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Abstract

In order to improve the microstructure and corrosion resistance of entropy alloy in the
FeCrNi system, laser melting deposition technology was used as a preparation method
to study the effects of different contents of Al and Ti on the microstructure and corrosion
resistance of entropy alloy in FeCrNi(AlTi)x (x = 0.17, 0.2, and 0.24). The results show that
the addition of Al and Ti elements can change the phase structure of the alloy from a single
FCC phase structure to an FCC + BCC biphase structure. The BCC phase volume fraction
of FeCrNi(AlTi)g, is the highest among the three alloys, reaching 37.5%. With the addition
of Al and Ti content, the grain of the alloy will be refined to a certain extent. In addition,
the dual-phase structure will also improve the corrosion resistance of the alloy. In 3.5 wt.%
NaCl solution, the increase of Al and Ti content can effectively improve the protection of
the passivation film on the surface of the entropy alloy in FeCrNi(AlTi), effectively inhibit
the large-scale corrosion phenomenon on the alloy surface, and thus improve the corrosion
resistance of the alloy. In a certain range, increasing the content of Al and Ti elements in the
FeCrNi(AlTi)y system can improve the corrosion resistance of the alloy.

Keywords: medium-entropy alloy; laser meting deposition; microstructure; corrosion
resistance

1. Introduction

The multi-component characteristics of high entropy alloy (HEA) and medium en-
tropy alloy (MEA) have opened infinite new directions in the composition design of their
related research, which makes them have more unique properties and therefore attract wide
attention [1-4]. Various HEAs and MEAs with single-sided centrocubic (FCC) crystal struc-
tures, such as FeCrNi [1], CoCryFeNiMo [5], Aly5sCoCrCuFeNi [6], Al;(CrMnFeCoNi)gs [7],
and FeCoCrNi [8,9], have been widely studied for their excellent corrosion resistance and
mechanical properties. However, the corrosion resistance of these alloys cannot fully meet
the needs of practical applications. In order to enhance their properties, researchers have
developed many methods, such as changing the alloy processing method [10,11], grain
refinement [12,13], and changing the ratio of each element of the alloy [14-16]. Through
research, it is found that the alloy can be transformed from a single-phase structure to a
dual-phase eutectic structure by adding other elements or changing the element ratio in
the alloy composition [5-7].
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In recent years, many researchers have studied medium /high entropy alloys manu-
factured by additive manufacturing (AM) technology [17-19]. Laser melting deposition
(LMD) is one of the main processing processes of metal additive manufacturing, which
uses a high-power laser as its energy source to prepare parts in the form of layer-by-
layer stacking [20,21]. This technology has significant advantages in the preparation of
multi-component high-entropy alloys. According to the characteristics of different ele-
ment powders, the powder feeding parameters of each powder barrel can be optimized
and coordinated to achieve a high-flux in-situ preparation of high-entropy alloys [22].
In addition, laser melting deposition can also realize the formation of large-sized and
composition gradient parts, so LMD is the most mainstream high-entropy alloy additive
manufacturing technology.

The phase structure of the entropy alloy in FeCrNi is a single-phase FCC struc-
ture [23,24], whose composition is close to that of traditional austenitic stainless steel
and other iron-based alloys. Schneider & Laplanche [23] found that after annealing at
1273 K or even higher temperatures, the phase structure of the entropy alloy in FeCrNi
is still a single-phase FCC structure. After annealing at low temperature, the microstruc-
ture of the two phases is presented, in which FCC is the primary phase and BCC is the
secondary phase. Due to phase transformation, twin crystals and stacking faults in the
deformation stage, the FeCrNi alloy has good plasticity and strain hardening ability, but
its yield strength is low. Wu et al. [25] studied the binary, ternary, and quaternary atomic
subsystems of Cantor alloys, focusing on their phase stability after casting and thermal
machining. The results show that only two binary systems, five ternary systems and three
quaternary systems are single FCC solid solutions under the conditions of casting and ho-
mogenization, among which ternary alloys have the highest hardness, which also indicates
that the number of alloying elements is not an absolute factor for them to achieve better
results in solid solution strengthening of isoatomic alloys. The coordination of elements
is more important. This result also confirms that the entropy alloy in FeCrNi can have a
good hardening ability, but in terms of strength, researchers have further improved the
strength of the entropy alloy in FeCrNi by adding Al and Ti elements. Al and Ti elements
have a large gap in atomic radius compared with Fe, Cr and Ni elements, of which Al atom
is much smaller than the atomic radius of Ti atom is much larger than the atomic radius of
Fe, Cr and Ni, and its fusion will cause large lattice distortion, so as to improve the effect of
solid solution strengthening. At the same time, the second term will precipitate to produce
the effect of precipitation strengthening [26,27].

In terms of corrosion resistance, under the condition of passivation, adding the Al ele-
ment to the composition of the alloy can optimize its corrosion resistance [28]. Fu et al. [29]
prepared FeCrNi medium entropy alloy by laser powder bed melting and studied its
corrosion resistance. By comparing LPBF 316L, they found that LPBF FeCrNi had better
corrosion resistance in NaCl solution. The protective Cr-rich passivation film formed on
the surface of LPBF FeCrNi has fewer defects and strong self-healing ability, while the high-
density grain boundary provides a diffusion channel for Cr, promotes the formation of the
passivation film, and improves the corrosion resistance of the alloy. This study also shows
that FeCrNi medium entropy alloy processed by additive manufacturing can maintain
good corrosion resistance. Luo et al. [30] studied the corrosion resistance of CoCrFeMnNi
high entropy alloy with equal atomic ratio by comparing it with 304L stainless steel, and
found that compared with HEAs, these atoms had a good ability to form a passivation film
during corrosion, but no obvious selective dissolution of metal elements occurred during
surface passivation. The content of Cr in the passivation film on HEAs is much lower than
that in the passivation film of 304L stainless steel. This discovery shows that mindlessly
adding elements to achieve complex element composition does not necessarily make the
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alloy exhibit better properties in various characteristics, and exploring what proportion of
various element compositions can achieve the optimal effect of the required characteristics
is the focus of research in various series of high entropy alloys.

Li et al. [31] studied the corrosion resistance of Al,CoCrCuFeNi (x = 0.5, 1, 1.5) high-
entropy alloy in 0.5 M NaCl salt solution and 0.5 M H,SO, weakly acidic solution, and
found that the as-cast Al0.5 alloy had a single-phase FCC structure and Al1.0 alloy had a
single-phase BCC structure. All.5 alloy is composed of FCC and BCC biphase structure;
in salt solution, the corrosion current density of Al0.5 and Al1.0 alloy is higher than that
of All.5 alloy. Therefore, Li et al. believe that BCC is more corrosion resistant than the
FCC phase, and the reduction of local corrosion resistance of All.5 is caused by the local
microcell formed by the FCC + BCC biphase structure. Kao et al. [32] studied the effect of
adding Al element to Al,CoCrFeNi (x = 0, 0.25, 0.5, 1) high-entropy alloy on the corrosion
resistance of the alloy in weak acid solution containing CI~ ion. In an acidic environment,
a selective corrosion of the BCC phase enriched with Al-Ni was found. This indicates that
the addition of Al can promote the heterogeneous multiphase microstructure composed of
FCC and ordered /disordered BCC phases [33], which can effectively improve the corrosion
resistance of the alloy. However, most of the above studies contain a high concentration of
Co element, and the price of Co element is more expensive than other alloying elements,
which makes the alloy obtained by research difficult to be widely used in engineering
practice. In addition, the strong induced radioactivity of Co and its high neutron absorption
cross section (37.18b) also limit its application in the nuclear field [34].

In view of the above, this paper designed and manufactured a FeCrNi(AlTi)x mesen-
tropy alloy for Marine corrosion resistance equipment materials by taking FeCrNi mesen-
tropy alloy with equal atomic ratio FeCrNi in single-phase FCC structure by eliminating
the expensive and radioactive Co element; and adding Al and Ti elements with atomic
content of 0.17, 0.2, and 0.24 mol.%, respectively, we precisely controlled the dual-phase
ratio through Al/Ti content. LMD technology was used to study the influence of Al
and Ti elements on the microstructure and corrosion resistance of FeCrNi entropy alloy,
and the related strengthening mechanism and deformation mechanism. Adjusting the
microstructure and properties of Fe-Cr-Ni alloys by changing the content of Al and Ti
elements is of great significance for developing medium /high entropy alloys with excellent
comprehensive properties.

2. Experimental

In this experiment, Fe, Cr, Ni, Ti, and Al elemental metal particles with a purity
greater than 99.9% were selected as raw materials for processing, and the ingredients were
mixed according to the atomic fraction ratio. The composition ratio is shown in Table 1.
FeCrNi(AlTi)x (where x =0, 0.17, 0.2, 0.24 mol.%) alloy ingot was prepared by Laser Metal
Deposition (LMD) technology. The relevant printing parameters are shown in Table 2. After
natural cooling, the alloy ingots are cut into tensile samples and cuboid metallographic
samples of 10 mm X 10 mm x 8 mm in size. In this paper, as-cast samples are labeled as
FeCrNi, AlTi0.17, AlTi0.2, and AlTi0.24, respectively.

Table 1. Nominal chemical compositions of FeCrNi(AlTi), medium-entropy alloys(at.%).

Sample Fe Cr Ni Al Ti
FeCrNi 33.33 33.34 33.33 - -
AlTi0.17 30.00 30.02 29.98 5.00 5.00
AlTi0.2 29.41 29.42 29.41 5.88 5.88

AlTi0.24 28.67 28.70 28.63 7.01 6.99
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Table 2. Printing parameters for alloy ingots.
Scanning . Powder
Laser Power Spot Diameter  Overlap Rate
Speed o Feed Rate
W) (mm) (%) .
(mm/s) (g/min)
1800 5 2.12 45 3.7

All samples will be ground with 250# to 5000# sandpaper and then polished with
5 um and 0.5 um diamond polish prior to microcharacterization and electrochemical
corrosion experiments.

The phase structure of the cast and homogenized samples was characterized by
Bruker’s D8 Discover high-resolution X-ray diffractometer (XRD, D8 Discover, Bruker AXS
GmbH, Karlsruhe, Germany) with a scanning velocity of 3.6° /min and a 26 range of 30°
to 100°.

The morphology of the sample was observed using a field emission electron micro-
scope (Thermo Fisher Quatro S, Noran System 7, Waltham, MA, USA) equipped with an
energy dispersive spectrometer (EDS), and after ion polishing of the sample surface by an
ion beam polisher (Fischione 1061, Fischione Instruments, Inc., Export, PA, USA). The grain
size, shape distribution, and phase Angle of the alloy samples were analyzed by the same
equipment equipped with electron backscatter diffraction (EBSD) technology.

The corrosion resistance of the alloy was tested in 3.5 wt.%NaCl solution. One surface
of the test sample was polished with sandpaper, then embedded in a resin model with
an outer diameter of 30 mm, then washed with ethanol and deionized water in turn,
and left in the air for about 24 h. The other side was connected with copper wires using
double-sided conductive tape. The scanning electrochemical microscope Versa SCAN
device, Versa STAT 3F, and Versa STAT 3 (AMETEK Scientific Instruments, Berwyn, IL,
USA) were used as two potentiostat devices for testing. A three-electrode system was used:
a working electrode to test the sample, electrode to a platinum needle, and a reference
electrode to a saturated Al/AgCl electrode. The sample was immersed in a 3.5 wt.%NaCl
solution for about 3600 s to ensure that the electrochemical surface was in a stable state was
obtained before subsequent testing. The most advanced is the electrochemical impedance
spectroscopy test, which tests the frequency range of 10°~10~2 Hz, and the voltage change
amplitude of 20 mV. After the impedance spectrum test, the potentiodynamic polarization
test of the sample is carried out. The initial potential is 0.3 V below the open potential,
and the potential rises at a rate of 1 mV /s until the termination potential is reached, that
is, 2.0 V above the open potential. At least three electrochemical tests were carried out
for each alloy component to ensure that the experimental data were non-accidental and
reproducible. After the electrochemical test was completed, the morphology, distribution,
and quantity of pitting on the surface of the alloy samples were observed by the above
scanning electron microscope, and the changes of elements in the pitting pit and the
surrounding non-corroded surface were analyzed by EDS line scanning.

3. Results and Discussion
3.1. Phase Identification

The XRD pattern of FeCrNi(AlTi)x medium-entropy alloy is shown in Figure 1. The
FeCrNi alloy is an FCC single-phase structure. According to the XRD pattern, when
x = 0.17, the (110) diffraction peak of BCC phase has appeared in the pattern of AITi0.17
sample, and in the FCC diffraction peak, except (200), the other diffraction peaks have a
phenomenon of intensity decline, which is sufficient to indicate that the addition of Al
and Ti elements can transform the alloy into FCC + BCC biphase structure. When the
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Intensity

content of Al and Ti elements reaches x = 0.2, the intensity of the (110) diffraction peak
of the BCC phase increases significantly, and (200) and (211) diffraction peaks of the BCC
phase appear, although the intensity of the diffraction peaks is not large. In the diffraction
peak of the FCC phase, except for the phenomenon that the intensity of the high-angle
(311) diffraction peak is weakened, the other diffraction peaks are strengthened, and the
higher-angle FCC phase (222) diffraction peak appears. When the content of Al and Ti
elements is increased to x = 0.24, the intensity of each diffraction peak decreases compared
with that of 0.2 content, and the intensity of the (220) diffraction peak is even lower than
that of the AlITi0.17 alloy, and the diffraction peak of high-angle (222) also disappears. It can
be seen that blindly adding Al and Ti elements cannot gradually enhance the diffraction
peak of BCC, and adjusting the content of Al and Ti elements to achieve the optimal state
of alloy phase composition is the key to meeting the practical application.

= (b) : |
z o FCC ! !
0o I I
e BCC : :
I I
s g = a o N | :
S o = 5 8 Ny ) ]
AITi0.2 ) S ?\_ j'\/—_j._._%__ § Aoz J i N
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( ] 1 I
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Figure 1. X-ray diffraction patterns of FeCrNi(AlTi), alloy (a) 30°~100° (b) 40°~55°.

At the same time, the lattice parameters were calculated based on the positions of the
FCC diffraction peaks. The lattice parameters of the FCC phases in the FeCrNi, AlTi0.17,
AITi0.2, and AITi0.24 alloys were 3.59 A, 3.608 A, 3.609 A, and 3.613 A, respectively. By
comparing the data, it can be found that the spectra of the samples with Al and Ti elements
are shifted to lower angles compared with the spectra of FeCrNi alloy samples, as shown
in Figure 1b This shift occurs because Ti, which has a larger atomic radius (176 pm), and
Al, which has a relatively smaller atomic radius (118 pm), were added. The atomic radii of
Fe, Cr, and Ni are 156 pm, 166 pm, and 149 pm, respectively. The significant difference in
atomic radii leads to irregular atomic arrangements within the crystal structure, causing
lattice expansion and distortion. This also results in an increase in the lattice parameter [35],
consequently causing the diffraction peaks to shift towards lower angles. Subsequent
experiments revealed that this change also brings about certain alterations in the corrosion
resistance of the alloy.

3.2. Surface Morphology and Energy Spectrum Analysis of Alloys

Figures 2 and 3 show the SEM morphology of FeCrNi(AlTi)x medium-entropy alloy
and the EDS element plane map, respectively. At the scale of 200 um, that is, Figure 2a,d,g,j
the difference between FeCrNi and other three alloys with Al and Ti elements added can
be compared from the surface morphology of the alloy; When the scale of 30 um is reached,
as shown in Figure 2b,e,h k it can be seen that there are obvious contrast differences on the
surface of other alloys except FeCrNi alloy, while the surface of FeCrNi alloy only has pores
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and polished scratches. A small amount of randomly distributed dark gray precipitated
BCC phase can be seen in the FCC phase of light gray matrix on the surface of the AlTi0.17
alloy. With the increase of Al and Ti elements, the content of dark gray precipitated BCC
phase on the surface of AlTi0.2 and AlTi0.24 alloy is significantly increased, and its density
is larger than that of AlTi0.17 alloy, and the entire alloy surface presents FCC + BCC
biphase alternating layer structure. This phenomenon may be because the addition of
Al and Ti elements promoted the precipitation of the BCC phase and changed the phase
composition and microstructure of the alloy, which is also consistent with the results of
the XRD pattern. When the magnification reaches 10 um, as shown in Figure 2¢fi1 the
BCC phase on the surface of AlTi0.24 alloy with higher content of Al and Ti elements
begins to appear branching and dendritic structure, which is similar to the aggregate
structure, which is a special form of dendrite structure, indicating the existence of element
segregation in the alloy. In other words, during the solidification process, the composition of
the alloy is different in the dendrite and interdendrite regions, and the region with brighter
contrast is the dendrite region, while the part with darker contrast is the interdendrite
region. In general, the dendrite region has a high concentration of elements, while the
interdendrite region may enrich other elements or show a low alloy composition, and
whether the appearance of this structure is the reason for the weakening of the intensity of
each diffraction peak needs to be verified with EBSD results.

(a) (b (c)

Figure 2. SEM morphology of the FeCrNi(AlTi), alloy (a—c), FeCrNi (d—f), AlTi0.17 (g-i), AlTi0.2 (j-1),
AITi0.24.
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AlTi0.17

-
AITi0.24
.
-
Figure 3. EDS surface scanning analysis of the FeCrNi(AlTi)y alloy (a) FeCrNi, (b) AlTi0.17, (c) AITi0.2,
(d) AlTi0.24.

According to EDS component surface scanning distribution (Figure 3) and EDS
two-phase chemical composition analysis results (Table 3), it can be seen that the Fe
in the BCC phase of AlTi0.17, 0.2, and 0.24 alloys is 32.4 £ 0.3 at.%, 35.1 & 0.3 at.% and
30.7 + 0.3 at.%, respectively, and the enrichment of the Cr element is more significant.
They were 34.3 £ 0.3 at.%, 35.7 £ 0.3 at.% and 41.5 £ 0.3 at.%, respectively. The enrich-
ment of Fe and Cr elements in the BCC phase, and the accumulation of Ni elements in
the FCC phase, which indicates that the high content of Cr and Fe is conducive to the
formation of disordered BCC structural phase, and the addition of Al and Ti elements
promotes the enrichment of Fe and Cr elements, resulting in the formation of FCC+BCC
biphase structure.

Table 3. Chemical compositions of the two phases in the FeCrNi(AlTi)y alloy(at.%).

Detected Composition/at.%

Sample  Phase

Fe Cr Ni Al Ti
. FCC 309+03 31.1+£03 38.0+0.3 - -
FeCrNi BCC ] ] ] } )
AITiO 17 FCC 306 +03 285+£0.3 32.0+0.3 66+02 23402
1 BCC 324+03 343403 22.7+ 0.3 72402 34+02
AITiO2 FCC 309+03 232403 372403 30+£02 57402
1 BCC 3514+03 357+£0.3 23.3+0.3 23+£02 3.6+02
F 29.6 £ 0. 222 + 0. 4.6 + 0. 754+0.2 1+02
AITi0 24 CC 9.6 +0.3 0.3 34.6 +£0.3 540 6 0

BCC 307+03 415+£03 18.8 £0.3 5702 33+02

Values represent mean =+ standard deviation (SD) of 3 measurements per phase region. Measurement uncertainty
based on EDS detector calibration; +0.3 at.% for Fe/Cr/Ni; £0.2 at.% for Al/Ti.

Based on the above research, it can be found that the entropy alloy in FeCrNi(AlITi)
changes from FCC single-phase structure to FCC + BCC biphase structure with the increase
of Al and Ti content. The electronegativity difference (Ax) between alloying elements is
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one of the important factors affecting the phase stability in the alloy, that is, the larger the
Ax between alloying elements, the more likely the element with higher electronegativity is
to lose its extranuclear electrons, while the element with higher electronegativity is more
likely to get electrons, thus forming an intermetallic compound in the alloy [36,37]. The
calculation formula for Ax of high entropy alloy is as follows [37]:

Ax = \/Zf\il ci(xi—x')° (1)

where ¢; is the atomic fraction of the i-th element in the alloy; X’ is the Pauling electroneg-
ativity of the i-th element in the alloy. x’ is the average Pauling electronegativity of all
alloying elements, which is calculated using the weighted average, with the weight being
the atomic fraction. It can be seen that when the Al and Ti contents x of the entropy alloy
in FeCrNi(AlTi)x = 0, 0.17, 0.2, 0.24, the Ax value is 0.1039, 0.1202, 0.1227, and 0.1302,
respectively. It can be seen from the calculation results that with the increase of Al and Ti
elements content, the electronegativity difference Ax among elements in FeCrNi(AlTi)x
entropy alloy increases. This is because Al and Ti have a large electronegativity difference
compared with Fe and Ni elements, and the elements in the alloy form a strong chemical
bond or have a tendency to ionize, thus causing some elements to gather. The formation
of phase transformation and the uneven distribution of the internal phase of the alloy are
the reasons for promoting the phase precipitation of the intermetallic compound BCC in
the alloy, so that the alloy changes from a single phase to a biphasic structure after adding
Al and Ti elements. This change will also affect the corrosion resistance of the alloy; the
increase in poor electronegativity will cause some metals to form an uneven oxide film on
the alloy surface, resulting in a local electrochemical corrosion phenomenon on the alloy
surface, and then affect the corrosion resistance of the alloy.

3.3. Microstructure Analysis

In order to further analyze the microstructure, electron back-scattering diffraction
(EBSD) was used to analyze the grain morphology, size, and distribution of the alloy.
Figure 4 shows the EBSD inverse pole diagram, phase distribution diagram, and grain
size distribution results of three alloys with different Al and Ti contents. The inverse pole
diagram (IPF) in Figure 4a—c shows that the grain size of the FCC phase in AITi0.17 is large
and the grain shape is columnar, while the grain size of the BCC phase is small and the
shape is different. The FCC phase grain size of AlTi0.2 and AITi0.24 is smaller than that
of AlTi0.17, and the grain morphology is finer and more irregular, and more inclined to
equiaxial crystal morphology, which is because the increase of Al content increases the
cooling rate of the molten pool, resulting in grain refinement [38,39]. When the content
of Al and Ti is 0.2, the grain of the BCC phase is more uniform; in contrast, the grain of
the BCC phase of AlTi0.24 also shows an irregular shape. The three alloys with different
compositions all show a biphase structure of BCC and FCC, which is consistent with the
results of XRD pattern analysis, and the inverse pole diagram shows that the BCC phase is
dispersed in the FCC matrix. Combined with the EDS analysis in Figure 3, it can be seen
that BCC phases are formed in the enrichment areas of Al, Ti, and Cr elements. Therefore,
the addition of Al and Ti elements can transform FeCrNi alloy from a single FCC phase
structure to FCC + BCC biphase structure, and the formation of this biphase structure is
related to cooling rate and solid phase transition [27,40]. It can be seen more clearly from
the phase distribution diagram in Figure 4d—f that the BCC phase is randomly distributed
in the FCC matrix. With the increase of the content of Al and Ti, the content of the BCC
phase in the alloy changes in a normal distribution. At AlTi0.2, the BCC phase content
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reaches 37.5 £ 0.5%, which confirms the analysis results of the XRD pattern. The BCC
phase shows strong diffraction peaks in AITi0.2.

I Fcce25% I FCC75.1%
I BCC 37.5% —_— I BCC 24.9%

{g) Average: 76.2pm (h) Average: 44.7uym (I} _Avera_ge= 66.3um _

Fraction (%)
Fraction (%)

0.06

0.03

10 20 30 40 S50 &0 TO BO 5D 100 110 120 : 10 20 30 40 S50 &0 VO B0 G0 10D 110 ) 10 20 30 40 B0 G0 7O BO 90 100 110 120 130 140

Grain size (um) Grain size (um} Grain size (um)
(J) Average: 6.0pm (k) Average: 7.7pym (l) " Average: 6.1um
50 1o T 4t \ 100
130
— 1o — L T T R Oy -l
s g e g 1o | d90=6.74pm | =
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g g E 70 § &w g
T T B0 B =
g & g w0 -1 &
2 3 & E. - . —mmmomem ] L 2w . e
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Figure 4. EBSD results of FeCrNi(AlTi)x alloy (a—c) inverse pole figure maps; (d—f) phase map;
(g-i) total grain size distribution; (j-1) grain size distribution of BCC phase.

Figure 4g—i shows the overall grain size distribution diagram. Due to the large amount
of small-sized BCC phase grains precipitation, the average grains of AlTi0.2 and AlTi0.24
decrease. However, it can be seen from the grain distribution histogram that when the
content of Al and Ti is 0.2, the maximum grain size is only 110 um, and the proportion is
15%. Compared with AlTi0.17, it can be seen that the grains of the FCC phase are refined
and the size distribution is more uniform. Compared with the grain size distribution
diagram of the BCC phase (Figure 4j-1), it can be seen that the fitting curve of the grain
size distribution of the BCC phase in the alloy changes from the inverse function image
to the open downward quadratic function image with the increase of Al and Ti content in
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AlTi0.17

the alloy. According to the data, the average grain size of the BCC phase is a minimum of
6.0 um of AlTi0.17 alloy, but it can be seen from the distribution diagram that AITi0.17 alloy
has more grains of 1-2 um size, making its average grain size small. Compared with AITi0.2
and AlTi0.24 alloys, it can be found that the minimum grains are greater than 2 um. It can
be seen from Figure 4k,1 that 50% of the grain size of BCC of AITi0.2 is less than 5.28 um,
and 90% is less than 8.61 um; 50% of the BCC grain size of AlTi0.24 is below 4.18 um, and
90% of the grain size is less than 6.74 um, which indicates that the increase of Al and Ti
content can refine the BCC grain size to a certain extent. However, according to the phase
distribution diagram and XRD pattern, an excessive addition of Al and Ti elements will
lead to a decrease in the precipitation of the BCC phase.

Figure 5 shows the grain orientation deviation results of the three alloys. It can be seen
that the regions with higher KAM values of AlTi0.17 and AITi0.2 alloys are all located at the
grain boundaries of BCC grains within the FCC grains, which indicates that there is more
dislocation accumulation at the interface of BCC and FCC phases, resulting in significantly
higher dislocation density. Among them, this phenomenon is more obvious in the AITi0.2
alloy, and the difference of the highest KAM value between the BCC grain and the FCC
grain reaches 6.19°. AlTi0.24 has a higher KAM value in both the FCC phase region and
the BCC phase region, and its dislocation density is higher, which will cause the material to
be more brittle, thus affecting its toughness.

AITi0.2 AlTi0.24

Figure 5. KAM of FeCrNi(AlTi)x alloy (a—c) overall KAM; (d—f) KAM about FCC; (g-i) KAM
about BCC.

As can be seen in Figure 5a—c, the geometrically necessary dislocations (GNDs) of the
AITi0.2 alloy are more evenly distributed. Both AlTi0.17 and AlTi0.24 have high-density
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dislocation regions, and the regions with high dislocation density will become stress
concentration regions, which will affect their fatigue characteristics. Thus, the corrosion
resistance of the material is reduced [41].

The results of EBSD analysis show that the addition of Ti and Al not only changes the
microstructure of FeCrNi alloy from single FCC structure to FCC + BCC biphase structure,
but also significantly affects the deformation mechanism and corrosion resistance of FeCrNi
alloy. With the increase of the content of Al and Ti elements in the alloy, the content of
BCC phase shows a trend of first increasing and then decreasing, which indicates that the
addition of Al and Ti elements has limited strengthening effect on the alloy, and regulating
the content of Al and Ti elements to achieve the best effect is the focus of follow-up research.

3.4. Electrochemical Impedance Spectroscopy

Figure 6 shows the Electrochemical Impedance Spectroscopy (EIS) of FeCrNi alloy and
FeCrNi(AlTi)x medium-entropy alloy with three different components in 3.5 wt.%NaCl
solution. Figure 6a,b represents the Nyquist diagram and Bode diagram, respectively. It
can be clearly seen from the Nyquist figure that FeCrNi(AlTi)x medium -entropy alloys
all exhibit a single capacitive react-arc, indicating that the corrosion reaction of the alloy
in solution is controlled by the charge transfer process kinetics [42], and the center of the
capacitive react-arc circle is located below the real axis, indicating that the corrosion process
on the surface of the alloy is controlled by an electrochemical process [43]. The diameter
of the half arc in the figure reflects the corrosion resistance of the material in solution.
The larger the diameter of the half arc in the curve, the better the corrosion resistance
of the passivated film [30,44]. With the addition of Al and Ti elements, the arc radius in
the Nyquist diagram of the alloy gradually increases. Among the three different additive
contents, AlTi0.2 has a larger arc radius, and the arc radius decreases when the content
further increases. This series of phenomena shows that the addition of Al and Ti elements
can help the entropy alloy in FeCrNi(AlTi)x to exhibit stronger protective film formation
ability and greater electrochemical dissolution resistance, and this will increase with the
increase of the content in a certain range. The proportion of Al and Ti components is
0.2 Near peak.

In the Bode diagram in Figure 6b, the slopes of the log | Z | -logf curves of four samples
are all close to or —1 in the frequency range of 10~!-103, indicating that the passivation
film formed on the surface of the alloy is a pseudocapacitance, and the phase Angle of the
alloy presents a transient stable state within this range, forming a phase Angle platform.
This phenomenon indicates that a certain passivation film has been formed on the surface
of the alloy. As can be seen from the comparison of different color curves in the figure,
the slope of the red curve representing the sample of AlTi0.2 is larger in this range and
closer to 1, which indicates that it is more stable in this state. The curve continued until
the frequency range of 102 near the end of the test before the slope changed, and there
was no unstable fluctuation during the period, which showed that its corrosion resistance
was better than that of the other two alloy samples with different additives. At this low
frequency band, the phase Angle of the AITi0.2 sample is closer to 90°, which indicates that
the impedance of the system is capacitive or dispersive, and the diffusion process of ions
in the electrolyte solution has a significant influence on the impedance. However, in the
high frequency region above 10°, the corresponding phase angle-frequency curve shows a
reverse peak shape, which is a charge transfer process, and the transient response at this
time shows an unstable state.
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Figure 6. Bode plots (a) Nyquist plots; (b) R(Q(RL(RQ))) equivalent electrical circuit for fitting EIS
data; (c) FeCrNi(AlTi)y alloy in 3.5 wt.%NaCl solution.

A single capacitive reactance arc may represent a double-layer capacitance at the
electrode interface, but it does not exclude the possibility that other capacitive elements
may be present in the circuit. The constant phase element (CPE) is used to simulate non-
ideal capacitive behavior, such as the “dispersion effect” caused by factors such as the
non-uniformity of the electrode surface, the adsorption layer, and the poor conductivity of
the solution. Therefore, combined with the preliminary analysis of the Nyquist diagram
and Bode diagram, R(Q(R(QR))) was first used as the equivalent circuit for fitting, but the
final data error was large. Considering the rationality of circuit components, an inductance
L was added to the original equivalent circuit to represent some transient responses or
high-frequency behaviors in the circuit. The equivalent circuit, as shown in Figure 6c, is
fitted with Rs(Qp(RpL(RctQct))), where Rs is the solution resistance, Ry, is the resistance
of the corrosion product film, and Qj, is the capacitance effect related to the electrode
interface. L represents some transient response or high-frequency behavior, R is a charge
transfer resistor, and Q. is a constant phase element, which is used to simulate non-ideal
capacitance behavior. Finally, the Chi-square approximation obtained by the equivalent
circuit is two orders of magnitude different from R(Q(R(QR))). And each data error can
reach a relatively lower value. Due to the heterogeneity of the surface of the alloy and
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the non-ideal capacitive response due to its adsorption effect [45], the ideal capacitors (Q,
and Q) were replaced by constant phase elements (CPE) in this fitting. Ideally, the phase
constant Zcpg is represented by the following formula:

Zepe =Yg ' (jw) ™" (2)

where Y is the scale factor; j is an imaginary unit; w is the angular frequency; n is
an exponential factor, and this formula represents the dispersion degree of CPE. When
n = —1, CPE represents inductance. When n = 0, CPE represents pure resistance. When
n = 1, CPE represents the ideal capacitance. Table 4 shows the impedance fitting results of
FeCrNi(AlTi)y medium-entropy alloy. It can be seen from the parameters in the table that the
values of nl are all 1, indicating that its CPE is close to the ideal capacitance. In other data,
the value of Ry is much different from that of other resistors, and the difference between
them is almost inorganic, which indicates that they show similar ionization ability under
voltage disturbance. Ry, value is the resistance of the corrosion product film, and it can be
seen that the AlTi(0.2 sample is the smallest in this value, which can be found in the following
electrochemical corrosion morphology SEM diagram. In the most important R value, the
sample of AITi0.2 showed its superiority, reaching 4.049 x 10* Q-cm?, compared with the
3.034 x 10* Q-cm? of AlTi0.24, which had thousands of differences. The 1.201 x 10* Q-cm?
of FeCrNi and 1.412 x 10* Q-cm? of AITi0.17 have a bigger gap. The charge transfer
resistance represents the difficulty of ion transfer, and the higher the resistance value, the
better the corrosion resistance [46]. The lower the Rt value, the higher the ion migration
through the double charge layer. The corrosion resistance of the alloy is relatively poor. This
indicates that the passivation film formed on the surface of AlTi0.2 can more effectively limit
the transfer of metal surface charge. According to the above analysis, the addition of Al and
Ti elements can effectively enhance the charge transfer limitation of the passivation film
generated on the surface of the alloy, thus improving the corrosion resistance of the alloy.
Within a certain range, the strengthening effect will increase with the increase of the content,
but when the content of AlTi reaches 0.2, the enhancement effect will reach a saturation
state. With the further increase of AlTi content, the strengthening effect was reduced.

Table 4. Fitting results of the impedance of the FeCrNi(AlTi)y alloy.

Q Qct
R R P R
Phase S, P ) Yo ng °, Y, np
(Q-Cm ) (Qcm ) (Sn~Qfl'Cm72) (QCm ) (Sn‘Qil'Cmiz)
FeCrNi 5151 x 107° 14.21 6.960 x 1072 1 1.201 x 10*  7.530 x 107> 0.8752
AITi0.17 4201 x 10~ 15.61 5.001 x 1077 1 1.412 x 10* 3273 x 107° 0.8414
AITi0.2 1.132 x 10 11.32 6.881 x 1079 1 4049 x 10*  4.133 x 10°° 0.9189
AlTi0.24 4257 x 1075 99.23 7.347 x 10710 1 3.034 x 10*  1.230 x 107> 0.8038

All the goodness-of-fit values (x?) of the equivalent circuit fittings are below 1 x 1073,

3.5. Potentiodynamic Polarization

In this study, FeCrNi(AlTi)y alloy was immersed in 3.5 wt.%NaCl solution at room
temperature to make it undergo action potential polarization reaction after the open-circuit
potential was stabilized, and the reaction potential was —0.3 V to —2.0 V relative to the
open-circuit potential. Figure 7 shows the potentiodynamic polarization curves of the
four alloys. Table 5 lists a series of electrochemical parameters obtained by fitting the
polarization curve. These include corrosion potential (Ecorr), Passivation start potential
(Ep-s), breakdown potential (E;,) and passivation window width (Passivation Window:
Epr-Ep-s), self-etching current density (Icorr), and overpassivation current density (Ii).
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Figure 7. Potentiodynamic-polarization curves of FeCrNi(AlTi)y alloy in 3.5 wt.%NaCl solution.

Table 5. The fitting parameters of the polarization curve for the FeCrNi(AlTi)y alloy.

Phase Ecorr (VscE) Ep-s (Vscp) Ep: (Vscp) Ep-Ecorr (Vscp) Leorr (A/CITIZ) Iir (A/CITIZ)
FeCrNi —0.2147 0.2881 0.9569 0.6688 5.992 x 10~10 7901 x 10~*
AlTi0.17 —0.4696 0.7371 1.0597 0.3226 4527 x 1077 3.185 x 103
AITi0.2 —0.2935 0.1089 — — 3.668 x 1077 —
AITi0.24 —0.4009 —0.2841 —0.1543 0.1298 1.083 x 108 2.094 x 10°°

Combined with the chart data, it can be seen that the entropy alloy in FeCrNi itself
can be spontaneously passivated when it is subjected to action potential polarization in
NaCl solution. From these two data points alone, it can be seen that it has better corrosion
resistance. Compared with AlTi0.17, which has just added Al and Ti elements, it has better
performance after it has passed the corrosion potential. It has a lower passivation starting
potential and a larger passivation window width. However, from corrosion potential to
passivation initial potential, the current of the AITi0.17 alloy changes less with voltage.

However, with the addition of Al and Ti elements, AlTi0.2 showed better corrosion
resistance. After the initial passivation of Eps = 0.1089 V, no passivation film rupture
occurred until the anode potential was 2.0V relative to the open circuit potential. Until
the end of the experiment, the attack penetration potential could not be observed in
the potentiodynamic polarization curve. As can be seen from the results of multiple
AlTi0.2 experiments in Figure 8, this phenomenon is a common phenomenon, and the
results of multiple experiments show that the corrosion resistance of AlTi(0.2 alloy is stable
and excellent. When the content of Al and Ti is increased to 0.24, the driven potential
polarization curve shows that AlTi0.24 alloy tends to a stable state after two passivations
and passivation damage.
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Figure 8. Potentiodynamic-polarization curves of FeCrNi(AlTi)g, alloy in 3.5 wt.%NaCl solution.

According to the single driven potential polarization curve and its various electro-
chemical parameters, AlTi0.24 shows relatively poor corrosion resistance. But single data
do not directly prove the validity of this conclusion. Therefore, the surface morphology of
the four alloy samples after potentiodynamic polarization reaction was characterized by
scanning electron microscopy in this study, and the overall surface corrosion morphology of
the alloy was obtained as shown in Figure 9. Under the scale of 500 um, it can be seen that
FeCrNi and AlTi0.17 suffered serious corrosion on the entire surface after potentiodynamic
polarization. The original flatness of the alloy surface is lost. However, it can be observed
from Figure 9¢,d that most of the surfaces of AlTi0.2 and AlTi0.24 after the reaction still
maintain the original morphology that is not corroded, which indicates that the alloys of
the two components show better corrosion resistance in the electrochemical environment,
and their surface structures are relatively stable.

Combined with the potentiodynamic polarization curve of Figure 7, it can be seen that
the current of FeCrNi and AlTi0.17 alloy is in a relatively stable state after the passivation
film breaks, because the entire surface of FeCrNi and AlTi0.17 is uniformly corroded,
making them in a stable state. AlTi(0.2 alloy is in a stable state during the reaction until the
end of the experiment; Although AlTi0.24 experienced two passivation film fractures in
the polarization curve and then entered the steady state, it can be guessed from the overall
corrosion morphology of Figure 9d that the surface of the previous two passivation films
was locally corroded, while the overall alloy surface passivation film still has relatively
good corrosion resistance, so that after two fractures, AITI0.24 can be successfully corroded.
The corrosion current can still be in a relatively stable state.

According to the results of Figure 9, the most severely corroded locations of the three
different alloy components were selected, and the SEM images, as shown in Figure 10, were
obtained after the magnification was increased. The comparison of Figure 10a,d,g,j can
confirm the above conclusion. After the magnifications are increased, it can be seen from
Figure 10b that the surface of the FeCrNi alloy without Al and Ti elements added after
corrosion presents a uniform “fish scale” shape, and some seriously corroded pitting pits
are randomly distributed on the surface. When Al and Ti elements are added, the corrosion
surface with different contents shows different forms according to its corrosion resistance.
When the scale reaches 100 pm, it can be seen that Figure 10e also shows AlTi0.17, whose
corrosion morphology is completely different from that of the FeCrNi alloy. After it is
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locally enlarged to a 20 um scale, the result of Figure 10f can be seen, where the deep black
part of its surface is a pitting pit. The entire surface of the sample presents a large pitting pit
with a discrete distribution, which makes the entire surface appear to be corroded under
a small electron microscope scanning. When Al and Ti elements are further increased,
the corrosion resistance of the alloy is improved. As can be seen from Figure 10i, only
small pitting pits are randomly distributed on the surface of the AlTi0.2 alloy, and the
overall surface passivation effect of the alloy is good, showing relatively excellent corrosion
resistance. It can be seen from Figure 9d that although AITi0.24 does not have such a
large area of corrosion as FeCrNi alloy and AlTi0.17 alloy, it still has a small local area of
corrosion. As can be seen from Figure 10j,k, it is like a “crater” on the alloy surface, which

can be found by increasing the magnification. The corrosion has penetrated deep into
the alloy.

Figure 9. Surface corrosion morphology of FeCrNi(AlTi)x alloy specimen 500 pum (a) FeCrNi;
(b) AITi0.17; (c) AITi0.2; (d) AlTi0.24.

Based on the above potentiodynamic polarization curve and corrosion surface topog-
raphy analysis, it can be concluded that the corrosion resistance of AlTi0.2 alloy with Al
and Ti elements added is the best, followed by AlTi0.24 alloy, and finally AITi0.17 and
FeCrNi alloy, which is consistent with the impedance spectrum test analysis results. It can
be seen from this that the addition of Al and Ti elements to FeCrNi alloy can improve its
corrosion resistance, and within a certain range, with the increase of Al and Ti elements
content, there is a downward trend after reaching the peak. The relationship between the
overall corrosion resistance and the content of Al and Ti elements, and the test results of
microhardness and BCC phase, are consistent with the normal distribution.
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Figure 10. Surface corrosion morphology of FeCrNi(AlTi)y alloy specimen (a—c) FeCrNi; (d-f) AITi0.17;
(g-i) AlTi0.2; (j-1) AlTi0.24.

Based on the observed excellent corrosion resistance, particularly in the AITi0.2 alloy
sample, this Co-free MEA system demonstrates significant potential for use as either
corrosion-resistant structural material or protective coating in marine environments—such
as ship components, seawater pipeline systems, and offshore platform structures—or
other chloride-containing environments, including chemical processing equipment and
desalination plants. The compatibility with laser metal deposition (LMD) further enhances
its industrial viability. LMD enables the near-net-shape fabrication of complex geometries
(e.g., valve bodies, pump impellers) and provides on-site repair capabilities for corrosion-
damaged infrastructure, significantly reducing lifecycle costs in maintenance-intensive
environments [47].

4. Conclusions

In this study, FeCrNi alloy and three kinds of FeCrNi(AlTi)x medium entropy alloys
with different Al and Ti contents were prepared by LMD technology. The chemical compo-
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sition, microstructure, and corrosion resistance of the alloy samples were systematically
described. Key findings are as follows:

(1) FeCrNi alloy prepared by laser melting deposition technology shows a single-phase
FCC structure. With the addition of Al and Ti elements, the alloy changes from a
single FCC phase structure to a biphase FCC + BCC structure. In a certain range, with
the increase of the content of Al and Ti elements, the BCC phase ratio continues to
increase. After reaching the saturation state, the increase in the content of Al and Ti in
the alloy will lead to a decrease in BCC content.

(2) In FeCrNi(AlTi)x medium entropy alloy, the grains of the BCC phase are dispersed in
the FCC matrix, and more dislocations accumulate at the interface of the BCC phase
and FCC phase, resulting in significantly higher dislocation density. With the increase
of the content of Al and Tij, the grain of the alloy can be refined to a certain extent.

(38) The geometrically necessary dislocations (GNDs) of AlTi0.2 alloy are distributed most
evenly among the three alloys, and AlTi0.17 and AlTi0.24 both have high-density
dislocation regions. The regions with high dislocation density will make them stress-
concentrated regions, which will affect their fatigue characteristics, and thus reduce
the corrosion resistance of the material. Adjusting the content of Al and Ti elements in
the alloy can change the microstructure composition of the alloy, so as to change the
corrosion resistance of the alloy.

(4) FeCrNi(AlTi)x medium entropy alloy has good corrosion resistance and can be sponta-
neously passivated in 3.5 wt.%NaCl solution to form a corrosion-resistant passivated
film. With the increase of the content of Al and Ti, the protection of the passivation
film on the surface of FeCrNi(AlTi)x can be effectively improved, and the corrosion
rate of the alloy surface can be reduced. Among the alloys with different contents of
Al and Tij, the AlTi0.2 alloy has the best corrosion resistance. After the high-potential
potentiodynamic corrosion test, the surface of other alloys has a large-scale corrosion
phenomenon, and only part of the alloy has a random pitting morphology.

In subsequent research, we will consider supplementing XPS experiments to analyze
the chemical composition of the passive film formed on the sample surface, thereby further
enhancing the reliability of the results; systematically evaluate key mechanical proper-
ties such as tensile strength, hardness, and toughness to provide more comprehensive
performance data for practical applications; and conduct more refined composition opti-
mization within or near the studied range in order to balance mechanical properties with
corrosion resistance.
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