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Abstract

In this work, the microstructural evolution and comprehensive performances (mechanical,
wear, and corrosion resistance) of LDED-fabricated 2205 DSS subjected to heat treatment at
1000 ◦C for different holding durations (5 min, 10 min, 30 min, and 60 min) were systemati-
cally investigated. The results indicate that the austenite content gradually increases with
the extension of heat treatment time, reaching a peak value of 51% at 30 min. Meanwhile,
the austenite morphology transforms from dendritic grains to equiaxed grains, accompa-
nied by the massive precipitation of intragranular austenite (IGA) and obvious elemental
enrichment behavior. In terms of mechanical and functional performances, the microhard-
ness decreases slightly with prolonged heat treatment, with a total reduction of only 7%.
The elongation increases continuously, while the yield strength and tensile strength remain
relatively stable. Additionally, the wear coefficient and wear rate present a trend of first
decreasing and then increasing. The minimum wear rate of 48.32 × 10−6 mm3/(N·m) is
obtained at the heat treatment duration of 30 min, which is 83.4% lower than that of the un-
treated sample. Moreover, the optimal corrosion resistance is achieved after 30 min of heat
treatment, with the corrosion current density decreasing by 45.8% relative to the as-built
specimen. These results demonstrate that heat treatment at 1000 ◦C for 30 min is an opti-
mal processing parameter to significantly optimize the microstructure and comprehensive
performances of LDED-2205 DSS.

Keywords: duplex stainless steel; directed energy deposition; heat treatment; corrosion
resistance; tensile properties; friction and wear performance

1. Introduction
With the global energy structure accelerating its transition toward clean and intelligent

development, power grid systems are facing unprecedented technical challenges [1]. The
large-scale integration of renewable energy sources, the deployment of flexible high-voltage
direct-current transmission, and the widespread application of intelligent substations and
other novel power equipment have imposed more stringent requirements on the service
performance of critical metallic components. Particularly in coastal and high-humidity
corrosive environments, power transmission fittings such as line hardware are subject to the
coupled effects of aeolian vibration-induced alternating loads, electrochemical corrosion,
and wear [2]. Under such conditions, conventional manufacturing processes have proven
inadequate in meeting the comprehensive demands for complex geometries, high corrosion
resistance, and extended service life [3–6].
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2205 duplex stainless steel (2205 DSS), a typical ferrite–austenite dual-phase alloy,
exhibits promising application prospects in corrosion protection for power grid equipment
owing to its excellent pitting corrosion resistance, high strength, and superior resistance
to stress corrosion cracking [7–11]. Its corrosion performance primarily depends on the
precise control of the dual-phase ratio and the homogeneous distribution of alloying
elements such as Cr, Mo, and N [12]. However, traditional casting and forging processes
suffer from inherent limitations, including low material utilization efficiency, prolonged
production cycles, and insufficient customization capability, rendering them poorly suited
to the rapid iteration and personalized operation and maintenance requirements of modern
grid equipment [13–15].

The emergence of additive manufacturing (AM) over recent decades has introduced
numerous potential benefits for steel fabrication, including substantial reductions in produc-
tion time, material consumption, and energy expenditure, while simultaneously enabling
the fabrication of more complex geometries [16–20]. Common AM techniques for pro-
ducing DSS components include laser powder bed fusion (LPBF) and directed energy
deposition (DED) [21,22]. Among these, laser-directed energy deposition (LDED) is particu-
larly well-suited for high-volume DSS component manufacturing due to its high efficiency,
precision, and extensive processing range [23–26]. Typically, during the AM process, the
molten region within DSS consists almost entirely of ferrite, with austenite subsequently
forming during cooling. However, the rapid cooling characteristic of LDED often results in
insufficient austenite formation, leading to severe phase inhomogeneity [27–30]. Extensive
research has demonstrated that DSS with such microstructural characteristics exhibits
inferior corrosion resistance, toughness, and ductility [31]. To address this issue, numerous
studies have indicated that appropriate heat treatment can effectively promote the ferrite-
to-austenite transformation, thereby achieving a more uniform dual-phase distribution [32].
Conversely, Improper heat treatment can readily induce the precipitation of detrimental
intermetallic phases, such as σ-phase and Cr2N, within DSS. Additionally, excessive ther-
mal exposure may result in abnormal grain coarsening and even cracking, all of which
severely compromise the corrosion resistance of the material [33–36]. Consequently, the
heat treatment temperature and duration exert critical influences on the microstructure and
properties of the final DSS components.

Several researchers have investigated the effects of different heat treatment tem-
peratures on the microstructure and properties of additively manufactured DSS. For
instance, Zhang et al. [34] conducted solution treatment at 1050 ◦C, 1100 ◦C, and
1150 ◦C for 5 min and observed a significant increase in austenite content from
9.3% to over 60% following heat treatment. With increasing heat treatment temper-
ature, the more uniform diffusion of K elements promoted ferrite formation, result-
ing in a slight reduction in austenite content. The average grain size also increased
(1050 ◦C → 1100 ◦C → 1150 ◦C: 5.9 µm → 8.2 µm → 8.9 µm). Nanoscale CrN precipitates
were detected in the 1050 ◦C and 1100 ◦C specimens, whereas these precipitates were
absent in the 1150 ◦C specimen. Additionally, Karunanithi et al. [37] investigated the mi-
crostructural evolution of wire-arc additively manufactured duplex stainless steel subjected
to heat treatment at 1250 ◦C, 1263 ◦C, and 1275 ◦C. Their results revealed that the 1250 ◦C
heat-treated specimen exhibited a dual-phase ratio approaching 1:1, with corrosion resis-
tance superior to that of both the as-built and other heat-treated samples. These findings
indicate that the influence of heat treatment parameters on DSS is rather complex and does
not follow a monotonic trend. In contrast, research concerning the effect of heat treatment
duration on DSS remains scarce.

Therefore, systematic investigation into the influence of heat treatment duration on the
microstructure and properties of additively manufactured DSS holds significant scientific
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importance for elucidating the underlying mechanisms of microstructural evolution and
performance optimization via heat treatment, while also providing theoretical guidance
and process parameters for the fabrication of high-reliability, high-performance additively
manufactured DSS components. In this study, 2205 DSS was fabricated using LDED
technology. The microstructural evolution, mechanical properties, and corrosion behavior
of the material under different heat treatment durations were systematically investigated.
The regulatory mechanisms of heat treatment duration on microstructural characteristics
and performance indices were thoroughly elucidated. On this basis, the optimal heat
treatment process parameters were determined, thereby establishing a theoretical and
technical foundation for the engineering application of 2205 DSS in critical corrosion-
resistant components for power grid infrastructure.

2. Experimental Equipment and Methods
2.1. Materials and Methods

The spherical 2205 DSS metallic powder (Liaoning Guanda, Anshan, China) was
selected as the cladding material in this study, with its micro-morphology, particle size
distribution, and elemental composition presented in Figure 1 and Table 1, respectively. The
substrate material was Q550 steel plate with dimensions of 70 mm × 100 mm × 10 mm.
Prior to deposition, the substrate surface was ground with abrasive paper to remove rust
and contaminants, followed by ultrasonic cleaning with ethanol to prevent adverse effects
on the final deposited microstructure. LDED of 2205 DSS powder was conducted on a
Metal-80rE-600 laser-directed energy deposition system (Nanjing Huirui, Nanjing, China).
The fabrication process was carried out in a fully enclosed chamber under a protective
atmosphere of 99.99% pure argon. The detailed process parameters are summarized in
Table 2. A cross-hatching deposition strategy was adopted during the additive manufactur-
ing process to minimize anisotropy in the as-built components. The process parameters
were periodically monitored throughout the experiments to ensure compliance with the
preset values. The final as-built specimen is illustrated in Figure 2.

 

Figure 1. (a) Micro-morphology, (b) elemental distribution, and (c) particle size distribution of the
2205 DSS spherical metallic powder.

Table 1. Chemical composition of the 2205 DSS spherical metallic powder (at.%).

Element Cr Ni Mo N Mn C Si Fe

2205DSS Wire 24.0 4.5 1.5 1.5 1.2 0.013 0.7 Bal.

Table 2. The process parameters of LDED.

Process Laser Power Scanning
Rate

Pwder
Feeding Rate Lap Ratio Shielding Gas

Flow Rate
Carrier Gas
Flow Rate

LDED 2400 W 5 mm/s 12 g/min 40% 20 L/min 5 L/min
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Figure 2. Photograph of the as-built 2205 DSS component fabricated by LDED technology. (a) Top
view; (b) Side view.

The phase transformation behavior of 2205 duplex stainless steel at elevated temper-
atures was obtained through calculation, and the results are shown in Figure 3a. It was
observed that the phase fraction ratio of FCC to BCC approached approximately 1:1 near
1000 ◦C. The heat treatment protocol employed in this study was established based on pre-
liminary parametric screening and critical assessment of the relevant literature concerning
DSS heat treatment kinetics [38,39]. The finalized processing parameters are presented in
Table 3, with the thermal profile depicted in Figure 3b. For clarity, the heat-treated speci-
mens are labeled according to their isothermal holding times at the solution temperature:
5 min, 10 min, 30 min, and 60 min. The as-deposited sample without subsequent heat
treatment is designated as 0 min to serve as the reference condition.

Figure 3. (a) Simulated phase fraction curves of 2205 DSS at different stages of heat treatment and
(b) schematic illustration of the heat treatment process.

Table 3. Heat treatment parameters.

Parameters Rate of Temperature
Increase

Holding
Temperature Holding Time Cooling Method

10 ◦C/min 1000 ◦C 5 min/10 min/30 min/60 min Water quenching

2.2. Microstructural Characterization Test Method

Specimens with specific dimensions were sectioned using a wire electrical discharge
machining (WEDM) apparatus (Taizhou Sihai CNC Machine Co., Ltd., Taizhou, China),
with the geometries and dimensions of various samples illustrated in Figure 4. The grinding
procedure was sequentially conducted using SiC abrasive papers of 180, 320, 600, 800, 1000,
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1200, 1500, and 2000 grits. Subsequently, the cross-sections of the single-track specimens
were polished to a mirror finish using diamond polishing paste. Phase identification was
performed using a Bruker D8 ADVANCE X-ray diffractometer (XRD) (Bruker Corporation,
Karlsruhe, Germany), and quantitative phase analysis was conducted based on diffraction
intensity. The scanning range was set from 2θ = 30◦ to 2θ = 100◦ with a scanning speed
of 5◦/min. Microstructural observation was carried out using a Zeiss Sigma 500 field-
emission scanning electron microscope (FE-SEM) (Carl Zeiss Microscopy Ltd., Oberkochen,
Germany). Prior to examination, the specimens were subjected to electrolytic etching. The
specific etching procedure involved immersion in Beraha’s reagent (0.2 g K2S2O5 + 3 mL
HCl + 20 mL H2O) at room temperature for approximately 20 s.

Figure 4. Schematic illustration of specimen preparation and geometries with corresponding dimensions.

2.3. Mechanical Property Testing

The cross-sectional microhardness of the clad layers was measured using an HVS-
T-1000Z semi-automatic Vickers hardness tester (Laizhou Lailuote Test Instrument Co.,
Ltd., Laizhou, China). A load of 5 N was applied with a dwell time of 10 s. A total of
20 indentations were made for each measurement, with an inter-spacing of 150 µm between
adjacent points. The measurement procedure was repeated three times, and the average
value from the three replicate measurements was adopted to determine the microhardness
distribution across the clad layer cross-section.

Tensile properties were evaluated using a CMT5105GL universal testing machine
(Shenzhen Sansi, Shenzhen, China). Uniaxial tensile tests were conducted at room tem-
perature with a constant crosshead speed of 0.5 mm/min. Based on the recorded force–
displacement data, the yield strength at 0.2% offset (0.2% YS), ultimate tensile strength
(UTS), and total elongation to failure were calculated for each specimen.

Wear resistance was assessed using a CF-I multifunctional reciprocating friction and
wear tester(Lanzhou ZhongKe KaiHua Sci. and Technol. Co., Ltd., Lanzhou, China). To
isolate the tribological response arising from microstructural variations (phase balance,
residual stress, and passive film characteristics) induced by different heat treatment du-
rations, while maintaining controlled interfacial temperature rise and stable wear track
conditions, the tribological tests were conducted under the following parameters: an ap-
plied load of 15 N, a reciprocating stroke length of 5 mm, a sliding velocity of 50 mm/s, and
a total test duration of 30 min. A Si3N4 ceramic ball with a diameter of 4 mm was employed
as the counterbody. These parameters were selected to ensure adequate test repeatability
and to facilitate subsequent wear mechanism analysis. The experiment was repeated three
times for each group of samples. Following the wear tests, the three-dimensional (3D)
morphology, cross-sectional wear depth and width, and wear volume of the wear tracks
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were characterized using a NANOVEA-ST400 3D optical surface profilometer (NANOVEA,
Turin, Italy). The wear rate (W) was calculated according to the following equation:

W =
V

F × L

where V (mm3) denotes the wear volume, F (N) represents the normal load, and L (m) is
the total sliding distance. The worn surfaces were subsequently examined, and elemental
analysis was performed using the energy-dispersive X-ray spectroscopy (EDS) system
integrated within the instrument.

Electrochemical measurements were conducted using a CS310M three-electrode elec-
trochemical workstation (Wuhan Corrtest Instruments Corp., Ltd., Wuhan, China). A
standard three-electrode configuration was employed, comprising a saturated Ag/AgCl
reference electrode, a platinum sheet auxiliary electrode, and the specimen as the working
electrode. The electrolyte was a 3.5 wt.% NaCl aqueous solution. Prior to testing, the
specimens were immersed in the electrolyte for 30 min to remove surface oxide layers
and contaminants, and the measurements were initiated after the open-circuit potential
(OCP) had stabilized. Potentiodynamic polarization curves were recorded over a potential
range from −1.5 V to 2 V (vs. Ag/AgCl) at a scan rate of 1 mV/s, with an AC perturbation
amplitude of 10 mV. Electrochemical impedance spectroscopy (EIS) measurements were
performed over a frequency range from 0.01 Hz to 100,000 Hz with an AC perturbation
amplitude of ±0.01 V. The equivalent circuit modeling and curve fitting were accomplished
using the CS Analysis software (Software version: 6.6.1202.6).

3. Result and Discussion
3.1. Microstructural Characterization

To analyze the dual-phase morphology and elemental distribution, SEM and EDS
analyses were conducted, as presented in Figure 5. In the micrographs, the white regions
correspond to the austenite phase, whereas the dark regions represent the ferrite phase.
In the as-built specimen, the austenite phase exhibited three distinct morphologies: in-
tragranular austenite (IGA)—appearing as fine, equiaxed particles distributed within the
ferrite matrix; grain boundary austenite (GBA)—characterized by elongated, needle-like
morphology formed along the ferrite grain boundaries; and Widmanstätten austenite
(WA)—extending outward from the austenite grains in a dendritic or branching configura-
tion. It was observed that due to the layer-by-layer deposition characteristic of LDED, the
microstructure underwent repeated remelting during the additive manufacturing process,
which promoted the growth of GBA along the building direction, resulting in coarse and
elongated grains [40].

For the heat-treated specimens, as shown in Figure 5a–e, a significant dissolution
and refinement of GBA grains was evident, with the directional alignment becoming
progressively less pronounced with increasing heat treatment duration. Additionally,
numerous fine IGA particles were observed within the ferrite matrix. This phenomenon
can be attributed to the redistribution of alloying elements during heat treatment, which
effectively facilitated the nucleation and growth of austenite [41]. Additionally, the average
austenite grain size exhibits a non-monotonic dependence on heat treatment duration,
initially decreasing and subsequently increasing, with a minimum of 5.50 µm attained at
30 min. The austenite volume fractions were determined by quantitative metallographic
analysis based on area fraction measurements. The results reveal a monotonic increase
in austenite content with holding time, from 28% in the as-built (0 min) condition to 56%
at 60 min, with intermediate values of 46%, 49%, and 50% at 5 min, 10 min, and 30 min,
respectively. Conventionally, ferrite is enriched in Cr and Mo, whereas austenite is enriched
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in Ni and N. However, examination of the as-built specimen revealed that only Ni exhibited
partial enrichment within the austenite phase, while the distribution of other elements
remained relatively homogeneous. This is largely attributable to the extremely rapid
solidification during LDED, which suppressed elemental partitioning and prevented the
formation of significant compositional segregation between the two phases [42]. Following
heat treatment, elemental diffusion proceeded, and pronounced partitioning of the four
alloying elements was observed: Cr and Mo were enriched in the ferrite phase, while Ni
and N were enriched in the austenite phase. Extensive research has demonstrated that
such elemental enrichment enhances the stability of both austenite and ferrite, thereby
improving the overall performance of DSS [43].

Figure 5. Microstructural morphologies and elemental distributions of LDED-2205 DSS under
different heat treatment durations: (a,a1) 0 min; (b,b1) 5 min; (c,c1) 10 min; (d,d1) 30 min; and
(e,e1) 60 min.
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The elemental compositions of all specimens are summarized in Table 4. A distinct
nitrogen deficit is evident across all fabricated samples, with the nitrogen content ranging
from 0.29 to 0.42 at% (0.29, 0.35, 0.33, 0.42, and 0.38 wt% for the 0 min, 15 min, 30 min,
45 min, and 60 min samples, respectively). This reduction in nitrogen content stems from
the preferential vaporization of nitrogen under the high-energy-density laser irradiation
during the additive manufacturing process. The elevated local temperatures generated by
the laser beam exceed the vaporization point of nitrogen, leading to its selective loss from
the melt pool and, consequently, a diminished nitrogen concentration in the final solidified
products compared with the initial powder.

Table 4. The elemental contents of LDED-2205 DSS under different heat treatment durations (at.%).

Sample Cr Ni Mo N Mn

0 min 23.46 5.56 3.88 0.29 0.47
5 min 23.47 5.65 4.58 0.35 0.49

10 min 23.57 5.63 3.53 0.33 0.44
30 min 23.39 5.87 4.05 0.42 0.47
60 min 23.50 5.66 3.53 0.38 0.46

3.2. XRD

The XRD patterns of the as-built and heat-treated specimens are presented in Figure 6.
The results indicate that the deposited layers were composed exclusively of austenite
and ferrite phases, with no detectable intermetallic compounds or nitrides. The austenite
phase exhibited a strong diffraction peak corresponding to the (111) crystallographic plane,
whereas relatively weak diffraction peaks were observed for the (200), (220), (311), and (222)
planes. The ferrite phase demonstrated a strong diffraction peak at the (110) plane, with
weaker peaks at the (200), (211), and (220) planes. It was observed that with increasing heat
treatment duration, the peak intensities of austenite progressively exceeded those of ferrite.

Figure 6. (a) XRD patterns and (b) dual-phase content of LDED-2205 DSS under different heat
treatment durations.

The K-value method in the software Jade9 was used to analyze and calculate the XRD
spectra, thereby obtaining the approximate contents of the two phases in the DSS sediment,
as shown in Figure 6b. However, it should be noted that this method cannot precisely
calculate the contents of the two phases and there are minor errors. It can be observed
that the calculated content of austenite is slightly different from that mentioned earlier,
but the general trend is consistent. Post-deposition heat treatment induces a significant
enrichment of the austenitic phase, exhibiting a monotonic dependence on holding time: the
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austenite content increases progressively from the as-built condition to 62% at 60 min. This
time-dependent austenitization behavior originates from the interplay of thermodynamic
and kinetic factors. On the one hand, the enhanced nitrogen retention in the heat-treated
samples (Table 2) elevates the austenite stability, given the strong austenite-stabilizing
effect of interstitial nitrogen [44]. On the other hand, the thermal activation at elevated
temperatures accelerates the diffusional transport of substitutional (Ni) and interstitial
(N) solutes from the ferrite phase toward pre-existing or newly formed austenite nuclei.
The prolonged isothermal holding progressively drives this partitioning process toward
equilibrium, accounting for the incremental rise in austenite volume fraction with increasing
heat treatment duration [45].

3.3. Mechanical Properties
3.3.1. Microhardness

The average microhardness values of the LDED-2205 DSS specimens under different
heat treatment conditions are presented in Table 5. It can be observed that the hardness
of all heat-treated specimens decreased compared with that of the as-built specimen;
however, the magnitude of reduction was relatively modest. This phenomenon can be
primarily attributed to the partial transformation of ferrite into austenite during heat
treatment. Ferrite is a hard phase with a hardness of approximately 250–300 HV0.5, whereas
austenite is a relatively soft phase with a hardness of approximately 180–220 HV0.5. The
decrease in ferrite content coupled with the increase in austenite content resulted in a
reduction in overall hardness [46]. Additionally, the heat treatment process alleviated
internal residual stresses and reduced dislocation density, which further contributed to the
hardness decrease [47].

Table 5. Average microhardness of LDED-2205 DSS under different heat treatment durations.

Samples 0 min 5 min 10 min 30 min 60 min

Average hardness (HV0.5) 258.22 244.13 244.60 240.20 239.62
Standard deviation 1.93 3.64 4.00 4.11 6.08

With increasing heat treatment duration, the hardness exhibited a gradual downward
trend, albeit with a limited magnitude of reduction. This behavior can be ascribed to two
synergistic factors. On the one hand, the prolonged heat treatment duration facilitated fur-
ther ferrite-to-austenite transformation, thereby reducing the overall hardness. On the other
hand, the progressive grain coarsening with extended heat treatment duration diminished
the resistance to plastic deformation, leading to an additional hardness reduction [48].

3.3.2. Tensile Properties

The tensile curves of the different specimens are presented in Figure 7. No distinct yield
phenomenon or pronounced plastic deformation stage was observed during tensile testing.
The deformation process primarily exhibited elastic behavior, ultimately culminating in
sudden fracture without significant plastic flow.

The tensile properties of the LDED-2205 DSS subjected to various heat treatment
durations are summarized in Table 6. It was found that the as-built LDED-2205 DSS
exhibited an ultimate tensile strength (UTS) of 789.94 MPa, which did not differ significantly
from that of the heat-treated specimens. However, a marked decrease in yield strength was
observed (0 min → 5 min → 10 min → 30 min → 60 min: 595.40 MPa → 531.31 MPa →
535.49 MPa → 522.93 MPa → 544.99 MPa), accompanied by a substantial improvement in
elongation (0 min → 5 min → 10 min → 30 min → 60 min: 38.15% → 46.45% → 52.26% →
54.91% → 59.06%). These variations can be attributed to the following mechanisms.
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Figure 7. Tensile curve of LDED-2205 DSS under different heat treatment durations.

Table 6. Tensile properties of LDED-2205 DSS under different heat treatment durations.

Samples 0 min 5 min 10 min 30 min 60 min

UTS (Mpa) 789.94 ± 3 813.77 ± 1 814.12 ± 2 808.68 ± 1 796.54 ± 2
0.2 YS (Mpa) 595.40 ± 2 531.31 ± 2 535.49 ± 2 522.93 ± 2 544.99 ± 2

Total elongation (%) 38.15 ± 0.1 46.45 ± 0.19 52.26 ± 0.11 54.91 ± 0.18 59.06 ± 0.2

First, with increasing heat treatment duration, the content of the soft austenite phase
gradually increased, while the content of the hard ferrite phase progressively decreased, re-
sulting in reduced hardness. This phase redistribution led to a gradual decrease in the yield
strength of LDED-2205 DSS. Conversely, the ductile austenite phase significantly enhanced
the toughness of LDED-2205 DSS, thereby contributing to the increased elongation. Second,
as previously discussed, heat treatment promoted the formation of numerous fine IGA
particles within the ferrite matrix. On the one hand, this phenomenon facilitated a more
uniform distribution of the dual-phase microstructure; on the other hand, it contributed
to grain refinement, with this effect becoming more pronounced with prolonged heat
treatment duration. The refined grain structure enabled more homogeneous deformation
and effective stress dispersion, preventing localized stress concentration and premature
fracture, thereby enhancing the toughness of LDED-2205 DSS [49].

3.4. Wear Resistance

The friction coefficient versus time curves and the average friction coefficients of
the LDED-2205 DSS specimens under different heat treatment conditions during room-
temperature wear testing are presented in Figure 8. As illustrated in Figure 8a, both the
as-built and heat-treated specimens exhibited relatively prolonged running-in periods, with
an average duration of approximately 5 min. This phenomenon can be attributed to two
primary mechanisms. On the one hand, the inherent disparity in mechanical properties
between ferrite and austenite phases resulted in preferential plastic deformation and micro-
spalling of the softer austenite phase during the initial wear stage, leaving the relatively
harder ferrite phase exposed as protrusions on the worn surface, thereby extending the
running-in duration. On the other hand, a hard and brittle passive film formed on the
specimen surface contributed to the prolonged running-in period. During the initial wear
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stage, asperity contact between the friction pair rapidly disrupted the passive film, exposing
the fresh substrate, which subsequently underwent rapid re-passivation upon exposure
to the ambient atmosphere or medium. This cyclic process of “destruction–regeneration–
destruction” persisted until a stable oxidative or abrasive wear mechanism was established
at the contact interface [50]. Consequently, significant fluctuations in friction coefficient and
wear rate were observed during this period, prolonging the running-in cycle. Following
the running-in stage, the friction coefficient stabilized with no discernible fluctuations.

Figure 8. Friction and wear test results of LDED-2205 DSS under different heat treatment durations:
(a) friction coefficient versus time curves and (b) average friction coefficient.

As shown in Figure 8b, the average friction coefficient of the heat-treated LDED-2205
DSS specimens was substantially lower than that of the as-built specimen, indicating
that heat treatment significantly enhanced the wear resistance of LDED-2205 DSS. With
increasing heat treatment duration, the average friction coefficient exhibited an initial
decreasing trend followed by an increase, reaching a minimum value of 0.357 at 30 min.

The three-dimensional (3D) wear morphologies of the LDED-2205 DSS specimens
under different heat treatment conditions during room-temperature wear testing are pre-
sented in Figure 9. The as-built specimen exhibited significantly greater wear depth and
width compared with the heat-treated specimens. Moreover, no distinct grooves were
observed on the worn surface of the as-built specimen; instead, substantial wear debris
adhered to the surface, indicative of adhesive wear [51]. In contrast, the four heat-treated
specimens displayed similar worn surface characteristics, with relatively shallow wear
scars, grooves aligned along the sliding direction, and slight attachment of wear debris.
This observation suggests that the wear mechanism transitioned from pure adhesive wear
to a combination of adhesive and abrasive wear following heat treatment [52].

The cross-sectional wear depth, wear width, and wear rates of the LDED-2205 DSS
specimens under different heat treatment conditions are presented in Figure 10. The as-
built specimen exhibited the maximum wear depth and width, reaching 1275.1 µm and
59.1 µm, respectively, with a wear rate of 291.01 × 10−6 mm3/(N·m). For the heat-treated
specimens, both the wear width and depth decreased substantially, accompanied by a
significant reduction in wear rate, demonstrating that heat treatment at this temperature
effectively enhanced the room-temperature wear resistance of LDED-2205 DSS. A more
detailed examination revealed that the wear rate exhibited an initial decreasing trend
followed by an increase with prolonged heat treatment duration, reaching a minimum
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value of 48.32 × 10−6 mm3/(N·m) at 30 min. This finding is consistent with the previously
discussed minimum average friction coefficient observed for the 30 min specimen.

Figure 9. Three-dimensional wear morphologies of LDED-2205 DSS under different heat treatment
durations: (a) as-built, (b) 5 min, (c) 10 min, (d) 30 min, and (e) 60 min.

Figure 10. (a) Wear scar depth and (b) wear rate of LDED-2205 DSS under different heat treatment
durations.

The underlying mechanism for this phenomenon can be elucidated as follows. Appro-
priate heat treatment duration promoted the growth of fine IGA particles, resulting in an
austenite-to-ferrite ratio approaching approximately 1:1, and simultaneously refined the
internal grain structure. The enhanced resistance to deformation and spalling consequently
improved the wear resistance [53]. However, excessive heat treatment duration led to
a continued increase in austenite content, progressive coarsening of the austenite phase,
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and internal grain growth, ultimately resulting in decreased hardness and strength, and
consequently diminished wear resistance.

3.5. Corrosion Resistance

The electrochemical test results of the specimens subjected to different treatments in a
3.5 wt.% NaCl solution are presented in Figure 11. Examination of the Tafel curves reveals
that the polarization curves of the five specimen groups were similar in overall morphology,
with no pronounced differences observed. All specimens exhibited distinct passivation
behavior; however, the 60 min specimen displayed noticeable fluctuations within the
passive region, suggesting instability in passive film formation that may significantly
compromise its corrosion resistance [54]. The corrosion potential (Ecorr) and corrosion
current density (Icorr) were determined through Tafel slope extrapolation, with the specific
values summarized in Table 7. The Ecorr reflects the thermodynamic tendency of a material
to undergo corrosion, with a higher (more positive) Ecorr indicating superior resistance to
corrosion initiation. It was observed that the 30 min specimen exhibited the highest Ecorr of
−1.00021 V. The Icorr represents the reaction rate and extent of the corrosion process, with a
lower Icorr signifying better corrosion resistance. The 30 min specimen demonstrated the
lowest Icorr of merely 0.3935 µA/cm2, indicating that the 30 min heat-treated specimen
possessed the optimal corrosion resistance.

Figure 11. Tafel curves of LDED-2205 DSS under different heat treatment durations.

Table 7. Fitting results of polarization curves for LDED-2205 DSS under different heat treatment
durations.

Samples Ecoor (V) Icoor (µA/cm2)

0 min −1.0454 ± 0.002 0.7264 ± 0.002
5 min −1.0488 ± 0.002 0.6624 ± 0.002

10 min −1.0125 ± 0.002 0.7657 ± 0.002
30 min −1.0021 ± 0.002 0.3935 ± 0.002
60 min −1.0317 ± 0.002 0.9643 ± 0.002

To enhance the reliability and reproducibility of the experimental results, electrochem-
ical impedance spectroscopy (EIS) measurements were additionally conducted, and the
corresponding Nyquist and Bode plots are presented in Figure 12. Extensive previous stud-
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ies on the corrosion characteristics of 2205 DSS in 3.5 wt.% NaCl solution have established
that the equivalent circuit should comprise the solution resistance (Rs), charge transfer re-
sistance (Rct), and constant phase element representing the film capacitance (CPEf), where
Rf denotes the resistance to electron transfer during the electrochemical reaction, with
higher values indicating superior corrosion resistance [55]. The specific equivalent circuit is
illustrated in Figure 12a. The simulated Rf values for all specimens are presented in Table 8.
Notably, the 30 min sample exhibits an Rf value of 5.287 × 105 Ω·cm2 (or Ω, depending
on your unit), which is substantially higher than those of the other samples, indicating
superior corrosion resistance.

 
Figure 12. EIS experiments of LDED-2205 DSS under different heat treatment durations: (a) Nyquist
plots and equivalent circuit, (b) Bode plots.

Table 8. Rct values derived from EIS fitting.

Samples 0 min 5 min 10 min 30 min 60 min

Rct (Ω·cm2) 2.641 × 105 4.324 × 105 3.970 × 105 5.287 × 105 1.824 × 105

The Nyquist spectra of all specimens are characterized by a single depressed capacitive
semicircle, signifying the presence of a continuous passive film at the metal–solution
interface. The diameter of this semicircle is directly correlated with the Rct which reflects
the kinetic barrier for electrochemical reactions across the passive film [56,57]. Accordingly,
a larger semicircle radius denotes higher Rct and enhanced corrosion resistance. The radii
of curvature decrease in the sequence: 30 min > 10 min > 5 min > 0 min > 60 min.

The Bode phase diagrams reveal comparable peak phase angles across all conditions,
suggesting similar overall capacitive behavior. Nevertheless, marked divergence is ob-
served in the low-frequency domain (1–0.01 Hz), where the phase angle serves as a sensitive
indicator of passive film compactness and protective integrity. A higher phase angle in
this region implies a more resistive and defect-free passive film. The ranking of phase
angles within this interval—30 min > 10 min > 5 min > 0 min > 60 min—corroborates
the Nyquist-derived hierarchy, collectively establishing the 30 min sample as possessing
the most robust passive film and, by extension, the optimal corrosion resistance among
all conditions.

In summary, heat treatment durations ranging from 5 min to 30 min effectively en-
hanced the corrosion resistance of LDED-2205 DSS, with the optimal corrosion performance
achieved at 30 min. However, when the heat treatment duration was extended to 60 min,
the corrosion resistance deteriorated significantly. This phenomenon can be attributed
to the following mechanisms. Appropriate heat treatment promoted the precipitation of
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fine austenite and facilitated elemental diffusion, which not only increased the austenite
content but also enhanced the stability of the austenite phase. Given that austenite pos-
sesses superior corrosion resistance compared with ferrite, the overall corrosion resistance
was improved. Furthermore, the refined grain structure provided shorter and more abun-
dant diffusion channels for Cr, thereby accelerating passive film formation and ultimately
enhancing corrosion resistance [58]. Conversely, excessive heat treatment resulted in con-
tinued growth and coarsening of both austenite and ferrite grains. Although the austenite
content remained higher, the reduced rate of passive film formation and the diminished
capacity to sustain corrosion protection led to a degradation in corrosion resistance.

4. Conclusions
In this study, 2205 DSS was fabricated via laser-directed energy deposition, and the ef-

fects of isothermal holding time (0–60 min) at 1000 ◦C on the microstructural evolution and
multi-dimensional performance were systematically investigated. The principal findings
are summarized as follows, with particular emphasis on the trade-offs and optimal balance
governing the heat treatment response:

1. The austenite fraction increased monotonically with holding time, from 31% in the
as-built condition to 62% at 60 min. Notably, a near-equilibrium dual-phase ratio
(~1:1) was achieved at both 10 min and 30 min. However, the morphological evolution
of secondary austenite exhibited distinct time-dependent characteristics: IGA nuclei
progressively coarsened and increased in number density with prolonged holding,
whereas GBA colonies, prevalent in the as-built microstructure, gradually dissolved
and lost their crystallographic alignment.

2. Post-deposition heat treatment induced a significant reduction in hardness (accentu-
ated with prolonged holding), attributable to the combined effects of ferrite softening,
residual stress relief, and phase fraction redistribution. Conversely, tensile ductility ex-
hibited substantial improvement, with the elongation increasing by up to 94% relative
to the as-built state. Both yield strength and ultimate tensile strength remained largely
uncompromised across all heat treatment conditions. Nevertheless, the monotonic
hardness decline warrants consideration for applications requiring high resistance to
localized indentation or surface damage.

3. The wear resistance exhibited a non-monotonic dependence on holding time, peaking
at 30 min with a minimum wear rate of 48.32 × 10−6 mm3/(N·m) and an average
friction coefficient of 0.357 (representing reductions of 83% and 37%, respectively,
compared with the as-built condition). This optimal tribological response at 30 min,
rather than at 60 min with the highest austenite content, reflects a complex interplay
between phase balance, work-hardening capacity, and passive film stability. The
dominant wear mechanisms transitioned from severe adhesive wear (as-built) to a
milder combination of adhesive and abrasive wear (heat-treated), facilitated by the
improved strain accommodation of the balanced dual-phase microstructure.

4. The 30 min heat-treated specimen demonstrated superior corrosion resistance in
3.5 wt.% NaCl solution, evidenced by a 45.8% reduction in corrosion current density
relative to the as-built state. This enhancement is ascribed to the refined phase balance,
reduced residual stress, and more uniform passive film formation.

Collectively, the 30 min holding time represents a multi-objective optimal compromise
rather than a single-property maximum. At this condition, the near-equilibrium phase
balance (~1:1), refined IGA morphology, and moderated elemental partitioning collectively
engender synergistic improvements in ductility, wear resistance, and corrosion resistance,
without sacrificing tensile strength. The divergence of optimal conditions for individual
properties underscores the necessity of holistic performance evaluation in microstructural
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design for AM duplex stainless steels. These findings establish a quantitative processing–
structure–property framework for tailoring the performance of LDED-2205 DSS via post-
deposition heat treatment, with broader implications for the thermal optimization of
additively manufactured multi-phase alloys.
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