantitative distribution results 

Table 2   The experiment parameters of laser cladding FeCoCrNi 
HEAs coatings

Series Case Laser power 
(W)

Scanning 
speed 
(mm/s)

Heat 
input (J/
mm2)

Powder 
thickness 
(mm)

1 1 800 12 33.3 0.5
2 800 10 40
3 1200 12 50
4 1000 8 62.5
5 1200 8 75

2 6 800 12 33.3 1
7 800 10 40
8 1200 12 50
9 1000 8 62.5

10 1200 8 75

Fig. 2   Diagrammatic sketch and 
experimental apparatus of laser 
cladding

Fig. 3   Schematic diagram of 
laser cladding process. a 3D 
view; b vertical-sectional view; 
c cross-sectional view
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of major alloy elements in the coatings were investigated 
via EDS analysis.

3 � Numerical Methods

3.1 � Heat Transfer and Fluid Flow in the Laser 
Cladding

A three-dimensional steady-state model was established, 
while the heat transfer and fluid flow in the molten pool 
were calculated by solving the equations for the conservation 
of energy, momentum and mass. Since the coating is sym-
metrical about the centerline only half of the workpiece is 
considered in the calculations. The molten metal is assumed 
to be an incompressible, laminar, and Newtonian fluid. The 
substrate with dimensions of 50 × 10 × 8 mm was estab-
lished, while the morphology of the coating was consistent 
with the experimental results. The finite element mesh was 
exhibited in Fig. 4a.

Since the temperature of the materials in the laser clad-
ding process change rapidly, it is necessary to define the 
thermal physical properties of the substrate and the FeCo-
CrNi HEAs powder at different temperatures to obtain 
accurate simulation results. In this paper, the specific heat, 
thermal conductivity, viscosity and surface tension is varied 
with temperature, while density is defined as constant. Fur-
thermore, the effect of the latent heat of fusion is considered.

3.2 � The Initial and Boundary Condition

The initial condition refers to ambient temperature of the 
workpiece, which can be set to 20 °C since the actual laser 
cladding process is conducted at room temperature. And 
the boundary condition refers to the heat convection of 
the parent metals at ambient temperature. As the cooling 

medium has a significant influence on the temperature field 
and microstructure of the FeCoCrNi HEAs coating [32], it 
is critical to define the correct convective heat transfer coef-
ficient, which is determined by the cooling medium. The 
convective heat transfer coefficient is set to be 40 [J/(m2 K)] 
since air is the cooling medium in this research [33], while 
the boundary convection condition is applied to all external 
surfaces of the finite element model.

In this paper, due to the low laser power and fast scanning 
speed, the keyhole effect will not appear in the laser experi-
ment, and the ratio of depth to width is small. Therefore, the 
Gaussian surface heat source model is used to characterize 
the thermal effect in laser cladding, as displayed in Fig. 4b.

4 � Results and Discussion

4.1 � Macromorphology and Dilution Rate

Figure 5 illustrated the cross-sectional profiles of the sam-
ples, which can be divided into three zones: substrate, heat-
affected zone (HAZ), and coating. The arched surface of the 
coating is located above the substrate and the fused line can 
be observed between HAZ and the coating, demonstrating 
a good metallurgical bonding is formed. Dilution rate η can 
be calculated as follows [34]:

where S1 is the fusion area of the substrate and S2 is the area 
of the coating above the substrate surface.

The cross-sectional morphology of the coating can be 
considered as a combination of two ideal arcs with different 
radii. W1 is the width of the approximate arc of the molten 
substrate and W2 is the maximum width of the coating. 

(1)� =
S
1

S
1
+ S

2

Fig. 4   Geometric and heat source model. a Geometric model; b Gaussian heat source model
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While, H1 and H2 are the depth of the molten substrate and 
height of the coating above the surface of the substrate, 
respectively. S1 and S2 can be calculated by a geometric 
relation as follows [14]:

When the cladding material is radiated by the laser beam, 
one part of the energy is reflected and absorbed by the clad-
ding material, the remainder is applied to the substrate for 
the formation of the dilution zone. Figure 6 exhibits the vari-
ation of W, H, and dilution rate η of the coatings with differ-
ent heat input and thickness of the preplaced layer.

When the heat input is 33.3 J/mm2, the energy is too low 
to melt the HEAs powder completely, resulting in the H2 is 
much lower than the thickness of the preplaced layer both 
in Series 1 and 2. With the increase of the heat input, the 
HEAs powder melts completely and the substrate absorbs 
more energy, which leads to a constantly improved H1. Simi-
larly, W1 and W2 increase with the expansion of the molten 
pool. However, the initial thickness of the preplaced layer 
determines the upper limit of H2. And when the molten pool 
expands, the upper surface of the molten pool tends to be 
smoother under the action of gravity, which causes a slight 
decrease in H2. For Series 2 (powder thickness: 1 mm), the 
area of S2 is larger due to the thicker preplaced layer, result-
ing in a significant decrease in H2 with the increase of heat 
input (Fig. 6d). When the heat input is 75 J/mm2, H2 of 
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Series 2 is only 0.84 mm, which is obviously less than the 
thickness of the preplaced powder layer. On the contrary, the 
H2 of Series 1 tends to be stable when the heat input gradu-
ally increases (Fig. 6b). Therefore, the thickness of the pre-

placed layer of Series 1 (powder thickness: 0.5 mm) is more 
reasonable. Furthermore, according to formulas 2 and 3, the 
circular arc area is determined by W and H. Consequently, 
the dilution ratio declines previously and increases later as 
the heat input raises. Case 2 has the lowest dilution ratio of 
33.95% when the thickness of the preplaced layer is 0.5 mm.

4.2 � Microstructural Characterization

The microstructure of the coating was observed by SEM, 
and a special region was found in Case 2, which appeared 
nucleation zone and dendrite zone. In order to realize the 
phase composition, the FeCoCrNi HEA powder and the 
coating of Case 2 were analyzed by XRD, which is shown in 
Fig. 7. The HEAs powder consists of only a single face-cen-
tered cubic (FCC), while the HEAs coating of Case 2 mainly 
contains two simple solid solutions, FCC and body-centered 
cubic (BCC). The reason is that the addition of Ti element in 
the matrix changes the valence electron concentration (VEC) 
of the alloy, inhibiting the formation of FCC phase in the 
HEAs coating. Guo et al. [35] proposed that FCC phases 

Fig. 5   Morphology of cross-
section of the coating. a SEM 
image; b geometric models for 
calculating the dilution rate of 
the coating
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are stable at higher VEC (≥ 8) and instead BCC phases are 
stable at lower VEC (< 6.87). Since the VEC of Ti element 
is 4, it promotes the transition from FCC structure to BCC 
structure. Besides, Jan Schroers [36] reveals that HEAs with 
increasing atomic size difference prefer BCC structure over 
FCC due to the ability of the BCC structure to accommo-
date a large atomic size divergence with lower strain energy 
penalty. The atomic size of Ti element is quite different from 
that of HEA powder (Fe, Co, Cr, Ni), which is beneficial to 

the formation of BCC phase in coatings. Moreover, Fe–Cr 
phase and Laves phase were found in the coating.

Figure 8 represents the microstructure of the nucleation 
and dendrite zone in the coating of Case 2. The nucleation 
region is mainly composed of gray phase-A and white den-
dritic crystal-B. Nevertheless, the gray phase in the dendrite 
area is significantly reduced and the white dendritic crystal 
greatly increases. Meanwhile, some white dot particles-C 
are precipitated on the edge of the dendritic crystal. Cieslak 

Fig. 6   The change in dilution rate of the coatings with different heat input and thickness of the preplaced layer. a W1 and W2 in Series1; b H1 
and H2 in Series1; c W1 and W2 in Series2; d H1 and H2 in Series2; e dilution rate in Series1; f dilution rate in Series2
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et al. [37] observed the phase are dark or bright, with a den-
dritic structure, during preparing HEA coatings of simi-
lar composition. And analogous microstructure has been 
already reported in other studies [38, 39].

Then, the phase composition of nucleation and dendrite 
zone in Case 2 was determined by XRD and EDS analysis. 
EDS results are presented in Table 3. The main elements of 
gray phase-A are Ni, Co and Ti elements. Ti and Ni, Ti and 
Co have the largest negative ΔHmix, which decreases the 
Gibbs energy of the (Ni, Co, Ti)-rich phase.

where Gmix is the Gibbs energy, Hmix is the enthalpy, Smix is 
the entropy and T is the absolute temperature [40]. There-
fore, the gray phase-A is (Ni, Co)2Ti-Laves phase. Moreover, 
the white dendritic crystal-B is BCC + FCC solid solution 
structure, whose content of Fe and Cr improves apparently, 
while Ni and Co reduce, which has been already reported in 
other researches [37].

Furthermore, the gray phase-A in nucleation area is much 
more than that in dendrite area. It can be known from the 

(4)ΔGmix = ΔHmix − TΔSmix

Fig. 7   XRD patterns of FeCoCrNi HEAs powder and Case 2

Fig. 8   The microstructure of the 
nucleation and dendrite zone in 
the coating of Case 2. a macro-
morphology; b microstructure 
of the special area; c magnified 
microstructure of nucleation 
zone; d Magnified microstruc-
ture of dendrite zone

Table 3   Elements concentration 
in different microstructure of 
the nucleation and dendrite zone

Region Phase Ti (wt%) Al (wt%) V (wt%) Fe (wt%) Co (wt%) Cr (wt%) Ni (wt%)

Nucleation zone A 35.18 3.21 1.15 12.13 19.15 6.50 22.48
B 35.42 3.34 1.66 14.88 13.35 13.88 17.46

Dendrite zone A 26.58 3.70 1.77 12.39 20.54 13.46 21.56
B 28.60 1.77 0.56 20.19 17.59 17.86 12.71
C 12.76 1.69 3.51 20.09 11.16 39.48 11.31
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above that Ti is the key element for the formation of the 
gray phase-A. Then, comparing the concentration of Ti, 
nucleation zone is significantly greater than that in dendrite 
zone. It is proved that the Ti elements in the matrix was 
melt and brought into the coating under the agitation of the 
molten pool, but due to the high heating and cooling rates 
of the laser cladding process, it is difficult for Ti atoms to 
distribute uniformly in the coating. Consequently, it is easy 
to form (Ni, Co, Ti)-rich phase in the region where Ti ele-
ments gather. And white dendritic crystal is formed with 
FCC and BCC solid solution structure along the edge of 
nucleation area. As the solubility of Fe and Cr reaches the 
limit, white dot particles-C (Fe–Cr phase) will precipitate 
out of the dendrites.

The microstructure of the upper, middle and lower parts 
of the coating in Case 2 is exhibited in Fig. 9, which are all 
composed of a large number of white dendritic crystals, a 
small amount of gray phase and white dot particles. Com-
bined with Fig. 8, Laves-phase dominates in the nucleation 
zone where Ti elements gather. But in general, the coating is 
mainly composed of white dendritic crystals (FCC + BCC) 
and a few Fe–Cr phases precipitate out of the dendrites, 
which is consistent with the XRD results. In addition, since 
the large amount of energy absorbed by the upper part of the 
coating, the dendritic crystals gradually coarsen from the 
bottom to the top. Moreover, the effect of the thickness of 
the prepared layer on the microstructure of the coating under 
the same heat input (40 J/mm2) is delineated in Fig. 10. 
When the thickness is 1 mm, the size of the microstructure 

is extremely uneven and a large number of coarse grains 
appear. The result is likely to be attributed to the non-equi-
librium process with high heating and cooling rate in laser 
cladding. As the thickness increasing, the molten pool will 
expand, which will further reduce the uniformity of the coat-
ing microstructure. Therefore, the microstructure of the coat-
ing is more uniform with a 0.5 mm thickness of the prepared 
layer.

4.3 � Effect of Molten Pool Flow on Element 
Distribution of the Coating

During the laser cladding process, the HEA powder and 
substrate are melt into liquid, the molten pool is coupled by 
various forces, which will produce strong convection. The 
simulation results of three-dimensional flow in the molten 
pool are shown in Fig. 11. Specifically, the major driving 
forces including the recoil pressure, surface tension, and heat 
buoyance, as elucidated in Fig. 12.

Figure 12a reveals that the surface temperatures below the 
laser spot can easily reach boiling values. The vapor recoil 
pressure adds extra forces to the surface of the liquid, which 
creating a depression of the molten pool surface below the 
laser, even a keyhole [41]. Therefore, the local liquid metal 
flows downwards to the bottom at the depression.

Next in Fig. 12b, the strong temperature gradients below 
the laser necessitate enabling temperature-dependent surface 
tension.

Fig. 9   The microstructure of the 
upper, middle and lower parts of 
the coating in Case 2. a macro-
morphology; b upper; c middle; 
(d) lower
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where T is the temperature in Kelvin. This creates Maran-
goni effects. It drives the liquid metal from the hot laser spot 
toward the cold rear [42].

Another driving force is heat buoyance which is given 
below [43]:

where ρ is the density of the molten metal, g is the gravita-
tion vector, β is the coefficient of thermal expansion and Tm 
is the melting point.

(5)�(T) = 3.282 − 8.9e−4T

(6)fb = −�g�
(
T − Tm

)

At the bottom of the coating, the Ti element in the matrix 
melts and enters into the molten pool. However, the density 
of Ti is far less than that of HEA atoms (Fe, Co, Cr, Ni), 
causing buoyancy convection between the bottom of the 
molten pool and the center, which is indicated in Fig. 12c.

The coating is divided into three regions: boundary 
zone (upper, lower) and middle zone. EDS analysis is 
carried out to explore the divergence of element distribu-
tion in different regions of the coating. EDS results in 
the boundary zone (upper, lower) are noticed in Figs. 13 
and 14. Case 2 has the lowest dilution rate and the ratio 
of each element is more uniform. As for Case 3-Case 5, 

Fig. 10   The microstructure of 
the coating under the same heat 
input (40 J/mm2). a Case2; b 
Case7

Fig. 11   The simulation results 
of three-dimensional flow in 
the molten pool. a calculation 
results of temperature and flow 
field in the molten pool; b par-
tial magnification of the molten 
pool; c vertical view
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due to excessive heat input, high dilution rate, the con-
centration of Ti atoms enhances obviously. Moreover, an 
inflection point of the Marangoni flow in the boundary 
of the molten pool will cause the aggregation of HEA 
atoms (Fig.  15). Therefore, the content of HEAs ele-
ments increases gradually from the center to the side in 
the boundary zone, which is presented in Figs. 13b–d and 
14b–d. On the contrary, Ti enters the molten pool from 
the bottom with the heat buoyance flow and then migrates 
to the boundary of the molten pool along with the Maran-
goni flow (Fig. 15). Therefore, the content of Ti in coat-
ing boundary decreases, as shown in Figs. 13a and 14a.

For the middle zone of the coating, Marangoni flow, 
heat buoyance flow and recoil pressure flow are inter-
woven so that the element distribution in middle zone 
is more uniform than boundary zone, as illustrated in 
Fig. 16. Comparing the distribution of elements under 

different heat input, no matter boundary zone or middle 
zone of the coating, HEA atoms show a gradual reduc-
tion, while the Ti element increases gradually. The reason 
is that the augment in heat input leads to a higher dilu-
tion rate, which makes more Ti elements enter the molten 
pool.

5 � Conclusion

(1)	 For the preplaced layer of 1 mm thickness, the height 
of the coating decreases significantly with the increase 
of heat input, the height is unstable, which indicates 
that 0.5 mm thickness of the preplaced layer is more 
reasonable. Based on 0.5 mm thickness, Case 2 has the 
lowest dilution rate of 33.95%.

Fig. 12   Flow behavior of molten pool during laser cladding of HEAs. a recoil pressure; b surface tension; c buoyancy convection; d flow behav-
ior of the molten pool
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(2)	 The microstructure of FeCoCrNi HEA coating sub-
stantially consists of FCC + BCC, which has a typical 
dendrite structure. The gray Laves phase-(Ni, Co)2Ti 
and a small number of white dot particles, Fe–Cr phase, 
are dispersed in the inter-dendritic region. While, in the 
region where Ti elements gather, Laves phase domi-
nates, forming a specific nucleation zone, and the den-
dritic crystal grows along the nucleation zone due to Ti 
and Ni, Ti and Co have the largest negative ΔHmix.

(3)	 The element distribution of the coating is analyzed by 
EDS. For the boundary zone of the coating, the results 
show that HEA atoms (Fe, Co, Cr, Ni) gather gradually 

from the center to the side due to an inflection point 
of the Marangoni flow. On the contrary, Ti enters the 
molten pool from the bottom with the heat buoyance 
flow and then migrates to the boundary along with the 
Marangoni flow. Therefore, in the boundary zone, the 
concentration of Ti gradually decreases from the center 
to the side.

(4)	 For the middle zone of the coating, Marangoni flow, 
heat buoyance flow and recoil pressure flow are inter-
woven so that the element distribution is more uniform 
than the boundary zone.

Fig. 13   The element distribution of boundary zone (upper) in the coating. a titanium; b iron; c cobalt; d chromium
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Fig. 14   The element distribution of boundary zone (lower) in the coating. a titanium; b iron; c cobalt; d chromium

Fig. 15   Schematic diagram of element distribution difference in boundary zone. a flow behavior at the bottom and boundary of the molten pool; 
b distribution differences between HEA and Ti atoms
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