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Abstract  

Ni-based superalloy components for high-temperature applications rely on the long term stability of the 

microstructure and mechanical properties at service temperatures. Nowadays, the production of such 

types of components is frequently performed via Additive Manufacturing (AM) technologies. 

Nevertheless, few studies are dedicated to understanding the behavior of AM Ni-based superalloys upon 

prolonged exposure to high temperatures. This work aims at studying the effect of prolonged thermal 

exposures on the microstructure and mechanical properties of Inconel 625 processed by laser powder 

bed fusion. Thermal exposures within the range of 600 °C and 900 °C for 200 hours were performed on 

this material. The as-built and solution annealed Inconel 625 conditions were selected. The solution 

annealed state implies a complete chemical homogenization, typically recommended for working at high 

temperatures, whereas the initial as-built state is characterized by segregations and fine dendritic 

structures. Upon the studied prolonged thermal exposures, the peculiar as-built microstructure formed a 

higher quantity of phases with smaller dimensions with respect to the solution annealed condition under 

thermal exposures. The smaller phases of the as-built state resulted in similar mechanical properties 

evolution under different temperatures. Differently, the prolonged heat-treated solution annealed 

conditions exhibited more marked mechanical properties variations due to coarser phases. 

Keywords: Laser powder bed fusion; Inconel 625; Ni-based superalloys, mechanical properties, δ 

phases. 

1.0 Introduction 

Laser powder bed fusion (LPBF) is an additive manufacturing process nowadays widely applied 

for the production of different metallic complex parts due to its exceptional net-shape manufacturing 

capability [1–4]. This technology can be especially attractive for processing Ni-based superalloys having 

limited machinability [5,6]. 
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Among the processed LPBF Ni-based superalloys, materials with high weldability, such as 

Inconel 718 and Inconel 625 (IN625), typically exhibit low residual porosities, whereas materials with 

low weldability such as CM247LC and Inconel 738 tend to suffer from cracks formation [7–10]. 

Moreover, even Hastelloy X alloy characterized by good weldability could suffer from crack 

susceptibility when processed by LPBF process [11–14]. 

Considering the current LPBF Ni-based superalloys, IN625 alloy presents good mechanical 

properties at high temperatures, correlated to remarkable high oxidation and corrosion resistance in harsh 

conditions (up to around 980 °C) [15,16].  

Upon high temperatures exposure, the alloy is subjected to phases formation accompanied by 

mechanical properties modifications. Several studies on the effect of different prolonged thermal 

exposures on the microstructure and mechanical properties of traditional heat-treated IN625 alloy were 

reported [17–22]. In these works, the evolution of the phases is demonstrated to be the critical factor 

governing the mechanical properties of the alloy. The formation of metastable γˮ phases (Ni3Nb – body-

centered tetragonal) results in the mechanical enhancement of the alloy around 550 °C – 750 °C, whereas 

the formation of its stable form, δ phases (Ni3Nb – orthorhombic), is detrimental for ductility and 

toughness. Especially, prolonged thermal exposures within 650 °C - 900 °C lead to the marked formation 

of δ phases, reducing the material ductility. Moreover, embrittling intermetallic Laves phases (hexagonal 

structures – (Cr,Fe,Ni)2(Si,Ti,Nb,Mo)) and different types of carbides (MC, M6C, and M23C6 types) 

under thermal exposures can be formed [18,22,23]. 

However, the microstructure of LPBF IN625 is extremely different with respect to the traditional 

wrought IN625, influencing its properties as well as its microstructure evolution under thermal 

exposures. Nowadays, the primary studies have been focused on the microstructure and properties of the 

LPBF IN625 in as-built and heat-treated conditions.  

For instance, the LPBF IN625 is characterized by higher corrosion resistance than wrought IN625 

state [24,25]. This can be attributed to the presence of sub-micrometric dendritic/cellular structures with 

interdendritic segregations (mainly Nb and Mo) [26–29]. These microstructural features derive from the 

rapid solidification (cooling rates around 105-106 °C/s [9,30]).  

Different studies highlighted the role of segregations in LPBF IN625 on phases formation for 

short thermal exposures. As for the stress relieved LPBF IN625, it was demonstrated that the typical 

temperature (870 °C) induces the fast kinetic of δ phases formation with respect to the heat-treated 
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wrought IN625 alloy, due to the interdendritic segregations [31–33]. In order to reduce the high residual 

stresses and to limit the concentration of the embrittlement δ phases, an alternative stress relieving 

treatment at 800 °C was also investigated [31,32]. In particular, Lass et al. [33] studied the effect of the 

typical stress relieving temperature (870 °C) for different soaking times. Through transmission electron 

microscopy analysis, the authors of this study pointed out that thermal exposures for 8 hours could form 

γˮ phases along with δ phases at interdendritic regions. Based on the traditional literature on IN625 alloy, 

a similar thermal exposure should not generate γˮ phases [16,18].  

Recrystallization annealing and solution annealing treatments can be performed to homogenize 

the material dissolving the segregations, as well as to induce grain modifications. The studies revealed 

that, upon such heat treatments, recrystallization occurs with the formation of equiaxed grains with small 

carbides (e.g., MC or M6C carbides) [26,27,34–36]. Kreitcberg et al. [34] investigated the formed phases 

of LPBF IN625 subjected to different heat treatments, including recrystallization annealing and solution 

annealing treatments, correlating the resulting microstructure with the tensile properties. The dimensions 

and type of the phases strongly depend on the chemical composition of the starting powder, as well as 

on the temperature, time, and cooling rates employed. 

Considering that IN625 is typically employed at high temperatures, it is crucial to investigate its 

microstructure under prolonged thermal exposures. Nevertheless, only recently, the research has been 

paid attention to the study of microstructure and mechanical properties evolution of LPBF IN625 alloy 

under prolonged thermal exposures. For instance, Inaekyan et al. [36] reported the tensile properties of 

post heat-treated LPBF IN625 upon thermal exposures at 760 °C and 980 °C for 100 hours assessed 

against the original states.  

Therefore, particular emphasis should be given on investigating microstructure, and mechanical 

properties of post heat-treated LPBF IN625 alloy, simulating the operative temperature of the 

components. Moreover, the microstructure evolution induced by different levels of chemical 

homogenization should also be considered.  

For these reasons, in this work, to study the effect of the prolonged thermal exposures on LPBF 

IN625, two conditions with different levels of chemical homogenization were selected and compared. 

The as-built condition, which is characterized by segregations and the solution annealed state with 

homogenous chemical composition. The results pointed out the different microstructure and tensile 

properties development. 
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2.0 Material and methods  

2.1 Starting IN625 powder 

Gas atomized IN625 powder supplied by EOS GmbH was employed. The chemical composition of the 

used powder was analyzed by scanning electron microscope (SEM, Phenom XL) equipped with an 

energy dispersive spectroscopy (EDS) detector. The C was determined by means of combustion infrared 

analysis (using LECO – analyzer). The evaluated chemical composition (Table 1) resulted in being under 

the chemical composition described in the UNS N06625. 

 

Table 1 –Chemical composition (in wt %) obtained by EDS analysis and combustion infrared analysis (for carbon). 

Ni Cr Mo Fe Nb Co Si Ti Al C 

66.1 19.3 8.6 0.6 4.1 0.1 0.4 0.4 0.4 0.012 

 

The particles mainly exhibited quite spherical shapes with the presence of satellites, as displayed in 

Figure 1. The particle size distribution was characterized by a d10 of 16 μm, d50 of 27 µm and d90 of 

48 μm obtained using laser granulometry diffraction with a Fritsch Analysette 22 Compact model. 

 

Figure 1 - SEM image of particles of IN625 alloy 
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2.2 Samples characterization   

Cubic samples with dimensions of 15 x 15 x 15 mm3 and cylindrical specimens with a length of 

110 mm and a diameter of 15 mm were built along the building direction. The samples were fabricated 

using an EOS M270 Dual mode version under argon atmosphere with the building platform kept at 80 

°C, applying specific process parameters aiming at minimizing the residual porosity. A laser power of 

195 W, scanning speed of 1200 mm/s, hatching distance of 0.09 mm, and layer thickness of 0.02 mm, 

using the EOS laser scanning rotation of 67° were applied. These operating process parameters were 

employed in previous studies [26,35]. 

A part of the cubic samples and cylinders were solution annealed at 1150 °C for 2 hours, followed 

by water quenching, as typically recommended for this alloy [37,38]. Subsequently, the as-built samples 

and the solution annealed samples (abbreviated hereafter as AB and SOL, respectively) were subjected 

to thermal exposures from 600 to 900 °C for 200 hours. All the heat treatments were carried out in a 

muffle furnace, followed by water quenching to freeze the high-temperature microstructure. The 

investigated thermal exposures are reported in Figure 2. 

 

Figure 2 – Schematic diagram of the investigated prolonged heat-treated conditions performed on the initial AB 

and SOL states. 

The samples were cut along the building direction, then ground by means of silicon carbides (SiC) 

papers, and finally polished down to 1 µm using diamond suspensions. This orientation was chosen to 

observe the columnar grains of the AB conditions. Differently, the SOL states present equiaxed grains 

both along the building direction and perpendicular to the building direction. For microstructural 

observations, the samples were etched with Kalling’s No.2 reagent. The microstructure was analyzed by 
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a light optical microscope (LOM - Leica DMI 5000 M), a scanning electron microscope (SEM, Phenom 

XL), and a field emission scanning electron microscope (FESEM - Zeiss SupraTM40) equipped with 

energy dispersive spectroscopy (EDS) detector. The formation of phases was examined by X-ray 

diffraction (XRD, PANalytical) with Cu Kα radiation at 40 kV and 40 mA in a Bragg Brentano 

configuration operating with a step size 0.013 and 25 s per step. 

It should be noted that the formed phases for the samples subjected to thermal exposures at 600 

°C and 700 °C were determined by the time-temperature-transformation (TTT) diagram of the alloy 

coupled to the typical morphology of the phases reported in the literature. More in detail, for IN625 alloy, 

this temperature range promotes mainly the formation of γˮ phases (with spherical or elliptical shapes) 

and δ phases (with acicular forms) [16,18,22,23,39]. On the other hand, for the prolonged thermal heat-

treated samples at 800 °C and 900 °C, the identification of the phases was also supported by 

FESEM+EDS and XRD analyses due to superior sizes and large phases concentration. 

Finally, tensile tests were performed using a Zwick-Roell BT1 - FR100 at room temperature, 

applying a strain rate of 8.10−3s−1. For the tensile tests, cylindrical samples were machined to prepare 

tensile specimens under the ASTM E8/E8M-09. For each condition, in order to provide an average value 

and standard deviation, three tensile specimens were employed. The samples were built along the 

building direction. 

3.0 Results and discussion 

3.1 AB and SOL conditions overview 

The microstructure of LPBF IN625 samples consisted of a network of very fine dendritic architectures 

with columnar and cellular shapes distributed throughout all the melt pools, as displayed in Figure 3a. 

Typically, these structures reach dimensions approximately up to 1 µm [26,29,30]. The largest dendrites 

are mainly close to the melt pool contours. This peculiar microstructure derived from the rapid 

solidification of the LPBF process (around 106 °C/s [9]). 

During solidification, the dendritic regions solidify faster than the interdendritic areas, and these 

last areas tend to be highly enriched in segregating elements, being mainly Nb and Mo, in the case of 

IN625. A similar microstructure can strongly affect the formation of the phases, especially those 

containing Nb. This chemical element plays a primary role in the formation of the main precipitates, the 

metastable strengthening γˮ phase, as well as its stable form, the embrittled δ phase. 

On the contrary, the SOL treatment dissolves the dendritic structures and the melt pools, 

homogenizing the chemical composition as well as involving recrystallization and grain growth, leading 
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to the formation of equiaxed grains (Figure 3b). Additionally, the SOL microstructure reveals the 

presence of sub-micrometric carbides that decorate the material. A detailed description of the AB and 

SOL states is provided in a previous investigation [26]. 

 
 

Figure 3 – (a) SEM image of AB state showing the very fine dendritic architectures; (b) FESEM image of SOL 

state exhibiting sub-micrometric carbides. Kalling’s No.2 reagent was used. 

3.2 Microstructure evolution under prolonged thermal exposures  

Figure 4 shows the microstructure evolution of AB and SOL states upon thermal exposure ranging from 

600 to 900 °C for 200 hours.  

The AB material revealed columnar grains extended through several melt pools along the building 

orientation (z-axis). After thermal exposures at 600 °C, the microstructure was very similar to the AB 

state, without exhibiting any precipitation of phases that could be detected by LOM analysis. On the 

other hand, phases started decorating the grain boundaries after thermal exposures at 700 °C, 800 °C, 

and 900 °C. However, no large intragranular phases were detected even at these temperatures. Moreover, 

within the studied prolonged thermal exposures, it is worth underlining that recrystallization phenomena 

did not occur and that the melt pool dissolution occurred only for temperatures exceeding 700 °C. 

Equiaxed grains with annealing twin boundaries constitute the SOL microstructure along z-

orientation. After thermal exposures at 600 °C, precipitates gradually tended to decorate the grain 

boundaries. During the investigation, it was observed that the average size of grains remained constant 

under the prolonged thermal exposures, probably due to the presence of intergranular precipitates 

hindering their growth. Additionally, remarkable intragranular coarse precipitation occurred for thermal 

exposures at 800 °C and 900 °C. It is worthwhile to note that the SOL+900 °C exhibited the presence of 

elongated precipitates (also reaching length around 50 µm), almost crossing the grains, giving the illusion 

of the formation of small grains. 
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Figure 4 – LOM images of prolonged heat-treated LPBF IN625 material: AB and SOL conditions heat-treated at 

600°C, 700 °C, 800 °C and 900 °C for 200 hours. Kalling’s No.2 reagent was used. 
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Figure 5 displays the microstructure evolution of the AB and SOL conditions heat-treated at 600 

and 700 °C for 200 hours. Intense precipitation of γˮ phases is evident. The AB+600 °C state (Fig. 5a 

and b) revealed γˮ phases of about 200 nm close to grain boundaries and within interdendritic areas. 

Moreover, nanometric γˮ phases at the dendritic core that are regions depleted in Nb could be detected. 

The SOL+600 °C state (Fig 5c and d) exhibited nanometric γˮ phases dispersed throughout the material 

with the larger ones located along the grain boundaries and reaching a length of around 600 nm. 

As for the AB+700 °C state (Fig 5e and f), intergranular and interdendritic δ phases together with 

homogeneously dispersed nanometric γˮ phases were detected. As far as the SOL+700 °C state (Fig 5g 

and h) is concerned, the formation of intergranular δ phases mainly occurred. However, isolated 

intragranular δ phases were also reported. Furthermore, high magnification images (Fig. 5h) highlighted 

the formation of fine γˮ phases. 

Comparing the dimensions of the phases detected in AB and SOL states upon prolonged thermal 

exposures, it is interesting to note that the SOL+600 °C state revealed larger intergranular γˮ phases than 

the AB+600 °C one, and that the SOL+700 °C state revealed coarser δ phases than the AB+700 °C one. 

This can be ascribed to the homogenous availability of Nb within the matrix in the solution annealed 

state. On the contrary, the AB state is characterized by a high amount of Nb entrapped in the interdendritic 

areas, thus limiting the amount of Nb available for the phases formation. 
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Figure 5 - SEM and FESEM images of prolonged heat-treated AB and SOL for 200 hours: (a and b) AB+600 °C, 

(c and d) SOL+600 °C, (e and f) AB+700 °C, (g and h) SOL+700 °C. The samples revealed the presence of γˮ 

phases as indicated by yellow circles and yellow arrows as well as δ phases highlighted by yellow arrows. Kalling’s 

No.2 reagent was used. 
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Figure 6 shows the microstructure evolution of the AB and SOL conditions thermally exposed at 

800 and 900 °C for 200 hours, with δ phases pointed out in the images. The thermal exposures at 800 °C 

and 900 °C drastically modified the microstructure of the two initial states. For the AB states (Fig. 6a, b, 

e, and f), the microstructure revealed the formation of inter/intragranular δ phases throughout the 

material. The prolonged thermal exposure on SOL states (Fig. 6c, d, g, and h) produced the formation of 

the largest detected δ phases within the grains. Comparing the microstructures of the samples exposed to 

these high test temperatures with those exposed to lower temperatures, it is evident that the kinetics of 

nucleation and growth of the δ phase change with temperature. The SOL+800 °C (Fig. 6c and d) exhibited 

a larger number of δ phases nuclei, coupled to their slower growth rate, with respect to the SOL+900 °C 

(Fig. 6g and h).  

Comparing the AB and SOL microstructure evolution under thermal exposure, the SOL state 

presented the homogenous distribution of Nb within the alloy allowing the growth of δ phases throughout 

the whole material. On the contrary, for the AB state, the formation of δ phases occurred in the 

interdendritic and grain boundaries areas enriched in Nb. 
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Figure 6 - SEM and FESEM images of prolonged heat-treated AB and SOL samples for 200 hours: (a and b) 

AB+800 °C, (c and d) SOL+800 °C, (e and f) AB+900 °C and (g and h) SOL+900 °C. The samples revealed the 

presence of δ phases as indicated by yellow arrows. Kalling’s No.2 reagent was used. 
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3.3 Phases detection 

Based on the TTT diagram of the alloy and the morphology of the precipitates observed in the 

SEM/FESEM investigation, the majority of the formed phases can be ascribed to γˮ phases for thermal 

exposures at 600 °C and γˮ phases and δ phases for thermal exposures at 700 °C [16,18,22,23,39]. Only 

a very low quantity of carbides could be formed considering the very low level of C in the starting powder 

(Table 1). Moreover, a minor formation of Laves phases could occur.  

For all the conditions, the XRD patterns (Fig. 7) revealed the peaks of the austenitic matrix (γ 

matrix). Additionally, it was possible to detect the peaks of δ phases for the AB+800 °C, AB+900 °C, 

SOL+800 °C, and SOL+900 °C samples. On the contrary, for samples thermally exposed at a temperature 

of 700 °C, the δ phases concentration was below the detection threshold of the instrument.  

For thermal exposed LPBF IN625, the XRD peaks of δ phases (012) and (211) were also detected 

in the literature [31,33]. 

 

Figure 7 –XRD patterns of the prolonged thermal exposure conditions from 600 to 900 °C along the building 

direction (z-axis).  
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From the intensity of the peaks of the δ phases (Fig. 8) of the AB+800 °C, SOL+800 °C, AB+900 

°C, and SOL+900 °C, it is possible to estimate the quantity of the δ phases. The results revealed a higher 

intensity for the prolonged heat-treated AB states than for the prolonged heat-treated SOL ones. This 

indicates a larger fraction of phases for the prolonged AB states, that can be ascribed to a large number 

of sites for the initial phases nucleation, which are constituted by the interdendritic areas and grain 

boundaries. The precipitates growth is limited by the presence of areas depleted of Nb, due to its 

inhomogeneous distribution in the AB samples, as observed by the SEM/FESEM analyses. On the other 

hand, the prolonged thermal exposed SOL states, present a lower amount of this phase, which tends to 

grow more rapidly, achieving larger final dimensions than the AB state. The reason for such behavior 

lies in the very homogeneous chemical composition throughout the whole matrix.  

 

Figure 8 - zoom of XRD patterns of the peaks of δ phases for the AB+800 °C, AB+900 °C, SOL+800 °C, and 

SOL+900 °C. 

The formation of δ phases was also supported by the EDS analysis performed on the prolonged 

heat-treated conditions at 800 °C and 900 °C displayed in Figure 9. The EDS scan lines revealed that the 

acicular phases were enriched in Nb with an almost constant level of Ni compared to the matrix, thus 

indicating a high concentration of Nb and Ni within the phases. These are the main forming chemical 

elements of δ phase, which highlighted its formation. 
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Figure 9 - EDS scan lines performed on the prolonged heat-treated states; counts per seconds (cps). 

3.4 Tensile properties  

The tensile properties of the initial AB and SOL conditions and prolonged thermal exposed 

conditions are provided in Figure 10 and Table 2. 

The prolonged heat-treated conditions revealed an increment of the tensile strengths (yield and 

ultimate tensile strengths) coupled to a decrement of the elongations at failure with respect to the AB and 

SOL state, respectively. The trend of the mechanical properties resulted to be different caused by the 

different microstructure evolution of AB and SOL states.  

For the AB states, the AB+600 °C and the AB+700 °C conditions the increment of tensile strength 

can be attributed to the formation of γˮ phases, which is the main strengthening phase for IN625 alloy 

[18,40]. Even if the AB+800 °C did not show γˮ phases, the tensile properties result to be similar to the 

AB+700 °C due to the high amount of δ phases (as indicated by XRD analysis in Fig. 7). The AB+900 

°C state reports an inferior increment of tensile strengths compared to the other prolonged heat-treated 

AB conditions. The δ phases formation indeed tends to increase the tensile strength, but the high thermal 

exposure (900 °C) dissolved the interdendritic structures, reducing the tensile strength. The presence of 

phases formation provoked a reduction of the ductility, while the dendritic dissolution of the AB+900 °C 
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conditions limited the ductility degradation with respect to AB+600 °C, AB+700 °C and AB+800 °C 

conditions. 

For the SOL conditions, after thermal exposures at 600 °C and 700 °C occur the generation of γˮ 

phases. The maximum tensile strengths were achieved at 700 °C derived from the high precipitations of 

γˮ phases. The SOL+800 °C and the SOL+900 °C states present lower mechanical strengths than the 

SOL+600 °C and the SOL+700 °C conditions. This can be correlated to the large dimensions of δ phases 

within the samples. For the SOL+800 °C and the SOL+900 °C, the large sizes of the δ phases conditions 

are displayed in the FESEM images (Fig. 6).  

It is interesting to note that the presence of segregations of the AB state, tends to involve similar 

mechanical properties for a temperature range of 600 - 800 °C. On the other hand, the SOL state presents 

homogenous chemical distribution giving the possibility to generate larger phases, and therefore, 

involving greater mechanical properties modifications under the same temperature range. 

 

Figure 10 – Tensile properties of AB, SOL, and prolonged heat-treated conditions. The tensile properties are 

abbreviated as yield strength (YS), ultimate tensile strength (UTS) and elongation at failure (ɛf). 
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Table 2 – Average value and standard deviation of the tensile properties of the AB, SOL, and prolonged thermal 

exposure conditions; samples were built along the building direction (z-axis).  The tensile properties are reported 

as yield strength (YS), ultimate tensile strength (UTS) and elongation at failure (ɛf).   

LPBF IN625 Condition  YS (MPa) UTS (MPa) ɛf (%) 

AB [35] 618 ± 33 891 ± 5 40.7 ± 0.5 

AB+600 °C 940 ± 9 1137 ± 8 28.4 ± 2.5 

AB+700 °C 879 ± 12 1104 ± 4 29.4 ± 1.0 

AB+800 °C 896 ± 5 1110 ± 7 30.1 ± 1.2 

AB+900 °C 669 ± 4 977 ± 2 36.6 ± 3.7 

SOL [35] 379 ± 9 851 ± 3 54.5 ± 1.1 

SOL+600 °C 694 ± 12 1100 ± 19 42.8 ± 2.7 

SOL+700 °C 817 ± 18 1187 ± 25 31.5 ± 1.1 

SOL+800 °C 670 ± 7 1028 ± 2 39.0 ± 1.6 

SOL+900 °C 450 ± 8 920 ± 4 46.0 ± 1.5 

 

3.5 Fracture surfaces  

The fracture surfaces of the initial (AB and SOL) and prolonged heat-treated conditions are 

reported in Figure 11. The brittle fractures that may arise from the intergranular phases are indicated by 

red arrows, while the small dimples associated with ductile fractures are highlighted by yellow dash 

arrows. Under thermal exposures, the AB and SOL samples revealed the increment of brittle fractures 

due to the formation of the phases. It is well known the embrittling influence of δ phases as well as a 

high concentration of γˮ phases [41] 

For AB+600 °C, the cracks were involved by the presence of interdendritic and intergranular γˮ 

phases. For the AB+700 °C derived from both γˮ and δ phases. For AB+800 °C and AB+900 °C states, 

the intergranular δ phases could be the main crack initiators. The SOL samples exhibited extended ductile 

features with a lower amount of brittle portions with respect to the AB samples. Under prolonged thermal 

exposures at 600 °C, the fracture surface did not show marked alterations due to the fine size of the 

intergranular γˮ phases. However, the SOL+700 °C revealed a very large quantity of brittle fractures and 

number of secondary cracks due to δ phases and high concentration of γˮ phases. This is also evident by 

the marked ductility degradations with respect to the other prolonged thermal exposed SOL states. For 

the SOL+800 °C and SOL+900 °C, the fracture exhibits some brittle areas associated with large δ phases. 
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Figure 11 - SEM images of the fracture surfaces of AB, SOL, and different prolonged heat-treated states. Dimples 

indicated by yellow dash arrows while the brittle fractures are pointed out by red arrows. 
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The fine dimples of the fracture surfaces are better highlighted in SEM images provided in Figure 12. 

For the SOL+800 °C and SOL+900 °C states, there are more areas without dimples due to the presence 

of larger δ phases involving more extensive brittle fractures compared to the AB +800 °C and AB+900 

°C conditions. 

 

Figure 12 - SEM images revealing areas with dimples (indicated by yellow dash arrows) associated with ductility 

fractures of the AB, SOL, and different prolonged heat-treated states. 

4.0 Conclusions  

The microstructure and mechanical stability of AB and SOL states under prolonged thermal 

exposures from 600 °C to 900 °C for 200 hours were investigated. Thermal exposures at 600 °C promoted 

the formation of γˮ phases. Additionally, 700 °C resulted in the formation of mixed γˮ and δ phases, 

while higher temperature (800 °C and 900 °C) generated the predominant formation of δ phases. The 

thermally exposed AB states revealed larger numbers but smaller size of δ phases if compared to the 

prolonged thermal exposure SOL states. This can be ascribed to the inhomogeneous chemical 

composition of the AB state, which presented areas depleted of Nb, thus limiting the growth of phases. 

The tensile properties revealed different evolution for the AB and SOL conditions under thermal 

exposures for 200 hours. For the AB conditions, the tensile strength and ductility degradations resulted 

to be similar under thermal exposures from 600 °C to 800 °C. This derives from the reduced growth of 

the phases induced by the presence of segregations. Differently, the AB+900 °C state revealed the 

dissolution of dendritic structures resulting in more marked mechanical properties variations. On the 

other hand, the SOL state presented a homogenous chemical distribution, which exhibited more 
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significant mechanical properties variations under all the prolonged thermal exposures. In fact, the 

abundance of Nb homogenous distributed within the alloy allowed the growth of the phases under 

thermal exposures. 

The current work highlights how a different level of chemical homogenization can impact the 

generation and growth of the phases as well as the mechanical properties. 
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