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ABSTRACT: Laser powder bed fusion (LPBF) is widely used for manufacturing nickel-based superalloy 
components with complex geometries; however, the process produces non-equilibrium microstructures 
characterized by directional grain growth, cellular substructures, and compositional segregation, which can 
lead to anisotropic mechanical behavior. In this study, the influence of multiple post-processing heat-
treatment routes on the microstructural evolution and mechanical properties of LPBF-fabricated Inconel 
625 (IN625) was systematically investigated by combining stress relief, hot isostatic pressing (HIP), and 
solution annealing. Microstructural characterization was performed using optical microscopy and scanning 
electron microscopy, while tensile properties were evaluated from room temperature to 700 °C. The HT3 
condition resulted in a fully recrystallized, equiaxed grain structure with reduced segregation and minimal 
Nb-rich Laves phase, leading to nearly isotropic mechanical properties, with an ultimate tensile strength of 
approximately 880 MPa and an elongation exceeding 50%. Elevated-temperature testing demonstrated 
stable mechanical performance, with a localized strengthening effect near 600 °C attributed to dynamic 
strain aging. These results demonstrate that appropriate post-processing can effectively homogenize LPBF 
IN625 and improve its mechanical reliability. 

Keywords: Inconel 625; Laser powder bed fusion; Additive manufacturing; Heat treatment; Microstructure; 
Mechanical properties 
 

1. Introduction 

Additive manufacturing has progressed from a prototyping approach to a viable method for producing 
load-bearing metallic components with complex geometries and reduced material waste. Among the 
available techniques, laser powder bed fusion (LPBF) has gained widespread adoption because it enables 
localized melting and solidification of powder layers to generate near-net-shape parts directly from digital 
models [1–5]. This capability has expanded its use in applications where conventional manufacturing routes 
are either inefficient or impractical. 

Nickel-based superalloys are frequently processed using LPBF due to their ability to retain mechanical 
strength and resist degradation under demanding thermal and chemical environments. Inconel 625 (IN625), 
a solid-solution-strengthened nickel–chromium alloy, is widely used in aerospace, marine, and energy 
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systems due to its resistance to corrosion, oxidation, and high-temperature deformation [6–9]. The 
distribution and interaction of alloying elements such as niobium and molybdenum within the matrix 
strongly influence its mechanical performance. 

The thermal conditions associated with LPBF differ substantially from those in conventional 
processing, leading to distinct microstructural features. Rapid solidification combined with directional heat 
extraction promotes the formation of elongated grains aligned with the build direction. Within these grains, 
fine-scale cellular structures develop, accompanied by localized compositional variations [10–15]. These 
compositional gradients frequently result in the accumulation of niobium and molybdenum in interdendritic 
regions, which can lead to the formation of Nb-rich phases such as the Laves phase [16–20]. Such phases 
are generally associated with reduced ductility and inferior fatigue performance. 

These microstructural characteristics contribute to anisotropic mechanical behavior, which limits the 
reliability of LPBF-fabricated components in structural applications. Heat-treatment procedures developed 
for wrought IN625 are not always effective in modifying the directional grain structure or eliminating 
segregation present in LPBF materials [21–23]. Consequently, post-processing strategies must be 
specifically designed to address the unique microstructural features produced during LPBF. 

Thermal treatments such as stress relief, hot isostatic pressing (HIP), and solution annealing have been 
explored to improve the microstructural uniformity of LPBF nickel-based alloys [24–28]. These processes 
affect the microstructure through mechanisms such as diffusion, phase transformation, and recrystallization. 
Elevated-temperature treatments, in particular, can reduce segregation and dissolve Nb-rich phases, thereby 
enhancing ductility and mechanical stability [29–35]. However, many existing studies consider these 
processes individually, and the combined effects of multiple post-processing steps remain less clearly 
defined [36–47]. 

Furthermore, the effectiveness of post-processing is influenced by variables such as temperature, time, 
and cooling conditions, which govern grain growth, phase evolution, and the degree of anisotropy [48–52]. 
A systematic evaluation of these parameters in combination is therefore required to establish reliable 
processing–structure–property relationships. 

In this study, a series of heat-treatment routes incorporating stress relief, HIP, and solution annealing 
are investigated to determine their influence on the evolution of microstructure and mechanical 
performance in LPBF-fabricated IN625. The objective is to identify processing conditions that transform 
the as-built microstructure into a homogeneous and recrystallized state, thereby improving mechanical 
consistency over a broad temperature range. 

2. Materials and Methods 

2.1. Materials and Additive Manufacturing Process 

Gas-atomized Inconel 625 (IN625) powder was utilized as the feedstock material for all builds. The 
powder exhibited a particle size distribution of approximately 10–45 µm and was produced under an inert 
atmosphere to minimize oxidation and contamination. The nominal chemical composition of the powder is 
provided in Table 1. 

Table 1. Chemistry of Used Powder in Weight Percent. 

C Mn Si Cr Nb Ti Mo Al Ta Fe Ni O N H 
0.02 <0.01 0.04 21.34 3.43 0.05 8.87 0.03 0.01 3.10 Bal. 0.012 0.005 0.002 

All coupons were fabricated using an EOS M280-400 system (EOS GmbH, Krailling, Germany) 
equipped with a 400 W Yb-fiber laser and operated with PSW software version 3.6.32.1. The LPBF process 
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was conducted in an argon atmosphere, with oxygen levels maintained between 70 and 120 ppm. The 
scanning direction was rotated by 60° between adjacent layers to promote microstructural homogeneity. 

Based on prior parameter optimization, the selected processing conditions were a laser power of 300 
W, a scan speed of 1000 mm/s, a hatch spacing of 110 µm, and a layer thickness of 40 µm. For heat-
treatment trials, 15-mm cubes were fabricated directly on a stainless-steel substrate. Additionally, eight 
wall specimens measuring 150 × 150 × 15 mm were produced for mechanical testing. 

2.2. Heat Treatment 

A series of post-build thermal treatments was designed to evaluate the influence of different processing 
routes on the microstructural evolution of LPBF-fabricated IN625. Five distinct conditions (HT1–HT5) 
were established, each incorporating different combinations of thermal exposure, pressure-assisted 
processing, and solutionizing steps. 

The applied thermal cycles included high-temperature stress-relief treatments, hot isostatic pressing (HIP), 
and solution annealing. The stress-relief treatment was conducted at approximately 1040 °C with a holding 
period of 60 min to reduce residual stresses generated during the LPBF process. HIP processing was performed 
at approximately 1120 °C under an applied pressure of 100 MPa for 4 h, to reduce internal porosity and promote 
diffusion-driven homogenization. Solution annealing treatments were carried out within the temperature range 
of 1175–1200 °C to facilitate dissolution of segregated phases and promote recrystallization. 

Each heat-treatment route was configured to isolate the effect of specific processing sequences. The 
HT1 condition consisted of stress relief followed by controlled cooling, while HT2 involved HIP without 
prior high-temperature exposure. The HT3 condition combined stress relief with subsequent HIP processing 
to evaluate the interaction between thermal and pressure-assisted treatments. The HT4 and HT5 conditions 
incorporated higher-temperature solution annealing steps to investigate their effect on grain growth, phase 
dissolution, and microstructural uniformity. 

Temperature selection and holding durations were based on thermodynamic considerations and prior 
studies on IN625, ensuring sufficient activation of diffusion processes required for homogenization and 
recrystallization. The variation among the selected conditions enables a systematic comparison of how different 
post-processing strategies influence the resulting microstructure and associated mechanical behaviour. 

The detailed heat-treatment conditions investigated in this study are summarized in Table 2. 

Table 2. Heat treatment procedures. 

Heat Treatment 
Stress Relief HIP Solution Anneal 

Tempe. (°C) Time, (min.) Tempe. (°C) Time, (min.) Tempe. (°C) Time, (min.) 
HT1 1040 60   1175 60 
HT2   1120 240   
HT3 1040 60 1120 240   
HT4   1120 240 1175 60 
HT5     1200 30 

2.3. Sample Preparation and Characterization 

Specimens were sectioned from the fabricated components to enable evaluation in both the build 
direction (XZ plane) and the transverse direction (XY plane), allowing assessment of orientation-dependent 
features. All samples were mounted in conductive media to facilitate both optical and electron microscopy. 

Surface preparation was carried out through a sequence of mechanical grinding and polishing steps 
designed to produce a deformation-free surface suitable for microstructural analysis. Grinding was 
performed using progressively finer abrasive media, followed by polishing with diamond suspensions of 
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decreasing particle size. Final surface finishing was completed using a fine colloidal silica suspension to 
minimize surface deformation and enhance microstructural contrast. 

Chemical etching was performed using Kalling’s reagent to reveal grain boundaries and 
microstructural features. Etching conditions were adjusted to ensure clear delineation of cellular structures, 
grain morphology, and secondary phases without over-etching. 

Microstructural characterization was conducted using optical microscopy for general morphology and 
scanning electron microscopy (SEM) for higher-resolution observations. Energy-dispersive spectroscopy 
(EDS) was employed to determine local chemical variations and to identify compositional differences 
associated with segregated regions and precipitates. 

Grain size measurements were performed in accordance with ASTM E112 [53] using the linear 
intercept approach. Multiple fields of view were analyzed for each sample to ensure representative results, 
and measurements were obtained along different orientations to capture potential anisotropy. 

Mechanical testing specimens were prepared in accordance with ASTM E8 [54] for room-temperature 
testing and ASTM E21 [55] for elevated-temperature evaluation. Tensile specimens were machined from 
fabricated material with orientations aligned to both the build and transverse directions to assess the 
directional dependence of mechanical behavior. 

3. Results and Discussions 

3.1. As Build Microstructure 

The microstructure of LPBF-fabricated IN625 in the as-built condition is characterized by a 
hierarchical arrangement of features that originate from the localized melting and rapid solidification 
inherent to the process, as shown in Figure 1. At the macroscopic scale, overlapping melt pool boundaries 
are clearly visible, reflecting the sequential scanning strategy and layer-wise material deposition. These 
boundaries exhibit a characteristic curved geometry corresponding to the thermal profile of the moving 
laser, and they define regions of repeated thermal cycling throughout the build. 

At the grain scale, a pronounced directional morphology is observed. Grains are elongated and extend 
predominantly along the build direction, forming columnar structures that traverse multiple deposited layers. 
This morphology results from the thermal gradient established during solidification, where heat is 
preferentially conducted away from the melt pool into the previously solidified material. The resulting 
solidification front promotes epitaxial growth, allowing grains to propagate across layer boundaries without 
interruption. This behavior leads to a strong crystallographic texture and contributes to anisotropic 
mechanical properties. 

Within these columnar grains, a fine cellular substructure is present. The cellular features are defined 
by compositional fluctuations that develop during rapid solidification, where solute redistribution occurs 
on a microscale. The cell boundaries correspond to regions of solute enrichment, while the cell interiors 
remain relatively depleted. Energy-dispersive spectroscopy (EDS) analysis confirms that niobium and 
molybdenum are concentrated along these boundaries, indicating segregation of alloying elements during 
the final stages of solidification. 

The enrichment of niobium in interdendritic regions promotes the formation of Nb-rich secondary 
phases, commonly identified as the Laves phase. These phases result from non-equilibrium solidification 
conditions and are typically located along cellular boundaries and within interdendritic networks. Due to 
their brittle nature, such phases can act as preferential sites for crack initiation under mechanical loading 
and are therefore considered detrimental to ductility and fatigue performance. 
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XZ-Plane XY-Plane 

Optical Images of the As-built Microstructure 

  
XZ-Plane XY-Plane 

SEM Micrographs of As-built L-PBF Sample 

 

 

Element Wt.% At. % 

Cr L 20.86 25.16 

Fe L 2.86 3.21 

Ni L 51.67 55.21 

Nb L 15.35 10.36 

Mo L 9.26 6.05 

Totals 100.00  

EDS Analysis of L-PBF Sample in As-built Condition 

Figure 1. As-built microstructure of LPBF IN625 showing melt pool boundaries, columnar grain growth along the build direction, 
and a fine cellular substructure associated with rapid solidification. 

The combined presence of columnar grain morphology, cellular substructure, and chemical segregation 
reflects the rapid thermal cycles and limited diffusion associated with LPBF processing. The restricted time 
available for solute redistribution prevents homogenization, thereby preserving the micro-segregated 
structure in the as-built condition. These features collectively contribute to the anisotropic behavior 
commonly reported for LPBF-fabricated IN625. 

Overall, the as-built microstructure provides a baseline for evaluating the effectiveness of subsequent 
heat-treatment processes aimed at reducing segregation, promoting recrystallization, and improving 
mechanical isotropy. 
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3.2. Microstructure After Heat Treatment 

Application of post-processing heat treatments resulted in substantial modification of the as-built 
microstructure, with the extent of transformation strongly dependent on the specific thermal route employed. 
Representative microstructures for the different conditions are shown in Figures 2–4, highlighting the 
evolution from a highly directional, segregated structure to a more homogeneous, recrystallized morphology. 

Under the HT1 condition, which involves high-temperature exposure without pressure assistance, the 
microstructure exhibits clear evidence of recrystallization. The previously elongated grains are replaced by 
equiaxed grains containing a high density of annealing twins, indicating that grain boundary migration has 
occurred during thermal exposure. Despite this transformation, residual heterogeneity remains, suggesting 
that diffusion was sufficient to initiate recrystallization but not to eliminate compositional gradients fully. 

  
XZ-Plane XY-Plane 

 

Element Weight% Atomic% 

C K 24.06 64.64 

Ti K 0.68 0.46 

Cr K 10.87 6.75 

Fe K 1.51 0.87 

Ni K 26.90 14.79 

Nb L 35.99 12.50 

Precipitates at the grain boundary 

Figure 2. Microstructure of LPBF IN625 after HT1 treatment showing recrystallized equiaxed grains with annealing twins and 
Nb-rich carbide precipitates identified by EDS analysis. 

  
(HT2) 
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(HT3) 

XZ-Plane XY-Plane 

Figure 3. Comparison of microstructures for HT2 and HT3 conditions in LPBF IN625, illustrating retention of directional grain 
morphology after HIP-only processing and formation of a recrystallized equiaxed grain structure following combined thermal 
and HIP treatment. 

  
(HT4) 

  
(HT5) 

XZ-Plane XY-Plane 

Figure 4. Optical microstructures of LPBF IN625 following HT4 and HT5 heat-treatment conditions, showing recrystallized 
grain structures with variations in grain size and annealing twin density resulting from different thermal exposures. 

The HT2 condition, consisting of HIP processing without prior high-temperature stress relief, shows 
comparatively limited microstructural change. Although porosity reduction is expected under these 
conditions, the grain structure retains much of the columnar morphology observed in the as-built state. This 
indicates that the applied thermal cycle during HIP alone does not provide sufficient driving force for the 
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nucleation and growth of new grains, and that the stored strain energy from the as-built condition is not 
fully released in the absence of prior thermal exposure. 

In contrast, the HT3 condition, which combines stress relief followed by HIP, produces a fully 
recrystallized microstructure characterized by equiaxed grains with a relatively uniform size distribution. 
The elimination of the columnar grain structure indicates that the sequential application of thermal exposure 
and pressure-assisted processing enhances diffusion and facilitates complete recrystallization. This 
condition also results in a more homogeneous distribution of alloying elements, reflecting a significant 
reduction of microsegregation. 

Microstructural observations further reveal the presence of discrete precipitates following heat treatment. 
Energy-dispersive spectroscopy (EDS) analysis of these features indicates enrichment in niobium and carbon, 
consistent with the formation of NbC-type carbides. The absence of significant molybdenum enrichment 
distinguishes these particles from the Laves phase, which typically exhibits combined Nb–Mo enrichment. 
This distinction is important, as NbC carbides are thermodynamically stable and contribute to grain boundary 
strengthening, whereas the Laves phase is generally associated with embrittlement. The observed transition 
from interdendritic Laves phase in the as-built condition to more stable carbide precipitation after heat 
treatment reflects the influence of diffusion-driven redistribution of alloying elements. 

The HT4 and HT5 conditions, which incorporate higher-temperature solution annealing steps, also 
produce recrystallized grain structures; however, differences in grain size and twin density are evident. The 
increased thermal exposure promotes grain growth, resulting in coarser microstructures than HT3. While 
these conditions further reduce segregation, excessive grain coarsening may compromise mechanical 
properties by diminishing grain-boundary strengthening. 

The observed microstructural evolution can be interpreted in terms of thermally activated diffusion and 
recrystallization kinetics. Initial heat treatment reduces residual stresses and enables atomic mobility, while 
subsequent high-temperature exposure facilitates dissolution of segregated phases and promotes grain 
boundary migration. The addition of HIP enhances densification and accelerates homogenization by 
increasing the driving force for diffusion. As a result, combined processing routes such as HT3 are more 
effective in transforming the as-built microstructure into a uniform, isotropic condition. 

Overall, the results demonstrate that the sequence and combination of thermal treatments play a critical 
role in controlling grain morphology, phase distribution, and chemical homogeneity. Among the 
investigated conditions, HT3 provides the most balanced microstructural refinement, effectively 
eliminating directional features while avoiding excessive grain growth. 

3.3. Grain Size Measurement 

Quantitative assessment of grain size was conducted to evaluate the extent of microstructural 
transformation induced by the different heat-treatment conditions. Measurements were performed on 
sections extracted in both the build direction (XZ plane) and the transverse direction (XY plane) to capture 
potential orientation-dependent variations resulting from the LPBF process. 

Grain size determination was carried out using the linear intercept approach in accordance with ASTM 
E112 [53]. Multiple regions within each sample were analyzed to ensure representative sampling, and 
intercept counts were obtained over several fields of view. The calculated values were averaged to determine 
the mean grain size for each condition, and statistical variability was assessed from repeated measurements. 

The precision of the measurements was quantified using percent relative accuracy (%RA), calculated 
from the 95% confidence interval relative to the mean grain size. The %RA values ranged from approximately 
2.7% to 3.2%, indicating high measurement reliability. These values fall well within the acceptable limits 
defined by ASTM E112, confirming that the reported grain sizes are statistically meaningful. 

The results, summarized in Table 3, show that the as-built condition is characterized by a highly 
anisotropic grain structure, with elongated grains aligned along the build direction and relatively finer 
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features in the transverse plane. Following heat treatment, substantial changes in both grain morphology 
and size are observed, depending on the processing route used. 

Among the evaluated conditions, HT3 produces the most uniform grain structure, corresponding 
approximately to ASTM grain size number G6 in both orientations. The similarity in grain size between 
the XZ and XY planes indicates that the recrystallization process effectively eliminates the directional grain 
morphology established during LPBF processing. In contrast, the HT2 condition shows only limited 
modification relative to the as-built state, confirming that HIP alone does not significantly alter grain 
structure in the absence of prior thermal activation. 

The HT4 and HT5 conditions, which involve higher-temperature exposure, result in coarser grain 
structures due to enhanced grain growth. While these conditions further reduce microsegregation, the 
increase in grain size reflects the balance between recrystallization and subsequent grain coarsening under 
prolonged thermal exposure. 

The influence of grain size on mechanical behavior can be interpreted in terms of dislocation–grain 
boundary interactions. A finer and more uniform grain structure increases the density of grain boundaries, 
which act as barriers to dislocation motion, thereby enhancing strength while maintaining ductility. The 
HT3 condition, which yields a refined, isotropic grain structure, therefore provides a favorable combination 
of mechanical properties, as observed in subsequent tensile testing. 

In addition, the reduced variation in grain size across different orientations in the HT3 condition further 
supports the conclusion that the applied heat-treatment sequence effectively minimizes microstructural 
anisotropy. This uniformity contributes to the consistent mechanical response observed in both build and 
transverse directions. 

Table 3. Grain size values for LPBF IN625 under different heat-treatment conditions, reported for build (XZ) and transverse 
(XY) orientations, illustrating the influence of processing route on grain refinement, uniformity, and anisotropy reduction. 

Orientation XZ-Plane XY-Plane 
HT1 4.5 5.0 
HT3 6.0 6.0 
HT4 4.0 4.5 
HT5 4.5 5.0 

3.4. Room Temperature Tensile Test 

The tensile response of specimens processed under the HT3 condition at ambient temperature is 
summarized in Figure 5. The reported values correspond to the average of four independent tests for each 
orientation, and the associated standard deviation remained below ±5% for all measured properties, 
indicating high repeatability. 

At room temperature, the material exhibits an ultimate tensile strength of approximately 880 MPa and 
a yield strength of approximately 390 MPa. These values exceed the minimum requirements typically 
specified for additively manufactured IN625 and approach those of conventionally processed material. In 
addition to strength, the elongation to failure exceeds 50%, indicating substantial ductility. 

A key observation is the negligible difference in tensile properties between specimens extracted along 
the build direction (XZ) and those extracted along the transverse direction (XY). This uniformity in 
mechanical response indicates that the HT3 heat-treatment sequence effectively mitigates the anisotropy 
associated with the as-built condition. The elimination of directional grain morphology and reduction of 
microsegregation contribute to this behavior. 

The combination of high strength and ductility can be attributed to the refined, homogeneous 
microstructure formed during post-processing. The presence of equiaxed grains increases the resistance to 
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localized deformation, while the reduction of segregated phases minimizes potential sites for crack initiation. 
As a result, the material exhibits a balanced mechanical response suitable for structural applications. 

 

Figure 5. Variation of yield strength, ultimate tensile strength, and elongation with temperature for HT3-treated LPBF IN625, 
demonstrating mechanical behavior from room temperature to 700 °C in both orientations. 

3.5. Elevated Temperature Tensile Test 

The tensile behavior at 540 °C was evaluated, with the results also presented in Figure 5. As with the 
room-temperature measurements, the reported values represent the mean of four specimens, with standard 
deviation values below ±5%, confirming consistency in the measured response. 

At this temperature, the ultimate tensile strength decreases to approximately 735 MPa, while the yield 
strength is reduced to approximately 270 MPa. This reduction in strength relative to room temperature is 
consistent with thermally activated deformation mechanisms, where increased atomic mobility facilitates 
dislocation motion. 

Despite the decrease in strength, the elongation remains high, approaching 55%, indicating that the 
material retains significant ductility at elevated temperatures. The similarity in mechanical behavior 
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between the XZ and XY orientations persists under these conditions, further confirming that the isotropic 
microstructure produced by the HT3 treatment is stable at elevated temperatures. 

The retention of ductility is associated with the absence of brittle secondary phases and the presence 
of a uniform grain structure. The recrystallized microstructure promotes homogeneous deformation, while 
the reduced chemical segregation minimizes localized stress concentrations under load. 

3.6. Elevated-Temperature Tensile Curve Between Room Temperature and 700 °C 

The variation in mechanical properties as a function of temperature is illustrated in Figure 5, which 
consolidates tensile results obtained from room temperature up to 700 °C. Across this range, both yield 
strength and ultimate tensile strength show a gradual decline with increasing temperature, reflecting the 
reduced resistance to plastic deformation under thermally activated conditions. 

An exception to this trend is observed near 600 °C, where a localized increase in strength is evident. 
This behavior is attributed to dynamic strain aging, a phenomenon associated with interactions between 
diffusing solute atoms and mobile dislocations. These interactions temporarily restrict dislocation 
movement, leading to an increase in flow stress within a specific temperature range. 

At temperatures above this regime, strength decreases more rapidly as thermal softening becomes 
dominant. In contrast, elongation generally increases with temperature, indicating enhanced ductility due 
to increased dislocation mobility. A slight reduction in elongation is observed within the temperature range 
associated with dynamic strain aging, consistent with localized strain-hardening effects. 

Importantly, the mechanical response remains nearly identical in both build and transverse orientations 
across the entire temperature range. This behavior confirms that the microstructural uniformity achieved 
through the HT3 processing route is maintained under varying thermal conditions. The combination of 
stable strength, high ductility, and minimal anisotropy demonstrates the effectiveness of the selected post-
processing strategy in producing a reliable and performance-consistent material. 

4. Conclusions 

The present work examined the influence of multiple post-processing heat-treatment routes on the 
microstructural development and mechanical behavior of LPBF-fabricated Inconel 625. The results 
demonstrate that the selection and sequence of thermal treatments play a decisive role in modifying the as-
built microstructure and determining the resulting mechanical response. 

In the as-built condition, the material exhibits a highly directional grain structure, a cellular 
substructure, and significant elemental segregation. The enrichment of niobium in interdendritic regions 
promotes the formation of Nb-rich phases, which are associated with reduced ductility and contribute to 
anisotropic mechanical behavior. 

Application of post-processing treatments leads to substantial microstructural transformation. Among 
the investigated conditions, the combined stress-relief and HIP sequence (HT3) is the most effective in 
promoting recrystallization, resulting in a uniform equiaxed grain structure and a significant reduction in 
compositional heterogeneity. This condition also facilitates the transformation of Nb-rich segregated phases 
into more stable carbide precipitates, thereby improving microstructural stability. 

Grain size measurements confirm that the HT3 condition yields a refined, orientation-independent 
grain structure, indicating that the directional characteristics introduced during LPBF processing are 
effectively eliminated. In contrast, treatments involving HIP alone show limited influence on grain 
morphology, highlighting the importance of prior thermal activation in enabling recrystallization. 

Mechanical testing demonstrates that the microstructural refinement achieved under the HT3 condition 
leads to a favorable combination of strength and ductility. The material exhibits high tensile strength at 
room temperature and substantial elongation, while maintaining consistent behavior in both build and 
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transverse orientations. At elevated temperatures, strength decreases as expected; however, the material 
retains significant ductility and exhibits stable performance over the temperature range investigated. 

The temperature-dependent response exhibits a localized increase in strength near intermediate 
temperatures, attributed to dynamic strain aging arising from interactions between solute atoms and 
dislocations. Despite this effect, the overall mechanical behavior remains consistent and predictable. 

Collectively, the results indicate that appropriately designed post-processing strategies can effectively 
transform the LPBF-induced microstructure into a homogeneous, isotropic state. The HT3 processing route, 
in particular, provides an optimal balance between recrystallization, phase stability, and mechanical 
performance, making it a suitable approach for applications requiring reliable structural behavior over a 
wide range of service temperatures. 
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