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Abstract
Additive manufacturing of Inconel 625 components attracts great interest due to its ability to produce parts with complex 
geometries that are needed for high-temperature applications in the aerospace, energy, automotive and chemical industries. 
To take full advantage of the potential of additive manufacturing, an in-depth understanding of the effects of prolonged 
high-temperature annealing on microstructure and hardness evolution is needed. Previous research in this field has mainly 
focused on a limited range of temperature and time. This study aims to determine the effect of prolonged high-temperature 
annealing on the evolution of intermetallic phases and carbides, as well as changes in the dislocation substructure of Inconel 
625 superalloy additively manufactured by laser powder bed fusion subjected to stress relief annealing and subsequent iso-
thermal annealing at a temperature up to 800 °C for 5–500 h. The microstructure development is correlated with hardness 
behaviour. It is determined that the microstructure evolution proceeds in four stages with temperature and time increase. 
In the initial stress-relieved condition, a cellular microstructure with nano-sized precipitates of the Laves phase and NbC 
carbides at the cell walls occurs, and hardness is equal to 300 HV10. In the 1st stage of the microstructure evolution, the γ'' 
phase particles precipitate on the cell walls, which results in hardening up to 383 HV10 in the specimen annealed at 700 °C 
for 5 h. The 2nd stage involves the precipitation of the γ'' phase both on the cell walls and inside the cells, as well as the 
formation of dislocation networks, which contribute to the softening effect and hardness drop to 319 HV10. In the 3rd stage, 
at temperature 700 and 800 °C, the δ phase,  M23C6 carbides, and the Laves phase precipitate and grow, and the subgrain 
boundaries are formed. The hardness is in the range of 340–350 HV10 and is higher than in the 2nd stage. In the 4th stage, 
as the annealing time is increased at a temperature of 800 °C, the δ phase and  M23C6 carbides coagulate, and the Laves phase 
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particles spheroidize or partially dissolve. Very intense precipitation and growth of the hard δ phase particles provide an 
increase in hardness to 402 HV10. As a result of systematic studies, the various strengthening and softening mechanisms 
acting during high-temperature annealing are determined.

Graphical abstract

Keywords Inconel 625 · Additive manufacturing · γ'' phase · δ phase · Carbides · Hardness

1 Introduction

Inconel 625 is one of the most popular nickel-based super-
alloys used for additive manufacturing by laser powder-bed 
fusion (LPBF). It exhibits high strength, excellent corrosion 
resistance under harsh environments at both ambient and 
high temperature up to 800 °C, as well as creep resistance 
and good weldability [1]. Due to this combination of prop-
erties, the alloy is widely used for components operating 
in a temperature range of 550 °C to 800 °C, such as heat 
exchangers and turbine parts for aerospace and energy appli-
cations, as well as devices for the automotive and chemical 
industries [2]. Inconel 625 components manufactured by 
LPBF attracted great interest due to the elimination of diffi-
culties associated with subtractive machining and the ability 
to produce parts with complex geometries [3]. In addition, 
the LPBF process allows for the fabrication of dense prod-
ucts with optimal architectures, complicated morphologies 
and surface integrity [4]. To reduce internal stresses after 
manufacturing, Inconel 625 LPBF is routinely subjected to 
stress-relief annealing at a temperature of 870 °C or 980 °C 
for 1 h. The higher temperature corresponds to the condi-
tions applied for conventionally manufactured Inconel 625 
and allows significant stress reduction without changing the 

microstructure [5]. The microstructure of Inconel 625 LPBF 
differs significantly from that of wrought superalloy and 
consists of layers containing rapidly solidified melt pools. 
The grains within the melt pools show a very fine cellular 
microstructure. The cell interiors have been established to 
be rich in Ni and Cr, while Nb and Mo segregate into the 
cell walls [6] and promote the nucleation of precipitates. 
Moreover, the dislocation splits form on cell walls [7].

Research on Inconel 625 LPBF is often focused on 
aspects related to processing factors and their effects on the 
material’s properties, while its microstructure issues are less 
thoroughly studied. However, to the authors’ knowledge, 
there is limited information on the evolution of precipitates 
and the dislocation substructure, which may favour the deg-
radation of the mechanical properties and corrosion resist-
ance of Inconel 625 LPBF under operating conditions.

For wrought Inconel 625 it has been found that under 
various conditions of temperature and annealing time the 
following precipitates can occur: γ''  (Ni3Nb, tetragonal, 
I4/mmm), δ  (Ni3Nb, orthorhombic, Pmmn) and Laves 
((Si,Ti,Nb,Mo)(Cr,Fe,Ni)2, hexagonal, P63/mmc), MC 
(NbC, cubic, Fm 3 m),  M23C6 ((Cr,Mo)23C6, cubic, Fm 3 m), 
and  M6C ((Cr,Si,Ni)6C, cubic, Fd 3 m) [8]. Extensive stud-
ies on the effect of the secondary phase precipitates on the 
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mechanical properties of wrought Inconel 625 have revealed 
that hardness and tensile strength are significantly improved 
by the precipitation of the γ'' and δ phases [9].

Regarding Inconel 625 LPBF, the characterization of pre-
cipitates in the as-built and stress-relieved superalloy has 
been addressed in several studies, such as Tian et al. [5], 
Marchese et al. [10], Zhang et al. [11] and Hyer et al. [12]. 
The presence of nano-precipitates of the intermetallic γ'', δ 
and Laves phases, as well as MC,  M23C6 and  M6C carbides 
have been reported [13]. Furthermore, Al-rich oxides were 
also observed, probably formed as a result of powder oxida-
tion [14].

The literature studies have shown that precipitates of the 
secondary phases significantly affect the corrosion resistance 
and hardness of Inconel 625 LPBF. It was revealed that the 
reduced high-temperature oxidation resistance of Inconel 
625 LPBF compared to its wrought counterpart is attrib-
uted to the low grain size [15] and the presence of the coarse 
secondary phases precipitates [16]. Also, corrosion resist-
ance tests of Inconel 625 LPBF in boiling ferric sulphate/
sulphuric acid [17] and 10% sulphuric acid [18] revealed 
that the deterioration of corrosion resistance results from 
a refined microstructure with Mo and Nb-rich precipitates, 
 Al2O3 particles, and additionally high dislocation density.

In turn, the precipitation hardening of the Inconel 625 is 
mainly achieved due to the precipitation of the nanometric 
γ'' phase particles [10]. It was also found that the hardness 
increases due to the precipitates of the δ phase [19]. For 
the successful application of Inconel 625 LPBF at high 
temperature, it is necessary to have a good understanding 
of the effect of the prolonged annealing on microstructural 
and hardness changes. However, characterization of the 
evolution of precipitates in the Inconel 625 LPBF after 
long-term high-temperature annealing has rarely been con-
ducted. Marchese et al. have examined the microstructural 
changes occurring in the solution annealed Inconel 625 
LPBF subjected to subsequent annealing in the tempera-
ture range of 600–900 °C for 200 h [20], as well as at 
650 °C for 2000 h [21]. The LPBF process was followed 
by solution annealing to achieve a homogeneous distri-
bution of the precipitates in the Inconel 625 superalloy 
during subsequent thermal exposure [20]. Nevertheless, it 
should be mentioned, that solution annealing leads to the 
recrystallization and disappearance of the cellular micro-
structure in Inconel 625 LPBF [19]. It was reported that 
annealing for 200 h at 600 °C resulted in the formation of 
the γ'' phase. After annealing for 200 h at a temperature of 
650 °C and 700 °C both the γ'' and the δ phases occurred, 
while at a higher temperature of 800 °C and 900 °C, plate-
like precipitates of the δ phase predominated. Further-
more, the prolonged exposure at 650 °C for up to 2000 h 
led to the coarsening of the γ'' phase particles and their 
gradual transformation into the δ phase. Simultaneously 

intergranular and intragranular precipitates of the δ phase 
coarsened. In addition, the evolution of the γ'' and δ phase 
precipitates was shown to lead to a continuous increase 
in hardness with an increase in exposure time at 650 °C. 
However, the γ'' phase strengthening effect is considerably 
stronger than that of the δ phase precipitates [14]. It is gen-
erally believed that the δ phase precipitation contributes 
to the deterioration of the ductility of Inconel 625 [22]. 
However, according to Suave et al. [23] when the δ phase 
particles are uniformly distributed throughout the grains, 
they can trigger the so-called “composite strengthening” 
phenomenon, and therefore their presence is advantageous 
in terms of hardness enhancement.

Meanwhile, data from the literature indicate that the cel-
lular microstructure is beneficial for improving the mechani-
cal properties of additively manufactured alloys compared 
to wrought alloys [11]. Therefore, it is also important to 
study the high-temperature evolution of the microstructure 
and hardness changes of Inconel 625 LPBF, which preserved 
the cellular microstructure before prolonged annealing, as 
in the case of as-built or stress relief annealing conditions.

Stoudt et al. [24] have examined the microstructure of 
Inconel 625 LPBF which, after manufacturing, was sub-
jected to isothermal annealing in a temperature range from 
650 to 1050 °C up to 168 h. Based on the microstructural 
analysis and thermodynamic calculations, they constructed 
a time–temperature-transformation (TTT) diagram com-
paring the presence of the δ phase in Inconel 625 LPBF 
and wrought. The precipitation kinetics of the δ phase in 
Inconel 625 was shown to be faster, which was attributed to 
Nb microsegregation into the cell walls.

In our previous study, the microstructural changes in 
Inconel 625 LPBF stress-relieved and subsequently annealed 
at 600 °C for up to 500 h were investigated [25]. Already 
after 5 h of annealing, the precipitation of the γ'' phase 
nanoparticles occurred. Subsequently, as the annealing was 
extended to 100 h and 500 h, the gradual dissolution of inter-
cellular areas occurred simultaneously with the enhanced 
precipitation of the γ'' phase particles. However, no δ phase 
particles were observed under these conditions.

Another study by the research group investigated the 
evolution of the δ phase precipitates in Inconel 625 LPBF 
subjected to stress relieving and subsequently annealed at 
a temperature of 700 and 800 °C for various times ranging 
from 5 to 2000 h [26]. Based on the quantitative analysis 
of the size and distribution of the δ phase precipitates, sig-
nificant differences in the kinetics of precipitation, growth, 
and coarsening at a temperature of 700 and 800 °C were 
reported. Precipitation intensity was shown to be higher at 
700 °C, while the more pronounced growth and coarsening 
of the δ phase particles occurred at 800 °C. The number 
density (NA) of precipitates does not change monotonically 
with the prolongation of annealing time, indicating that the 
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phenomena of precipitation, growth and coarsening occur 
simultaneously.

In addition to the δ phase particles, the intergranular 
precipitates of carbides and Laves phase have also been 
observed after exposure of Inconel 625 LPBF at high tem-
perature [26]. However, their evolution during long-term 
annealing has not yet been thoroughly investigated. There-
fore, in this work, broader studies on the evolution of pre-
cipitates that occur during long-term annealing of Inconel 
625 LPBF are performed.

Apart from the transformations of precipitates, the 
mechanical properties of LPBF-processed alloys are strongly 
influenced by rearrangements in the dislocation substructure 
at high-temperature exposure. Table 1 shows data of dislo-
cation density in different LPBF processed alloys, namely 
as-built IN738LC nickel-based alloy [27], the deformed as-
built 304L stainless steel [28] and the stress-relived followed 
by annealing Inconel 625 [25], estimated using different 
instruments and techniques. The differences between them 
are likely related to differences in alloy type, post-process 
heat treatment or plastic deformation.

The role of the dislocation substructure evolution and 
its influence on the mechanical properties of Inconel 625 
LPBF is poorly understood. TEM study of the stress-relieved 
Inconel 625 LPBF showed dense dislocation splits in cell 
walls, as well as high dislocation density within cells [14]. A 
recent analysis of the dislocation substructure in the stress-
relieved Inconel 625 LPBF was performed by Small et al. 
[29] using EBSD in a scanning electron microscope (SEM). 
They show that the formation of dislocation pile-ups at the 
subgrain boundaries leads to the minimization of elastic 

stress. Moreover, it was indicated that prolongation of the 
annealing time at 600 °C from 5 to 100 h and 500 h leads 
to a gradual destabilization of the intercellular walls and a 
decrease in the dislocation density in the cell interior as a 
result of the recovery process. Pinning of dislocations by 
the γ'' precipitates was also observed [25]. However, a more 
detailed analysis of dislocation configurations, including 
their interaction with precipitates and oxide inclusions, is 
missing.

Some research groups, such as Qui et al. [30], Xu et al. 
[27] and Liu et  al. [31], have shown that the improved 
strength of additively manufactured metallic components 
compared to the wrought components is associated with the 
effect of impeding the dislocation gliding by cell walls. On 
the other hand, Li et al. [32] and Smith et al. [28] postu-
lated that the superior properties are determined by the high 
mobile dislocation density inside the cells, while the disloca-
tion walls are not significant obstacles to their movement.

Due to the limited amount of data in the literature on 
the evolution of precipitates and dislocation substructure 
in the Inconel 625 LPBF, many questions remain regard-
ing the evaluation of their joint behaviour during high-tem-
perature annealing and the influence on hardness changes. 
The analysis of the literature indicates that both the evo-
lution of dislocation substructure at high temperature and 
the dislocation-precipitate interaction are little studied, and 
some of the published data are inconsistent. To our knowl-
edge, no one has performed the systematic transmission and 
scanning transmission electron microscopy (TEM, STEM) 
analysis of the dislocation substructure and the interaction 
of dislocations with precipitates in the Inconel 625 LPBF 

Table 1  Dislocation density 
reported in the literature for 
various additively manufactured 
metal alloys determined 
by transmission electron 
microscopy (TEM) and electron 
backscatter diffraction (EBSD) 
methods

Material and its condition Reference Measurement method Disloca-
tion density 
 [m–2]

Inconel 625 LPBF
subjected to stress-relief annealing

[25] TEM, line-intercept 3.65 ×  1014

Inconel 625 LPBF
subjected to stress-relief annealing
followed by annealing at 600 °C for 5 h

[25] TEM, line-intercept 2.77 ×  1014

Inconel 625 LPBF
subjected to stress-relief annealing
followed by annealing at 600 °C for 100 h

[25] TEM, line-intercept 2.55 ×  1014

Inconel 625 LPBF
subjected to stress-relief annealing
followed by annealing at 600 °C for 500 h

[25] TEM, line-intercept 1.68 ×  1014

LPBF IN738LC
as-built

[27] TEM, line-intercept 7.14 ×  1014

L-DED 304L stainless steel
as-built, deformed,
area far from the baseplate

[28] EBSD, geometrically 
necessary dislocation 
density GND

3.4 ×  1013

L-DED 304L stainless steel
as-built, deformed,
area near the baseplate

[28] EBSD, geometrically 
necessary dislocation 
density GND

4.3 ×  1013
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during long-term annealing at 700 °C and 800 °C. There-
fore, the aim of this work is a complex study of the effect 
of long-term high-temperature annealing on the evolution 
of intermetallic phases and carbides, as well as changes in 
the dislocation substructure of the Inconel 625 LPBF stress 
relief annealed at 980 °C for 1 h and subsequently annealed 
at a temperature of 700 and 800 °C for up to 500 h. The 
use of various electron microscopy methods allowed for an 
advanced detailed study of the microstructure evolution. 
Microstructural changes were discussed in relation to the 
results of the hardness measurements. As a result of the sys-
tematic study, the new knowledge on the effect of different 
mechanisms of strengthening and softening on the changes 
in hardness at high temperature was determined.

2  Material and experimental procedure

Cube-shaped specimens with sides of 15 mm (Fig. 1) were 
manufactured via the LPBF process using EOS NickelAl-
loy IN625 gas-atomized powder and EOS M290 machine 
(EOS GmbH, Germany). The process was carried out in an 
argon atmosphere and with the routine parameters recom-
mended by the manufacturer. The chemical composition of 

the Inconel 625 LPBF determined using spark optical emis-
sion spectrometry is given in Table 2.

As-built specimens were subjected to stress-relief anneal-
ing at a temperature of 980 °C for 1 h. Such conditions were 
chosen to ensure the reduction of residual stresses without 
changing the microstructure. The porosity of the stress-
relieved specimens was very low and was equal to 0.01%. 
Further, annealing was performed at a temperature of 700 
and 800 °C for 5, 100 and 500 h, followed by cooling in air. 
The values of the annealing temperature and time of the 
examined samples are given in Table 3.

Annealing conditions were chosen to examine the evolu-
tion of the microstructure at high temperature corresponding 
to the operating conditions of Inconel 625 parts in the aero-
space and energy systems. The annealing temperature and 
time were selected based on published data [7] and the pre-
liminary analysis of the Inconel 625 LPBF microstructure, 
demonstrating the existence of the δ phase,  M23C6 carbides 
and the Laves phase. This made it possible to investigate the 
evolution of all these phases simultaneously during high-
temperature annealing of Inconel 625 LPBF for up to 500 h.

Microstructural investigations were carried out using 
Light Microscopy (LM), Scanning Electron Microscopy 
(SEM), Transmission Electron Microscopy (TEM), as well 

Fig. 1  View of the Inconel 625 
LPBF cube-shaped specimen 
and its face parallel to the build 
direction

Table 2  The chemical 
composition of Inconel 625 
LPBF

Element Ni Cr Mo Nb Fe Si W Ti Mn Co Al C

Concentration
wt. %

bal 22.38 8.25 3.66 2.53 0.19 0.19 0.13 0.09 0.06 0.02 0.009

Table 3  Annealing conditions 
of the Inconel 625 LPBF 
samples

Annealing stage Stress-relief 
annealing

High temperature annealing

Temperature [°C] 980 700 800
Time [h] 1 5 100 500 5 100 500
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as Scanning-Transmission and High-Resolution Electron 
Microscopy (STEM, HRTEM). The LM analysis was per-
formed using the MM100 microscope (Opta-Tech, Poland). 
The SEM investigations were performed by means of 
InspectS50 (FEI, USA) equipped with energy-dispersive 
X-ray spectrometer (EDS) Octane Elect Plus (EDAX, USA) 
with the use of secondary and backscattered electrons (SE 
and BSE) detectors. The TEM, STEM and HRTEM analyses 
were utilized with the electropolished thin foils by using JEM-
2010 ARP and JEM-3010 microscopes (Jeol, Japan) as well as 
Tecnai Osiris equipped with a  ChemiSTEM™ system and Tec-
nai TF 20 X-TWIN microscopes (FEI, USA). Selected area 
electron diffraction (SAED) and calculated diffraction patterns 
obtained from HRTEM images by Fast Fourier Transform 
(FFT) were analysed with the use of JEMS v4.4230 soft-
ware (Pierre Stadelmann, JEMS-SAS, Switzerland). For the 
determination of the size of precipitates, ImageJ/Fiji software 
(National Institute of Health, USA) [33] was used. Since it 
was difficult to set a threshold for particles using automated 
image analysis, manual detection was applied.

The γ'' particles were measured on TEM dark-field 
images. The δ phase, carbides and Laves phases were meas-
ured using the SEM SE images for at least 1000 particles 
per specimen. The size of the disc-shaped γ'' and plate-like 
δ particles was estimated by the maximum Feret diameters 
 (Fmax), as a measure of their length. The precipitates of car-
bides and Laves phase located at grain boundaries could 
not be distinguished on the basis of morphology and were 
therefore measured together as a single class of particles. 
Their size was estimated on the basis of the equivalent cir-
cular diameter (ECD). The distribution of the particles was 
determined as the number of particles per unit area (NA).

Characterization of the dislocation substructure was per-
formed using the TEM bright-field (BF) and STEM high-
angle annular dark field (HAADF) imaging. To determine 
the Burgers vector of dislocations, the invisibility criterion 
g ∙ b = 0 was used for TEM images acquired under two-
beam diffraction conditions. Dislocation density was esti-
mated by using the line-intercept method.

The hardness measurements were performed by using 
the Vickers TUKON 2500 microhardness tester (Wolpert-
Wilson, USA) with a load of 10 N for 10 s. The average 
value was obtained from 30 indentations on each specimen.

3  Results and discussion

3.1  Evolution of precipitates during annealing 
at a temperature of 700 and 800 °C

The low magnification SEM SE images of the microstruc-
ture of the Inconel 625 LPBF annealed at a temperature of 
700 and 800 °C for 5, 100 and 500 h are shown in Fig. 2.

After annealing at a temperature of 700 °C for 5 h the 
microstructure of the melt pools and the cellular micro-
structure were preserved. Occasional breaks in the con-
tinuity of the intercellular boundaries were observed. 
Whereas, after annealing for 100 h and 500 h, the changes 
in the microstructure involving the disappearance of the 
melt pools and cells were associated with the precipita-
tion of secondary phases. Densely arranged particles with 
plate-like morphology precipitate within the grains. More-
over, precipitates with globular morphology are observed 
along grain boundaries. Further increasing of the anneal-
ing temperature to 800 °C led to a pronounced precipita-
tion of secondary phases already after 5 h of annealing. As 
the annealing time was increased to 100 h and 500 h, the 
precipitates occurred both in the grain interior and along 
the grain boundaries. Combining several electron micros-
copy techniques allowed a more detailed examination of 
the precipitates.

3.1.1  Precipitates of the γ'' phase

TEM analysis of the alloy’s microstructure after annealing 
at a temperature of 700 °C for 5 h revealed that the disc-
shaped γ'' phase particles precipitated preferentially at cell 
boundaries, as shown in the DF image in Fig. 3a. Simi-
larly, precipitation of the γ'' particles at the cell boundaries 
was observed after 5 h of annealing at a lower temperature 
of 600 °C [25]. This suggests that the dislocation pile-ups 
are the nucleation sites for the heterogeneous precipita-
tion of γ'' phase. Heterogeneous precipitation of the γ'' 
phase in wrought Inconel 625 at the subgrain boundaries 
or dislocation segments is favoured at a higher temperature 
around 700 °C and is preceded by homogeneous precipita-
tion [34]. The nucleation of the γ'' phase needs a sufficient 
concentration of Nb, which segregates into intercellular 
areas, and thus these are preferential nucleation sites [35]. 
This observation is consistent with the study of Anderson 
et al. [36]. The SAED pattern along the  [100]γ matrix zone 
axis contains three sets of diffraction spots from the [100], 
[010], and [001] zone axes of the γ'' phase (Fig. 3b). This 
indicates the presence of the three sets of γ'' particles pre-
cipitated on three orthogonal {001}γ planes according to 
the crystallographic orientation relationship between the γ 
and γ'' phases described by Sundararaman et al. [37]. Fig-
ure 3c shows the HRTEM image of the [100] oriented par-
ticle of the γ'' phase. The insert with an enlarged inverse 
FFT of the highlighted area of the γ–γ'' interface reveals 
that the tetragonal γ'' particle is coherent with the [010] 
oriented cubic γ matrix.

Based on the present study and our previous observations 
[20], it was determined that in the Inconel 625 LPBF stress 
relief annealed at 980 °C for 1 h and subsequently exposed 
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to high temperature, the γ'' precipitates occur in the tem-
perature range of 600–700 °C, and the onset of precipitation 
occurs already after 5 h. At 600 °C, the γ'' precipitates grew 
with increasing annealing time while extending the anneal-
ing time at 700 °C up to 100 h and further to 500 h resulted 
in their disappearance. Observations show that in Inconel 
625 LPBF the γ'' phase precipitates at a similar temperature 
range, but in a shorter time than in its conventional form, 
in which the first stages of precipitation occur after 10 h 
at 650 °C and the γ'' phase is present even after 2000 h at 
700 °C [9]. This is likely related to the microsegregation 
of Nb into intercellular areas, which results in a shortened 
diffusion pathway and thus accelerated precipitation and 
growth kinetics of the γ'' phase in Inconel 625 LPBF. Moreo-
ver, the precipitation of the γ'' particles coherent with the γ 
matrix contributes to the strengthening effect in Inconel 625 
[38]. The size of the γ'' particles after annealing at 700 °C 
for 5 h described by Fmax was in the range 4−48 nm and was 
similar to this after annealing at 600 °C for 5 h [25].

3.1.2  Precipitates of the δ phase

As shown in SEM images in Fig. 2, a pronounced change in 
the morphology and distribution of precipitates occurred in 
the alloy after annealing at 700 °C for 100 h and 500 h, as 
well as at 800 °C at all tested times (5 h, 100 h and 500 h). 
The precipitates of the metastable γ'' phase disappeared, 
and the stable δ phase was formed instead. Although the δ 
phase is thermodynamically more stable than γ'', the δ pre-
cipitation is predominantly preceded by γ'' [37]. In wrought 
Inconel 625, it has been observed that the δ phase precipi-
tates were mainly intragranular in the temperature range 
of 650–900 °C, while at 650–750 °C the γ'' and δ phases 
occurred simultaneously [23]. However, the co-existence of 
both phases was not observed in our specimens of Inconel 
625 LPBF. In addition, it has been shown that the stress-
relief annealing at 980 °C for 1 h effectively prevents the γ'' 
phase precipitation, so subsequent annealing at 700 °C for 
at least 100 h is necessary to obtain the δ phase.

Fig. 2  SEM SE images of Inconel 625 LPBF annealed at 700 °C and 800 °C for 5, 100 and 500 h, respectively. The build direction (BD) is indi-
cated by an arrow. Exemplary particles with plate-like and globular morphologies are marked in the inserts
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Figure 4 shows the exemplary HRTEM image of the 
plate-like δ phase precipitate with the corresponding FFT 
patterns of the γ and δ phases. The δ phase precipitates in 
the γ matrix according to the crystallographic relationship 
{111}γ ∥ (010)δ and ⟨110⟩γ ∥  [100]δ, which was determined 
for conventional Inconel 625 by Sundararaman et al. [37]. 
The interfaces of the δ phase parallel to the  [001]δ direc-
tion contain some steps. Meanwhile, at the end of the 

plate, parallel to the  [100]δ, the interface exhibits planar 
defects.

The literature [39] reports that the observed steps and 
planar defects correspond to interfacial dislocations and 
stacking faults, which accommodate the misfit in the 
interatomic distances in directions lying in the closely 
packed planes of the cubic and orthorhombic structures. 
The obtained results confirm that the δ phase precipitates 

Fig. 3  a TEM-DF image of the 
γ'' phase precipitates in Inconel 
625 annealed at 700 °C for 5 h 
with b the corresponding SAED 
pattern and its solution, as well 
as c HRTEM image with the 
enlarged inverse FFT of the 
marked γ–γ'' interface area
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are semicoherent with the γ matrix. The results of meas-
urements of the size and NA of the δ phase precipitates in 
Inconel 625 LPBF annealed at a temperature of 700 °C 
and 800 °C for up to 2000 h have been reported in our 
previous study [26]. For the specimens annealed at 700 °C 
and 800 °C for 5, 100 and 500 h analyzed in this work, 
the results are given in the Appendix, Table 1. At the 
temperature of 700 °C the δ phase starts to precipitate 
before 100 h of annealing. As the annealing temperature 
increases to 800 °C, the δ phase is already observed after 
5 h, thus its incubation period shortens. Initially, the δ 
phase precipitates along the grain boundaries, cell walls 
and melt pools contours, as can be seen in the SEM image 
of the specimen annealed at 800 °C for 5 h (Fig. 2). With 
increasing annealing time, mainly the intragranular pre-
cipitates of the δ phase are formed. Compared with the 
coarser microstructure of the wrought Inconel 625, in the 
LPBF manufactured specimens, precipitation and growth 
of the δ phase occurs under comparable temperature and 
time conditions. According to the literature data, in con-
ventionally produced Inconel 625 the δ phase can appear 
at a temperature of 700 °C after only 40 h, and at 800 °C 
even after 2 h [40]. Furthermore, Sundararaman et al. [37] 
reported that at a temperature below 800 °C the δ phase 
precipitates have smaller size and needle-like morphology 
with high  NA. At higher temperatures, the δ phase precipi-
tates are larger and of blocky or plate-like morphology, but 
with relatively small  NA, which is similar to the results for 
Inconel 625 LPBF.

3.1.3  Intergranular precipitates of carbides and Laves 
phase

In specimens annealed at 700 and 800 °C, carbides and 
Laves phase precipitates with a globular morphology were 
present along the grain boundaries (Fig. 2). The STEM-
HAADF image combined with the EDS spectral images 
of Inconel 625 LPBF in Fig. 5 shows that they are present 
near the δ phase particles and are mainly enriched in Mo 
and Si. Co-existence of such precipitates with the δ phase 
was also observed. Figure 6a–c show an example of a pre-
cipitated  M23C6 carbide particle with the corresponding 
SAED pattern, along with an HRTEM image and FFT pat-
terns of the γ matrix and  M23C6 carbide. The particle is 
in cube-on-cube orientation relationship with the matrix: 
{111}� ∥ {111}

M
23
C
6
 and ⟨110⟩� ∥ ⟨110⟩

M
23
C
6
 . As the parti-

cles are embedded in the γ matrix, EDS analysis could not 
reveal their exact composition. Quantitative EDS analysis 
indicates that the  M23C6 particles are mainly enriched in 
Mo, ranging from 25 to 33 at.%, while the matrix contains 
5 to 7 at.% Mo. The Nb and Cr contents in  M23C6 are very 
similar, ranging from 10 to 19 at.%. An increased amount 
of Si of about 8 at.% is also observed. Although the higher 
concentration of Mo than Cr could suggest the presence of 
 M6C carbides, diffraction analysis confirmed that these are 
 M23C6 carbides. 

Occasionally, TEM observation of specimens annealed at 
700 °C also showed elongated particles of irregular shape 
and modulated contrast, adjacent to the δ phase and  M23C6 
carbide precipitates (Fig. 7a). SAED analysis showed that 
these particles are the Laves phase precipitates (Fig. 7b). 
The high density of planar defects in the Laves phase was 
demonstrated by the fringes observed in TEM images and 
streaks of the diffraction spots in SAED patterns. EDS analy-
sis showed that such particles are mainly rich in Mo and Si, 
but may also contain γ-forming elements such as Ni, Cr and 
Fe. In the specimens annealed at 800 °C, the Laves phase 
precipitates were preserved even after 500 h. However, their 
morphology changed from irregular to globular (Fig. 7c, d). 
The tendency to change the morphology of the Laves phase 
from irregular to globular may be the result of its partial dis-
solution, which was observed in laser-cladded Inconel 625 
after annealing at 800 °C for 336 h [41] and already after 
4 h at 850 °C [42]. Laves phases are found in many binary 
alloys. However, in more complex alloys, Laves phase par-
ticles can contain significant amounts of other alloying ele-
ments or impurities and differ considerably in composition 
from a simple  AB2-type chemistry [43]. In Ni-based super-
alloys, higher levels of Nb, Mo and Si promote the forma-
tion of the Laves phase, which is consistent with our EDS 
microanalysis results in Inconel 625 LPBF.

As can be seen from the above results, distinguishing 
 M23C6 carbides from Laves phase particles requires TEM 

Fig. 4  HRTEM image of the δ phase precipitate in Inconel 625 
annealed at 800  °C for 100  h with the indexed FFT patterns of the 
marked γ and δ phase regions
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diffraction analysis. Unfortunately, the specimen area ana-
lyzed by TEM is too small to obtain statistically significant 
results for quantitative analysis of these particles. Therefore, 
SEM imaging was selected to obtain a sufficient number 
of measurements for good statistics. Since it was difficult 
to identify the carbides and Laves phase precipitates using 
SEM, they were treated together as intergranular particles 
in the quantitative image analysis. The results of their meas-
urements are given in Fig. 8 and in the Appendix, Table 2.

It was revealed that at 700 °C, extension of the anneal-
ing time from 100 to 500 h causes the mean ECD of inter-
granular particles to increase from 0.13 to 0.19 µm, while 
the  NA remains at the same level and equals 0.92 µm−2 and 
0.95 µm−2, respectively. This result shows that the precipita-
tion of new particles is inhibited and the evolution of  M23C6 
carbides and Laves phase precipitates occurs through their 
growth. At a higher temperature of 800 °C and a short time 
of 5 h, the mean ECD of the intergranular particles was 
lower than that of the specimens annealed at 700 °C and 
was equal to 0.10 µm. After a longer annealing at 800 °C for 
100 h, the mean ECD increased to 0.24 µm, while after 500 h 
it hardly changed and was equal to 0.23 µm. Consequently, 

as the annealing was extended from 5 to 100 h, the estimated 
 NA decreased from 1.45 to 0.36 µm−2. Longer exposure for 
500 h did not change it significantly and the  NA was equal 
to 0.33 µm−2.

It can, therefore, be concluded that presumably the simul-
taneous growth of  M23C6 carbides and dissolution of the 
Laves phase precipitates occurs in Inconel 625 LPBF at 
800 °C as the annealing time is increased from 5 to 100 h, as 
evidenced by the observed decrease in the  NA value. Longer 
exposure for 500 h did not result in a clear change in  NA, 
suggesting that the transition from growth to slow coarsen-
ing of the  M23C6 carbides occurs with further dissolution of 
the Laves phase precipitates (Fig. 7c, d).

Our study of the effect of temperature and annealing 
time on the evolution of  M23C6 carbides in Inconel 625 
LPBF shows a slightly different trend than reported in 
the literature for wrought and welded Inconel 625. Suave 
et al. [9] reported that in the wrought alloy  M23C6 carbides 
are constantly growing during annealing in the tempera-
ture range of 650–900 °C, while at higher temperature 
 M6C carbides occur. In comparison with the convention-
ally manufactured counterpart, in the Inconel 625 LPBF 

Fig. 5  STEM-HAADF image of the microstructure after annealing at 700 °C for 500 h and corresponding EDS spectral images showing chemi-
cal element distribution maps
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 M23C6 carbides precipitate at higher temperature and after 
a longer annealing time. Similar trend was observed by 
Dai et al. [44] in Inconel 625 welds. Furthermore, the dif-
ference in the precipitation behaviour of  M23C6 in LPBF 
manufactured and wrought or welded Inconel 625 can be 
influenced by the carbon content. In our specimens, the 
carbon content was 0.009 wt.%, and was similar to the 
Inconel 625 LPBF investigated by Stoudt et al. [24] and 
Son et al. [45]. However, the reported carbon content in 
wrought Inconel 625 was much higher, in the range of 
0.029–0.065 wt.% [46], which can promote easier precipi-
tation of carbides.

In turn, in the case of the Laves phase, the results of the 
microstructural analysis show that it is nucleated in the 
regions close to the δ phase and  M23C6 carbides. As the 
temperature and annealing time increase, the Laves phase 
gradually inhibits the growth of  M23C6 carbides. Never-
theless, the nucleation and growth of the Laves phase and 
 M23C6 carbides can result in Nb enrichment in neighboring 
areas of the γ matrix, and thus increased growth of the Nb-
rich δ phase. Such a coupled effect was previously observed 
in Inconel 625 welded joints [47].

3.2  Comparison of the evolution of precipitates 
in LPBF additively manufactured and wrought 
Inconel 625

Summarizing the results of the microstructural analysis of 
the evolution of precipitates in Inconel 625 LPBF after high-
temperature annealing, a time–temperature-transformation 
(TTT) diagram comparing the precipitation of secondary 
phases in LPBF additively manufactured and wrought 
Inconel 625 was proposed (Fig. 9). Compared to the TTT 
diagram proposed by Floreen et al. [48], as well as other 
studies of wrought Inconel 625 [23], the precipitation of the 
γ'' phase observed in our specimens of Inconel 625 LPBF 
occurs after a shorter time and in a similar temperature 
range. Similar γ'' phase precipitation behavior was revealed 
in Alloy 625 weld overlay [44], which had a microstructure 
similar to that of the additively manufactured Inconel 625.

However, in the case of the δ phase, as shown in Fig. 9, 
it occurs in Inconel 625 LPBF at a comparable or even 
higher temperature than in the conventionally produced 
alloy, but after a shorter period of time. The estimated 
area of the δ phase occurrence based on the experimental 

Fig. 6  a, b TEM-BF image and SAED pattern of the  M23C6 precipitate in Inconel 625 LPBF annealed at 800 °C for 500 h and c corresponding 
HRTEM image with FFT patterns of the γ matrix and  M23C6 carbide
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results obtained in our study and the work of Stoudt et al. 
[24] is consistent with each other and corresponds to the 
simulation conducted by Anderson et al. [36] and Lind-
wall et al. [40] for additively manufactured Inconel 625. 

Moreover, Stoudt et al. [24] showed that the δ phase at 
900 °C occurs in Inconel 625 LPBF already after 0.2 h of 
annealing. The coexistence of the γ'' and δ  Ni3Nb phases 
was not observed under the annealing conditions applied 
in our study, while in the wrought Inconel 625 they occur 
together in the temperature range of 650–700 °C, and in 
welds at 700–760 °C [44]. Further research is needed to 
examine the γ''→δ transformation in Inconel 625 LPBF.

The Laves phase and  M23C6 carbides were observed 
after annealing at 700 and 800 °C mainly at the grain 
boundaries. The temperature-time range of their occurence 
was close to that for the δ phase. Compared to the TTT 
diagram proposed by Floreen et al. [48] and the results 
reported by Suave et al. [9], in the Inconel 625 LPBF, the 
 M23C6 carbides precipitated after a longer time, while the 
Laves phase precipitated after a shorter time. Presumably, 
the accelerated precipitation of the Laves phase is associ-
ated with microsegregation of Nb and Mo in the inter-
dendritic areas. In contrast, the delayed onset of  M23C6 
carbides is most likely related to the lower carbon content 
in the Inconel 625 LPBF. Further annealing experiments 
and microstructural analysis are currently being performed 

Fig. 7  TEM-BF images and 
corresponding SAED patterns 
of the Laves phase precipitates 
in Inconel 625 LPBF high 
temperature annealed at: a, 
b 700 °C for 500 h, and c, d 
800 °C for 500 h

Fig. 8  The mean values of the ECD with error bars of their standard 
deviation, as well as the NA determined for intergranular precipitates 
of carbides and Laves phase in specimens annealed at a temperature 
of 700 and 800 °C
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to more accurately estimate the area of secondary phases 
occurrence in the TTT diagram of additively manufactured 
Inconel 625.

3.3  TEM and STEM characterization 
of the dislocation substructure

Figure 10a–c shows a typical dislocation substructure of 
stress-relived Inconel 625 LPBF. The cellular microstruc-
ture is associated with dense pile-up dislocations. In addi-
tion, mobile dislocations are present inside the cells. The 
estimated dislocation density is equal to 1.23 ×  1014  m−2. 
Often dislocations are piled up on the precipitates in the 
inter-dendritic regions. The interaction of dislocations with 
precipitates is clearly visible in the Fig. 10b, c. Inside the 
cells, the pinning of dislocations on the oxide inclusions, 
exhibiting dark contrast in the STEM-HAADF image, is also 
observed (Fig. 10c). Previous study has established that both 
the dislocation pile-up at grain boundaries and pinning on 
precipitates and inclusions contribute to the hardening of 
conventionally produced Inconel 625 superalloy [46]. There-
fore, it can be assumed that oxide dispersion strengthening 
also contributes to the strengthening of Inconel 625 LPBF.

Figure 10d–g shows TEM images of dislocations acquired 
at two-beam diffraction conditions using different operating 
reflections, which were used to determine the Burgers vec-
tors of mobile dislocations. The results are summarized in 
Table 4. The analysed dislocations D1, D2 and D3 are per-
fect ones with the Burgers vector b =  ± ½⟨110⟩ , and there-
fore gliding is the most likely way of deformation of Inconel 
625 LPBF at ambient temperature.

Figure 11a–f shows typical dislocation arrangements 
in specimens annealed at 700 and 800 °C. At the tempera-
ture of 700 °C for 5 h the cellular microstructure, and thus 

the dislocation pile-ups are stable (Fig. 11a). The cellular 
microstructure with piled-up dislocations in interdendritic 
areas, typical of Inconel 625 LPBF, is clearly visible in the 
insert in Fig. 11a. No significant changes were observed in 
the dislocation substructure compared to the stress-relieved 
Inconel 625 LPBF. After annealing at 700 °C for 100 h 
and at 800 °C for 5 h, residual fragments of the cellular 
microstructure were observed in the STEM (Fig. 11b, d). 
The disappearance of the cells led to a homogenization of 
the chemical composition between the interior and cell wall 
areas. Meanwhile, in the former cell walls, dislocation pile-
ups rearranged into dislocation networks, shown in enlarged 
scale in the inserts in Fig. 11b–d. This result indicates that 
the intensive, thermally activated stress relaxation process of 
Inconel 625 LPBF occurs under such annealing conditions. 
This phenomenon might be triggered by residual stresses as 
well as misfit or misorientation after the formation of new 
phases [49].

After prolonged annealing at 800 °C up to 500 h, the dis-
location networks disappear and the thin subgrain bounda-
ries form, which is visible in the white contrast in STEM-
HAADF images (Fig. 11e, f). Similar observations were 
also made by Parsa et al. [50] in additively manufactured 
CMSX-4 nickel-based superalloy. Moreover, sparse disloca-
tions and their pile-ups also form subgrains (Fig. 11c–f). An 
interaction between dislocations and the precipitates of the 
δ phase precipitated was also observed.

To sum up, the dislocation densities of Inconel 625 
LPBF annealed at a temperature of 700 °C and 800 °C for 
5, 100 and 500 h have values in a range of 3.1·1013  m−2 to 
2.24·1014  m−2, which are similar to those reported in differ-
ent LPBF processed alloys (Table 1). No dependence of the 
temperature and time of annealing on the dislocation density 
is observed at such conditions.

Fig. 9  Comparison of the time–
temperature-transformation 
(TTT) diagram of the LPBF 
and wrought Inconel 625. The 
data for conventional alloy 
marked with black lines are 
taken from [48]. The data for 
δ phase occurrence in Inconel 
625 LPBF marked by the brown 
dashed line are taken from [24]. 
The data on γ'' precipitates 
at 600 °C marked by the red 
dashed line are taken from our 
earlier work [25]. The dashed 
lines estimate the occurrence of 
phases based on our SEM and 
TEM microstructural analysis 
results
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Furthermore, despite the destabilization of the disloca-
tion substructure/cellular microstructure during annealing 
at 700 °C and 800 °C, a high density of mobile dislocations 
is still observed.

Our present results show the high stability the of dislo-
cation substructure of the Inconel 625 LPBF during long-
term high-temperature annealing at 700 °C and 800 °C. 

The dislocation density changes slightly between the 
selected time and temperature variants. Thus, it is likely 
that the dislocation density depends on the initial state 
of the microstructure associated with the process param-
eters, and consequently on the solidification rate of the 
melt pools. It should also be mentioned that the disloca-
tion density is significantly influenced by the temperature 

Fig. 10  Dislocation substructure in stress-relieved Inconel 625 LPBF: 
a high dislocation density inside cells and pile-up of dislocations at 
cell boundaries, b  interaction of dislocations with precipitates, c 
oxide inclusions; examples of precipitates and inclusions are marked 

with arrows, as well as dislocations observed using different operat-
ing reflections under TEM two-beam conditions: d g̅ [220 ]; e g̅ [200 ]; 
f g̅ [020]; g g̅ [220 ]. The dislocations selected to determine the Burg-
ers vector are denoted as D1, D2 and D3
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gradient, which depends on the distance of a given layer 
from the baseplate in the LPBF machine. It was shown 
in [28] that in L-DED 304L stainless steel, the dislocation 
density was higher at a shorter distance from the baseplate 
(Table 1). This phenomenon is obviously related to the 
difference in cooling rate during solidification, which is 
higher near the baseplate.

3.4  Scheme of the evolution of precipitates 
during high temperature annealing

Based on microstructural analysis, Fig. 12 shows the graphi-
cal scheme of the evolution of precipitates and dislocation 
substructure associated with cell boundaries during high-
temperature annealing. In the initial state after stress-relief 
annealing, there is a cellular microstructure with nano-sized 
precipitates of the Laves phase and NbC carbides at the cell 
walls. Subsequently, at the first stage of evolution in the 
temperature range of 600–700 °C, the γ'' phase precipitates 
on the cell walls. After long annealing in this temperature 
range, the second stage involves the precipitation of the γ'' 
phase both on the cell walls and inside the cells. In the third 
stage, during annealing at the temperature of 700 °C and 
above, precipitation of the δ phase,  M23C6 carbides, and the 
Laves phase occurs, and rearrangement of the dislocation 
substructure leads to the formation of subgrain boundaries.

As the annealing time is increased at a temperature of 
800 °C, in the fourth stage the δ phase and  M23C6 carbides 
coagulate, and the Laves phase particles spheroidize or par-
tially dissolve.

Table 4  Results of observing the visibility (v) or invisibility (i) of 
dislocations D1, D2 and D3 under two-beam conditions shown in 
Fig. 10d–g

g vector D1 D2 D3

220 v i i

200 v v v

020 v v v

220 i v v

b b = ½ [1 10] b = ½ [110] b = ½ [110]

Fig. 11  Dislocation substructure observed in STEM HAADF images of Inconel 625 LPBF after annealing at: a–c 700 °C for 5, 100 and 500 h; 
d–f 800 °C for 5, 100 and 500 h
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4  Hardness measurements

The hardness measurements were carried out on stress-relief 
annealed specimens, as well as subsequently subjected to 
annealing at a temperature of 600, 700 and 800 °C for 5 to 
500 h. The results of the hardness measurements are given 
in Fig. 13.

For the stress-relief annealed condition, hardness meas-
urements were performed in the planes parallel (XZ) and 
perpendicular (XY) to BD. The values were equal to 296 
and 305 HV10, respectively, confirming the hardness 

homogeneity of the Inconel 625 LPBF. On the basis of this 
result, subsequent hardness measurements of the annealed 
samples were made only in the XZ plane. The hardness of 
the stress-relief annealed Inconel 625 LPBF was similar to 
that of conventionally forged superalloy, which was in the 
range of 175–290 HV10 [47]. However, the producers of 
Inconel 625, such as Special Metals Corporation [48, 51] 
specify that the hardness in as-forged and subsequently 
heat treated condition is lower, in the range from 116 to 
240 HV10. It is also clear that the hardness of stress-relief 
annealed Inconel 625 LPBF was higher than after solution 
treatment, which was equal to 184 HV10 [9]. It is related to 
the presence of a fine-grained and cellular microstructure, 
which provides hardening, in contrast to the recrystallized 
condition after solution treatment.

The hardness increased with the prolongation of anneal-
ing time at a temperature of 600 °C up to 100 h, which was 
related to the intensification of precipitation hardening with 
fine γ'' particles. A similar trend of increasing the hardness at 
600 °C by the precipitation hardening due to precipitation of 
the nanometric γ'' phase particles was reported by Marchese 
et. al. [10] after direct aging, and also after annealing of the 
solution-treated Inconel 625 LPBF. However, after 500 h, 
the hardness decreased. The size of the γ'' particles was still 
tens of nanometres, and their distribution was similar to that 
after 100 h of annealing at 600 °C. Moreover, the γ'' particles 
remain coherent with the γ matrix. Therefore, the decrease in 
hardness is not related to the switch from the strengthening by 
the γ'' phase particles to softening caused by overaging [52]. 
At the same time, the solution strengthening of the γ matrix 
may decrease due to the precipitation of the Nb-rich particles 
of the γ'' phase. In turn, due to slight differences in the dislo-
cation density of the specimens annealed at a temperature of 
600 °C at various time (Table 1), the dislocation strengthening 
has no significant effect on hardness. Nevertheless, disloca-
tions pile-ups rearrangement into dislocation networks might 

Fig. 12  Graphic scheme of the evolution of precipitates and cell boundaries during high-temperature annealing of Inconel 625 LPBF

Fig. 13  The average hardness of Inconel 625 LPBF subjected to 
stress-relief annealing followed by annealing at 600 °C, 700 °C and 
800 °C for 5 h, 100 h and 500 h
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affect the softening after annealing at 600 °C for 500 h. There-
fore, the microstructural analysis allows us to conclude that 
the synergistic effect of the reduced solution strengthening, as 
well as softening caused by dislocation networks formation, 
possibly contributed to the decrease in hardness [20].

After annealing at a temperature of 700 °C for 5 h, the 
hardness increased significantly. This behaviour was caused 
by the γ'' phase precipitation hardening [44]. A similar effect 
for Inconel 625 LPBF annealed at 700 °C was observed by 
Marchese et al. [10]. Further increasing the annealing time 
resulted in a gradual decrease in hardness. It was mainly due 
to the γ''→δ transformation and the disappearance of cell 
boundaries associated with the rearrangement of the disloca-
tion substructure with the formation of networks, which con-
tributed significantly to the softening effect. Similarly, the 
effect of dislocation substructure rearrangement on hardness 
changes was noticed by Deng et al. [53] in LPBF stainless 
steels. Hardening from the precipitation of the  M23C6 car-
bides and the Laves phase, which occurred at this annealing 
stage was therefore low.

Annealing at a temperature of 800 °C for 5 h did not 
change the hardness compared to the initial state, despite 
significant differences in the microstructure, such as the 
disappearance of cell walls. Rearrangement of the cellular 
microstructure, which resulted in the formation of disloca-
tion networks, and consequent softening of the superalloy, 
may compensate for the hardening effect associated with the 
precipitation of the δ phase. Meanwhile, as the annealing 
time was increased to 100 h, the hardness increased. This 
effect may be related to the very intense precipitation and 
growth of the hard δ phase. Suave et al. [9] suggested that 
due to the large volume fraction of the δ phase precipitates 
the “composite strengthening” effect occurs, which is a fac-
tor that strongly influences hardness. In addition, the growth 
of  M23C6 carbides while dissolving the Laves phase provides 
an additional contribution to the hardness increase.

Furthermore, STEM-HAADF observations (Fig. 11e, f) 
revealed the formation of subgrain boundaries after anneal-
ing for 100 h and 500 h, which may also contribute to a fur-
ther increase in hardness [54]. This is evidenced by the high-
est hardness achieved in the specimen annealed at 800 °C for 
500 h. Studies involving more variants of annealing tempera-
ture and time are currently being carried out to investigate 
in detail the effect of different strengthening mechanisms on 
high-temperature hardness changes.

5  Conclusions

In this study, we conducted a detailed investigation of 
the microstructure and hardness changes of Inconel 625 
LPBF caused by annealing at a temperature relevant to its 

application in aerospace and energy systems. The develop-
ment of precipitates and dislocation substructure is corre-
lated with hardness differences that occur with increasing 
temperature and exposure time. The main findings can be 
summarised as follows:

• The initial microstructure of Inconel 625 LPBF after 
stress-relief annealing, showing pronounced segregation 
of Nb and Mo to cell boundaries and the formation of 
dense dislocation splits, leads to the hardness similar or 
even higher to literature data for wrought and heat-treated 
Inconel 625.

• Owning to the microsegregation of Nb into the cell walls, 
its diffusion path is shortened, and thus the precipitation 
of the γ'' and δ phases in Inconel 625 LPBF occurs in a 
similar temperature range, but after a shorter time than 
in its conventional form.

• In the same temperature and time range as the δ phase, 
the  M23C6 carbides and Laves phase precipitates are pre-
sent. Quantitative microstructural analysis indicated that 
an increase in annealing temperature and time can affect 
the simultaneous dissolution of the Laves phase and the 
growth of  M23C6 carbides.

• The dislocation substructure shows high stability during 
prolonged high-temperature annealing. The dislocation 
pile-ups, closely related to the cellular microstructure, 
partially disappear after annealing at 700 °C for 100 h. 
A further increase in temperature leads to the forma-
tion of dislocation networks, and consequently, subgrain 
boundaries. The density of mobile dislocations remains 
high.

• The evolution of the microstructure affects changes in 
hardness, which are related to differences in the dominant 
hardening mechanisms.

– Annealing at a temperature of 600 °C for up to 100 h 
and at 700 °C for 5 h results in precipitation harden-
ing with the γ'' phase. Longer annealing at 600 °C 
leads to the growth of the γ'' and destabilization of 
the cellular microstructure, associated with the for-
mation of dislocation networks, that cause a decrease 
in hardness.

– The decrease in hardness with increasing annealing 
time at 700 °C is mainly related to the γ''→δ trans-
formation and the loss of cellular microstructure.

– After annealing at 800 °C, a continuous increase in 
hardness appears with a maximum after 500 h, which 
is associated with the growth of the densely distrib-
uted δ phase particles and numerous precipitates 
of carbides along with the formation of subgrain 
boundaries.
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