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Abstract: CoCrFeMnNi high entropy alloys (HEAs) were additively manufactured (AM) by laser
powder bed fusion and their corrosion resistance in 3.5 wt% NaCl solution was studied by
potentiodynamic polarization and electrochemical impedance spectroscopy tests. A systematic
study of AM CoCrFeMnNi HEAs’ porosity under a wide range of laser processing parameters
was conducted and a processing map was constructed to identify the optimal laser processing
window for CoCrFeMnNi HEAs. The near fully dense AM CoCrFeMnNi HEAs exhibit a unique
non-equilibrium microstructure consisting of tortuous grain boundaries, sub-grain cellular structures,
columnar dendrites, associated with some processing defects such as micro-pores. Compared with
conventional as-cast counterpart, the AM CoCrFeMnNi HEAs showed higher pitting resistance (AE)
and greater polarization resistance (Rp). The superior corrosion resistance of AM CoCrFeMnNi HEAs
may be attributed to the homogeneous elemental distribution and lower density of micro-pores.
Our study widens the toolbox to manufacture HEAs with exceptional corrosion resistance by
additive manufacturing.

Keywords: CoCrFeMnNi high entropy alloys; additive manufacturing; corrosion behavior;
non-equilibrium microstructure; micro-pores

1. Introduction

In recent years, high entropy alloys (HEAs) have received remarkable attention from both
academia and industry due to a portfolio of unusual properties including high specific strength [1-6],
high fracture resistance [7,8], and excellent corrosion and oxidation resistance [9,10]. The superior
corrosion behavior has been attributed to the locally disordered chemical environment obtained from
random arrangement of multi-principal elements in solid solution [9,11]. Because of the formation of
protective passive films on the surface, the corrosion behavior of Cr-, Ni-, and Mo-based HEAs have
been widely investigated [12-16]. Despite the technical potential, processing of HEAs is generally a
challenge. Most HEAs suffer from inferior flowability or formability in the liquid state to be shaped
into useful components by conventional manufacturing routes such as casting [17]. Recently, the rapid
development of additive manufacturing (AM) has enabled precise and versatile manufacturing of
geometrically complex components necessary for practical applications [18]. Here, we apply a laser
powder bed fusion based AM technique, namely selective laser meting (SLM), to produce CoCrFeMnNi
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HEAs. Unlike the conventional manufacturing technique, SLM prints materials and components
directly from a computer-aided design file and offers unique advantages of design freedom for
three-dimensional complex geometry. The highly localized melting, strong temperature gradient,
and high cooling rate (~10° K/s) [19] during laser melting often give rise to unique ultra-fine and
non-equilibrium microstructures that deliver superior mechanical properties such as high strength and
high ductility that are not accessible via conventional methods [20,21]. For example, AM CoCrFeNiMn
HEA demonstrated a yield strength of 510 + 10 MPa with a uniform elongation of 32.4%, in contrast to
205 + 5 MPa and 50.2% for the as-cast counterpart [21].

Corrosion resistance is often an additional core performance factor for structural metals.
Fundamental understanding of the microstructure-electrochemical property is therefore critical to
the AM technology. The corrosion resistance of AM 316L stainless steels [22-26] and Ti-6Al-4V
alloys [27,28] have so far been widely studied. Contradictory results have been reported for the
corrosion resistance of AM 316L stainless steels [22-26]. For example, Sun et al. [22] and Zietala
et al. [23] showed that the corrosion behavior of AM 316L stainless steels were similar to that of
conventionally manufactured counterparts and the AM samples were more susceptible to pitting
corrosion. Trelewicz et al. [24] and Geenen et al. [25] reported reduced corrosion resistance of AM
316L stainless steels. In contrary, Kazemipour et al. [26] reported superior pitting resistance and
reduced metastable pitting rate in SLM-fabricated samples compared to wrought alloy. While for
Ti-6Al-4V alloy, the constituent phase is the dominant factor for corrosion resistance, followed by grain
size and morphology. Therefore, the SLM alloy with more acicular &’ and less f-Ti phase exhibited
worse corrosion resistance than Grade 5 alloy [27,28]. However, for CoCrFeMnNi, one of the most
notable HEAs till date, corrosion studies have been mainly focused on as-cast bulk samples [29,30]
and laser cladded coatings [31], for which elemental segregation makes Cr-depleted inter-dendrites
especially vulnerable to pitting corrosion. Therefore, there is limited understanding of the effect of
highly non-equilibrium microstructure obtained in AM on the corrosion resistance of this alloy.

In this study, the corrosion behavior of AM CoCrFeMnNi HEA was compared with the as-cast
counterpart in 3.5 wt% NaCl solution by potentiodynamic polarization and electrochemical impedance
spectroscopy measurements. The microstructures and surface morphologies of both alloys were
analyzed to explain the difference in corrosion resistance. Our study reveals that the AM CoCrFeMnNi
HEA with unique non-equilibrium microstructure, homogeneous elemental distribution, and smaller
defect (micro-pore) density exhibit superior corrosion resistance to the as-cast counterpart.

2. Materials and Methods

The SLM as-printed samples were manufactured by M290 (EOS GmbH, Munich, Germany), which
is equipped with a Yb-fiber laser with a maximum power of 400 W and a focus diameter of 100 um.
Gas atomized equiatomic CoCrFeMnNi HEA powders with the particle size ranging from 15 to 53 pm
(D1p = 22.8 pm, D5 = 36.8 um, Dgy = 58.4 um) were used. As shown in Figure 1, 36 cubes of 8 x 8
3 were printed with different processing parameters by bi-directional and chessboard scan
strategies at a constant layer thickness of 0.04 mm and a hatching distance of 0.08 mm with varying
laser powers (250-370 W) and scan speeds (500-2500 m/s). To reduce the anisotropy of mechanical

X 6 mm

properties, laser scan direction was rotated alternately 90° for successive layers. The as-cast counterpart
with the same composition was prepared by arc melting constituent elements with 99.99% purity under
argon atmosphere. The ingots were re-melted at least five times to assure chemical homogeneity and
subsequently sucked into a water-cooled copper mold.

The relative density of the as-printed samples was measured by gas pycnometer (AccuPyc II
1340, Micromeritics, Norcross, GA, USA). Optical microscope (OM, BX53M, Olympus, Tokyo, Japan)
and scanning electron microscopy (SEM, Magellan 400 XHR, FEI, Hillsboro, OR, USA) were used
to examine the microstructures of the samples. The metallurgical samples were polished with SiC
abrasive papers with different grits of 400, 800, and 1200 respectively, and finally with 1 um diamond
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suspension. To reveal the melt pool boundaries and sub-microstructures, the samples were etched in a
mixture of 50% aqua regia and 50% ethanol (vol.%).

Building direction

(N¥2Yh layer o

(N+1)™" layer
Nt layer <
Chessboard scan pattern
Scan direction Transverse direction

Bi-directional scan pattern
(b)

Figure 1. (a) As-printed samples with different processing parameters; (b) Schematics of scan strategies

in selective laser melting process.

Prior to the corrosion experiments, samples were cleaned with deionized water, acetone, and
then dried in air. The specimen surface was masked with a tape exposing 0.283 cm? area to 3.5 wt.%
NaCl electrolyte solution. Electrochemical studies were performed with a potentiostat (Reference 3000,
Gamry, Warminster, PA, USA) at room temperature. A graphite rod with an area of 4.9 cm? was used
as the counter electrode and saturated calomel electrode (SCE) was used as the reference electrode.
Electrochemical impedance spectroscopy (EIS) was performed after the open circuit potential (OCP)
stabilized after ~6000 s. EIS was started with an AC voltage amplitude of 10 mV and frequency was
swept from 10 mHz to 100 kHz. The impedance data was interpreted using Gamry software and
equivalent circuits followed by cyclic polarization tests which were performed starting from —0.25 mV
versus OCP to the upper threshold limit of 10 mA-cm~2 for the reverse scan. The scan rate for both
forward and reverse scan was 0.25 mV-s~!. The corrosion rate (CR) was calculated by [30,32]:

oo XKXEW
p

CR 1)
where, Iorr is the corrosion current density, K is a constant for use in Faraday’s penetration rate
equation which equals 3.27 x 10~ mm-g/(uA-cm-year), p is the density, and EW is the equivalent
weight which can be regarded as the mass of alloy in grams that will be oxidized by the passage of one
Faraday (96489 + 2 C) of electric charge:

1

EW = ——y
A

@

where f; is the mass fraction of the ith element in the alloy, W; is the atomic weight of the ith element in
the alloy, and n; is the valence of the ith element of the alloy.

3. Results and Discussion

3.1. Porosity and Relative Density

With the bulk density of 8.05 g/cm3, the relationship of relative density of AM CoCrFeMnNi
samples versus volume energy density (VED) is shown in Figure 2. When VED is in the range of
62.5-115.6 J/mm?, the relative densities of AM CoCrFeMnNi samples were all above 99.5%. When
the VED was further increased, the relative density decreased dramatically due to keyhole effect [33]
and partial evaporation of some constituent elements [34], particularly Mn which has higher vapor
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pressure and lower melting point compared to the other elements [35]. Chemical evaporation and
over-penetration of laser beam in the high VED regime (>115.6 J/mm?) can cause entrapped gas and
formation of micro-pores inside the melt pool. In contrast, at low VED (<62.5 J/mm3), inadequate
penetration of the melt pool into the previously deposited layers may leave voids in the sample [36].
In this study, the samples with relative density of 99.5% (VED of 77.08 ]/mm3 , laser power of 370 W, scan
speed of 1500 mm/s, and bi-directional scan strategy) were selected for microstructural characterization
and electrochemical corrosion tests.

100.0

99.5 -——-———-..-.—.I —————————————————————— -

98.0
97.5

97.0 -

Relative density (%)

96.5 -

Bi-directional
96.0 Chessboard
o /‘ //

0.01'-'-1‘-l-l |.|.|.|..’r

0 20 40 60 80 100 120 140 160 180 200 220 240

Volume energy density (J/mm?®)

Figure 2. Variation of relative density of additively manufactured (AM) CoCrFeMnNi samples with
different volume energy densities.

3.2. Microstructural Characterization

As shown in Figure 3, the gas-atomized CoCrFeMnNi powders are composed of irregular
needle-like dendrites after etching. Some internal micro-pores were also observed, which is one root of
the micro-pores (1-18 um) in the eventual printed samples (Figure 4a,b). After etching, more pores
were observed especially at the melt pool boundary (Figure 4c,d), which indicates the microstructure
near the melt pool boundary has weaker chemical resistance. The purple arrows in Figure 4c display
the epitaxial growth of the elongated grain with tortuous grain boundaries. Melt pools with the width
and depth of about 165 um and 124 um, respectively, were generated during the rapid solidification.

Figure 3. (a) Optical microscopic (OM) cross-section image of gas-atomized CoCrFeMnNi powders
with pores inside; (b) SEM cross-section image of a single gas-atomized CoCrFeMnNi powder with
needle-like dendrites (after etching) and internal pores. Micro-pores are highlighted by red circles.
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Figure 4. Non-equilibrium microstructure of AM CoCrFeMnNi as-cast sample: (a,b) OM images
showing the porosity profile of the side and top surfaces of the AM sample; (c) OM image showing the
microstructures of the side surface of the AM sample. The laser melting layers and elongated grains
are depicted by white lines and purple arrows, respectively; (d) high magnification OM image showing
the heterogeneous microstructures of the side surface of the AM sample. The melt pool boundaries,
micro-pores, columnar and equiaxed cellular sub-structures are represented by orange dash lines, blue
circles, red and white arrows, respectively; (e) Secondary electrons (SE) mode SEM image showing the
melt pool boundaries as well as columnar and equiaxed cellular sub-structures; (f) high magnification
SEM image of equiaxed cellular structures.

As displayed in Figure 4d,e, the AM sample is primarily composed of columnar dendrites and
equiaxed cellular sub-structures. The columnar sub-grain structures in Figure 4d display epitaxial
growth across the melt pool centerlines and the boundary. The average size of the equiaxed cellular
structure is in the range of 0.69-0.91 um. Compared to the as-cast sample, the refinement of the
microstructure was attributed to the high cooling rate (~10° K/s) [19] and the re-melting of the previous
deposited layer. Based on solidification theory [37], the metallurgical morphology and cooling rate are
dependent on the temperature gradient (G) and solid/liquid interface growth rate (R). As shown in
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Figure 4d,e, the cellular sub-grain structures mainly formed near the melt pool boundary where the
temperature gradient (G) is higher and the solid/liquid interface growth rate (R) is relative lower. While
at the melt pool center where the G/R ratio is lower than the boundary, the columnar sub-structures
were observed.

3.3. Electrochemical Corrosion Behavior

The open circuit potential (OCP) for the two alloys are shown in Figure 5a. For both the alloys,
the potential increased to positive (more noble) values indicating the formation of passive film in
3.5 wt.% NaCl solution [38]. Both the alloys showed multiple small spikes in open circuit potential,
suggesting breakdown and re-passivation prior to the stabilization of the OCP after ~6000 s. The OCP
value was very similar for the alloys prepared by the two different routes, indicating overall identical
chemical composition. The passivation range and the corrosion current density were extracted from
cyclic polarization tests (Figure 5b). The corrosion potential (Eqorr) for AM and as-cast HEAs were
—189 mV and —179 mV, respectively. The values of corrosion current density (Icorr) were similar for
both alloys. In both samples, several spikes in current density were observed indicating metastable
pitting followed by re-passivation. Note that the AM HEA showed a wider passive range (AE egistance
= Epit — Ecorr) of ~386 mV compared to the as-cast HEA (~200 mV). Figure 5b shows that both samples
did not re-passivate, which suggests that no protective passive film was formed at the large active pits.

0.15 @
’?‘_} ~ 0.2 IE]
3 3}
1 @
= =
» 7]
> -0.20 1 > 0.0
S &
= =
= i = 0.2-
§ -0.25 § —— AM HEA
Qi ;E As-cast HEA
——AM HEA 0.4
-0.30 4 As-cast HEA
0 2000 4000 6000 1E-11 1E9 1E7 1E-5  0.001 0.1
Time (s) Current Density (A/cm?)
200.0k li‘
B P - =
=] =
< 150.0k A =
E =
Z VW *
3 RE. © ; W.E.
o0 100.0k 4 e Rs Rp
.g s« AMHEA 1
N 50.0k = As-cast HEA L
AM HEA fit curve c
V As-cast HEA fit curve
0.0+
0

100k 200k 300k
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Figure 5. (a) Open-circuit potential (Eocp) with respect to saturated calomel electrode (Egcg) as
a function of time; (b) cyclic polarization plots at a scan rate of 0.25mV/s; (c) Nyquist plot; and
(d) the equivalent circuit used for fitting is shown, where R.E. is the reference electrode, Rs is the
solution resistance, Rp is the polarization resistance, C is the constant phase element and W.E. is the
working electrode.

The Nyquist plots depicted in Figure 5c was obtained from electrochemical impedance spectroscopy
(EIS) in steady-state condition in which the capacitive arc trend corresponds to the double layer and
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passive film formation on the surface. The radius of the arc is directly proportional to the polarization
resistance of the material. A modified Randles circuit (Figure 5d) was fit to experimental data to
calculate the electrochemical parameters which includes solution resistance (Rs), a double layer
capacitor (C) to represent the double layer charge capacitance absorbed onto the sample surface,
and polarization resistance (Rp). All the parameters are summarized in Table 1. The simulation showed
that the polarization resistance of AM HEA alloy was higher than the as-cast alloy, while the solution
resistance and double layer capacitance values were approximately similar.

Table 1. Electrochemical and equivalent circuit parameters for AM and as-cast CoCrFeMnNi alloys in

3.5 wt% NaCl solution.
Corrosion Parameter AM CoCrFeMnNi As-cast CoCrFeMnNi

Ecorr (mV) -189 -179

Ieorr (LA/cm?) 0.09 0.11
Epit (mV) 197 37

AE esistance (mV) 386 216

Corrosion Rate (um/yr) 0.7304 0.909
Polarization resistance, R (kilo ohm/cm?) 278 186
Solution resistance, Rs (ohm/cm?) 54 52
Double Layer Capacitance, C (1F/cm?) 16.8 26

3.4. Morphology of Corroded Surfaces

SEM micrographs of the alloys before and after corrosion tests are shown in Figure 6. The AM
alloy exhibited tortuous grain boundaries and micro-pores (Figure 6a). The as-cast alloy showed large
grains of the order of 50-100 um in diameter and high density of micro-pores randomly distributed
in the microstructure (Figure 6¢). Figure 6b,d show corrosion attack by pitting mechanism in both
HEAs which may be correlated with the differences in porosity in microstructure and the elemental
distribution between the AM and the as-cast alloy. The AM alloy demonstrated less and smaller
current fluctuations in the metastable pitting region due to the lower density of large pores which
acted as active anodic sites and prevented nucleation and growth of new pits. As the potential reaches
the breaking point of the passive film, the stable pitting of the surface likely initiates at the existing
large pores. The as-cast alloy on the other hand showed extensive metastable pitting due to the
presence of high density of micro-pores. In another study, CoCrFeMnNi was 72% cold rolled and
annealed at 900 °C for 20 h resulting in a much more homogenized microstructure with equiaxed
grains. This microstructure showed similar corrosion current density but much larger pitting resistance
(AE ~420 mV) [39] compared to the AM CoCrFeMnNi in the present study.
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Figure 6. Back scattered electrons(BSE) mode SEM images of CoCrFeMnNi surface before and after
cyclic polarization test in 3.5 wt.% NaCl solution: (a) AM HEA (top-surface) before corrosion; (b) AM
HEA (top-surface) after corrosion; (c) As-cast HEA before corrosion; (d) As-cast HEA after corrosion.
The inset in (b) and (d) are high magnification images.

Elemental mapping was conducted by energy-dispersive spectroscopy (EDS) for both AM and
as-cast HEAs. Table 2 shows the EDS quantitative analysis of the both alloys, where impurities
such as C, N, and O were less than 0.1 at.%. The AM HEA showed uniform distribution of the
elements throughout the surface (Figure 7) which may be due to better homogenization from repeated
melting or thermal annealing of previous layers during the multi-layer deposition process. The higher
pitting resistance of the AM HEA can be attributed to the lower density of large pores and the
uniform distribution of Cr, which leads to the formation of a more stable passive film over the surface.
In contrast, the as-cast HEA exhibited non-uniform elemental distribution with significant chemical
micro-segregation (Figure 8). There were two distinct segregation regions, one with higher Cr, Co,
and Fe and the other with higher Mn and Ni. Similar segregation behavior was reported for as-cast
CoCrFeMny 5Ni [40], which is typical for multi-principal element alloys that often have a wide freezing
range [41]. The elemental map for the as-cast HEA revealed Cr depleted regions acting as the active
sites for corrosion initiation and leading to the formation of non-uniform and less stable passive film.
The EDS mapping also confirmed the presence of less Cr content at the micro-pores, which is potentially
the main reason for the severe corrosion attack by pitting mechanism on as-cast HEA.
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20 pm

Figure 7. Energy-dispersive spectroscopy (EDS) map of additive manufactured CoCrFeMnNi

HEA surface.
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Figure 8. EDS map of as-cast CoCrFeMnNi HEA surface.
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Table 2. EDS quantitative analysis of AM and as-cast CoCrFeMnNi alloy.

Composition (at. %) Cr Mn Fe Co Ni
AM top surface 20.61 +2.61 18.84+258 2025+28 20.52+289 19.78 +3.12
AM side surface 2026 +2.63 1835+259 2041+276 20.93+288 20.06 +3.13

As-cast 1932 +22 19.89+2.03 2074+22 2022+229 19.83+247

4. Conclusions

In this study, CoCrFeMnNi HEA was additively manufactured by SLM and its corrosion resistance
in 3.5 wt% NaCl solution was evaluated by potentiodynamic polarization and electrochemical
impedance spectroscopy measurements and compared with the as-cast counterpart. The main
conclusions are as follows:

(1) By varying laser power and scan speed, near fully dense CoCrFeMnNi HEA was manufactured by
SLM when the VED was in the range of 62.5-115.6 J/mm?3. It exhibited a unique non-equilibrium
microstructure consisting of tortuous grain boundaries, sub-grain cellular structures, and some
processing defects such as micro-pores.

(2)  With wider passive region (AE), higher polarization resistance (Rp) and pitting potential (Ep;),
the AM CoCrFeMnNi HEA showed superior corrosion resistance over the as-cast counterpart,
which was attributed to the homogeneous elemental distribution at the investigated scale and
lower density of micro-pores. The large micro-pores in AM CoCrFeMnNi HEA acted as active
anodic sites and prevented nucleation and growth of new pits. The high density of micro-pores
in the as-cast alloy resulted in extensive metastable pitting and the micro-segregation regions
acted as active sites for corrosion initiation.
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