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A B S T R A C T

Duplex stainless steels (DSSs) are attractive structural materials because of their excellent corrosion resistance 
and favorable strength–ductility balance. In this study, a novel high-alloyed duplex stainless steel (HA-DSS) with 
a nominal composition of Fe60Cr18Co6Ni6Mo6Cu4 was developed. After solution treatment at 1180 ◦C, the alloy 
exhibited a balanced duplex microstructure with BCC and FCC phase fractions of approximately 54% and 46%, 
respectively. Under this condition, the alloy achieved a tensile strength of 763 MPa and an elongation of 24%. 
Compared with commercial 2205-DSS, the optimized HA-DSS showed significantly improved corrosion resis
tance. In 3.5 wt% NaCl solution, the HA-DSS exhibited a higher corrosion potential (− 0.250 V vs. − 0.354 V), a 
lower corrosion current density (0.299 μA cm− 2 vs. 0.909 μA cm− 2), and a higher pitting potential (1.09 V vs. 
1.01 V). In 10 wt% H2SO4 solution, it also showed a higher corrosion potential (− 0.230 V vs. − 0.269 V) and a 
markedly lower corrosion current density (15.33 μA cm− 2 vs. 69.99 μA cm− 2). X-ray photoelectron spectroscopy 
revealed that Co, Mo, and Cu contributed synergistically to the improved passive-film characteristics. Trans
mission electron microscopy further showed abundant dislocations in the FCC phase and nanoscale Cu-rich 
precipitates in the BCC phase, which contributed to the enhanced mechanical performance. These results 
demonstrate that the proposed HA-DSS provides an effective strategy for simultaneously improving duplex phase 
stability, mechanical properties, and corrosion resistance.

1. Introduction

Duplex stainless steels (DSS), characterized by an approximately 
equal proportion of face-centered cubic (FCC) and body-centered cubic 
(BCC) phases, showcase excellent corrosion resistance and a decent 
balance of strength and plasticity, positioning themselves as a viable 
alternative to traditional high-performance austenitic or ferritic stain
less steels [1–4].

DSS is a type of heavily alloyed steels engineered to finely balance 
the proportion of their two phases, typically aiming for an approxi
mately equal ratio to optimize the overall performance, i.e., corrosion 
resistance and mechanical properties. Over the years, different alloying 
strategies have been explored to improve the overall performance of 
DSS. For example, Pan et al. found that adding 0.5% Cu increased the 
solid solubility of Cr in the Fe–Cr–Mn–Al DSS, hence improving its 
pitting resistance [5]; Yoon et al. noticed that adding Mo with the large 

atomic radius to the DSS enhanced solid solution strengthening, sup
pressed the Cr2N precipitation, enhanced the FCC phase stability, 
improved the passivation ability, and also significantly reduced the 
elongation reduction after aging [6]; furthermore, adding Co was 
considered a viable strategy to substitute Ni, which not only enhanced 
the corrosion resistance but also impeded the formation of grain 
boundary precipitates [7]. Nevertheless, there has been a long-standing 
concern that the addition of excessive alloying elements would promote 
the formation of intermetallic phases (e.g., δ, χ, σ, R, and π phases), 
which can severely degrade both toughness and corrosion resistance of 
heavily alloyed steels [8]. This challenge is also faced by highly alloyed 
DSS in their pursuit of enhanced performance [8,9].

In recent years, there has been strong research interest in high- 
entropy alloys (HEAs) or medium-entropy alloys (MEAs). Notably, 
dual-phase HEAs/MEAs containing both FCC and BCC phases present an 
appealing combination of exceptional corrosion resistance and superior 
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mechanical properties. For example, Wang et al. developed a series of 
duplex Co-rich HEAs (FCC + HCP) that effectively overcome the 
strength-ductility trade-off through the thermally induced HCP phase, 
exhibiting superior corrosion resistance and strong passivation ability 
[10]; Lim et al. proposed an ultra-high-strength duplex Al–Co–Cr–Fe–Ni 
HEA with an impressive tensile strength of 1031 MPa and reasonable 
tensile ductility after aging, due to B2 particles reinforcing the hierar
chical α (BCC)-matrix [11]. Numerous studies have underscored the 
effectiveness of duplex structures in achieving optimal performance 
[12–14]. More recently, the efficacy of the medium-entropy effect in 
maintaining a simple solid solution phase over intermetallic compounds 
has been revealed in a series of high-alloyed stainless steels (HASS) 
[15–17], where the alloying strategy of HEAs/MEAs is adopted. Typi
cally, FCC-structured HASS demonstrate lower hardness than 
BCC-structured HASS, with or without precipitation hardening [15], 
while BCC-structured HASS with a high hardness normally fail to ach
ieve the necessary levels of plasticity and toughness required for in
dustrial applications [16,17]. How to achieve balanced mechanical 
properties in HASS remains to be a challenge. In addition, a challenge for 
the industrial application of duplex HASS lies in their high material 
costs. In this study, we developed a novel high-alloyed duplex stainless 
steel (HA-DSS) with a nominal composition of Fe60Cr18Co6Ni6Mo6Cu4. 
The alloy design was inspired by both the advancements in HEAs/MEAs 
and the known characteristics of conventional high-alloyed, ultra-low 
carbon DSS. Based on an Fe–Cr matrix, near-equiatomic proportions of 
Co, Ni, Mo, and Cu were added, leveraging the sluggish diffusion effect 
of entropy-stabilized systems to suppress the formation of intermetallic 
phases. This allows better control of the austenite/ferrite ratio and en
hances corrosion resistance, particularly in chloridic and acidic envi
ronments. Compared with 2205-DSS, our designed HA-DSS exhibited 
improved mechanical properties and corrosion resistance both in NaCl 
and H2SO4 solutions, making it a promising candidate in such corrosive 
environments. Moreover, since the HA-DSS contains copper, which is 
known to exhibit excellent antibacterial properties in steels, the alloy 
also holds potential for bio-corrosion resistance in marine environments 
or even antibacterial function in biomedical applications.

2. Materials and methods

2.1. Materials design

The design of HA-DSS composition was guided by several key con
siderations. Firstly, the composition was designed based on a combi
nation of stainless steel design principle and the medium-entropy alloy 
(MEA) concept. When the Cr content exceeds 12 wt%, a stable passive 
film forms on the steel surface. Increasing Cr content improves the 
passive film's performance; conventional austenitic stainless steels 
typically contain ~18 wt% Cr, while duplex stainless steels (DSSs) often 
contain ~21 wt% Cr. In our design, the Cr content is set as 18 wt%. 
Secondly, near-equiatomic additions of Co, Ni, Mo, and Cu were added 
to explore entropic effects hoping to suppress the intermetallic phase 
formation, and to enhance corrosion and mechanical performance. Co 
contributes to significant lattice distortion, enhancing solid solution 
strengthening and corrosion resistance [7]; Ni is a strong austenite sta
bilizer; Mo favors ferrite formation and improves pitting resistance by 
enhancing the passive film stability, particularly under chloridic envi
ronments; Cu, although not traditionally used in stainless steels, has 
recently widely been recognized for its role in enhancing antibacterial 
corrosion resistance. It can also increase Cr solubility in austenite and 
improve pitting resistance. However, excess Cu may cause embrittle
ment, so its content was limited to 4 at.%.

Thirdly, a set of empirical parameters was employed to achieve the 
dual-phase structure of the HA-DSS, which were typically used in the 
design of HEAs/MEAs and traditional stainless steels. One critical 
parameter was the valence electron concentration (VEC). When the VEC 
value falls within the range of 6.87 to 8, it suggests the potential to form 

a combination of FCC and BCC phases in HEAs/MEAs [18]. In our target 
HA-DSS composition, the calculated VEC is 7.82, which indicates that 
the formation of a duplex structure is favorable. Fourthly, the calculated 
Creq/Nieq ratio is 2.3, derived using the following empirical equations 
[19]: 

Creq =ω(Cr) + 1.5ω(Mo) + 1.5ω(Si) + 0.5ω(Nb) (1) 

Nieq =ω(Ni) + ω(Co) + 0.5ω(Mn) + 0.3ω(Cu) (2) 

where the concentrations of the respective elements given in paren
theses are in weight percentage. Here, Creq represents the ferrite (BCC) 
stabilizing chromium equivalent, and Nieq represents the austenite 
(FCC) stabilizing nickel equivalent. The calculated values of chromium 
and nickel equivalents for the target HA-DSS are 30.91 wt % and 13.43 
wt%, respectively. As shown in the Schaeffler phase diagram for Cr/Ni 
equivalent in Fig. 1, the designed HA-DSS would be a dual-phase 
structure containing both FCC and BCC phases.

2.2. Experiment methods

The HA-DSS ingots with a nominal composition of Fe60Cr18Co6Ni6

Mo6Cu4 (at.%) were prepared by arc melting high-purity raw elements 
(purity >99.9 wt%) in an argon atmosphere using a WK-II type electric 
arc melting furnace (Beijing Wuke Optoelectronic Technology Co., Ltd., 
China). All ingots were remelted at least five times to ensure chemical 
homogeneity and then drop-cast into a water-cooled copper mold with a 
diameter of 50 mm. The resulting cast ingots had a diameter of 
approximately 23 mm and a mass of ~20 g per sample. For comparison, 
a widely used commercial SAF 2205 duplex stainless steel (2205-DSS) 
was purchased and remelted following the same arc-melting procedure. 
The composition of the 2205-DSS, determined by spectroscopic analysis, 
was Cr: 21.83%, Ni: 5.45%, Mo: 3.09%, Mn: 1.13%, C: 0.03%, Si: 0.58%, 
N: 0.17%, and Fe: balance (wt.%).

Solution treatment is a common and essential process for stainless 
steels, especially duplex stainless steels (DSSs), where it plays a critical 
role in achieving a balanced dual-phase microstructure. The optimal 
combination of corrosion resistance and mechanical properties is 
generally obtained when the volume fractions of ferrite and austenite 
are close to 1:1. Therefore, in this study, solution treatments were car
ried out at four temperatures (1030 ◦C, 1080 ◦C, 1130 ◦C, and 1180 ◦C), 
selected within the typical solution-treatment temperature range of 
2205 DSS (typically 1020–1200 ◦C, as reported in the literature 
[20–22]). These temperatures were chosen at 50 ◦C intervals to sys
tematically investigate the evolution of phase balance and to identify the 
optimal temperature for obtaining the desired duplex structure. 

Fig. 1. The Schaeffler phase diagram of steels based on the Creq/Nieq ratio [19].
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Multiscale characterization techniques were employed to investigate the 
microstructural evolution and elemental distribution of the HA-DSS 
after different heat treatments, including X-ray diffraction (XRD, D8 
Advance, Bruker, Germany) with Cu Kα radiation, field-emission scan
ning electron microscopy (FE-SEM, Quanta 450, FEI, USA) equipped 
with electron backscatter diffraction (EBSD, Oxford Instruments, UK) 
and energy-dispersive spectroscopy (EDS, Oxford Instruments, UK), and 
transmission electron microscopy (TEM, Tecnai G2 F20 STWIN, FEI, The 
Netherlands). The volume fractions of the BCC and FCC phases were 
determined from SEM micrographs by quantitative image analysis. A 
mixed acid etchant (30 mL HCl + 10 mL H2SO4) was used to reveal the 
duplex-phase boundaries.

To ensure comparable elongation data according to proportional 
specimen standards (ISO 6892-1), sub-sized flat tensile specimens with a 
gauge length of 8 mm and a cross-section of 1 mm × 2 mm were 
machined. The tests were conducted using a universal testing machine 
(Instron 5565, Instron, USA) at an initial strain rate of 5 × 10− 4 s− 1 at 

room temperature. To ensure reproducibility, two tensile specimens of 
identical dimensions were prepared and tested for each condition. The 
corrosion properties were quantitatively evaluated by potentiodynamic 
polarization using an electrochemical workstation (CHI604D, Shanghai 
Chenhua Instrument Co., Ltd., China). The test alloys served as the 
working electrode with an exposed surface area of 10 mm × 10 mm, 
while a platinum plate and a saturated calomel electrode (SCE) were 
used as the counter electrode and reference electrode, respectively. 
Immersion corrosion tests were also conducted in 45 wt% H2SO4 solu
tion at 60 ◦C for 9 h. The corrosion behavior after immersion was 
qualitatively evaluated by comparing the changes in specimen surface 
condition, specimen size, and solution appearance. X-ray photoelectron 
spectroscopy (XPS, K-Alpha, Thermo Fisher Scientific, USA) with a 
monochromatic Al Kα source was used to analyze the elemental 
composition of the surface passive film.

3. Results and discussion

3.1. Phases and microstructure evolution after solution treatment

The XRD patterns shown in Fig. 2 indicate that the HA-DSS exhibits a 
dual-phase microstructure composed of FCC and BCC phases. With an 
increase in the solution treatment temperature, there is an obvious 
enhancement in the peak intensity of the BCC phase, which confirms the 
transition from the FCC phase to the BCC phase. Furthermore, it should 
be noted that the σ phase precipitates after solution treatment at 
1030 ◦C, but its precipitation can be avoided with higher temperature 
solution treatment at 1130 ◦C and 1180 ◦C. The σ phase is commonly 
found in traditional DSS and is believed to harm corrosion resistance and 
ductility [23,24].

Fig. 3 shows the microstructure of the HA-DSS in the as-cast state. 
The solidification sequence seems to follow L→L + BCC→BCC→BCC +
FCC, which aligns with the typical solidification behavior of conven
tional DSS as indicated in the Schaeffler phase diagram shown in Fig. 1. 
The BCC phase is the primary phase that forms directly from the liquid 
[19]. Below the BCC phase solvus line, a transformation from the BCC 
phase to the FCC phase occurs in the solid state. The FCC phase starts to 
nucleate at the BCC grain boundaries (GB) with higher Gibbs free en
ergy, referred to as GB-FCC as marked by blue dotted lines in Fig. 3(a–b). 
Subsequently, more intragranular FCC phases nucleate within the BCC 

Fig. 2. The XRD patterns of the HA-DSS at the as-cast state and after solution 
treatment at different temperatures.

Fig. 3. The microstructure of the HA-DSS in the as-cast state: (a-b) SEM microstructure; (c-d) IPF and phase map by EBSD; (e-g) EDS spectra of the three points 
marked in (b).
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matrix, while the remaining untransformed BCC phases create a 
network. The inverse pole figure (IPF) and phase map obtained from the 
EBSD observation in Fig. 3(c–d) prove that the FCC phases formed 
within each original BCC grain exhibit nearly identical orientation. In 
contrast, the orientations of the FCC phases nucleated within different 
original BCC grains are distinctly different. After solidification, the 
remaining BCC phases account for about 11.3 % of the total content. The 
corresponding EDS analysis in Table 1 reveals that the 
corrosion-resistant elements like Co, Ni, and Cr are almost equally 

distributed in the two phases. In contrast, Mo is more concentrated in 
the BCC phase, while the contents of Cu and Fe are slightly higher in the 
FCC phase. The corresponding EDS spectra are presented in Fig. 3(e–g).

Fig. 4 presents the microstructure evolution after solution treatment. 
Fig. 4(a) presents that while the GB-FCC is still visible, the network- 
shaped BCC phase begins to break apart, forming long or short rods 
after solution treatment at 1030 ◦C. In Fig. 4(b–d) with increasing the 
solution treatment temperature, the volume fraction of the BCC phase 
gradually increases and reaches about 46% at 1180 ◦C, as determined 
from image analysis, approaching an approximately equal proportion of 
both phases. Table 1 compares the EDS data and indicates a more uni
form elemental distribution after solution treatment at 1180 ◦C. The 
corresponding EDS spectra are presented in Fig. 4(e and f).

3.2. Tensile property and strengthening mechanism of the HA-DSS

Fig. 5 (a) shows the engineering tensile stress-strain curves of the HA- 
DSS. The as-cast HA-DSS exhibits a higher tensile elongation of 38%. As 
the solution treatment temperature rises, the strength increases 

Table 1 
EDS analysis for the HA-DSS at the as-cast state and after solution treatment at 
1180 ◦C, all in at.%.

State Phases Fe Cr Co Ni Mo Cu

As-cast BCC 55.17 21.56 5.08 4.66 10.89 2.64
FCC 59.74 17.85 6.56 6.31 5.34 4.20
GB-FCC 59.38 18.43 5.84 6.18 6.00 4.17

1180 ◦C BCC 51.82 20.83 5.3 4.8 14.62 2.63
FCC 59.15 18.17 6.36 6.74 5.53 4.05

Fig. 4. The microstructure of the HA-DSS after solution treatment: (a) 1030 ◦C; (b) 1080 ◦C; (c) 1130 ◦C; (d) 1180 ◦C. (e-f) EDS spectra of the three points marked 
in (b).

Fig. 5. (a)Engineering tensile stress-strain curves of the HA-DSS; (b-e) fractography of the HA-DSS after solution treatment at 1180 ◦C.
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accompanied by a decrease in ductility. This phenomenon can be 
attributed to the gradual phase transformation from the FCC phase to the 
BCC phase. For the sample that was solution treated at 1180 ◦C, the 
ultimate tensile strength reached 763 MPa with a total tensile elongation 

of 24%. Its fractography displayed in Fig. 5(b) reveals two distinct 
fracture features of the fibrous (shown in the red square) and dimple 
(shown in the blue square) zones [25]. In Fig. 5(c), several noticeable 
cracks surrounded by numerous dimples are evident, indicating the 
ductile fracture behavior which agrees with the material's good tensile 
elongation. Fig. 5(d) depicts a fibrous zone while the backscattered 
image in Fig. 5(e) reveals an alternating arrangement of dual phases. 
The hard BCC phase is less deformed while the soft FCC phase is 
stretched; the FCC phase then gradually becomes thinner and edges up, 
leaving the less deformed BCC phase at the bottom of the trench [26]. To 
better evaluate the mechanical performance of the HA-DSS alloy, 
Table 2 presents a comparison of the tensile properties of the present 
alloy with typical values of standard duplex stainless steels (e.g., 2205, 
2304) based on ASTM specifications [27] and recent literature review 
[28]. It is worth noting that most reported values for conventional DSSs 
are based on hot-rolled and annealed conditions, as this is the typical 

Table 2 
Comparison of mechanical properties of reported DSS.

Steel grade State YS 
(MPa)

UTS 
(MPa)

TE 
(%)

Reference

2205-ASTM hot rolled and 
annealed

450 655 25 [27]

2304-ASTM hot rolled and 
annealed

400 600 25 [27]

00Cr22Ni6MnMoCu solution 
treated

455 695 26.5 [28]

HA-DSS solution 
treated

479 763 24 this work

Fig. 6. TEM microstructure of the HA-DSS after solution treatment at 1180 ◦C: (a) an overall image; (b-c) SAED patterns of FCC and BCC phases; (d) nanoscale 
precipitates in the BCC phase near the FCC/BCC phase boundary; (e) dislocation walls within the FCC phase; (g-i) FTT and IFTT images of Cu-rich nanoscale 
precipitates.
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processing route (solution treatment → rolling → annealing) [29–33]. 
By contrast, our HA-DSS samples are in the solution-treated state only 
yet already exhibiting mechanical properties comparable to those of 
industrially processed DSSs. This suggests that the HA-DSS alloy pos
sesses huge potential in terms of mechanical properties, which may be 
further enhanced through optimized thermo-mechanical processing (e. 
g., cold/hot rolling and annealing), and warrants further investigations.

Fig. 6(a) provides the detailed TEM characterization of the sample 
after solution treatment at 1180 ◦C, revealing a uniform dispersion of 
numerous nano-precipitates in the BCC phase and dislocations within 
the FCC phase. The SAED patterns in Fig. 6(b–c) confirm the existence of 
both BCC and FCC phases. In Fig. 6(d), it is shown that the nano
precipitates are surrounded by dislocation lines in the BCC phase, 
particularly near the BCC/FCC phase interface. These dislocations can 
travel through the phase boundaries from the FCC phase into the BCC 
phase, where they are hindered by nanoscale precipitates. Fig. 6(e) 
presents parallelly aligned dislocation walls within the FCC phase, 
which are generally recognized for effectively inhibiting dislocation 
motion and improving the alloy strength [34].

The EDS mapping analysis in Fig. 6 (f) indicates that the nano- 
precipitates are enriched with Cu. The reason can be explained by the 
high positive mixing enthalpy between Fe and Cu. When a high content 
of Cu is dissolved in the high-temperature stable BCC phase, it tends to 
form a dense cluster of Cu atoms, which then precipitates as nanoscale 
phases during the subsequent cooling process. In Fig. 6(g), multiple 
stripes can be seen within the Cu-rich precipitates. Additionally, Fig. 6
(h–i) show the results of the Fast Fourier Transform (FFT) and inverse 
Fast Fourier Transform (IFFT) analyses of the precipitates. These results 
reveal two sets of diffraction spots with the FCC {111} planes being 
parallel to the BCC {110} planes, indicating a Kurdjumov-Sachs (KS) 

relationship; also, numerous stacking faults are formed in the nano- 
precipitates. Previous studies have highlighted that Cu-rich pre
cipitates can enhance mechanical properties, improve corrosion resis
tance, reduce carbon content, and provide antibacterial properties in 
copper-containing steels [35–37]. Consequently, the strengthening 
mechanism of the HA-DSS can be attributed to the presence of multiple 
dislocations, and the existence of numerous Cu-rich nanoscale 
precipitates.

3.3. Corrosion resistance in NaCl and H2SO4 solutions

The polarization curves presented in Fig. 7(a) reveal that the as-cast 
HA-DSS exhibits relatively poor corrosion resistance and experiences 
rapid corrosion shortly after passivation in a 3.5% NaCl solution. In 
contrast, the passive region of both the solution-treated HA-DSS and the 
reference 2205-DSS is much wider, suggesting both materials 

Fig. 7. (a) Polarization curves in 3.5 wt% NaCl solution; (b) Nyquist plots in 3.5 wt% NaCl solution with the fitted equivalent circuit shown in the inset; The 
morphology of corrosion pit in the solution treated (c) HA-DSS and (d) reference 2205-DSS.

Table 3 
Electrochemical parameters of HA-DSS and 2205-DSS polarization curves in 3.5 
wt% NaCl solution and 10 wt% H2SO4.

Solution Sample Ecorr (V vs. 
SCE)

icorr(μA 
cm− 2)

Epit (V vs. 
SCE)

icorr(μA 
cm− 2)

3.5 wt% 
NaCl

As-cast − 0.329 0.399 0.144 5.01
1180 ◦C − 0.250 0.299 1.09 41.789
2205 
(1075 ◦C)

− 0.354 0.909 1.01 48.001

10 wt% 
H2SO4

As-cast − 0.264 40.504 0.902 204.17
1180 ◦C − 0.230 15.33 0.907 77.62
2205 
(1075 ◦C)

− 0.269 69.99 0.905 326.59
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demonstrate improved corrosion resistance after solution treatment at 
the optimized temperature. The following values for the optimized 
solution-treated HA-DSS and 2205-DSS are compared, as shown in 
Table 3: corrosion potential (Ecorr) is − 0.250 V vs. − 0.354 V, corrosion 
current density (Icorr) is 0.299 μA cm− 2 vs. 0.909 μA cm− 2, passive 
current (Ipass) is 41.789 μA cm− 2 vs 48.001 μA cm− 2, and critical pitting 
potential (Epit) is 1.091 V vs.1.013 V. These results show that the HA- 
DSS has a less negative Ecorr, a lower Icorr and Ipass, and a similar Epit, 
demonstrating greater resistance to pitting corrosion than the reference 
2205-DSS in the 3.5% NaCl solution. Fig. 7(b) shows the Nyquist plots, 
in which the solution-treated HA-DSS exhibits a larger capacitive-loop 
radius than the reference 2205-DSS. The equivalent circuit shown in 
the inset of Fig. 7(b) was used to fit the EIS results in the 3.5% NaCl 
solution, and the corresponding parameters are summarized in Table 4. 
In this model, Rs is the solution resistance, Rf and CPEf correspond to the 
resistance and non-ideal capacitance of the passive film, respectively, 
while Rct and CPEdl represent the charge-transfer resistance and double- 
layer capacitance at the metal/film interface. Compared with the 
reference 2205-DSS, both Rf and Rct increase markedly, with Rf 
approaching one order of magnitude and Rct increasing by more than 
fourfold. This substantial enhancement indicates a much higher resis
tance to interfacial charge transfer, implying that the passive film 

formed on the solution-treated HA-DSS is denser and provides a stronger 
barrier effect against the penetration of aggressive Cl− ions, thereby 
improving the resistance to chloride-induced pitting corrosion.

Fig. 7(c–d) compare the surface corrosion pits after the solution- 
treated samples were subject to potentiodynamic polarization at a ki
netic potential of +1.6 V. The size and numbers of pits in the HA-DSS are 
much smaller and lower than those in the reference 2205-DSS, further 
confirming that the former has better pitting corrosion resistance. 
Additionally, the characteristics of the corrosion pits in the 2205-DSS 
are round, while those in the HA-DSS are irregular. The pitting in the 
HA-DSS occurs initially in the BCC phase and has an asymmetric shape 
which is constrained by the surrounding FCC phase. The preferential 
pitting in the BCC phase may be attributed to those Cu-rich nano
precipitates, leading to significant micro-galvanic corrosion within the 
BCC phase.

Fig. 8(a) displays the polarization curves for samples tested in a 
diluted 10 wt% H2SO4 solution at 30 ◦C. The key parameters derived 
from the polarization curves are presented in Table 3. The results indi
cate that the HA-DSS sample, after solution treatment at 1180 ◦C, ex
hibits greater corrosion resistance than the solution-treated reference 
2205-DSS, with much lower Ipass and Icorr values. The latter only has 
similar Ecorr, Icorr, and Epit with the as-cast HA-DSS sample. Fig. 8(b) 

Table 4 
Equivalent circuit fitting results of HA-DSS and 2205-DSS in 3.5 wt% NaCl solution.

Sample RS(Ω cm2) Rct(Ω cm2) CPEdl(Ω− 1cm− 2sn) n1 Rf (Ω cm2) CPEf(Ω− 1cm− 2sn) n2 Cf

As-cast 5.99 1.95 × 103 3.08 × 10− 5 0.91 1.16 × 105 5.99 × 10− 5 0.73 1.23 × 10− 4

1180 ◦C 6.34 1.81 × 104 2.89 × 10− 5 0.86 5.18 × 105 9.82 × 10− 6 0.66 2.27 × 10− 5

2205 (1075 ◦C) 5.41 4.11 × 103 6.10 × 10− 5 0.85 6.74 × 104 3.12 × 10− 5 0.67 4.50 × 10− 5

Fig. 8. (a) Polarization curves in a 10 wt% H2SO4 solution at 30 ◦C; (b) Nyquist plots with the fitted equivalent circuit shown in the inset; (c-d) Before and after 
immersion tests in a 45 wt% H2SO4 solution at 60 ◦C.
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presents the Nyquist plots of the samples in 10 wt% H2SO4 solution. The 
Nyquist plot of the HA-DSS displays a significantly larger capacitive loop 
radius than that of the 2205-DSS, directly reflecting its superior 
passivation properties in the sulfuric acid environment. Unlike the 

pitting tendency observed in the 3.5 wt% NaCl solution, a single-time- 
constant equivalent circuit, shown in the inset of Fig. 8(b), was adop
ted to fit the EIS results. This suggests that the electrochemical response 
is dominated by a single interfacial process and is consistent with the 
presence of a relatively homogeneous passive film. As listed in Table 5, 
the passivation film resistance (Rf) of the HA-DSS after solution treat
ment reaches its maximum value of 5.84 × 104 Ω cm2, which is nearly an 
order of magnitude higher than that of the 2205-DSS 5.99 × 103 Ω cm2. 
In addition, the lower CPE/Cf values and slightly higher n value of the 
HA-DSS suggest a denser, smoother, and more stable passive film with 
fewer structural defects. This robust barrier strongly inhibits the acidic 
dissolution process. To further assess and compare the corrosion resis
tance of the solution-treated HA-DSS and 2205-DSS, the immersion 
result for them in a 45 wt% H2SO4 at 60 ◦C are presented in Fig. 8(c–d). 
The high concentration of sulfuric acid and elevated immersion 

Table 5 
Equivalent circuit fitting results of HA-DSS and 2205-DSS in 10 wt% H2SO4.

Sample RS(Ω 
cm2)

Rf(Ω cm2) CPE 
(Ω− 1cm− 2sn)

n Cf

As-cast 0.87 1.93 × 104 1.61 × 10− 4 0.81 2.1 ×
10− 4

1180 ◦C 0.93 5.84 × 104 9.88 × 10− 5 0.88 1.3 ×
10− 4

2205 
(1075 ◦C)

0.96 5.99 × 103 1.75 × 10− 4 0.84 1.8 ×
10− 4

Fig. 9. XPS analysis of the passive film on the surface of the solution-treated (1180 ◦C/4h) HA-DSS after 10 days of immersion in a 10 wt% H2SO4 solution at ambient 
temperature.

D. Ma et al.                                                                                                                                                                                                                                      Journal of Materials Research and Technology 42 (2026) 10079–10088 

10086 



temperature were intentionally employed to accelerate the corrosion 
process, and a commercially purchased hot-rolled 2205-DSS sample was 
also included in the comparison. Obviously, after 9 h of immersion, only 
slight surface changes were observed for the solution-treated HA-DSS 
after immersion, and the sample surface remained relatively bright. In 
comparison, after the same immersion time, the color of the sulfuric acid 
solution containing the hot-rolled 2205-DSS darkened, and the size of 
the solution-treated 2205-DSS sample greatly decreased due to corro
sion. Before immersion, the compared samples had similar dimensions, 
whereas after immersion the solution-treated 2205-DSS showed a pro
nounced reduction in size. Based on the measured post-corrosion di
mensions, the apparent volume reduction was estimated to be about 
40%. The hot-rolled 2205-DSS demonstrated only slightly better 
corrosion resistance compared to the laboratory prepared solution- 
treated 2205-DSS, indicating that the newly developed HA-DSS in this 
work has potential for further improvement of its overall performance 
after subsequent processing like hot-rolling.

To clarify the mechanism for the high corrosion resistance of the 
solution-treated HA-DSS in the H2SO4 solution, Fig. 9 presents the XPS 
analysis of the passive film on the HA-DSS after solution treatment at 
1180 ◦C for 4h, which retains a metallic luster without visible corrosion 
products after immersion in a 10% H2SO4 at ambient temperature for 10 
days. Fig. 9(a) presents the XPS survey spectrum, which confirms that all 
major alloying elements are involved in the formation of the passive 
film. The spectra for Fe 2p3/2, Ni 2p3/2, Cr 2p3/2, Co 2p3/2, Mo 3d, Cu 
2p3/2, and O 1s were fitted as shown in Fig. 9(b–h), based on the peak 
parameters presented in previous literatures [38]. The spectrum of O 
consists of three peaks: H2O, OH− , and O2− . O2− corresponds to the 
formation of metal oxides, while OH− exists in the form of hydroxides. 
These findings demonstrate that metallic hydroxides and oxides are the 
primary constituents of the passive film. The presence of H2O can cap
ture metal ions in the solution [39], forming a new film on the surface of 
the passive film and improving the corrosion resistance of the alloy [40]. 
Fig. 9(h) presents the quantitative atomic ratio (Cx) of each element in 
the passivation film calculated using the following equation [41]: Cx=

(Ix/Sx)/(
∑

Ix/Sx),where Ix denotes the peak area of each element and Sx 
refers to the sensitivity factor derived from the XPS instrument. It is seen 
that Cr and Fe are the most predominant elements in the passive film of 
the solution-treated HA-DSS, which also indicates that the phase struc
ture of this passive film is similar to that of conventional stainless steels. 
As a result, their Epass values are nearly identical to those of the reference 
2205-DSS both in NaCl and H2SO4 solutions, as shown in Figs. 7(a) and 8 
(a). The main difference firstly lies in the Cr/Fe ratio. In previous lit
eratures [42,43], the Cr/Fe ratio typically ranges from 0.5 to 1.5, and it 
is believed that a high ratio improves the corrosion potential and re
duces the corrosion rate. The passive film of the solution-treated HA-DSS 
contains 38.35% Cr ions and 27.31% Fe ions (Cr/Fe ration about 1.4), 
with Crhy

3+ accounting for 15.25%. The presence of a significant amount 
of Crhy

3+ also helps inhibit Cl− penetration and reduces the rate of anodic 
dissolution. Secondly, the passive film has a relatively high Mo content, 
with Moox

6+ and Moox
4+ both exceeding 6%. It is well known that Mo is the 

critical element for improving the corrosion resistance in traditional 
stainless steel. Previous studies suggested that Moox

6+ accumulates on the 
surface of the passive film, while Moox

4+ is present internally, effectively 
preventing ion erosion [44]. Additionally, the presence of Co and Cu in 
the solution-treated HA-DSS also enhances the passive film. Co primarily 
exists as Coox

2+, while Cu remains in its metallic state. CoO and Cr2O3 can 
further form the spinel oxide CoCr2O4 [45], and Cu tends to reduce the 
iron oxide content while increasing the chromium oxide content in the 
passive film [38]. The formation of Cr2O3 and CoCr2O4 contributes to 
creating a denser passive film, thereby enhancing its stability and hence 
the corrosion resistance. The relative fractions of the fitted chemical 
states for each alloying element are summarized in Fig. 9(i).

4. Conclusion

(1) The newly designed Fe60Cr18Co6Ni6Mo6Cu4 HA-DSS follows a 
solidification path similar to that of conventional duplex stainless 
steels: L → L + BCC → BCC → BCC + FCC. With increasing 
solution-treatment temperature, the phase balance evolved pro
gressively, and at 1180 ◦C the alloy reached an approximately 
balanced duplex microstructure with BCC and FCC phase frac
tions of about 54% and 46%, respectively.

(2) The optimized HA-DSS after solution treatment at 1180 ◦C 
exhibited a tensile strength of 763 MPa and an elongation of 24%. 
Its strengthening behavior is associated with the coexistence of 
high-density dislocations in the FCC phase and nanoscale Cu-rich 
precipitates in the BCC phase.

(3) The optimized HA-DSS showed superior corrosion resistance to 
commercial 2205-DSS in both chloride- and acid-containing en
vironments. In 3.5 wt% NaCl solution, the HA-DSS exhibited Ecorr 
= − 0.250 V, Icorr = 0.299 μA cm− 2, and Epit = 1.09 V, compared 
with − 0.354 V, 0.909 μA cm− 2, and 1.01 V for 2205-DSS. In 10 wt 
% H2SO4 solution, the HA-DSS showed Ecorr = − 0.230 V and Icorr 
= 15.33 μA cm− 2, whereas 2205-DSS showed − 0.269 V and 
69.99 μA cm− 2.

(4) XPS analysis revealed that the passive film formed on HA-DSS 
contains a complex mixture of Fe-, Cr-, Co-, Mo-, and Cu- 
containing oxides/hydroxides, indicating that the additional 
alloying elements contribute synergistically to passive-film sta
bility and corrosion resistance.
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