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Abstract: Thanks to its high weldability, Inconel 625 (IN625) can be easily processed by laser powder
bed fusion (LPBF). After production, this alloy is typically subjected to specific heat treatments to
design specific microstructure features and mechanical performance suitable for various industrial
applications, including aeronautical, aerospace, petrochemical, and nuclear fields. When employed
in structural applications, IN625 can be used up to around 650 ◦C. This limitation is mainly caused by
the transformation of metastable γ” phases into stable δ phases occurring under prolonged thermal
exposure, which results in drastically reduced ductility and toughness of the alloy. Because the
microstructure and mechanical properties change during thermal exposure, it is essential to study
the material simulating possible service temperatures. In the current study, LPBFed IN625 samples
were solution-annealed and then subjected to thermal exposure at 650 ◦C for different times up to
2000 h. The characterization focused on the evolution of the main phases, γ” and δ phases, and
their influence on the hardness evolution. The microstructure and hardness of the heat-treated
LPBFed IN625 samples were compared with data related to the traditionally processed IN625 alloy
(e.g., wrought state) reported in the literature.

Keywords: LPBF; Inconel 625; thermal exposure; long exposure

1. Introduction

Inconel 625 (IN625) is a Ni-based superalloy, solid solution strengthened mainly
by the presence of Mo and Nb [1,2]. This alloy has been widely used in several fields
due to its excellent characteristics, including high corrosion and oxidation protection for
elevated thermal exposures in harsh environments as well as good tensile properties at
high temperatures [1,3]. In particular, this alloy has been used for aeronautical, aerospace,
petrochemical, and nuclear applications. For instance, IN625 can be used for reactor-core
and control-rod components in pressurized water reactors as heat exchanger tubes in
ammonia crackers plants. Moreover, this alloy can be employed for the plugs for the
exhaust parts in new generations of civil aero engines [4,5].

Under thermal exposures, the microstructure of IN625 alloy undergoes the formation
or growth of new phases and possible recrystallization phenomena, thus involving a
modification of its mechanical properties. For instance, the formation of new phases
commonly provokes a tensile strength increment coupled with a ductility decrease. For
this alloy, the primary precipitates are the body-centered tetragonal γ” (Ni3Nb), which is a
metastable phase and tends to evolve in the stable orthorhombic δ (Ni3Nb) phase under
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prolonged thermal exposures over 600 ◦C, Laves Phases (Cr,Fe,Ni)2(Si,Ti,Nb,Mo) with a
hexagonal structure, and different kinds of carbides such as MC, M6C, and M23C. The
formation of Laves and δ phases can drastically degrade the ductility of the material [1,6].

Regarding additive manufacturing (AM), laser powder bed fusion (LPBF) represents
one of the most used processes for producing IN625 alloy. LPBF allows for the fabrication
of complex shape components, and also for materials difficult to machine, such as Ni-based
superalloys [7–9].

Nowadays, the major studies on LPBFed IN625 have been related to process parameter
optimization and the effect of post-heat treatments to improve the mechanical performance
of the alloy [2,10–15]. The literature on LPBFed IN625 already pointed out that the thermal
history induced by the LPBF process involves a different microstructure compared with
the traditional processes [16–18]. Therefore, the microstructure and mechanical properties
evolution under thermal exposures should be well understood due to its main applications
at intermediate and high temperatures.

For traditionally processed IN625 (e.g., wrought and heat-treated), there are various stud-
ies on the microstructure evolution associated with prolonged thermal exposures [4,5,19,20].
Shankar et al. [4] examined samples of ammonia cracker tubes made of IN625 after service
condition for prolonged times at 600 ◦C for around 60,000 h, showing the increment of
tensile strength coupled to the ductility reduction due to phases formation such as γ” phase.
The same alloy presented the formation of δ phases after thermal aging at 650 ◦C for over
200 h. They also reported that solution annealing at 1150 ◦C for 30 min effectively dissolved
most of the phases except for the Nb-rich MC carbides. Suave et al. [5,6] investigated
in-depth the formation and evolution of the δ and γ” phases for different temperatures up
to 2000 h, proposing a time-temperature–transformation (TTT) diagram. They identified
the primary formation of γ” phase between 550 and 750 ◦C as well as the predominant
formation of δ phases between 650 and 900 ◦C, also reporting the micro-hardness evolution
of the alloy under different thermal exposures. For instance, a thermal exposure at 650 ◦C
involved a drastic micro-hardness improvement up to 1000 h due to the γ” phase forma-
tion. Afterward, prolonged thermal exposures over 1000 h provoked the transformation of
the intragranular γ” phase into δ phases, resulting in a slight micro-hardness reduction.
Malej et al. [19] reported a similar micro-hardness trend for hot-rolled IN625 at 650 ◦C up
to 2000 h, revealing micro-hardness improvement up to 1000 h and then a slight micro-
hardness reduction for 2000 h, due to the high quantity of δ phases transformed from the
γ” phases.

Regarding LPBFed IN625 alloy, in a previous study by the research group [21], the
microstructural evolution of IN625 in the as-built and solution-annealed states subjected to
various heat treatments for 200 h was studied. It was observed that solution annealing is
essential to guarantee a homogenous formation of phases throughout the alloy and that
the kinetics of phase formation is different with respect to the as-fabricated LPBF samples.
Gola et al. [22] investigated the microstructural evolution of post-annealed LPBF IN625
alloy under aging at 600 ◦C up to 500 h, showing progressive precipitation of γ” particles
without the formation of δ phases. Moreover, Stoudt et al. [18] reported that LPBFed IN625
presented a faster δ phase kinetic formation with respect to its wrought version under
thermal exposures.

The limited literature on prolonged thermal exposures of LPBFed IN625 points out
that in-depth investigations should be performed on this topic. For this reason, the current
study focuses on the impact of prolonged thermal exposure of LPBFed IN625 alloy on
the microstructure and hardness evolution. The samples were solution-treated to have
a homogeneous microstructure suitable for high-temperature applications and then ex-
posed to 650 ◦C for different holding times up to 2000 h. This temperature is commonly
considered the maximum operative temperature of IN625 for structural applications when
high mechanical properties are required. This temperature should involve the precipitation
of the γ” and δ phases, representing the key phases governing the microstructure and
mechanical properties of the alloy.
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2. Materials and Methods

In this study, samples were produced out of gas-atomized Inconel 625 powders sup-
plied by EOS GmbH. The powder chemical composition, in agreement with UNS N06625
and expressed in weight percentage, is reported in Table 1.

Table 1. Chemical composition of powders according to manufacturer datasheet.

Element (%) Cr Mo Nb Fe Ti and Al Co C Ta Si and Mn P and S

Amount (w%) 20–23 8–10 3.15–4.15 <5 <0.4 <1 <0.1 <0.05 <0.5 <0.015

As visible in Figure 1a, particles were mostly spherical and the particle size distribution,
with corresponding D10, D50, and D90 values (Figure 1b), is typical for AM applications.
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Figure 1. SEM image of the powder (a) and particle size distribution (b), where is reported the
volume distribution (red line) and the cumulative one (blue line).

An EOSINT M270 Dual Mode version, equipped with a Yb-fiber laser, was used to pro-
duce cubic samples measuring 15 mm per side. The building chamber was kept under argon
protection to avoid oxidation during the LPBF process. The parameters used for building
the sample were: a laser power of 195 W, a scan speed of 1200 mm/s, a hatching distance
of 0.09 mm, and a layer thickness of 20 µm. With these parameters, sample building was
performed using the EOS scanning strategy involving a 67◦ laser beam scanning rotation
between consecutive layers. These parameters allowed the production of dense samples
(relative density close to 100%), as reported in a previous investigation [23]. Afterward,
the samples were removed from the building platform via electro-discharging machining.
Then, the samples were solution-annealed at 1150 ◦C for 2 h and water quenched. This is a
standard heat treatment for IN625 components, which operate at high temperatures [24].
Finally, the extended thermal exposure test was carried out on the samples heat-treated at
650 ◦C for a holding time of up to 2000 h with intermediate observation steps after 200, 400,
600, 1000, and 1500 h. Each prolonged thermal exposure was performed on two samples.

The samples were cut along the building direction, and then metallographic prepara-
tion was performed by grinding the surfaces with SiC sandpaper and final polishing with
diamond suspensions. Secondly, the samples were chemically etched with Kalling N◦2 for
microstructural observation.

The shapes and dimensions of the grains were observed using a LOM-LEICA DMI
5000 M and a Leica MEF4 optical microscopes (Leica, Wetzlar, Germany). Finally, the phase
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formations were observed by a SEM-Zeiss EVO 15 scanning electron microscope and a FESEM
Zeiss Merlin field emission scanning electron microscope (Zeiss, Oberkochen, Germany).

Collected micrographs were processed with ImageJ, open-source software dedicated
to image analysis, allowing the measurement of γ” and δ phases. Five SEM images were
used to determine δ phases and to give a statistically meaningful particle assessment. At
least 500 precipitates per image were evaluated. The distinction between the two phases
was based on the measurement of particle aspect ratio; more precisely, particles with an
aspect ratio higher than four were considered δ needles.

On the other hand, the γ” phases present very small dimensions, and therefore, high
magnification FESEM images were collected, and 100 γ” particles were analyzed for each
condition. The identification was performed considering that the γ” phase exhibits a
spherical or elliptical shape, as reported in the literature. The identification of δ and γ”
phases based on their morphology was already reported in the literature [5,6,21].

XRD analyses were performed to study the γ matrix lattice parameter variations
due to the microstructure evolution. The instrument used for this purpose is an XRD
diffractometer-X-Pert Philips (Malvern Panalytical B.V., Almelo, Netherlands). The mea-
sures of the lattice parameter of the γ matrix for the various conditions were obtained from
the 2θ angle measures corresponding to the diffraction pattern peak positions. Finally,
the hardness was tested by means of Brinell hardness measurements HBW2.5/62.5 using
an EMCO TEST M4U durometer (EMCO-TEST Prüfmaschinen GmbH, Kuchl, Austria),
according to the ASTM E10 standard. Ten indentations per sample were performed on the
XZ cross-section.

3. Results and Discussion
3.1. Microstructure of the Initial Conditions

The as-built IN625 samples revealed the melt pools and columnar grains orientated
along the building direction (Figure 2a). These features were eliminated using the high-
temperature solution-annealing treatment at 1150 ◦C for 2 h, which also started a recrystal-
lization process. After solution annealing, the grains showed equiaxed shapes with average
dimensions of around 80 µm, even if some smaller or bigger grains could be detected
throughout the material (Figure 2b).
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Figure 2. LOM images of the chemical etched IN625: (a) in the as-fabricated version, (b) in the
solution-annealed condition.

As demonstrated in Figure 2, a solution-annealing treatment is essential to dissolve
the dendritic structures of the as-built material and to homogenize it. In addition, this heat
treatment generates an isotropic structure thanks to the elimination of columnar grains,
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typical of the as-fabricated LPBF state. Further details about the microstructure charac-
teristics of the as-built and solution-annealed conditions are reported in other scientific
papers [12,23].

3.2. Microstructure Evolution under Thermal Exposure

Figure 3 shows how the microstructure evolves during thermal exposure at low
magnification with a LOM.
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Figure 3. LOM pictures of samples after (a) 200, (b) 400, (c) 1500, and (d) 2000 h. Grain boundaries
become more evident as the thermal exposure time increases.

The micrographs demonstrate two phenomena: the exposure did not alter the grain
size, which remains the same over time with an average grain size of around 80 µm (Table 2).
Nonetheless, the grain boundaries became progressively more evident as the etching was
more efficient in dissolving the material.

Table 2. Average grain size measurement with the exposure time.

Exposure Time (h) Average Grain Size (µm)

200 81 ± 24
2000 83 ± 26
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The precipitation of secondary phases at the grain boundary could be the root hypoth-
esis to explain this condition, which will be further discussed in the following paragraphs.

3.2.1. Evolution of δ Phases under Thermal Exposures

In Figure 4, it is possible to observe the microstructural evolution of LPBFed IN625
as the exposure time increases, or more specifically, after being exposed for 200, 400, 1500,
and 2000 h, respectively. The phase formation and growth were assessed considering the
experimental results and the TTT diagram consultable in the literature [1,25,26].
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650 ◦C for: (a) 200, (b) 400, (c) 1500, and (d) 2000 h.

The etching was particularly severe at the grain boundaries. This fact was initially
observed in the LOM pictures (Figure 3) and can be explained considering that the Nb
diffusion is faster along the grain boundaries than within the grains. This condition allowed
faster precipitation of the δ phase, depleting the surrounding area from alloying elements
such as Nb, making these regions more prone to corrosion. After 200 h, the δ phase is
visible only in the grooves provoked by the chemical etching (Figure 4a). Moreover, the
etchant allows the observation of carbides inside the grains.

The needle-like δ phase is considerably larger in the grain boundaries, starting to form
a film around the grains after 400 h (Figure 4b). This is because the growth of these particles
is considerably faster than those of the γ” phase and carbides, which are relatively stable.
Moreover, some small needle-like δ phases became visible even within the grains.

Figure 4c displays LPBFed IN625 after 1500 h of thermal exposure. The intergranular
δ phases presented a size similar to the previous condition. On the other hand, the intra-
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granular γ” phases started transforming into δ phases, reaching average dimensions of
around 1 µm.

Finally, Figure 4d shows the final microstructure after 2000 h of thermal exposure.
The fraction and the size of δ phases within the grains increased considerably since the
γ” phases continued to transform towards δ phases. The δ phases tend to cover the grain
boundaries similarly to the previous step, also showing intragranular δ phases that reach
the grain boundary.

In Figure 5, the evolution of the δ particles is summarized, separating them depending
on nucleation and growth site. When particles were located at the grain boundary, they
were referred to as GBP particles, whereas intragranular particles were labeled as IGP.
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Figure 5. Evolution of δ phase precipitation along the grain boundaries (GBP) and inside the grains
(IGP) evaluated by image analysis.

The chart shows the length change of the major axis of δ particles, modeled as elliptical
particles. The most evident difference is the delay between the formation of δ phases in
these two areas of the material. More specifically, the precipitation of the δ phases within
the grain requires ca. 400 h before becoming appreciable due to a much slower diffusion
rate of Nb in the grain lattice. Also quite evident is the difference in the size of the δ phases,
from the micrographs and the chart. Furthermore, the faster Nb diffusion rate at the grain
boundaries actively promotes the coarsening of δ particles at the grain boundaries, which
is expected to be detrimental to the corrosion resistance and ductility of IN625. Finally, the
plateau-like plots also indicate a substantial slowing in the particle coarsening after 400
and 1500 h, respectively.

For IN625 in the wrought state, the initial formation of intergranular δ phases was also
reported after 200 h, whereas the transformation of the intragranular δ phase can occur after
around 1000 h [4,6,19]. Therefore, these results indicate that the microstructure evolution is
consistent with the traditional wrought version of the material.

3.2.2. Evolution of γ” Phase under Thermal Exposure

FESEM images at high magnification were acquired to observe the γ” particles, which
are well-known for being extremely small, i.e., with a diameter of less than 100 nm, as
shown in Figure 6.



Metals 2022, 12, 1916 8 of 12

Metals 2022, 12, x FOR PEER REVIEW 8 of 13 
 

 

 
Figure 5. Evolution of δ phase precipitation along the grain boundaries (GBP) and inside the grains 
(IGP) evaluated by image analysis. 

3.2.2. Evolution of γ″ Phase under Thermal Exposure 
FESEM images at high magnification were acquired to observe the γ″ particles, which 

are well-known for being extremely small, i.e., with a diameter of less than 100 nm, as 
shown in Figure 6.  

After 200 h (Figure 6a), the elliptical γ″ phase presented an average dimension of 31 
± 9 nm and then eventually coarsened to 46 ± 15 nm after 400 h (Figure 6b). Afterward, the 
intragranular γ″ phase started to transform into δ phases for 1000 and 2000 h (Figure 6c,d). 
This phenomenon was also reported in the literature for thermal exposure at 650 °C for 
traditional IN625 alloy [6,19] The dimensions of γ″ phase was 77 ± 20 nm and 83 ± 22 nm 
for 1000 and 200 h, respectively. These dimensions are also consistent with the work of 
Suave et al. [6] showing γ″ particles with dimensions of 67.4 nm and 93.5 nm in the 
wrought IN625 condition after thermal exposures for 1002 and 2012 h at the same temper-
ature, respectively. 

The homogenous distribution of the γ″ phases throughout the material highlights 
that the solution-annealing treatment effectively homogenizes the chemical composition 
and the LPBF material. 

  
(a) (b) 

Metals 2022, 12, x FOR PEER REVIEW 9 of 13 
 

 

  
(c) (d) 

Figure 6. FESEM images of samples after (a) 200, (b) 400, (c) 1000, and (d) 2000 h of prolonged ther-
mal exposure. 

3.3. Hardness and γ Lattice Parameter Evolution 
The hardness evolution is attributed to the formation of phases during prolonged 

thermal exposure at 650 °C (Figure 7). The abundant formation of the strengthening γ″ 
phases resulted in a drastic hardness improvement, which reached a value of 277 HBW 
after 200 h, i.e., corresponding to a 45% increment from the initial solution-annealed con-
dition. After this step, hardness slowly increased due to the formation of new γ″ phases 
and the growth of δ phases along the grain boundaries up to around 1000 h, reaching a 
value of 314 HBW. After 1000 h, there was still a limited hardness enhancement associated 
with the intragranular γ″ transformation into δ phases, thus reaching a value of 324 HBW 
for 2000 h of treatment.  

The strengthening effect of the δ phase is considerably less effective than that from 
γ″ phases. Nevertheless, the δ phase volume fraction rapidly increased during the long 
exposure, which is thought to have strongly contributed to the final hardness increment 
of the material. 

The results can be compared with the hardness evolution of hot-rolled IN625 alloy 
under prolonged thermal exposures for different temperatures up to 1000 h [20]. The so-
lution-annealed state was characterized by a hardness level of 232 HBW, meaning that 
hardness was slightly higher with respect to the starting condition presented in this study. 
This difference is more likely attributed to the heat treatment used for the hot-rolled ma-
terial. More specifically, Kohler [20] used a lower temperature and a shorter time during 
solution annealing, i.e., 1120 °C and 50 min, whereas in the current study, 1150 °C and 2 
h were used. For the hot-rolled condition, thermal exposure was performed at 600 and 700 
°C for 1000 h, which increased hardness to 311 and 296 HBW, depending on the exposure 
temperature. These values are close to the value obtained for the prolonged thermal ex-
posed LPBFed IN625 conditions for 1000 h in the current study (314 HBW). 
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After 200 h (Figure 6a), the elliptical γ” phase presented an average dimension of
31 ± 9 nm and then eventually coarsened to 46 ± 15 nm after 400 h (Figure 6b). After-
ward, the intragranular γ” phase started to transform into δ phases for 1000 and 2000 h
(Figure 6c,d). This phenomenon was also reported in the literature for thermal exposure at
650 ◦C for traditional IN625 alloy [6,19] The dimensions of γ” phase was 77 ± 20 nm and
83 ± 22 nm for 1000 and 200 h, respectively. These dimensions are also consistent with
the work of Suave et al. [6] showing γ” particles with dimensions of 67.4 nm and 93.5 nm
in the wrought IN625 condition after thermal exposures for 1002 and 2012 h at the same
temperature, respectively.

The homogenous distribution of the γ” phases throughout the material highlights that
the solution-annealing treatment effectively homogenizes the chemical composition and
the LPBF material.

3.3. Hardness and γ Lattice Parameter Evolution

The hardness evolution is attributed to the formation of phases during prolonged
thermal exposure at 650 ◦C (Figure 7). The abundant formation of the strengthening γ”
phases resulted in a drastic hardness improvement, which reached a value of 277 HBW after
200 h, i.e., corresponding to a 45% increment from the initial solution-annealed condition.
After this step, hardness slowly increased due to the formation of new γ” phases and the
growth of δ phases along the grain boundaries up to around 1000 h, reaching a value of
314 HBW. After 1000 h, there was still a limited hardness enhancement associated with the
intragranular γ” transformation into δ phases, thus reaching a value of 324 HBW for 2000 h
of treatment.
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The strengthening effect of the δ phase is considerably less effective than that from
γ” phases. Nevertheless, the δ phase volume fraction rapidly increased during the long
exposure, which is thought to have strongly contributed to the final hardness increment of
the material.

The results can be compared with the hardness evolution of hot-rolled IN625 alloy
under prolonged thermal exposures for different temperatures up to 1000 h [20]. The
solution-annealed state was characterized by a hardness level of 232 HBW, meaning that
hardness was slightly higher with respect to the starting condition presented in this study.
This difference is more likely attributed to the heat treatment used for the hot-rolled material.
More specifically, Kohler [20] used a lower temperature and a shorter time during solution
annealing, i.e., 1120 ◦C and 50 min, whereas in the current study, 1150 ◦C and 2 h were used.
For the hot-rolled condition, thermal exposure was performed at 600 and 700 ◦C for 1000 h,
which increased hardness to 311 and 296 HBW, depending on the exposure temperature.
These values are close to the value obtained for the prolonged thermal exposed LPBFed
IN625 conditions for 1000 h in the current study (314 HBW).

The lattice parameters of the γ matrix of the solution-annealed LPBF condition pre-
sented the largest lattice parameters (Figure 8), which is in line with the value reported
for the solution-annealed IN625 in the literature [27]. The thermal exposure involved a
reduction of the γ lattice parameter (Figure 8), which is mainly caused by the depletion of
Ni and Nb used for the formation and growth of γ” and δ phases from the γ matrix.
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This lattice parameter reduction was marked from 0 to 200 h. Then, in the 200–2000 h
range, the lattice parament tended to decrease more slowly. The strong variation in the
γ lattice parameter revealed that the more extensive formation of the γ” phases occurred
during the first 200 h. Later, γ” particle growth became the leading phenomenon rather
than its precipitation. Therefore, the further reduction of the γ lattice parameter can be
chiefly associated with the growth of the γ” phase and the formation of the stable δ phase.

Moreover, the intense precipitation of the γ” phase complies with the greatest hardness
increment observed during the initial 200 h. Other studies published on heat-treated
superalloys reported the reduction of the γ matrix lattice parameter due to the formation of
phases under thermal exposures [2,11].

4. Conclusions

The study focuses on the microstructure and hardness evolution of solution-annealed
LPBFed IN625 samples due to the formation and growth of γ” and δ phases under pro-
longed thermal exposure at 650 ◦C up to 2000 h. The main conclusions can be drawn:

• The thermal exposure did not activate the grain size growth in the material. For this
reason, all the microstructure and hardness modifications were ascribed to newly
formed phases.

• The formation of γ” phases drastically increased the hardness, reducing the lattice
parameters of the γ matrix after only 200 h. Afterward, the hardness slowly increased
with time up to 2000 h. This is mainly attributed to the γ” phase transformation into
intergranular and intragranular δ phases, which have less of a strengthening effect
than the γ” particles.

• The formation of δ phases appeared along the grain boundaries after 200 h of thermal
exposure. Moreover, intragranular δ phases could be observed after 1000 and 2000 h
of thermal exposure. This is mainly caused by the transformation of γ” phases into δ

phases. The δ phases presented larger dimensions along the grain boundaries than
inside the grains due to the faster Nb diffusion in these areas.

These results indicate that the microstructure evolution is consistent with the tradi-
tional heat-treated wrought version of the material.
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