
137https://powdermat.org

© 2026 The Korean Powder Metallurgy & Materials Institute

pISSN 2799-8525 · eISSN 2799-8681

Research Article

J Powder Mater 2026;33(2):137-144

Effect of Compositional Trade-off Between Cr and Mo on the 
Corrosion Resistance of Additively Manufactured Co-Cr-Fe-Ni-Mo 
High-Entropy Alloys
Jeongmin Lee1,†, Yeonghwan Song1,†, Jae Hyuk Lee2, Sung-Jae Jo1, Minho Shin1, Hyunbin Lim2, Soon-Jik Hong1,3,  
Soo-Hyun Joo2,*

1Division of Advanced Materials Engineering, Kongju National University, Cheonan 31080, Republic of Korea
2Department of Materials Science and Engineering, Dankook University, Cheonan 31116, Republic of Korea
3Center for Advanced Powder Materials and Parts of Powder (CAMP2), Kongju National University, Cheonan 31080, Republic of Korea

Received: March 26, 2026
Revised: April 24, 2026
Accepted: April 24, 2026

*Corresponding author: 
Soo-Hyun Joo 
E-mail: jjsh83@dankook.ac.kr

†These authors contributed equally 
to this work

In this study, the corrosion behavior of Co-Cr-Fe-Ni-Mo high-entropy alloys additively manufactured 
via direct energy deposition was investigated according to the compositional trade-off between Cr and 
Mo elements. Two distinct alloy compositions were fabricated by adjusting the feeding rate of two 
powders with different chemical compositions through a dual nozzle. Electrochemical testing in a 3.5 
wt% NaCl solution revealed that the Cr-rich and Mo-lean alloy exhibited inferior corrosion resistance 
compared to the Cr-lean and Mo-rich alloy. Specifically, the corrosion potential of the Cr-rich and Mo-
lean alloy shifted negatively by approximately 200 mV compared to the Cr-lean and Mo-rich alloy, ac-
companied by an increase in corrosion current density and the pronounced initiation of localized pit-
ting. This deterioration is attributed to a lack of passivation caused by the small amount of Mo in the 
Cr-rich and Mo-lean alloy. The passive film of the Cr-lean and Mo-rich alloy was more robust, charac-
terized by a higher concentration of Mo, which effectively inhibited pit propagation through repassiv-
ation. These findings demonstrate that maintaining a critical Cr-Mo balance is more vital for the elec-
trochemical stability of additively manufactured high-entropy alloys than unilateral Cr enrichment.

Keywords: Direct energy deposition; High-entropy alloys; Corrosion resistance; Electrochemical test-
ing; Passivation
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1. Introduction

Recently, the paradigm of alloy design has shifted significant-
ly with the emergence of high-entropy alloys (HEAs), which 
utilize multi-component alloy system to achieve properties that 
cannot achieved by conventional dilute alloys [1-3]. Among the 
various HEA systems, the Co-Cr-Fe-Ni-Mo alloy system has 
garnered intense interest due to its exceptional combination of 
mechanical strength and corrosion resistance [3-7]. In particu-
lar, several studies have been reported that the Co-Cr-Fe-Ni-
Mo system exhibits excellent passivity due to their high Cr and 
Mo contents [5, 6]. While Cr is an essential element in the for-

mation of the Cr-rich passive film, Mo plays a decisive role in 
enhancing pitting resistance [8]. The Mo element is well-estab-
lished to form a Mo-rich protective layer, stabilizing the passive 
film and promoting the rapid repassivation of metastable pits 
[9], Thus, in surface engineering applications, it is often desir-
able to enrich specific elements like Cr and Mo to maximize 
passivity [10].

Since corrosion is inherently a surface-initiated phenome-
non, the development of HEA-based coatings has become an 
important area of interest [11-13]. In this context, direct energy 
deposition (DED), a laser-based additive manufacturing pro-
cess, has demonstrated a potential as a high-performance clad-
ding and coating technology [14, 15]. Unlike conventional 
thermal spraying or physical vapor deposition, DED offers sev-
eral distinct advantages for the fabrication of corrosion-resis-
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tant coatings, including high metallurgical bonding strength 
with the substrate and the ability to build complex geometries 
or repair localized surface damage [16-18]. Despite these ad-
vantages, the electrochemical performance of DED-processed 
HEAs is highly sensitive to the precise chemical balance of the 
deposited layer. Furthermore, the rapid solidification during 
DED process induces the formation of non-equilibrium micro-
structures such as cellular structures and localized solute segre-
gation [19]. These microstructural features significantly differ 
from those found in cast or wrought counterparts, influencing 
the corrosion behavior of DED-processed HEAs. While previ-
ous studies have focused on the individual effects of increasing 
either Cr or Mo concentration on passivity [6, 20], there is a 
limited understanding of the compositional trade-off effect be-
tween these two elements.

In this study, the impact of compositional trade-off between 
Cr and Mo on the corrosion resistance of Co-Cr-Fe-Ni-Mo 
HEA system was investigated. Employing a dual-nozzle DED 
process, it was confirmed that increasing the Cr content while 
decreasing the Mo content leads to a catastrophic failure of pit-

ting resistance due to the scarcity of Mo. Through electrochem-
ical analysis accompanied by microstructural characterization, 
we elucidated the transition mechanism from a stable passiva-
tion in the Mo-enriched alloy to localized breakdown in the 
Cr-enriched alloy. This work provides a new critical design cri-
terion for maintaining the chemical balance of multi-compo-
nent alloys fabricated by additive manufacturing.

2. Experimental

2.1 Sample preparation
To achieve systematic modulation of the Cr and Mo contents, 

an in-situ alloying strategy [21] was implemented using a la-
ser-based DED machine equipped with a dual-nozzle powder 
feeding system (MX-Lab, InssTek, Republic of Korea). For 
in-situ alloying, spherical powders with two different composi-
tions, Co21Cr7Fe50Ni12Mo10 and Fe63Cr37 (at%), and a particle 
size in the range of 45 to150 μm were prepared using gas atom-
ization. Figs. 1(a, b) show the morphology and particle size dis-
tribution of powders analyzed using scanning electron micros-

Fig. 1. SEM images showing the morphology of (a) Co21Cr7Fe50Ni12Mo10 and (b) Fe63Cr37 (at%) powders. (c) A schematic of in-situ alloying 
using DED process with a dual-nozzle powder feeding. (d) A photograph of the as-deposited disk-shaped specimens on a substrate.
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copy (SEM), and the chemical composition of the initial pow-
ders measured by energy dispersive spectroscopy (EDS) were 
given in Table 1.

By independently controlling the feeding rates of the two 
powders injected into a single molten pool, two different alloy 
variants were produced to investigate the compositional trade-
off effect between Cr and Mo (Fig. 1(c)). The feeding rates of 
powders are presented in Table 2. Hereinafter, the fabricated al-
loys are referred to as FeCr0.3 and FeCr0.5 according to the 
feeding rate of Fe-Cr powder. Disk-shaped specimens with a 
diameter of 15 mm and a thickness of 3 mm for electrochemi-
cal corrosion testing were built on a 316L stainless steel sub-
strate (Fig. 1(d)). Other process parameters, including laser 
powder of 250 W, scanning speed of 850 mm/min, hatch spac-
ing of 0.3 mm, and bidirectional rotation of 90° during deposi-
tion, were used identically for both alloys.

2.2 Electrochemical corrosion testing
Potentiodynamic polarization tests were conducted in a 3.5 

wt% NaCl solution under an argon atmosphere at a potential 
scan rate of 1 mV/s, using a VSP potentiostat (Biologic, France). 
For potentiodynamic polarization testing, a three-electrode cell 
configuration was employed with an Ag/AgCl electrode in a 
saturated KCl solution as the reference electrode, a graphite 
electrode as the counter electrode, and the DED-processed 
HEA specimens as the working electrode with an exposed area 
of 1 cm2. Prior to electrochemical measurements, the surface of 
the disk-shaped specimens was polished with SiC paper up to 
1200-grit, and then immersed in the NaCl solution for 30 min-
utes to achieve a stable open circuit potential.

2.3 Microstructural characterization and surface analysis
Microstructural characterization was performed using a SEM 

(MIRA GMS, TESCAN, Czech Republic) equipped with EDS 
and backscattered electron (BSE) detectors. The specimens for 
microstructural observation were polished up to 1200-grit SiC 
paper, followed by polishing with 3 and 1 μm diamond suspen-
sions. Pit depths were estimated using cross-sectional SEM im-
aging by measuring the maximum vertical distance from the 

original surface to the pit floor. The surface of the specimens 
after corrosion testing was analyzed using an X-ray photoelec-
tron spectroscopy (XPS) equipment (K-Alpha, Thermo Fisher 
Scientific, USA).

3. Results and Discussion

3.1 Initial microstructure
Fig. 2 revealed the as-built microstructure of the FeCr0.3 and 

FeCr0.5. The rapid solidification of the laser-based DED pro-
cess resulted in fine cellular structure in both alloys. The chem-
ical composition of the alloys measured by EDS confirms that 
noticeable micro-segregation across the cell structure, as sum-
marized in Table 3. In both alloys, Mo and Cr are partitioned 
into the cell boundaries, while Co, Ni, and Fe are slightly en-
riched in the cell interiors. The development of compositional 
partitioning between the cell interior and boundary is attribut-
ed to the solute redistribution during rapid solidification of la-
ser-based DED process. Under these non-equilibrium solidifi-
cation conditions, the local solidification front moves too 
quickly for long-range diffusion to homogenize the liquid com-
position. In the current alloy system, elements such as Mo and 
Cr, which typically have equilibrium partition coefficients less 
than 1 [22, 23], are rejected into the liquid phase during the 
rapid growth of the solid cells. As a result, Mo and Cr are con-
centrated at the cell boundaries, which is the final solidification 
front. As the feeding rate of Fe-Cr powder increased, the Fe and 
Cr contents of the alloy increased, while the content of other el-
ements decreased accordingly. Thus, the FeCr0.5 alloy becomes 
Cr-rich and Mo-lean compared to the Cr-lean and Mo-rich 
FeCr0.3 alloy.

3.2 Electrochemical testing
The potentiodynamic polarization curves of the alloys are 

shown in Fig. 3(a). The corrosion potential (Ecorr) and corrosion 
current density (Icorr) of the FeCr0.3 alloy are -362 mV and 199 
μA/cm2, respectively, while those of the FeCr0.5 alloy are -557 
mV and 501 μA/cm2, respectively. The electrochemical results 
clearly indicate that the FeCr0.5 alloy exhibits inferior corrosion 

Table 1. Chemical composition of the initial powders

Powder
Chemical composition, at%

Co-Cr-Fe-Ni-Mo powder Fe-Cr powder
Co Cr Fe Ni Mo Fe Cr

Nominal 21 7 50 12 10 63 37
EDS 21.07 ±  2.80 6.98 ±  0.76 50.10 ±  5.64 12.05 ±  1.70 9.80 ±  1.79 63.02 ±  1.86 36.98 ±  1.86
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Fig. 2. SEM-BES images showing the cellular structure in the as-built (a) FeCr0.3 and (b) FeCr0.5.
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resistance compared to the FeCr0.3 alloy. Despite its higher Cr 
content, the FeCr0.5 alloy showed a more negative Ecorr and a 
significantly higher Icorr compared to the FeCr0.3 alloy, demon-
strating that the FeCr0.5 alloy possesses higher corrosion sus-
ceptibility in chloride environments. The lower Ecorr of the 
FeCr0.5 alloy is associated with the enhanced anodic dissolution 
tendency compared to FeCr0.3 alloy. According to the previous 
work [24], the sparsity of Mo in the FeCr0.5 alloy may reduce 
the energy barrier for initial metallic ionization at the surface. 
Specifically, the Mo-depleted cell interior in the FeCr0.5 alloy 
containing 1.38 wt% lower Mo content compared to the cell in-
terior of the FeCr0.3 alloy (Table 3) act as predominant active 
sites that accelerate the anodic reaction at lower potential.

In the beginning of the anodic reaction, the FeCr0.5 alloy 
rapidly becomes a passive state and immediately transforms to 
an active state (Fig. 3(a)). It should be noted that the Icorr of the 
FeCr0.5 alloy is higher compared to that of the FeCr0.3 alloy, 
which indicates the initial rate of anodic reaction is accelerated 
in the FeCr0.5 alloy. Although Cr is the primary element re-
sponsible for the initial formation of the Cr-rich passive film, 
the thermodynamic stability of the passive film is more heavily 

influenced by the presence of Mo [25]. In the FeCr0.5 alloy, the 
lower Mo content at the cell interior compared to the FeCr0.3 
alloy leads to the rapid transition into the passive state at the 
lower potential. This implies that the higher Cr content in the 
FeCr0.5 alloy might promote a thicker initial passive film, it 
lacks the self-healing capacity provided by the Mo element. 
Meanwhile, the FeCr0.3 alloy exhibits the stable passivation 
without transition to an active state or metastable pitting within 
the tested potential range, which demonstrates superior pitting 
resistance compared to the FeCr0.5 alloy. Although the FeCr0.5 
alloy also exhibits second passivation within the same potential 
range (above 0 mV), it appears higher current density and the 
occurrence of stable pitting at 1166 mV (Epit), while the FeCr0.3 
alloy shows no stable pitting in the present test condition. In 
addition, in the FeCr0.5 alloy, several current transients (brief 
spikes in current density followed by a return to passive levels) 
were observed at potentials below the Epit, as shown in Fig. 3(b). 
These current transients are characteristic of metastable pitting, 
representing the repeated initiation and repassivation of tiny 
pits. In contrast, the FeCr0.3 alloy exhibited negligible current 
fluctuations, indicating a much more stable passive state. The 
higher Mo content in the FeCr0.3 alloy contributes to the stable 
passive film and the repassivation, preventing Cl- ions from 
penetrating passive film.

3.3 Corroded surface and cross-sectional analyses
To elucidate the chemical origin of the superior passivation 

observed in the FeCr0.3 alloy, XPS analysis was performed on 

Table 2. Feeding rates of each powder used for in-situ alloying

Alloys
Powder feeding rate, g/min

Co-Cr-Fe-Ni-Mo powder Fe-Cr powder
FeCr0.3 2.2 0.3
FeCr0.5 2.0 0.5
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the corroded surface after electrochemical testing (Fig. 4). The 
Cr 2p spectrum (Fig. 4(b)) clearly demonstrates the predomi-
nant peak corresponding to the oxidized Cr3+ species, typically 
existing as Cr2O3 [7]. The dense Cr2O3 oxide layer in the 
FeCr0.3 alloy acts as an initial barrier against Cl- ions. The Mo 
exists mainly in the form of Mo6+ with high-intensity peak, rep-
resenting MoO3 oxide [26]. This MoO3 oxide layer stabilizes 
the passive film and promotes repassivation to inhibit pit 
growth [25], as presented in Fig. 3(b). In other words, Cr is pri-
marily responsible for initial passivation, whereas Mo is essen-
tial for repassivation, which stabilizes the film and arrests pit 
propagation. While Fe and Co also exhibit oxidized states (Fe3+, 
Co2+, and Co3+) contributing to the film (Figs. 3(c, d)), these el-
ements are generally considered less stable than Cr/Mo oxides 
in chloride media [27]. Notably, the Ni 2p spectrum (Fig. 3(f)) 
displays a very low signal-to-noise ratio, with only a small 
amount of Ni2+ species detected near 855.5 eV. This indicates 
that Ni preferentially dissolves into the electrolyte during the 
electrochemical testing, rather than forming a stable passive 
layer. Consequently, the high density of Mo6+ repassivators 
within a stable Cr-rich layer rationalizes that the FeCr0.3 alloy 
maintains stable passivity and effectively prevents localized cor-

rosion attack.
Figure 5 shows the cross-section of the corroded alloys after 

electrochemical testing. Cross-sectional images of the corroded 
FeCr0.3 alloy provide an evidence of the synergistic passivation 
effect caused by the cellular structure, revealing that the local-
ized repassivation at the Mo-enriched cell boundaries success-
fully suppress pit growth (Fig. 5(a, b)). At the cell boundaries of 
the alloys, the high concentration of Mo was observed (Fig. 2 
and Table 3). The pit observed in the FeCr0.3 alloy was remark-
ably shallow with a depth of ~2 μm, indicating an early arrest of 
pit propagation by Mo-enriched cell boundaries. The cellular 
network with high Mo concentration provides a continuous 
path for repassivation, thereby contributing to the excellent pit-
ting resistance of the FeCr0.3 alloy. This phenomenon directly 
correlates to the exceptionally lower fluctuations of current 
density observed in the polarization curve of the FeCr0.3 alloy 
(Fig. 3(b)). In contrast, the corroded FeCr0.5 alloy contains 
deeper pit with a depth of tens of micrometers compared to the 
FeCr0.3 alloy (Figs. 5(c, d)), which fails to prevent localized 
corrosion once it initiated. Although a thin passive film appears 
to remain visible on the outermost surface of the corroded 
FeCr0.5 alloy, the observed pit propagated into the interior of 

Table 3. Chemical composition of the as-built FeCr0.3 and FeCr0.5 alloys by location

Location
Chemical composition, at%

Co Cr Fe Ni Mo
FeCr0.3 Cell boundary 16.89 ±  1.38 11.79 ±  1.14 51.06 ±  1.12 9.25 ±  0.86 10.82 ±  0.83

Cell interior 17.69 ±  0.89 10.54 ±  1.11 52.07 ±  2.42 10.59 ±  0.51 8.88 ±  0.83
FeCr0.5 Cell boundary 16.28 ±  1.29 13.20 ±  1.29 50.91 ±  1.67 8.62 ±  0.82 9.91 ±  1.31

Cell interior 17.80 ±  2.03 12.84 ±  1.60 52.56 ±  1.95 9.60 ±  1.27 7.50 ±  2.90

Fig. 3. (a) Polarization curves of the alloys and (b) the curves in a selected region in (a).
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the specimen attributed to the absence of sufficient Mo at the 
cell interiors and boundaries (Table 3).

3.4 Corrosion mechanisms
Fig. 6 illustrates the corrosion mechanisms of the present 

DED-processed alloys during the electrochemical testing. The 

as-built cellular microstructure shows micro-segregation, with 
Mo and Cr partitioning to cell boundaries, and the FeCr0.3 al-
loy contains higher Mo content compared to the FeCr0.5 alloy. 
At the initial stage of corrosion, a passive film with a relatively 
Cr-enriched oxide layer on the surface of the cell interior and a 
relatively Mo-enriched oxide layer on the surface of the cell 

Fig. 4. XPS spectra of the FeCr0.3 alloy after electrochemical testing: (a) broad spectrum and spectra of (b) Cr 2p, (c) Mo 3d, (d) Fe 2p, (e) Co 
2p, and (f) Ni 2p.

Fig. 5. SEM-BSE images and the corresponding EDS maps of the (a, b) FeCr0.3 and (c, d) FeCr0.5 alloys. The images were taken from the 
cross-section of the corroded alloys. The yellow arrows in (a, b) correspond to the cell boundaries.
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boundaries (Figs 6(a, c)). In both alloys, pit initiation occurs at 
the Mo-depleted cell interiors. Once a pit initiation occurs by 
Cl- attack and the pit encounters the cell boundaries, the high 
concentration of Mo at the cell boundaries promotes the for-
mation of stable MoO3, which significantly accelerates repassiv-
ation kinetics. This rapid repassivation effectively blocks the 
metastable pits, thereby suppressing their propagation and en-
suring the long-term electrochemical durability of the cellular 
network in the FeCr0.3 alloy (Fig. 6(b)). However, in the 
FeCr0.5 alloy, the stability of the passive film is much weaker 
due to the lower Mo content at both cell interiors and boundar-
ies compared to that in the FeCr0.3 alloy. Hence, in the FeCr0.5 
alloy, the pits can easily penetrate the weak passive film at the 
cell boundaries, leading to severe pit propagation into the core 
of the alloy.

The bulk composition controlled by the powder feeding rate 
determines the total availability of passivating elements. How-
ever, the local segregation dictates the spatial effectiveness of 
the passive film. Even if the bulk Cr content is high as in 
FeCr0.5 alloy, the local depletion of Mo in the cell interiors 
makes them susceptible to pit initiation, and the insufficient 
Mo at the cell boundaries fails to arrest pit growth. Thus, the 
local chemical gradient created by laser-based DED is the dom-
inant factor in determining the pitting resistance. Consequent-
ly, the present study highlights that the chemical balance be-
tween Cr and Mo is more important than the unilateral Cr en-
richment in DED-processed HEAs. It is worth noting that the 
cellular segregation behavior and its subsequent influence on 
pitting resistance observed in this study are not limited to the 
specific DED parameters. While the specific size of the cellular 
structure may vary with process parameters, the fundamental 
mechanism in the present work can be a widely applicable con-
cept for designing corrosion-resistant alloys fabricated by la-

ser-based additive manufacturing. Therefore, it is anticipated 
that the present strategy that utilizes Mo-rich cellular networks 
contributes to improve the electrochemical durability of various 
HEAs produced via laser-based additive manufacturing.

4. Conclusion

In this study, the electrochemical corrosion behavior and pit-
ting mechanisms of Co-Cr-Fe-Ni-Mo high-entropy alloys fab-
ricated by DED were investigated. The DED-processed alloys 
exhibited the Mo-rich cellular network due to the segregation 
of Mo at the cell boundaries, providing robust repassivation. 
Compared to the Cr-rich and Mo-lean alloy (FeCr0.5), the Cr-
lean and Mo-rich alloy (FeCr0.3) exhibited significantly superi-
or corrosion resistance, which is attributed to the composition-
al balance between Cr and Mo. Due to the higher Mo content 
at the cell boundaries in the FeCr0.3 alloy, pitting was success-
fully suppressed through the formation of Mo-rich oxides and 
a rapid repassivation. On the other hand, the FeCr0.5 alloy suf-
fered from severe pit propagation caused by the cell boundaries 
with insufficient Mo content, which is attributed by a lack of 
repassivation ability. The present work demonstrates that pre-
cisely controlling the Cr-Mo balance within the cellular net-
work offered by additive manufacturing serves as an important 
role for ensuring the electrochemical durability in aggressive 
chloride environments, significantly expanding their potential 
for extreme applications.
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