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Abstract

In this study, 3 wt.% Re/Inconel 718 composite was fabricated by laser powder bed fusion
(LPBF), and the effects of aging treatments on the microstructure and properties of the
Re/Inconel 718 composite were systematically investigated. This study aims to elucidate
the synergistic optimization of microstructure and properties in LPBF Inconel 718, achieved
through Re alloying and subsequent heat treatment. Results demonstrated that the samples
undergo recrystallization and precipitate numerous fine strengthening phases after heat
treatment. Concurrently, heat treatment promotes the diffusion of Re within the material,
leading to a significant reduction in its concentration in locally enriched regions. The
addition of Re improves the mechanical properties and corrosion resistance of the Inconel
718 alloy through synergistic strengthening mechanisms, including dispersion strength-
ening, solid solution strengthening, and dislocation strengthening. When the two-stage
aging is 720 °C x 8 h (FC x 2 h) + 620 °C x 8 h (AC), the optimum mechanical properties
are observed. The dissolution of Laves phases, simultaneous precipitation of both y" and
v’ phases, and homogenization of microstructure are responsible for the enhancement of
the material’s mechanical properties. However, the extensive precipitation of strengthen-
ing phases also promotes the formation of numerous microscopic corrosion cells, which
accelerates the corrosion rate and leads to a marked reduction in corrosion resistance of
the material. This study provides new insights into the laser additive manufacturing of

high-performance nickel-based composites.
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Due to its outstanding hot stability and exceptional susceptibility to stress corrosion
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distributed under the terms and cracking, Inconel 718 alloy has become an indispensable structural material for critical ap-

conditions of the Creative Commons  Plications in aerospace and marine engineering [1-5]. During LPBF processing, extremely
Attribution (CC BY) license. high cooling rates induce significant temperature gradients, leading to the generation
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of high residual stresses [6-9]. Simultaneously, the segregation of highly concentrated
hard-melting elements such as niobium and molybdenum further leads to material mi-
crostructural inhomogeneity and defect formation, severely compromising the alloy’s
mechanical properties. Employing appropriate heat treatments can effectively improve the
precipitation behavior of strengthening phases in Inconel 718, thereby optimizing the mi-
crostructure and enhancing mechanical properties. Briones-Montemayor et al. conducted
homogenization treatments at 1170 °C and 1210 °C, followed by a solution-aging process,
ultimately obtaining an Inconel 718 alloy with a uniform microstructure and enhanced
mechanical properties [10]. To investigate how solution treatment temperature influences
the mechanical properties of the alloys, Li et al. conducted a standardized double aging
treatment, using solution temperatures of 940 °C, 980 °C, 1020 °C, and 1060 °C as the
sole variable [11]. The results indicated that the mean hardness of the LPBF-IN718 alloy
increases to a maximum and then decreases with increasing solution treatment temper-
ature. A peak microhardness of 502 HV(;, was achieved at 980 °C, which represents a
17.56% increase over the as-deposited samples.

Rhenium (Re) is a rare refractory metal with an extremely elevated melt temperature,
outstanding hot resistance, and high hardness, maintaining outstanding strength and
stability even in high-temperature environments [12-15]. Owing to these properties, it
has been widely investigated in recent years for its potential application as a reinforcing
phase in metal matrix composites [16]. Zohrevand et al. investigate the strengthening
mechanism of Re in the AIMog5sNbTag 5TiZr high-entropy alloy [17]. The results indicated
that Re addition leads to the formation of a new HCP Zr-rich intermetallic compound.
The enhanced performance was attributed to the formation of compounds and solid
strengthening, which contributed to a 13% increase in hardness along with improved room-
temperature corrosion resistance and high-temperature oxidation resistance. Majchrowicz
et al. investigated the effect of Re addition on the corrosion resistance of LPBF-IN718 alloy.
The results demonstrate that the addition of Re reduces the corrosion current density and
consequently enhances the corrosion resistance of the alloy [18]. However, there is a scarcity
of comprehensive research on the synergistic optimization of Re reinforcement and heat
treatments on the microstructure and properties of the Inconel 718 superalloy fabricated
by LPBF. This constraint significantly limits the innovative research and development and
broader application of this material system in critical fields such as aerospace.

To address the aforementioned research gap, this study fabricated 3 wt.% Re/Inconel
718 composites via LPBF by integrating Re as a reinforcing phase into the Inconel 718 alloy
matrix. This study systematically investigated the strengthening effect and mechanism
of Re addition, as well as the effect of different aging treatments on the microstructure,
mechanical properties, and corrosion resistance of Re/Inconel 718 composites. The findings
aimed to provide novel research approaches for the preparation and performance regulation
of nickel-based high-temperature alloy composites.

2. Experiment and Methodology
2.1. LPBF Fabrication

The Inconel 718 powder used in this study was supplied by Avimetal AM Tech
Co., Ltd. (Beijing, China), with a particle size range of 15-53 um. The composites of
Inconel 718 containing 3 wt.% Re were produced using an EOS M290 LPBF system (EOS
GmbH, Munich, Germany). Figure 1 illustrates the manufacturing workflow along with the
resulting samples in their as-built state. Homogenization of the Re and Inconel 718 powder
blend was achieved by mixing in a V-300 unit at 12 r/min in ambient air prior to the
fabrication process. The total mixing time was 10 h, with a 30 min pause introduced after
every 2 h of operation. The LPBF process is shown in Table 1. It is noteworthy that the

https:/ /doi.org/10.3390/met16020174


https://doi.org/10.3390/met16020174

Metals 2026, 16, 174

30f17

optimal processing parameters for the Re/Inconel 718 composite material require further
investigation and are yet to be established.
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Figure 1. (a) Experimental specimens fabricated by LPBF; (b) Illustration of scanning strategy;
(c) Tensile specimen diagram.

Table 1. LPBF parameters for the fabrication of the samples.

Laser Laser Scan Powder Laser Scan
Power/W Diameter/mm  Spacing/mm  Thickness/mm Speed/mm/s
200 0.08 0.07 0.02 900

2.2. Heat Treatment

The Re/Inconel 718 composites underwent heat treatment in an SX-G04133 model
electric furnace (Zhonghuan Furnace, Tianjin, China). Previous research indicates that
Inconel 718 alloy exhibits excellent mechanical properties and corrosion resistance after
solution treatment at 1020 °C [5,19,20]. Accordingly, this study adopts 1020 °C as the
solution treatment temperature to investigate the effects of subsequent aging treatments on
the materials. Detailed processing parameters, the choice of which is based on established
practice, can be found in Table 2.

Table 2. Heat treatment of Inconel 718 (H0) and Re/Inconel 718 (50-5620) formed by LPBF.

No. Heat Treatment
HO /
S0 /
SDA 1020 °C x 2h (AC) + 720 °C x 8 h (FC x 2 h) + 620 °C x 8 h (AC)
5720 1020 °C x 2h (AC) + 720 °C x 8 h (AC)
5620 1020 °C x 2h (AC) + 620 °C x 8 h (AC)

AC: Air cool; FC: Furnace cool.

2.3. Microstructural Characterization

Following etching with a solution composed of 8 mL H,O, 8 mL HCI, 2 mL HNO3,
and 1 mL HyO;, the sample microstructures were characterized using multiple techniques.
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These included metallographic observation with a VHX-2000 microscope (KEYENCE,
Osaka, Japan) and SEM performed on a Zeiss Sigma 300 instrument (Carl Zeiss Microscopy,
Jena, Germany). The SEM system was coupled with an energy dispersive spectroscopy
detector for compositional analysis.

2.4. Performance Testing

Vickers microhardness testing was carried out on the samples using an HV-1000B
hardness tester (SAACOO Instrument Co., Ltd., Chongqing, China). A standardized test
protocol was adopted, which applied a load of 200 g and maintained it for a 15 s holding
period. The reported microhardness value for each sample is the arithmetic mean of
eight indentations, after discarding the highest and lowest values from a linear array of
ten measurements spaced 0.9 mm apart. Tensile properties of the samples were evaluated
using a universal testing machine (AG-X plus 100 KN, Shimadzu, Kyoto, Japan) at a
constant crosshead speed of 2 mm/min. Two replicates were tested for each tensile sample
set to ensure data accuracy. The corresponding specimen geometry is detailed in Figure 1c.
The test was conducted on the sample longitudinal section, which may introduce anisotropy
as a limitation of this study. Electrochemical corrosion behavior was assessed at room
temperature with an RST5000 workstation (Suzhou RST Electronics Co., Ltd., Suzhou,
China). A 3.5 wt.% NaCl aqueous solution served as the electrolyte to simulate a marine
environment. Corrosion resistance was quantitatively analyzed based on the obtained
Tafel polarization curves. Electrochemical measurements were performed using a standard
three-electrode system, comprising a platinum auxiliary electrode, an Ag/AgCl reference
electrode, and the sample as the working electrode. Prior to testing, all sample surfaces
were uniformly ground and polished to ensure accuracy. Subsequently, the open-circuit
potential was stabilized for 10 min, followed by polarization scanning at a rate of 0.5 mV/s.
Each sample was measured twice.

3. Results and Discussion
3.1. Microstructural Analysis

Figure 2(al) shows the microstructural features of the longitudinal section of the
HO sample. The molten pool exhibits a continuously overlapping pattern resembling
fish scales, with a width of approximately 200 pm. A multitude of columnar crystals
exhibit continuous epitaxial growth oriented along the build direction. Their irregular
morphology, characterized by a high aspect ratio, enables them to extend across multiple
melt pool boundaries. Consequently, the grain boundaries appear indistinct. Additionally,
the addition of Re did not markedly alter the microstructure of the Inconel 718 alloy
(Figure 2(b1)). The uniformly distributed white particles within the structure are presumed
to be added Re elements. The homogeneous distribution results from the combined action
of the Marangoni effect in the melt pool and the agitation caused by laser-generated metal
vapor, thereby promoting thorough particle mixing [21]. After heat treatment, the SO sample
underwent a microstructural transformation in which the characteristic fish-scale pattern
of its melt pools was superseded by well-defined grain boundaries. The microstructure
evolves into columnar grains aligned with the build direction (Figure 2(c1-e1)).

The metallographic morphology of the HO and S0 sample transverse sections exhibits
typical intersecting columnar melt channels with an angle of 67° (Figure 2(a2,b2)). This
characteristic geometry is a direct result of the laser scanning strategy. Furthermore, the
grain boundaries are also obscured. After heat treatment, the columnar melt lines in the SO
sample have largely disappeared, and the grain boundaries have become clearly defined.
Unlike the columnar grain morphology retained in the longitudinal section, the transverse
section exhibits equiaxed grains with non-uniform sizes after heat treatment. It should be
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noted that these equiaxed grains are, in fact, the transverse sections of columnar crystals
that have developed along the build direction, as shown in Figure 2(c2—e2).

Vertically built Horizontally built
o | [(a2) Wk

Inconel 718

Re/Inconel 718

Double Aging

Aging-720°C

620 °C

Aging-

Figure 2. Metallographic morphology of the H0-S620 samples: (al-el) longitudinal section;
(a2—-e2) transverse section.

Figures 3 and 4 show the microstructure of the HO and S0 samples. During laser addi-
tive manufacturing, the metal powder undergoes rapid melting and solidification, leading
to the formation of numerous columnar and cellular substructures that grow along the
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building direction in the longitudinal section of the deposited samples (Figures 3a and 4a).
Similarly, the transverse section exhibits an approximately equiaxed cellular crystal struc-
ture, with evident elemental segregation observed at its cell walls (Figures 3b and 4b). Due
to the epitaxial growth characteristics of LPBF, columnar grains grow preferentially along
the building direction, thereby resulting in a cellular structure in the transverse section.
The remelting of the underlying layer during laser scanning leads to coarser cellular and
dendritic crystals at the melt pool bottom, whereas the higher cooling rate within the melt
pool favors the formation of finer grains. Further microstructural analysis reveals finely
dispersed white particles within the y matrix (Figure 4a,b). EDS elemental analysis con-
firms these white particles to be the added Re element (Figure 4c,f). EDS analysis at points
C and F indicates that the encapsulating material surrounding the Re particles constitutes
a compositional gradient transition zone (Figure 4e,h). This zone is characterized by a
nickel-based solid solution enriched in Re, which originates from the incomplete dissolu-
tion and subsequent diffusion of Re particles within the laser melt pool. Re is considered a
reinforcing additive in nickel-based superalloys, with the added Re primarily enhancing
alloy properties through mechanisms such as dispersion strengthening [22,23].

Element Atomic % N Element Atomic %

Ni 50.7 5 WY 2
Cr 19.8 Cr

Fe 16.6 -
Nb 73 B Nb
Mo 24 -
Ti 2.0
Al 1.2

Element Atomic %
Ni 333
Cr S}
EDS Spot D Fe 18
Nb St
Ti 1.
Al 1.
Mo 1.

Figure 3. Microstructure of the HO sample: (a) longitudinal section; (b) transverse section; and
(c—f) corresponding EDS spectra.

The cellular and columnar structures in the SO sample were replaced by a grain
boundary morphology exhibiting characteristic sawtooth features following heat treatment
(Figure 5). The structural evolution indicates that the material undergoes significant
recrystallization during heat treatment. Further observation reveals that numerous fine
precipitation phases are distributed both within the grains and grain boundaries in the
heat-treated samples, primarily in acicular, granular, and short rod-like morphologies. EDS
analysis identifies that the predominant constituent elements of the precipitated phases are
Ni, Cr, Fe, and Nb.
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Figure 4. Microstructure of the SO sample: (a) longitudinal section; (b) transverse section; and
(c-h) corresponding EDS spectra.

Due to the relatively fine size of the precipitated phases in the H0-5620 samples,
the hardness method is employed in this study to characterize the precipitation behav-
ior of the v and v” phases [24,25]. The average microhardness values are 552 HV,,
541 HV(;, and 534 HV; of the SDA, 5720, and S620 samples in the longitudinal section,
respectively. The differences in microhardness are strongly correlated with the types of
precipitated phases present. The SDA sample, subjected to a double aging treatment at
720 °C x 8 h + 620 °C x 8 h, is tentatively identified as exhibiting the simultaneous pre-
cipitation of both the primary strengthening phase (y”) and the secondary strengthening
phase (y’), which resulted in the highest average microhardness. The S720 sample, sub-
jected to a single-stage aging treatment at 720 °C for 8 h, is tentatively identified as being
predominantly strengthened by the v” phase, which corresponds to its second-highest
average microhardness. The S620 sample, subjected to a single-stage aging treatment at
620 °C for 8 h, is tentatively identified as being primarily strengthened by the v’ phase,
which accounts for its lowest average microhardness.
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Figure 5. Microstructure of the SDA, S720 and 5620 samples in the longitudinal section: (al,a2) SDA;
(b1,b2) S720; (c1,c2) S620; and (a3—c3,a4—c4) corresponding EDS spectra.

EDS point analysis at point F in Figure 5(c4) indicates a Nb content of 57.3% in the
precipitate. Further analysis of the EDS surface scan maps of the S620 sample (Figure 6)
reveals that certain particles are rich in Nb, tentatively identifying them as niobium car-
bides (NbC). This finding is consistent with reports in the existing literature [26]. NbC
particles preferentially segregate at grain boundaries, exhibiting low solubility. These NbC
particles frequently act as crack initiation sites, thereby reducing the material’s strength
and hardness [27-30].

Figure 6. (a,b) Longitudinal section of microstructures of the S620 sample; (c) corresponding EDS
elemental mapping for niobium.

Figure 7 presents the SEM images of the transverse sections of the SDA, 5720 and
5620 samples. The transverse sectional analysis of the S620 sample revealed the presence
of undissolved NbC particles within the grain interiors (Figure 7(c3)). It is noteworthy
that no & phase is observed in either the transverse section or longitudinal section of the
heat-treated samples. This phenomenon is primarily attributed to the fact that the solution
temperature of 1020 °C used in this study is significantly higher than the dissolution
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temperature of the 6 phase (980 °C), making the 5 phase unlikely to exist. Secondly, within
the Re/Inconel 718 composite, the segregation of Re in the as-deposited state may further
suppresses the segregation of Nb. Nb is the key element for forming the 6 phase, which
also inhibits the formation of the 6 phase during heat treatment. Consequently, no 6 phase
is observed in any of the heat-treated samples.

Element Atomic %

EDSSpotA  fe 3i% : . s0s WM - | EDSSpotE

EDSSpotB % %9 E N A || ® EDS Spot F
3 Fe :

Figure 7. Microstructure of the SDA, 5720 and 5620 samples in the transverse section: (al,a2) SDA;
(b1,b2) S720; (c1,c2) S620; and (a3—c3,a4—c4) corresponding EDS spectra.

A comparison of Re content between the SO (Figure 4c,f) and SDA (Figure 5(a3)
and Figure 7(a3)) samples shows a significant decrease after heat treatment, from 77%
(longitudinal section) and 84.5% (transverse section) to 18.0% (longitudinal section) and
23.5% (transverse section), respectively. This indicates that the Re content in the locally
enriched regions decreases after heat treatment. This phenomenon can be attributed to
an inferred mechanism whereby the heat treatment promoted Re diffusion, resulting in a
sharp decrease in its content within the locally enriched regions.

3.2. Mechanical Performance and Electrochemical Behavior
3.2.1. Microhardness

Figure 8 shows the microhardness values in the different cross-sections of the HO-
5620 samples. The addition of Re led to a measurable increase in microhardness, from
330 HV» (HO sample) to 349 HV, (S0 sample). This improvement is primarily due to the
synergistic strengthening mechanisms provided by Re, including dispersion strengthening,
solid solution strengthening, and dislocation strengthening [20].
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Figure 8. Vickers hardness of the H0-5620 samples.

After heat treatment, the SDA, 5720, and 5620 samples undergo recrystallization. The
dissolution of the Laves phases and the concomitant precipitation of strengthening phases
led to a significant increase in the microhardness. The significant increase in the microhard-
ness after heat treatment is primarily attributed to precipitation strengthening of the "
and vy’ phases. Among these, the SDA sample exhibits the highest average microhardness
(552 HV)y;), which is attributed to the simultaneous precipitation of substantial y" and
v' phases during the double aging treatment at 720 °C + 620 °C. In contrast, the S720
sample exhibits a lower average microhardness (541 HV ;) than the SDA sample, which is
consistent with its predominant precipitation of the y” phase. The $620 sample, which is
predominantly strengthened by the secondary v’ phase, exhibits a corresponding further
reduction in average microhardness (534 HV(,) compared to the S720 sample. Notably,
due to the rapid melting and solidification characteristics of LPBF, the alloy develops
a columnar/cellular structure along the longitudinal section and a cellular structure on
the transverse section. This microstructural anisotropy leads to significant variations in
mechanical properties across different orientations.

3.2.2. Tensile Properties

Comparing with the HO sample, the Re addition to the SO sample left its ultimate tensile
strength essentially unchanged, while increasing the yield strength to 723.03 MPa (Figure 9).
However, the elongation decreased from 25.35% (HO) to 18.31%. This strength-ductility
trade-off is primarily attributed to the multiple strengthening effects induced by Re, such
as dispersion and solid solution strengthening. These mechanisms, particularly through
the pinning of dislocations by Re particles, effectively enhance strength but concurrently
reduce ductility.

(a) (b) 2400

YS: 1660.81 MPa ——HO —o—YS —o—TE .
2000 YTS: 1954.91 MPa

TE: 7.75 % —S0 —o—UTS = 25

YS: 1281.62 MPa ——SDA —_ =
—_ YTS: 1498.43 MP S 1800 52
g_f 1500 TE: 1004%  ——S720 & S
= YS: 116945MPa  ——— S620) E 20 u’%
4 YTS: 1363.14 MPa f ° <3
TE: 10.16 % I~
5 1000 - 51200 158
7 | YS: 723.03MPa N e a el 2
YTS: 946.06MPa ULS: 990,62 MEa & N
500 TE: 1831% TE:233500 —0e 110~

600 v
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0 5 10 15 20 25 30 HO S0 SDAS7205620 HO SO SDAS7205620
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Figure 9. (a) Tensile curves; (b) Strength and elongation variation curves.
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The tensile strengths of the SDA-5620 samples were significantly improved after heat
treatment. This is due to the combined effects of the dissolution of Laves phases, simulta-
neous precipitation of both v and v phases, and homogenization of microstructure. How-
ever, the abundant strengthening phases precipitated in the heat-treated samples increase
the resistance to dislocation movement and hinder dislocation multiplication, thereby re-
ducing the alloy’s plasticity. When the two-stage aging is 720 °C x 8 h (FC) + 620 °C x 8 h
(AC), the SDA sample exhibited peak mechanical properties: a yield strength of 1660.81 MPa
and an ultimate tensile strength of 1954.91 MPa. These values represent increases of 129.7%
and 106.6%, respectively, compared to those of the SO sample. Conversely, its elonga-
tion is reduced to 7.75%. When the aging temperature is 720 °C and 620 °C, the 5720
and 5620 samples exhibit lower ultimate tensile strengths than the SDA sample (1498.43
and 1363.14 MPa, respectively). This is attributed to the predominant precipitation of a
single type of strengthening phase. However, their elongation recovered to 10.14% and
10.16%, respectively.

Figure 10 presents the fracture morphology of the HO-5620 samples. The fracture
surfaces exhibit a typical ductile morphology, characterized by a high density of dimples.
Large-sized pores were observed on the fracture surface of the HO sample. The fracture
surface of the SO sample exhibits small pores and an absence of unmelted powder particles.
After heat treatment, the porosity in the SDA-5620 samples is significantly reduced, with a
notable decrease in pores. This demonstrates that the heat treatment effectively suppressed
the formation and growth of gas pores in the LPBF-fabricated samples, enhancing the
density of the samples and consequently improving the material’s strength.

3.2.3. Corrosion Resistance

The polarization curves of all specimens exhibit a characteristic activation-passivation
transition (Figure 11a). The anodic current density increases linearly with the potential,
corresponding to the active dissolution region. A subsequent sharp rise in potential
signifies the formation of a passive film on the alloy surface and the establishment of a
stable passive state.

The Tafel extrapolation method was used to obtain the corrosion potential (Ecorr)
and corrosion current density (Icorr) of the HO-5620 samples. A more positive Eqorr value
indicates a lower tendency for corrosion, whereas a higher I,y value corresponds to a
faster corrosion rate. The addition of Re enhances the corrosion resistance of the SO sample,
demonstrated by a higher corrosion potential and a lower corrosion current density, which
correspond to a reduced corrosion rate and susceptibility. It is mainly attributed to the
segregation of Re at grain boundaries. This segregation contributes to microstructural
refinement through mechanisms such as suppression of boundary diffusion, increased
boundary density, and enhanced dislocation pinned effects, thereby decreasing the mate-
rial’s susceptibility to corrosion.

After heat treatment, the precipitation of numerous fine strengthening phases pro-
motes the formation of micro-galvanic cells, which accelerate the corrosion process. This
finding can be attributed to microscopic structural observations and previous research.
Consequently, the heat-treated samples (SDA, 5720, S620) exhibit a shift in the corrosion
potential (Ecorr) towards a lower value and a significant increase in the corrosion current
density (Icorr), indicating a marked degradation in corrosion resistance. Among them, the
SDA sample after double aging at 720 °C + 620 °C exhibits the lowest corrosion resistance.
The reason is the simultaneous precipitation of both abundant y” and vy’ phases after
double aging at 720 °C + 620 °C. Although the sample’s mechanical properties are signifi-
cantly enhanced, the abundant strengthening phases introduce numerous micro-galvanic
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cells during corrosion, which accelerate the corrosion rate and consequently degrade the
corrosion resistance of the SDA sample.

Inconel 718

Re/Inconel 718

Figure 10. Fractured surfaces of the H0-S620 samples: (al,a2) HO; (b1,b2) SO; (c1,c2) SDA; (d1,d2) S720;
(e1,e2) S620.

The corrosion morphology of the HO-5620 samples is shown in Figure 12. The HO
and SO sample surfaces exhibit typical features of electrochemical corrosion, characterized
by irregular pits 10-20 um in width and the accumulation of corrosion products within
them. EDS analysis indicates that the corrosion products consist primarily of Ni, Cr, and

https://doi.org/10.3390 /met16020174
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Fe (Figure 12(a3,b3)). Consistent with its improved corrosion resistance, the SO sample
developed notably smaller corrosion pits compared to the HO sample. In contrast, the heat-
treated samples (SDA, 5720, 5620) exhibit numerous irregular pitting corrosion craters with
rough edges and internal corrosion products (Figure 12(c1-el,c2—e2)). This indicates that
the heat-treated samples (SDA, 5720, S620) possess inferior corrosion resistance compared
to the as-deposited sample (S0), consistent with Tafel curve analysis. Notably, higher
concentrations of Re are not detected in the corrosion products by EDS analysis. To
determine whether the Re participates in the corrosion process by forming a passivation
film or corrosion products, an EDS surface scan analysis is performed on the SDA sample
exhibiting the lowest corrosion resistance (Figure 13). Based on the results, it is inferred
that Re does not participate in the corrosion reaction.

(a) o (b) 032 1
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Figure 11. (a) Polarization curves; (b) Ecorr and Ieorr Variation curves.
Electrochemical corrosion of the material occurs in a 3.5 wt.% NaCl aqueous solution

(Figure 14). The representative electrode reactions involved are as follows:
Anode process:

Ni—Ni?" +2e~ 1)
Cr—Cr’* +3e” 2)
Fe—Fe? + 2e~ (3)
2Fe** + 2H,0—2Fe*" + 20H™ + H, 4)

Cathode process:
2H,0 + O, + 4e~ —40H " (5)

Overall process:

2Ni + 2H,0 + O, = 2Ni(OH), (6)
4Cr + 6H,0 + 30, = 4Cr(OH)3 7)
4Fe + 6H,0 + 30, = 4Fe(OH)3 (8)

Due to their greater thermodynamic stability, oxides are preferentially formed over
hydroxides. Consequently, hydroxides undergo transformation into oxides, followed by a
dehydration process that yields a compact passive film:

Ni(OH)zﬁNiO + H,O (9)
2Cr(OH);—Cry03 + 3H,0 (10)
ZFG(OH)3—>F6203 + 3H,0 (11)
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Figure 12. Corrosion surface topography: (al,a2) HO; (b1,b2) SO; (c1,c2) SDA; (d1,d2) S720;
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Figure 13. (a,b) Corrosion surface topography of the SDA sample; (c) corresponding EDS spectra;
(d) element distribution map.
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During corrosion, Cl1~ interact with metal cations such as NiZ2*, Cr3*, and Fe3* to form

soluble chlorides, which compromise the integrity of the protective oxide layer. Following

localized dissolution of this passive film, C1~ ingress into the underlying metal substrate,

thereby initiating pitting corrosion:

NiO + 2C1~ + HyO—NiCl, + 20H~ (12)
Cry0;3 + 6C1~ + 3H,0—2CrCls + 60H ™ (13)
Fe,03 + 6C1~ + 3H,0—2FeCls + 60H (14)

‘ ‘ M(OH), — MO -

OH + M+ —» M(OH),

OH + M* — M(OH),

‘ Immersion time

Ny matrix NaCl solution Pore ® Re

=== Passive film @ Precipitated phase @ Pitting

Figure 14. Schematic diagram of the corrosion.

4. Conclusions

This study examines the strengthening effects and mechanisms induced by the addi-

tion of Re to Inconel 718 alloy, and elucidates the microstructure-property relationships

of Re/Inconel 718 composites subjected to various aging treatments. The conclusions are

summarized as follows:

)

@)

After heat treatment, the sample undergoes recrystallization, accompanied by the
precipitation of numerous fine strengthening phases. Simultaneously, a small number
of particles within the grains are tentatively identified as undissolved NbC. The
absence of the § phase in the microstructure of the samples is attributed to the high
solution temperature and segregation of the Re element. Furthermore, heat treatment
promotes Re diffusion from locally enriched zones, leading to a pronounced reduction
in the local Re concentration.

The addition of Re improves the mechanical properties and corrosion resistance of the
Inconel 718 alloy through synergistic strengthening mechanisms, including dispersion
strengthening, solid solution strengthening, and dislocation strengthening. The aging
treatment temperature of 720 °C x 8 h (FC x 2 h) + 620 °C x 8 h (AC) yields the
optimum mechanical performance in the Re/Inconel 718 composites. The average
microhardness (552 HV ) ), yield strength (1660.81 MPa), and ultimate tensile strength
(1954.91 MPa) of the SDA sample increase simultaneously. The dissolution of Laves
phases, simultaneous precipitation of both v” and y’ phases and homogenization
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of the microstructure are responsible for the enhanced mechanical properties of the
SDA sample.

(8) The precipitation of abundant strengthening phases after heat treatment promotes the
formation of numerous micro-galvanic cells, which accelerate the corrosion process
and significantly degrade the material’s corrosion resistance. For the SDA sample, the
double aging treatment at 720 °C x 8 h (FC x 2 h) + 620 °C x 8 h (AC) induces the
simultaneous precipitation of v" and v’ strengthening phases, leading to the highest
micro-galvanic cell density. Consequently, the SDA sample exhibits the most rapid
corrosion rate and the lowest corrosion resistance.
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