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Microstructure and properties of Fe,sNiCoCrCuTi high entropy alloy
coating prepared by laser cladding

Qiu Xingwu
(Department of Materials Engineering, Sichuan College of Architectural Technology, Deyang 618000, China)

Abstract: The Fe,;NiCoCrCuTi high entropy alloy coating was prepared by laser cladding on 40Cr steel
surface. The microstructure, hardness, wear resistance and corrosion resistance of Fe,;NiCoCrCuTi high
entropy alloy were investigated by means of scanning electron microscopy and energy dispersive
spectroscopy (SEM/EDS), micro/Vickers hardness tester, friction and wear tester and electrochemical
workstation. Experimental results show that Fe,;NiCoCrCuTi high entropy alloy is mainly composed of
coating, heat affected zone and the substrate. The coating has no pores, cracks and other defects,
metallurgical bonding with substrate; the coating is mainly composed of two kinds of lamellar
microstructure morphology, the grains closely arranged, fine particles are distributed on the grain surface.
There is element segregation in the coating, but to a relatively small extent. Under the combined action
of fine —grained strengthening, solid solution strengthening and precipitation strengthening, the
Fe, s;NiCoCrCuTi coating has high hardness, the maximum surface hardness is 857 HV, about 3.3 times
as much as the 40Cr steel. High hardness and fine scale precipitates provided a guarantee for the wear
resistance of the coating. The corrosion resistance of Fe,;NiCoCrCuTi high entropy alloy coating in 3.5%
NaCl and 0.5 mol/L. in H,SO, solutions are excellent, compared with 304 stainless steel, the corrosion
current density were decreased by 2 and 3 orders of magnitude respectively, the corrosion potential were
shift toward positive direction for 0.230 V and 0.161 V respectively.
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0 Introduction

Chinese Taiwan scholar Yeh J W '~ broke
through the traditional concept of material design
and proposed the concept of high entropy alloys.
It was found that high entropy alloys have higher
entropy values and are not easily diffused by
atoms, and easily obtain solid solution phases and
nanostructures and

with high thermal stability,

even amorphous structures, its performance is
better than traditional alloys . The high entropy
effect brings a series of excellent properties to
multi—principal alloys, such as high hardness, high
high

resistivity®™. Therefore, it has become the current

wear resistance, high corrosion resistance,

research hotspot. The high entropy alloy is a new
kind of alloy that can be synthesized, processed,
analyzed, and applied, and has important academic
research value and broad industrial application
prospects.

The microstructure of laser cladding is a kind

of rapid solidification structure. The basic

characteristic is that the microstructure is fine and
uniform, and the solid solubility of the matrix is
increased. The energy of the laser radiation in the
cladding process does not spread far enough, and

the matrix material melts very little, which

ensures that the cladding material does not diluted

by the matrix, so that a low dilution rate of the

cladding layer is obtained ™"°~'?. In this way, both
the excellent performance of the original cladding
material and the thermal effect on the substrate

are minimized. Therefore, it can meet the
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requirements for the use of the material surface
without changing the overall characteristics of the
material.

In order to improve the surface properties of
40Cr steel,

with

obtain a high entropy alloy coating

uniform  composition and  excellent
performance, and expand the application range of
high entropy alloys, a high —performance high
entropy alloy laser cladding layer is fabricated on
a low —cost substrate by using a laser cladding

process.

1 Experiment

Fe, Ni, Co, Cr, Cu and Ti powder with high
purity (greater than 99.5%) were used as cladding
40Cr

material. Before cladding, the 40Cr steel surface

power. steel was used as the substrate
was treated by grinding machine, and cleaned by
acetone to remove dirt and oil. The alloy powder
were mixed in a ball and then pre—coated uniformly
on 40Cr steel surface with a layer thickness of
1.0 mm. Laser cladding was carried out with laser
processing machine. The processing parameters
were: power P=1800 W, scanning speed V=5mm/s,
spot diameter D=4 mm. The overlap rate of multi—
track laser cladding is 35% . Argon was used as
protection gas during processing.

The microstructures of Fe,;NiCoCrCuTi high
entropy alloy coatings were investigated by field
(SEM,

samples were

emission scanning electron microscope
JSM -6700F). Before observation,
sanded, polished and then treated by aqua regia.

The chemical composition of studied area was

0742004-2



RSP & k4

%18

www.irla.cn

% 48 %

analyzed by
(EDS). The
microscopy/vickers hardness tester (TUKON2100).

e nergy dispersive spectrometry

hardness was measured by a
Hardness test from the coating surface, along the

cross —section direction, until deep into the
substrate; the distance between two test points is
0.1 mm, with 1.96 N loads, and duration of 15 s,
measuring 5 sets of data, take the average as the
final outcome. The wear resistance of the
substrate and the high entropy alloy coating were
measured using an ML —10 abrasive wear tester.
The abrasive was a 360 mesh water sandpaper,
loaded with 30 N, the wear morphology was
observed by scanning electron microscopy. The
potentiodynamic polarization curves of the studied
coatings and substrate in 3.5% NaCl solution and
0.5 mol/L H,SO, solutions were investigated by an
electrochemical workstation (CHI660 D) at room
temperature. Three—electrode system was used, in
which the electrode is a

saturated calomel

reference electrode, auxiliary electrode is a

platinum electrode and coating specimen is a

working electrode, reserve the surface to be
measured, and cover the rest with paraffin. The
potential scan range of polarization curve was
0.3-1.7 V in 3.5% NaCl solution and 0.75-2.3 V
in 0.5 mol/L H,SO, solutions, respectively. The

scanning rate was 1 mV/s.

2 Results and discussion

2.1 Microstructure

Figurel shows the cross—sectional microstructure
of Fe,;NiCoCrCuTi high entropy alloy coating.
Fig.1(a) is a macroscopic photograph of a laser
cladding coating; Fig.1(b) is a image of an alloy
coating; Fig.1 (c) is a image of a bounding zone
between coating and heat affected zone; Fig.1(d) is
a image of the transition zone between the heat

affected zone and the substrate.

Heat affected zone

Substrate

37 100pm Wdll.

it

pm W14 4w

Fig.1 Microstructure images of the high entropy alloy’s
coating: (a) macroscopic morphology; (b) coating; (c)
bounding zone of coating and heat affected zone; (d)

transition between heat affected zone and substrate

As shown in Fig.1 (a), the high entropy alloy
laser cladding coating has a spherical shape, no
defects such as cracks and air holes in the coating.
The surface of the 40Cr steel melts a small part
due to the injection of high energy laser beam,

and then solidifies with the alloy powder. The
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bonding zone between the coating and substrate
shows an arc shape. The heat affected zone is near
the bonding part and the matrix below the heat
affected zone.

As shown in Fig.1(b), the microstructure of
the high entropy alloy coating mainly consists of
two kinds of flaky microstructures. The crystal
grains are closely arranged, fine—grained particles
are distributed on the surface of the crystal grains.
The alloy powder is instantaneously melted by the
irradiation of a high energy laser beam, and the
arrangement of various elements contained in the
disordered. When solidified,
cooling effect of the 40Cr steel substrate, the

melt areas under
diffusion and rearrangement of multiple elements
become much harder than traditional alloys, so
fine—grained precipitates formed.

As shown in Fig.1(c), the cladding coating is
well bonded with the substrate, provides a
guarantee for the excellent performance of the
coating. The microstructure of the coating is finer
than that in the heat affected zone. The reason is
that, the alloy powder melts instantaneously under
the rapid heating of the high energy laser beam.
With the rapid cooling of the substrate, the molten
alloy powder and matrix solidify instantaneously.
Because of the rapid cooling rate, the crystal
structure in the molten pool is not enough to grow
up, thus forming a fine microstructure.

As shown in Fig.1(d), the microstructure of the
heat affected zone is finer than that of the
substrate. The reason is that, the microstructure of
heat affected zone changed under the thermal
effect of the laser beam. Far away from the heat
affected zone, it is hardly affected by heat, so it is
still the original microstructure.

The EDS analysis of lamellar microstructure
(A), (B) and fine precipitate (C) in Fig.1(b) is shown
in Tab.1.

Tab.1 EDS analysis results of high entropy alloy

coating (atom fraction/%)

Region Fe Ni Co Cr Cu Ti

Nominal
. 9.10 18.18 18.18 18.18 18.18 18.18
composition

A 19.82 16.16 15.75 12.68 10.20 25.39
B 15.78 18.89 20.18 15.12 20.69 9.34
C 8.12 30.25 26.11 23.20 6.21 6.11

EDS analysis showed that the content of Fe
and Ti elements in lamellar microstructure (A)
were higher than the theoretical content, and the
content of Cr and Cu elements were lower than
the theoretical content, and the content of the
theoretical

other elements were equal to the

content of Fe in lamellar

(B) was higher than that of the

content. The
microstructure
theory content, while Ti content is lower than the
theoretical content, and the content of the other
elements were equal to the theoretical content.
The fine precipitate (C) is rich in Ni, Co and Cr
elements, and is deficient in Cu and Ti elements.
The surface of 40Cr steel is partially melted under
the action of high energy laser beam, and the
content of Fe element increases with the
interaction of the alloy powder after melting. The
analysis shows that the coating element appears
segregation, but the degree is small.

Figure 2 shows the morphology of the large
area laser cladding coating. It can be seen that the
large area coating is intact and no defect, which

guarantees the performance of the coating.

Fig.2 Morphology of large area Fe,;NiCoCrCuTi high

entropy alloy laser cladding coating
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2.2 Microhardness

Figure3 is the microhardness distribution curve
of Fe(sNiCoCrCuTi high entropy alloy. It can be
seen that the hardness distribution curve is ladder
shaped, corresponding to the cladding coating, the

heat affected zone and the substrate respectively.
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Fig.3 Microhardness of high entropy alloy

The microhardness of Fe ;NiCoCrCuTi high

entropy alloy obtained by laser cladding is
significantly improved. The highest hardness of
the alloy surface is 857 HV, about 3.3 times as that
of the 40Cr steel. Under the effect of rapid laser
heating and rapid cooling, the microstructures is
very fine and compact, and plays a role in
refinement strengthening. Rapid solidification can
increase the solid solution limit. In addition, the
difference of the atomic radius in the element
distortion serious,
solid

scale precipitates

makes the lattice more

strengthening the solution strengthening

effect. Fine play a role in
precipitation strengthening.
2.3 Wear resistance

The weight loss per unit area before and after
wear is used to characterize the wear performance.
The smaller weight loss of per unit area, the better
wear resistance. It is calculated that the weight
loss per unit area of 40Cr steel matrix is 3.4 times
as that of Fe,;NiCoCrCuTi high entropy alloy
coating. Table 2 illustrates wear parameters of
40Cr and Fe,;NiCoCrCuTi
coating. Figure 4 show the wear morphology of

40Cr steel substrate and Fe,;NiCoCrCuTi high

high entropy alloy

entropy alloy coating. It can be seen that the

substrate wear 1is serious, resulting in deep
furrows, and trivial metal particles falling off
from the surface. The wear of Fe,sNiCoCrCuTi
high entropy alloy coating is relatively light, it
has worn scratches, but the depth of the worn
scratches is shallow and the width is narrow,
indicating that the wear resistance of the coating

is better.

T 200 100 pm WD 14,7 mm

Fig.4 Wear morphologies: (a) 40Cr steel; (b) coating

Tab.2 Wear parameters of 40Cr and high

entropy alloy coating

Wear area/ Weight ~ Weight after Weight
Sample
mm? before wear/g  wear/g loss/g
40Cr 100 23.000 20.126 2.874
Fey NICoCrCuTi 25.000 24155 0.845

coating

The abrasive wear is mainly caused by the
micro cutting of the abrasive particles on the
surface of the material. The abrasive particles are
pressed into the surface by the normal load, and
the abrasive particles are plow on the surface

when they are relatively slid. Thus, the debris are
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formed™!. There is little chance that the debris
will be cut once from the metal surface, most of
them cause surface fatigue damage through
repeated loads, resulting in small particles falling
off from the surface.

The reason for the good wear resistance of
Fe sNiCoCrCuTi high entropy alloy coating is that
the high

metallurgical bonding with the matrix, the high

entropy alloy coating has a good
hardness of the alloy coating and the fine particles
precipitated in the coating also play a role in
improving the wear resistance.
2.4 Corrosion resistance

Figure 5 is the potentiodynamic polarization
curves of Fe(;NiCoCrCuTi high entropy alloy

coating in 3.5% NaCl and 0.5mol/L H,SO, solutions.

The corrosion kinetic parameters obtained by

linear fitting are listed in Tab.3, where I,
indicates  corrosion current, FE., indicates
corrosion potential, [, indicates passivation

potential, E,, indicates passivation current density,

R, indicates polarization resistance.

2.5
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Fig.5 Dynamic potential polarization curves of high entropy

alloy coating in 3.5% NaCl and 0.5 mol/L H,SO, solutions

Tab.3 Corrosion dynamics parameters of high entropy alloy coating

in 3.5% NaCl and 0.5 mol/L H,SO, solutions

Corrosion solution Io/mA - cm™ E../V I,/mA -cm™ E,/V R,/k€) - cm?
3.5% NaCl 1.12x10°° -0.008 7.15x107° 0.112 0.88

0.5 mol/L H,SO, 2.82x107 -0.173 1.08x107* 0.286 1.72
It is known from reference [14] that the surface entering the interior and participating in

corrosion kinetic parameters of 304 stainless steel
in 3.5% NaCl solution are: I.,,=3.50x10™* mA/cm?,
E...=—0.238 V. According to the electrochemical
theory, the lower corrosion current density and
higher corrosion potential, the better corrosion
resistance. Compared with 304 stainless steel, the
corrosion current density of Fe,;NiCoCrCuTi high
entropy alloy coating decreases 2 orders of
magnitude, the corrosion potential is higher than
0.230V, indicating that the corrosion resistance of
the coating is excellent. The corrosion of NaCl on
high entropy alloy coating is mainly the effect of
Cl - . In Fe,;NiCoCrCuTi

coating, Co, Ni and Cr are all strong corrosion—

high entropy alloy

resistant elements, and it is easy to form

passivating film on the alloy surface. It can

effectively inhibit the CI- that adsorbed on the

the polarization reaction, thus slowing down the

corrosion rate and improve the corrosion
resistance. The corrosion resistance of the high
entropy alloy coating is related to the passivation
film and microstructure characteristics of the
surface. The more dense and homogeneous of the
passivation film, the stronger of the bonding with
the alloy matrix, the better corrosion resistance of
the coating.

It is known from reference [15] that the
corrosion kinetic parameters of 304 stainless steel in
0.5 mol/L H,SO, solutions are: I.,=2.40x102 mA/
cm?% E..=—0.334 V. It can be seen that the
corrosion current density of Fe,;NiCoCrCuTi high
entropy alloy coating is 3 orders of magnitude
lower than that of 304 stainless steel, and the

corrosion potential of the coating is higher than
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0.161 V, indicating that the corrosion resistance of
the coating is excellent. The combination of Cr
elements and Ni elements in Fe,;NiCoCrCuTi high
entropy alloy coating is beneficial to passivation
and is stable in 0.5 mol/L H,SO, solutions. Under
the condition of rapid laser cooling, the grain can
not grow up and form a tightly arranged crystal.
Although the crystal is segregated, the degree is
small, which will not lead to the obvious
unevenness of the grain and grain boundary in the
electrochemical properties, thus having excellent

corrosion resistance.

3 Conclusion

The m icrostructure of Fe sNiCoCrCuTi high
entropy alloy coating is mainly composed of flaky
structure, and the grains are closely arranged, and
fine particles are distributed on the grain surface.
The coating element is segregated, but the degree is
small. The coating with high hardness under the
combined action of refinement strengthening, solid
solution strengthening and precipitation
strengthening. The highest surface hardness of 857
HYV, about 3.3 times of the substrate. It provides a
guarantee for the wear resistance of the coating. The
of FeyNiCoCrCuTi high

entropy alloy coatings in 3.5% NaCl and 0.5 mol/L

corrosion resistance
H,SO, solutions are excellent. Compared with 304
the corrosion current
and 3

steel,
by 2
respectively, and the corrosion potential is higher

than 0.230V and 0.161 V respectively.

sta inless density

decreases orders of magnitude
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