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This work investigates the impact of different heat treatments on the evolution of the microstructure, tensile
properties, and residual stresses of Inconel 625 (IN625) processed by laser powder bed fusion (LPBF).
Applying a heat treatment is an essential step to mitigate the high residual stresses in the components
produced by LPBF and, simultaneously, to design the mechanical properties of the components. A high
magnitude of residual stress can involve deformation and reduce the fatigue resistance of the components.
In the current work, heat treatments performed at 600, 800, and 870 °C provided minimal modification on
the dimensions of the grains but involved the formation of new phases, which increased the tensile strength.
The results showed mitigation of the residual stresses at 800 and 870 °C correlated with the formation of
Cr-rich M,3Cg carbides and & phases, respectively. Finally, the solution annealing at 1150 °C triggered
recrystallization with the formation of sub-micrometric carbides, reducing the residual stresses. The
solution annealing treatment involved an improvement of the ductility and a reduction in tensile strength.
This work provides a guide to understanding the microstructure, residual stress, and mechanical properties
evolution of the IN625 alloy under heat treatments.

Keywords additive manufacturing, inconel 625, laser powder bed

fusion, microstructure, residual stress, superalloys

1. Introduction

Additive manufacturing laser powder bed fusion (LPBF) is
progressively gaining attention for the possibility of fabricating
complex components in a single step (Ref 1-4). This is
particularly attractive for complex shape components made of
Ni-based superalloys, where the LPBF process eliminates
extensive subtractive processes that can be arduous due to their
low machinability (Ref 5).

The Inconel 625 (IN625) represents one of the most
employed laser powder bed fused (LPBFed) Ni-based super-
alloys due to its good weldability, which allows the production
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of components with a low porosity (Ref 6-8). This superalloy
offers high oxidation and corrosion protection up to around
1000 °C, combined with good fatigue resistance and tensile
strength up to around 650 °C (Ref 9-12).

During the LPBF process, a laser beam melts the powder
layer by layer, followed by a fast solidification, which creates a
finer microstructure as well as high residual stresses inside the
components. The originated residual stresses derived from the
inherent high cooling rates of the LPBF process around 10°-
10° K/s (Ref 7, 12). High level of residual stresses can also
result in delamination, cracking, or distortion of the compo-
nents. Finally, the residual stresses can reduce the mechanical
performance and fatigue life of the components (Ref 13, 14).

These critical issues make it essential to study and determine
the residual stresses in the LPBFed components. The main
methods commonly used are x-ray diffraction, neutron diffrac-
tion, deformation methods, hole drilling test, and simulation
methods (Ref 13, 15). X-ray diffraction and neutron diffraction
use the variation of the crystalline structures in order to estimate
the residual stresses (Ref 13). These methods allow the
measurement of the residual stresses with a non-destructive
procedure, and the principle is based on Bragg’s law (Ref 16).
X-ray diffraction has the great advantage that can be applied to
a wide range of materials presenting high accuracy. However,
the X-ray diffraction analysis is limited to small components,
and the penetration is commonly lower than 0.1 mm. On the
other hand, the neutron diffraction method has a high
penetration of up to a few centimeters but requires high-cost
equipment and zero-stress reference (Ref 16-18). The hole
drilling test consists of drilling a hole in the center of a
specimen, equipped with a grid strain gauge, in order to detect
the redistribution of the strains for the residual stresses
evaluation (Ref 19, 20). This method is widely used thanks
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to the measurement velocity and the possibility to evaluate the
residual stresses up to around 1 mm, but it is a semi-destructive
method (Ref 16, 17). Deformation methods like the cantilever
method evaluate the deformation of parts to estimate the
residual stresses but present low accuracy and the application
are limited to simple shapes (Ref 21). Finally, simulation
methods consider the thermomechanical properties of the
material to estimate the residual stresses. However, the obtained
results should be verified using one of the previous experi-
mental referred methods (Ref 17, 18, 22).

The process parameters, scanning strategy, and the use of
support structures could play a role in mitigating the residual
stresses. Yi et al. (Ref 23) revealed that the increment in the
laser power or the decrement in the scan speed could result in
higher energy to the powder, thus generating more intense
residual stresses inside Inconel 718 samples. However, the
residual stress can be significantly mitigated by means of a
subsequent heat treatment, which also influences the
microstructure and mechanical performance in order to meet
specific industrial requirements (Ref 24-28).

The purpose of stress relieving is to reduce the residual
stress without drastically modifying the microstructure of the
as-built condition. Another heat treatment is the solution
annealing, which can involve recrystallization and chemical
homogenization with the dissolution of formed phases. Finally,
aging treatment provokes the formation of new strengthening
phases (Ref 29, 30).

Currently, several studies are available on the residual stress
evolution of the LPBFed Inconel 718. For instance, Deng et al.
(Ref 24) assessed high residual stresses around 750-800 MPa
for the as-fabricated conditions by X-ray diffraction analysis.
The high residual stresses could be mitigated by the solution
annealing (980 °C 1 h) plus aging treatment at (720 °C
8 h + 620 °C 8 h), thus reducing residual stresses by over 80
% compared to the initial conditions. Gruber et al. (Ref 31)
reported that a solution annealing performed at 1150 °C for 6 h
eliminated the residual stresses while maintaining a low
fraction of residual stresses for a solution annealing at
1065 °C for 1.5 h determined by the cantilever approach.
Marchese et al. (Ref 32) showed that 800 °C could mitigate the
residual stresses up to around 100-200 MPa starting from the
as-built condition of around 600 MPa determined by the hole
drilling methods. Moreover, this temperature did not promote
the formation of the detrimental & phases. Differently, the
standard heat treatment at 980 °C generated the § phases.

However, each Ni-based superalloy undergoes specific
microstructure, mechanical properties, and residual stress
evolution under heat treatments. Therefore, each LPBFed Ni-
based alloy requires a specific investigation.

In fact, few investigations on the LPBFed IN625 alloy
examine the impact of heat treatments on the residual stresses
combined with the microstructure. Lass et al. (Ref 27) showed
that stress relieving at 800 °C for 1 h could mitigate residual
stress, reaching values similar to the standard stress relieving at
870 °C for 1 h, determined using neutron diffraction. The lower
stress relieving at 800 °C also effectively inhibited or reduced
the formation of § phases for the standard stress relieving (Ref
26, 27, 33, 34). Moreover, Martucci et al.(Ref 35) reported that
stress relieving at 750 °C and 800 °C started reducing the
deflection of cantilever specimens due to the mitigation of
residual stress. The residual stress was evaluated on the surface
of the specimens using X-ray diffraction.
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However, there is still lack of studies about the residual
stresses of the heat-treated LPBFed IN625 on the surface and
inside the material and correlate them to its microstructure and
mechanical performance. The current work investigates the
trend of the residual stress mitigation with the temperature for
the LPBFed IN625 alloy. The microstructure and mechanical
properties of LPBFed IN625 specimens are correlated with the
residual stresses under different heat treatments. Heat treat-
ments at 600, 800, 870, and 1150 °C were performed to shed
light on the microstructure, tensile properties, and residual
stresses evolution.

2. Materials and Methods

2.1 Specimens Production

The argon atomized powder of IN625 was supplied by EOS
GmbH, and the nominal chemical composition is provided in
Table 1.

The SEM image of the powder and its particle size
distribution are shown in Fig. 1(a) and (b), respectively. The
powder was composed of almost spherical particles with a d10
of 16 um, a d50 of 27 um, and a d90 of 40 um. The SEM
micrograph shows particles covered by satellites and a few
irregular particles, as commonly reported for the gas-atomized
powder.

Cubic samples with dimensions of 10 x 10 x 10 mm® and
20 x 20 x 15 mm® and cylindrical samples with a length of
140 mm and diameter of 10 mm were produced by means of an
EOS M270 dual mode version with a laser spot of 0.1 mm.

The first set of cubes was used to study the microstructure,
while the second one was used to evaluate the residual stresses
by means of the hole drilling test. The cylindrical samples were
machined for the production of tensile specimens under the
specification of the ASTM ES/E8M-22 (Ref 36). After
machining, the specimens presented a gauge length of 40 mm
and a diameter of 8 mm, consistent with the ASTM E8/E§M-22
(Ref 36).

The selected process parameters were laser power of 195 W,
hatching distance of 0.09 mm, a scanning speed of 1200 mm/s,
and layer thickness of 0.02 mm. The scanning strategy consists
of a laser scanning rotation of 67° using stripes of 5 mm. These
process parameters were used in order to minimize the residual
defects, as reported in a previous study by some of the authors
(Ref 37).

Different heat treatments were performed on the as-built
cubes and cylindrical specimens.

e A stress relieving at 600 °C for 1 h followed by air cool-
ing. The temperature of 600 °C was selected based on the
time-temperature-transformation (T-T-T) diagram of the
IN625 alloy, highlighting that this temperature should
avoid the formation of the detrimental § phase (Ref 9,
33).

e A stress relieving at 800 °C for 1 h followed by air cool-
ing. This stress relieving is already proposed for the
LPBFed IN625 since it avoids the formation of coarse &
phases (Ref 33).

e A stress relieving at 870 °C for 1 h, followed by air cool-
ing. This heat treatment is commonly used for the tradi-
tional processed IN625 alloy. However, the literature on
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Table 1 Chemical composition in weight percentage of the atomized IN625 powder
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Fig. 1 (a) SEM image of the IN625 particles and (b) particle size distribution of the powder

LPBFed IN625 showed an accelerated formation of &
phase formation (Ref 26, 29, 33).

e A solution annealing treatment was carried out at 1150 °C
for 2 h, followed by air cooling. This heat treatment is
indicated to homogenize the microstructure for the tradi-
tional processed IN625 alloy (Ref 29).

All the heat treatments were performed in a tubular furnace in
air using a heating rate of 10 °C/min to reach the target
temperature.

2.2 Microstructure and Mechanical Characterizations

The cubic samples with size 10 x 10 x 10 mm® were cut
along the building direction and then polished up to 1 um with
diamond suspension, followed by final polishing with alumina
suspension (0.04 pm). Microstructure examination was carried
out by light optical microscope (LOM—Leica DMI 5000 M),
scanning electron microscope (SEM—Phenom XL) equipped
with energy dispersive x-ray spectroscopy (EDS) unit, and
(SEM—TESCAN S9000G) equipped with electron backscatter
diffraction (EBSD) unit.

For the observation of the phases, the as-built and heat-
treated samples were etched with mixed acid (15 ml HCI,
10 ml CH,COOH, and 10 ml HNO3), while the final polished
samples were employed for the grain texture analysis by EBSD.
The EBSD analysis measurements were performed using a
tilting angle of 70° scanned at 20 kV and 10 nA along the
building direction using a step size between 1 and 2 um
covering an area of 700 x 650 um? for each sample. Low-
angle grain boundaries (LAGBs) were considered between 2°
and 10°, while the high-angle grain boundaries (HAGBs) were
considered > 10°.

After machining, the tensile specimens were carried out by a
Zwick-Roell BTI—FR100 testing machine at room tempera-
ture using a strain rate of 8.107° s~ ' in agreement with the
ASTM E8/E8M-22 standard (Ref 36), using three tensile
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specimens for each condition. The cylinders used for the tensile
specimens were produced orientated along the building direc-
tion (z-axis).

2.3 Residual Stresses Measurements

The residual stresses were measured using the hole drilling
strain gage method. In this work, the MTS3000 (RESTAN)
drilling machine equipped with an air turbine was used. A drill
cutter with a diameter of 1.8 mm was used to produce a flat
bottom hole in the analyzed surface. In detail, a 1.2-mm-depth
hole was produced through a sequence of 24 steps of 50 um
each. Every drilling step caused material removal and, conse-
quently, stress redistribution and relieved strains of the
surrounding material. Then, at each step, the relieved strains
were acquired on the analyzed surface by the strain gauge
rosette previously installed, and strain values were used for the
computation of the residual stress distribution according to the
ASTM E837-20 standard (Ref 38). Specifically, relieved strains
were acquired using a type B rosette (1-RY61-1.5/120R3-
HBM). A detailed description of the procedure performed for
stress evaluation is reported in (Ref 19, 25, 32). The stress
profile through the depth was then described in terms of
maximum and minimum principal stresses (0max and o,;,) and
the direction of the maximum principal stress with respect to

gage 1 (B).

3. Results and Discussion

3.1 Grains and Texture Evolution

Columnar grains can be detected for the as-built and stress-
relieved conditions up to 870 °C (Fig. 2). The grain texture
highlighted a high level of LAGBs (around 60-56%) for these
conditions. The high quantity of LAGBs indicates a high level
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Fig. 2 Inverse pole figure (IPF) maps of the IN625 in the as-built and heat-treated conditions along the building direction. The frequency of

the LAGBs and HAGB:s is reported in the graph

of an array of dislocation densities originated by the fast
cooling rate of the process. The temperature increment was not
high enough to activate the recrystallization for thermal
exposure up to 870 °C. In fact, it was possible to observe only
a slight decrement in the LABGs from 600 to 870 °C.

Differently, solution annealing at 1150 °C triggered the
recrystallization with a significant reduction in the LAGBs that
dropped to around 7%. Recrystallization is commonly associ-
ated with a substantial reduction in residual stresses (Ref 31). In
this case, the residual stresses and the high concentration of
LAGBs can be the driving force for the recrystallization
activation under the solution annealing temperature.

Regarding the grain size, the grains in the as-built and stress-
relieved conditions presented lengths around 200 pym and
widths around 20-30 um, while the solution-annealed condi-
tions presented equiaxed grains mainly ranging from 10 to
90 pum.

3.2 Microstructure Evolution

The microstructure of the as-built and 600 °C conditions
appeared similar to each other by means of the LOM and SEM
investigations. From the micrographs (Fig. 3a and b), it is
possible to observe the melt pool contours and the columnar
grains orientated along the building direction. High-magnifica-
tion views (Fig. 3c, d, e, and f) show the sub-micrometric
dendritic and cellular architectures generated by the fast cooling
rates of the LPBF process. It is, therefore, evident that a thermal
exposure at 600 °C for 1 h did not provoke the formation of
coarse phases.

Likewise, the stress relieving at 800 and 870 °C did not alter
the columnar grains, and the melt pool contours originated in
the as-built state (Fig. 4a and b). The stress relieving at 800 and
870 °C, on the other hand, started to involve the formation of
small carbides (indicated by red arrows) and o phases,
respectively. In both the stress-relieved conditions, the precip-
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itates were mainly located along the grain boundaries and
interdendritic areas (Fig. 4c and d).

For the 800 °C state, these carbides presented dimensions
from sub-micrometric to a few microns (Fig. 4e), and the EDS
analysis revealed enrichment in C and Cr, suggesting the
formation of Cr-rich M,;C¢ carbides, as pointed out in the
supplementary (Ref 10). Differently, for the 870 °C condition,
the & phases presented the largest size up to a few microns
along the grain boundaries, while the interdendritic areas
chiefly exhibited sub-micrometric & phases (Fig. 4f). Moreover,
an initial dissolution of the dendritic/cellular structures
appeared to occur under this temperature, as observed in a
previous investigation (Ref 37). The d phase identification is
supported by its morphology and the enrichment in Ni and Nb,
which was determined by EDS analysis, as reported in the
supplementary (Ref 10, 39).

The d phase tends to form mainly along the grain boundaries
and interdendritic areas due to the solute trapping generated
during the solidification, leading to the enrichment of Nb in
these areas (Ref 12, 26). For this reason, the standard stress
relieving provoked the formation of & phases for shorter times
with respect to the traditional stress-relieved IN625 alloy. This
behavior is also highlighted by other studies in the literature
(Ref 26, 33, 34, 40).

These results show how a lower temperature allows the
limited formation of large phases inside the Ni-based superal-
loys, thus providing less macroscopical microstructure varia-
tions compared to the standard stress relieving heat treatments
performed at 870 °C for 1 h. From the SEM analysis, no signals
of the formation of & phases were noted at 800 °C.

However, it should be noted that some studies reported that
a stress relieving at 800 °C for 1 h already involved the
formation of extremely low concentrations of & phases (Ref 26,
33). The early formation of d phases could be influenced by the
slightly different chemical composition of the starting powder
and the process parameters used. Moreover, applying different

Journal of Materials Engineering and Performance
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Fig. 5 LOM (a) and SEM (b,c) images of the solution-annealed samples at 1150 °C 2 h at different magnifications

heat treatment parameters, like the heating and cooling rates,
could also play a role in accelerating or decelerating the
formation of the phases.

After the solution annealing at 1150 °C 2 h, the IN625
denoted the elimination of the columnar grains with the
formation of equiaxed grains as well as the dissolution of the
melt pools and dendritic architectures (Fig. 5a and b). High-
magnification views display the formation of sub-micrometric
carbides (around 100-300 nm) scattered throughout the sam-
ples (Fig. 5c). The absence of dendritic structures was
generated by the complete homogenization of the chemical
composition involved at high temperatures. These results are in
line with other studies performed on high-temperature solution
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annealing treatment (Ref 30, 37, 41). In this case, after the
solution annealing the cooling rate is crucial to determine the
dimensions of the carbides, and slower cooling rates could
provoke the formation of larger carbides (Ref 12).

3.3 Mechanical Properties

The tensile properties highlight that the stress relieving at
600, 800, and 870 °C involved an increment in the yield
strength (YS) and ultimate tensile strength (UTS) with a
reduction in the elongation at failure compared to the as-built
conditions, as reported in Table 2.
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Table 2 Tensile properties of the LPBFed IN625
specimens in the AB and stress-relieved and solution-
annealed conditions built along the building direction (z-
axis). The tensile properties are abbreviated as yield
strength (YS), ultimate tensile strength (UTS), and
elongation at break (g)

Condition YS, MPa UTS, MPa g, %

AB (37) 618 + 33 891 £ 5 41 + 1
600, °C 775 £ 4 1033 £ 6 31 +£2
800, °C 807 £ 6 1057 £ 6 29 £ 2
870, °C 715+ 5 1017 £ 6 35+ 4
1150, °C 430 £ 6 881 £ 3 53 +4

The ductility was remarkably depressed for the specimens
heat-treated at 600 and 800 °C. From the results, it is possible
to infer that the formation of phases, mostly like y” phases and
carbides, can play an essential role in strengthening the material
while reducing its elongation at failure. For these two heat-
treated conditions, the grains still presented a columnar shape,
with a concentration of LAGBs similar to the as-built condition,
and therefore, the formation of new phases appeared to be the
predominant mechanism that enhanced the tensile strengths and
reduced the ductility.

On the one hand, the stress-relieved 870 °C condition
presented an initial dissolution of dendritic structures, increas-
ing the ductility. However, the formation of § phases caused a
ductility reduction. The sum of these two contributions induced
an average ductility slightly inferior to the as-built condition.
However, applying a more rapid cooling rate could limit the
presence of & phases, thus resulting in higher ductility.
Differently, the solution annealing treatment at 1150 °C for 2
h provided the lowest YS and UTS together with the highest
elongation at failure with respect to the other heat-treated
conditions. This result was originated by the fully dendritic
structure dissolutions coupled with the elimination of the
LAGBs.

Comparing the results with the literature, it is reported that
the standard stress relieving at 870 °C can provide mechanical
properties similar to the as-built state when followed by rapid
cooling or water quenching when processed along the building
direction (Ref 37, 42). Moreover, it is reported that a slightly
higher temperature at 900 °C for 1 h resulted in lower YS but
higher ductility with respect to the as-built state (Ref 43).
Therefore, it is essential to consider all the heat treatment
parameters, and consequently, also take into account the
heating and cooling rates in order to determine the mechanical
performance. Moreover, the mechanical properties deviations
could derive from different initial microstructures induced by
applying different process parameters.

The solution annealing treatment at 1150 °C for 2 h
eliminated the mechanical anisotropy by forming equiaxed
grains after recrystallizing, as reported in another study by
some of the authors (Ref 37). In this case, the solution annealed
samples followed by air cooling pointed out higher tensile
strengths and compatible elongation at failure with a larger
standard deviation with respect to the solution annealed sample
followed by water quenching. This difference can be attributed
to the greater formation of carbides during the cooling steps. In
fact, the water quenching inhibits the further formation or
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growth of carbides during the cooling step. Moreover, the
tensile properties of the solution annealed samples were close
to the LPBFed IN625 samples that underwent 1100 °C for 1 h,
followed by air cooling reported in another study (Ref 43).
Gonzalez et al. (Ref 44) performed a HIP treatment at around
1160 °C 3 h 102 MPa on IN625 LPBFed samples, reporting
slightly lower tensile strengths and compatible elongation with
the current solution annealed specimens, considering specimens
built along the building direction. In this last case, the
differences can be attributed to the slightly higher temperature
and prolonged heat treatment times.

3.4 Fracture Surface Analyses

The SEM fracture surfaces of tensile specimens are
illustrated in Figure 6. The fracture surface of the as-built
sample showed a ductile fracture mode with dimples and
microvoids as well as brittle fracture areas characterized by
smooth zone, probably induced by the presence of segregations
in the interdendritic areas. The fracture surface morphology
results to be similar to the typical fracture surface of the
LPBFed IN625 alloy (Ref 44). In the case of stress-relieved
samples at 600 and 800 °C, the samples still presented ductile
and brittle surfaces. The smooth zones of the cleavage pattern
are most likely derived from the y” phases and Cr-rich M5;Cq
carbides for the 600 and 800 °C states, respectively. In fact, it is
known that the formation of reinforced phases enhances the
tensile strength of the alloy, but these phases also create new
weaker spots for the formation of a cleavage pattern (Ref 45).

Likewise, the 870 °C condition presented mixed ductile and
brittle fractures, where the formation of the micrometric & phase
induced the creation of brittle fracture, while the initial
dendritic dissolution appeared to favor ductile fracture mech-
anisms.

Differently, the solution annealed condition is characterized
by a more marked ductile fracture mode with microvoids
coalescence, showing pores with dimensions also around 50-
80 um, while the as-built and the other heat-treated conditions
exhibited fracture surfaces with pores around 10-20 um. In this
case, the larger size of microvoids created during the plastic
deformation implies a superior ductility originated by the
dissolution of the dendritic structures with the strong mitigation
of the LAGBs.

3.5 Residual Stresses

Figures 7 and 8 show the distribution and the direction of
the principal residual stresses measured on the top and the
lateral surfaces of the samples subjected to different heat
treatments. For better clarity, the stress profiles on top (Fig. 7)
and lateral (Fig. 8) surfaces are presented in two sub-figures,
combining results from as-built samples and samples heat-
treated at 600 °C (Fig. 7a and 8a), and results from heat-treated
samples from 800 to 1150 °C (Fig. 7b and 8b).

The as-built sample is characterized by a tensile stress state
on both the top and the lateral surfaces. On the top surface
(Fig. 7a), a sub-surface value of about 100 MPa was measured.
Then, the stress reached a maximum value of 500 MPa around
0.4 mm. Subsequently, the stress slightly oscillated, reaching a
local minimum of about 370 MPa at a distance of 0.7 mm from
the surface, increasing up to 490 MPa at the maximum
measured depth. The stress measured on the lateral surfaces
reported higher values. The value of the sub-surface maximum
principal stress on the lateral surface (Fig. 8a) was 650 MPa.
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Fig. 6 SEM images of fracture surfaces of tensile IN625 specimens in the as-built and different heat-treated conditions

Likewise, the stress distribution was characterized by an
oscillating trend. The stress reached its maximum value of
780 MPa at a depth of 0.6 mm, then the stress decreased up to a
local minimum of 340 MPa at a depth of 0.85 mm.

The heat treatment at 600 °C did not significantly modify
the stress mean value, even if it highly strengthens the
oscillatory trend of the stress distribution. On the other hand,
on the lateral surface of the sample heat-treated at 600 °C, a
significant reduction in residual stress value from 780 to
450 MPa was observed.

The beta angle, which measures the principal direction,
showed that on the top surface (Fig. 7), the plane of principal
stresses sharply varies along the analyzed depth as the
oscillation begins, and it ranges between — 90° and 90°.
Conversely, on the lateral surface (Fig. 8), the value of the
principal direction smoothly decreased from about — 40° to
— 55°. On the lateral surfaces, the beta angle mean value was
about — 45°, indicating that the maximum principal stress was
oriented parallel to the columnar grains (and so along the
building direction). On the other hand, on the top surface, the
direction varied since the grain morphology was randomly
distributed.

The heat treatments from 800 to 1150 °C caused a
significant reduction in residual stress values. From Fig. 7(b)
and 8(b), it is possible to observe that increasing the
temperature from 600 to 870 °C resulted in a reduction in
residual stress value. The measured maximum principal stress
decreased from 600 to 340 MPa. It is essential to point out that
no remarkable differences were observed between the heat
treatment at 800 °C and the standard stress relieving at 870 °C,
conventionally used for Inconel 625 alloy. In both cases, the
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measured residual stress ranges between 0 and 300 MPa.
Interestingly, heat-treated samples at 1150 °C slightly increased
the residual stress, reaching 360 MPa at around 0.4 mm.
Furthermore, at a depth of around 0.6 mm, the residual stress
changed from a tensile to a compressive stress state. This
behavior could be attributed to the formation of carbides, which
caused a modification of residual stress status. In addition, as
observed in Fig. 7(b) and 8(b), the direction of the maximum
principal stress showed a highly variable distribution. The
maximum principal stress was about — 45°, resulting in the
direction parallel to the columnar grains for the sample heat-
treated at 800 °C. Conversely, the heat-treated samples at 870
and 1150 °C reported pronounced variations of the beta angle
that could be attributed to the formation of coarse precipitates
and recrystallization mechanisms, respectively.

Overall, the stress relieving at 800 and 870 °C underlined
mitigation of the residual stresses. The stress relieving at
800 °C appeared to inhibit the formation of micrometric &
phases but caused the formation of Cr-M,3C4 carbides that
could increase the susceptibility to intergranular corrosion.
Finally, the solution annealing treatment at 1150 °C showed
areas with residual stress increment probably due to the
formation of a large fraction of carbides, which can locally raise
the stress inside the material.

4. Conclusions

The LPBFed IN625 alloy presents a fine microstructure due
to fast cooling rates, which generate high mechanical perfor-
mance. However, the high cooling rates of the LPBF process
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also produce high residual stresses that could create distortion
on the components.

A possible strategy to mitigate the residual stresses is the
application of heat treatments. The current study determines the
evolution of the microstructure, mechanical performance, and
residual stresses from the surface and inside the material under
different heat treatments.

The main conclusions of this investigation are:

e The as-built and stress-relieved samples at 600 °C pre-
sented similar microstructure, level of LAGBs, and magni-
tude of residual stress. However, the stress-relieved
samples at 600 °C presented higher tensile strength and
lower ductility with respect to the as-built condition. The
variations in mechanical properties could be ascribed to
the possible formation of nanometric phases.

e Stress relieving at 800 and 870 °C showed the same char-
acteristical columnar grains of the as-built condition with
similar concentration of LAGBs, but the temperatures
were effective in mitigating the residual stress. Heat treat-
ments at 800 °C showed the formation of Cr-rich M,;Cg¢
carbides, while 870 °C generated & phases. The tensile
properties reported high tensile strengths but lower ductil-
ity with respect to the as-built condition. The ductility
reduction was less pronounced for the samples stress-re-
lieved at 870 °C, probably due to the initial dendritic dis-
solution, which promoted ductility improvement, thus
mitigating the brittle effect of the & phase.

e The solution annealed samples at 1150 °C showed recrys-
tallization with a strong reduction in LAGBs, residual
stress mitigation with the local rise of stress, and dissolu-
tion of the dendritic structures. In this state, the material
presented the highest ductility and the lowest tensile
strength among the tested conditions.

This work shows the variation of the microstructure, tensile
properties, and residual stresses of the as-built and different
heat-treated conditions. The results provide a useful guide to
understanding the evolution of the residual stresses in the
LPBFed IN625 alloy.
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