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1. Introduction

Inconel 625 (IN625) is a nickel-based superalloy with high chro-
mium content that offers remarkable properties in terms of

mechanical strength, durability, and wear,
associated with corrosion resistance and
fatigue life in a wide range of temperatures,
from cryogenic conditions up to 982 �C.[1]

IN625 has excellent chemical resistance
in different aggressive environments and
temperatures range, as well as high creep
strength and weldability. Thanks to these
properties, IN625 is extensively used in dif-
ferent fields such as aerospace, chemical,
petrochemical, and marine industries.[1]

In recent times, greater attention has
been directed to the use of additive
manufacturing (AM) technique for the pro-
duction of IN625 components for the
energy sector,[2,3] such as gas turbine
blades, heat exchangers, and parts for
chemical reactors.[1] This increasing inter-
est is directly related to the need of produc-
ing innovative components with complex
shapes, as those resulting from topological
optimization, to maximize the perfor-
mance-on-weight ratio and, consequently,
the efficiency. For this purpose, one of
the most used AM techniques is selective

laser melting (SLM), which belongs to the broader family of laser
powder bed fusion (L-PBF) technologies. Although the SLM pro-
cess offers great advantages when manufacturing complex parts
with high material utilization rate, the properties obtained are
affected by many factors, like the characteristics of the printer
hardware, the powder feedstock, and the choice of printing
parameters (i.e., laser energy input and scan speed, scan strat-
egy). On the one hand, the combination of these process-related
factors may result in various types of defects such as gas or
shrinkage porosity, cracks, lack of fusion or incomplete fusion
holes, and impurities.[4,5] For this reason, in the literature, there
are several works concerning the optimization of the process
parameters and scan strategy in order to obtain components with
minimized defects.[4–10]

On the other hand, the abovementioned factors also contribute
to the way the physics of SLM processes evolves in terms ofmelting
and solidification of material and related microstructural changes.
In fact, an important aspect of SLM process is that the microstruc-
ture is usually different than the one observed in corresponding
alloys produced with traditional methods, such as casting or forg-
ing.[5] In general, as a result of SLM process, the as-built (AB)
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Additive manufacturing (AM) can be particularly advantageous to manufacture
components designed to meet challenging structural requirements. Selective
laser melting (SLM) microstructure is different than that obtained by traditional
manufacturing process; in particular, mechanical and microstructural features
achieved herein are influenced by the entire thermal history, including the
manufacturing process and the heat treatment (HT) with relevant role of the slow
cooling rate adopted. In fact, both the process and the HTs can significantly modify
the microstructure and related mechanical and tribological properties. To better
understand howmechanical response can be tuned to meet different requirements,
in this article the effects of four different vacuum HTs on microstructures,
mechanical properties, and wear behavior of Inconel 625 produced with SLM are
deeply investigated. In general, the results confirm that HT can significantly change
the microstructure andmechanical or tribological properties of Inconel 625. Among
the examined HT, solutionþ aging and direct aging improve the strength of the
alloy, whereas annealing leads to recrystallization, reducing strength in favor of
ductility. Stress relieving does not significantly change the microstructure and
mechanical properties. Considering tribological behavior, only direct agingHT leads
to a remarkable improvement, with a reduction in friction coefficient and wear rate.
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microstructure is characterized by a regular distribution of over-
lapped melt pools, with columnar grains that grow in the build
direction and are formed by a very fine dendritic structure.
These columnar grains have a width of �25 μm and a length
up to 400 μm[11] and their peculiar microstructure is mainly caused
by the highly localized melting process, with a very rapid cooling
rate (�106 K s�1[12,13]). The main thermal characteristics that con-
trol the solidification structure of an SLM product are the cooling
rate, thermal gradient, and solidification rate at the solid–liquid
interface. These parameters may influence microstructural fea-
tures such as phase selection, microstructural length scales, and
the transition from columnar to equiaxed growth.[14] In particular,
for SLM-IN625 the combination of high cooling rate and the ther-
mal gradients suppresses the formation of secondary arms in the
dendrites and can produce an alteration in the dendritic structure
promoting the formation of a cellular structure.[15,16]

Microstructural changesaffectmechanicalbehaviorandrepresent
the underlying motivation of the different properties of SLM alloys
when comparedwith wrought counterparts obtainedwith forging or
casting. In the specific case of SLM-IN625, the values of hardness,
yield strength, and ultimate tensile strength of the AB condition
reported in the literature are generally higher than conventional
methods whereas, on the contrary, the ductility decreases.[16]

In this regard, heat treatment (HT) is certainly an effective way
to tune mechanical properties as a function of the different
requirements that a specific target component may impose.
The main HTs performed on IN625 can be divided into four cat-
egories: stress relieving (SR), solution annealing (AN), direct
aging (DA), and solutionþ aging (Sþ A) treatments.[11–13,17–29]

HTs are usually carried out in furnaces with a controlled atmo-
sphere, and to the best of authors’ knowledge, current literature
is referred to this condition. Marchese et al.[12] analyzed the effect
of the AN temperatures on L-PBF IN625 specimens. The
research demonstrated that complete recrystallization is achieved
only above 1150 �C, even if some equiaxed grains were visible at a
temperature of about 1080 �C. On the contrary, with the treat-
ment at 870 �C it was possible to obtain only a SR. In terms
of mechanical properties, the ultimate tensile strength (UTS)
and the yield strength (YS) tended to decrease with the increase
of the AN temperature. The opposite situation was observed for
the elongation at break in fact; the ductility increased with
increasing AN temperature. The progressive reduction of the
mechanical properties and anisotropy was interpreted as conse-
quences of the progressive recrystallization of the microstructure
with the increase of the AN temperature. Similar conclusions
about the effect of AN temperature on microstructure and
mechanical properties can be found in other works.[17–19] Li
et al.[18] and Li et al.[19] also reported that increasing the AN tem-
perature caused a microhardness reduction.

Xu et al.[20] studied the effect of the aging treatment with or
without a solution HT. In both cases, an increase of the mechani-
cal properties (UTS and YS), thanks to the precipitation of rein-
forcing phases such as γ 00 phase (Ni3Nb) and carbides, was
reached. The main effect of the solution HT before aging con-
sisted in a more complete dissolution of the alloying elements,
phases, and segregated zones that allowed to obtain an increased
formation of precipitates. In addition, partial or complete recrys-
tallization could be achieved, with isotropic behavior for both
microstructure and mechanical properties. Marchese et al.[21]

conducted an extensive study on the effects of temperatures
and holding times of solutioning, DA, and solutioning with sub-
sequent aging HTs. The DA treatment did not modify the micro-
structure which remained similar to the AB condition; the only
difference observed consisted in the different types and number
of precipitates. In fact, the aging treatment encouraged the for-
mation of Cr-rich M23C6 carbides and strengthening phases such
as γ 00. These precipitates can explain the highest tensile strength
features, the lower ductility, and the presence of brittle fracture
for this condition. As a result of solutioning treatment at 1150 �C
complete recrystallization of the microstructure was observed,
with a dissolution of the dendrites. This condition obviously
led to a reduction in UTS and YS, but allowed reaching the best
elongation at break among the different treatments considered,
with a ductile fracture mode. The best combination of strength
and ductility was achieved by solutioning with subsequent aging
treatment that allowed to obtain a recrystalized microstructure
together with strengthening precipitates (γ 00 phase and Cr-rich
M23C6 carbides). The fracture mode was a mix of brittle and duc-
tile fracture. Another important posttreatment for the AM com-
ponents is the hot isostatic pressing (HIP) studied, among other
HTs, by Kreitcberg et al.[29] Thanks to the high pressure applied
on the component by an inert gas at high temperature, HIPHT is
used to reduce typical AM defects, such as micro- and macro-
porosities, and to encourage the formation of a more isotropic
microstructure. On the other hand, HIP treatment causes grain
coarsening which is detrimental for the mechanical properties
(except ductility[29]). In fact, in the cited work, the mechanical
properties of the HIP specimens were lower than other HTs
(stress relief AN, recrystallization AN, and solution treatment),
but with a greater elongation at break.

Due to the wide range of applications of IN625, it is also of
fundamental importance to study its tribological behavior, but
this aspect is much less investigated. Even considering IN625
manufactured with conventional routes, in the literature there
are only a few works regarding wear or friction. Wang et al.[30]

investigated the wear resistance of extruded IN625 specimens
using a ball-on-disk test at different temperatures (25, 250, and
500 �C) and sliding speeds. Two different materials were used
as counterparts: Si3N4 and GCr15. For both antagonist materials
the friction coefficient increased with increasing temperature, but
the friction coefficient with GCr15 was higher than that with Si3N4

at any temperature. It is important to highlight that the friction
coefficient decreased with the increase of the sliding speed at
any tested temperature. The same trend of the friction coefficient
was reported for the specific wear rate, even if the maximum value
of the latter was reached at the intermediate temperature of
250 �C. As regards wear mechanisms, the adhesive one was
observed for all temperature conditions tested when using
GCr15 as counterpart although at high temperatures fatigue wear
mechanism was also present. With Si3N4 counterpart, both adhe-
sive and abrasive wear mechanisms were observed.

Deng et al.[31] and Feng et al.[32] studied instead the use of
IN625 as a coating obtained by laser cladding technique. In par-
ticular, they investigated the wear behavior at high temperatures
(550, 600, and 650 �C) considering the evolution of the friction
coefficient as a function of the time. In both works, increasing
the temperature led to a reduction of the friction coefficient as
well as of fluctuations over time and duration of run-in step.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2021, 2100966 2100966 (2 of 14) © 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.aem-journal.com


Considering AM technologies, Tascioglu et al.[33] investigated
the effect of surface quality after a finish-milling operation on the
wear resistance of SLM IN625. In particular, they studied three
different values of cutting parameter: 0.05, 0.1, and 0.15mm as
feed per tooth. The wear resistance was evaluated by means of a
linear reciprocating wear test using a tungsten carbide ball.
They found that the Vickers microhardness remarkably
increased in comparison with AB condition as a result of post-
processing operation. This result was attributed to the presence
of residual stress and an increase of dislocations because of plas-
tic deformation due to the machining operation. A relationship
between the feed rate and hardness was also established, with
higher feed rates leading to higher hardness. In turn, this
increased hardness directly affected the wear rate, with a
reduction up to 50% compared with AB condition through
finish-milling operations. Yong et al.[34] studied the fretting
wear resistance in a flat-on-flat configuration on SLM-IN625
superalloy. In this case, 42CrMo4 steel was used as antagonist
material with different loads to evaluate the wear volume loss,
the friction coefficient, and the width and the depth of the wear
tracks. According to the authors, the wear volume loss and the
depth of the track were very low and lower than traditionally man-
ufactured IN625 specimens. The main wear mechanisms were
tribo-oxidation and abrasive wear, mainly due to the formation of
an oxide layer that can either protect the substrate or shatter in
small fragments.

Basing on this brief review, it is clear that HT can
profoundly affect the metallurgical, tribological, and mechanical
performances of SLM-IN625, but a complete overview of their
effects is still missing. Concerning the influence of HT on the
mechanical properties of SLM-IN625, many themes have yet
to be examined in depth, such as the effect of different
HTs on the achievable range of mechanical properties or the pos-
sibility to balance contrasting requirements as a function of
expected application.

In particular, while for this alloy different approaches to
HT were proposed, previous investigations were limited to
mechanical response, whereas a lack of data is observed, concern-
ing the tribological behavior with the comparison of effects related
to microstructural modifications induced by different HTs. In this
sense, a further interesting option to be considered is provided by
vacuum HTs, which were recently applied also for AM
components,[35–38] but has not been investigated yet for SLM-
IN625. HTs under vacuum conditions avoid undesirable effects,
such as surface discoloration or oxide layer formation that can
occur due to the presence of oxygen. These are particularly
unwanted for AM applications where the near net shape compo-
nents are usually employed with a very limited number of
machined surfaces. This work aims to fill these gaps by comparing
microstructural, mechanical, and tribological performances of AB
SLM-IN625 with different vacuum HTs, which were performed
with an industrial furnace so to provide a database of information
directly applicable to real parts. The results presented could be
especially relevant for a better understanding of material proper-
ties and potential failure modes, which are essential to preserve
the safety and performance levels required by the critical fields,
such as the energy sector, where this superalloy is commonly
employed.

2. Experimental Section

2.1. Samples Description

In this article, commercially available IN625-0402 powder[39]

was used. The nominal composition is reported in Table 1.
IN625-0402 powder was characterized using scanning electron
microscopy (SEM) integrated with energy dispersive X-ray spec-
trometry for elemental analysis (EDXS). In particular, the mor-
phology and size of the particles were investigated.

Dumbbell specimens, with dimensions of 80� 15� 3mm
and a gauge width and length of 5� 18mm, respectively, were
produced with IN625-0402 commercial powder by a laser-pulsed
SLM Renishaw system in argon atmosphere, according to UNI
EN ISO 551-61. The same process was used to produce the wear
test samples, which are disk shaped with a diameter of 55mm
and a thickness of 10mm.

The specimens were built on a stainless-steel base plate along
the vertical direction, so that their longitudinal axis was parallel
to the tensile load direction, with a layer thickness of 40mm, a
hatching distance of 110 μm, laser power of 190W, point dis-
tance (distance between two consecutive points) of 90 μm, and
exposure time (dwelling time of the laser spot at each point)
of 100 μs. The scanning speed can be determined by the ratio
between point distance and exposure time, with a value of
900mm s�1.

SLM is a manufacturing process widely used to produce 3D
near-net shape components to reduce productions costs. It is
important to highlight that for near-net shaped components with
complex geometry it is often impossible to perform a surface fin-
ishing treatment due to geometrical constraints. Moreover, these
postproduction processes involve additional unwanted costs. For
this reason, the mechanical properties were analyzed on sample
with AB surface in order to assess the tensile behavior for the
general case of SLM components not subsequently machined
or subjected to surface postprocessing. The evaluation of
mechanical properties with AB surface can also be regarded
as a more conservative approach, considering that surface post-
processing may help to reduce detrimental effects caused by sur-
face or subsurface defects.

On the contrary, regarding the wear and microhardness tests
target values of surface roughness are specifically required by the
related standards, and therefore, the samples surface was pol-
ished and prepared according to the ASTM G99-17 and
ASTM E92-16 standards, respectively.

2.2. HTs

After samples production, the HTs were performed by the com-
pany TAV Vacuum Furnaces (Caravaggio (BG), Italy) using a

Table 1. Chemical composition (wt%) of the commercial IN625-0402
powder..[34]

In625 Cr Mo Fe Nb Co Cu Mn Si Al

20–23 8.0–10 ≤5.0 3.15–4.15 ≤1.0 ≤0.5 ≤0.5 ≤0.5 ≤0.4

Ti C Ta N O P S Ni

≤0.4 ≤0.1 ≤0.05 ≤0.02 ≤0.02 ≤0.015 ≤0.015 Bal.
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horizontal furnace for vacuum HT (“TAV H3 all metal”). To
avoid any type of contamination and ensure temperature unifor-
mity, all the HTs were carried out under high vacuum (10�6

mbar) and the samples were placed on alumina plates. Before
each treatment, they underwent a preliminary stage in the oven
which consisted in maintaining the samples in high vacuum at
room temperature for about 30min.

In this way, the elimination of all contaminants and gas pres-
ent both in the chamber and in the specimens was ensured.
Successively, each treatment was performed in a vacuum with
a partial pressure of argon Pp¼ 5mbar. This partial pressure
is essential to prevent chromium evaporation from the speci-
mens during treatment which would cause a variation in the
chemical composition of the alloy and the formation of a golden
surface on the samples. Three samples for each condition were
analyzed.

To obtain different mechanical behaviors,[11–13,17–29] the HTs
were selected after a careful study of the literature and technical
data sheets from manufacturers of SLM technologies, including
AB condition (i.e., no treatment) for reference.

Overall, the following conditions were considered: 1) As built
(AB)—no HT. 2) Solutioning and ageing (Sþ A): (a) solutioning
treatment: heating from room temperature to 980 �C (heating
rate: 10 �Cmin�1), maintaining at 980 �C for 60min, and radial
cooling from 980 �C to room temperature (furnace cooling rate:
28 �Cmin�1) with 1.5 bars of Ar. (b) The solubilized samples are
maintained at room temperature in a high vacuum for 30min.
(c) Aging treatment: heating from room temperature to 720 �C
(heating rate: 10 �Cmin�1), maintaining at 720 �C for 8 h, and
controlled cooling from 720 to 620 �C in 150min (furnace cool-
ing rate: 0.7 �Cmin�1). Maintaining at 620 �C for 8 h and radial
cooling from 620 �C to room temperature (furnace cooling rate:
17 �Cmin�1) with 1.5 bars of Ar. 3) Direct ageing (DA): heating
from room temperature to 720 �C (heating rate: 10 �Cmin�1),
maintaining at 720 �C for 8 h, and controlled cooling from
720 to 620 �C in 150min (furnace cooling rate: 0.7 �Cmin�1).
Maintaining at 620 �C for 8 h and radial cooling from 620 �C
to room temperature (furnace cooling rate: 17 �Cmin�1) with
1.5 bars of Ar. 4) Annealing (AN): heating from room tempera-
ture to 1150 �C (heating rate: 8 �Cmin�1), maintaining at
1150 �C for 60min, and natural cooling performed in furnace
from 1150 to room temperature (cooling rate: 5 �Cmin�1) main-
taining the partial pressure Pp¼ 5 bar. 5) Stress relieving (SR):
heating from room temperature to 870 �C (heating rate:
10 �Cmin�1), maintaining at 870 �C for 60min, and radial
cooling from 870 �C to room temperature (furnace cooling rate:
24 �Cmin�1) with 1.5 bars of Ar.

2.3. Microstructural Observation and Analysis

For metallographic observations, transversal (xy plane) and lon-
gitudinal (zx plane) sections of samples for each condition were
prepared with standard metallographic techniques (ground with
SiC papers and polished with 1 μm diamond paste), in order to
evaluate the grade of anisotropy/isotropy. The sections were cut
from the shoulders of the tensile specimens prior to the test and
etched using Kalling’s reagent (5 g CuCl2, 100mL HCl, 100mL
ethanol) for 30–40 s, according to ASTM E407 standard. The

microstructures were investigated using a Leica DMI 5000M
optical microscope and LEO EVO-40 XVP scanning electron
microscope (SEM) equipped with energy dispersive spectrome-
ters (EDS).

2.4. Hardness and Tensile Test

The influence of post-HT on the mechanical properties, in com-
parison with AB condition, was investigated through hardness
and tensile tests.

Microhardness measurements were carried out along the
transversal and longitudinal direction with respect to building
axis Z. Vickers microhardness (HV) tests were performed with
a Micro Duromat 4000 Reichert Jung instrument, according to
ASTM E92-16, using 9,8 N (1 kgf ) load applied for 15 s on the
polished and etched surfaces used for the microstructural analy-
sis. In particular, the results are presented as average values of at
least ten measurements.

The influence of microstructural changes induced by HT was
investigated by tensile testing to evaluate Young’s modulus (E),
0.2% yield strength (σp0.2), ultimate tensile strength (σm), and
elongation at failure (A%) in each examined condition. An elec-
tromechanical testing machine Instron 3369 equipped with a
50 kN load cell was used with an extensometer for strain
measurement (approx. strain rate 0.01 s�1) at a strain rate of
1mmmin�1 and room temperature. Three samples for each
condition were tested, following UNI EN ISO 6892-1:2009.
Finally, to understand the fracture mode, the tensile fracture sur-
faces of the samples were also investigated using SEM with a
secondary electron (SE) detector.

2.5. Wear Tests

The wear tests were conducted on a THT tribometer pin-on-disc
machine with an unlubricated dead weight configuration. The
XY surfaces of the samples for wear test were mechanical pol-
ished to reach a roughness Ra lower than 0.8 μm, in agreement
with ASTM G99 standard. Before wear test the specimens were
ultrasonic cleaned with ethylic alcohol. As suggested in the study
by Wang et al.,[30] Si3N4 ball of 6 mm in diameter was used as a
counterpart.

A normal load of 15 N, a sliding speed of 175mm s�1, and a
total sliding distance of 475m were applied at room temperature.
The diameter of the wear tracks was 10mm. During the test, the
friction coefficient as a function of the sliding distance was
recorded. At the end of the test, the wear track 2D and 3D profiles
were acquired using the confocal microscope Mitaka PF-60 and
specific wear rate Ws defined by the Equation (1) was calculated.

Ws ¼
V

P � S
(1)

In particular, V is the wear volume expressed in mm3, P is the
applied load in N, and S is the total distance covered in m. Five
HV1 Vickers hardness measurements were also taken both
inside and outside the worn track to investigate the work-
hardening as required by ASTM E384 standard. Finally, the wear
mechanisms were studied by SEM LEO EVO 40 VPS equipped
by EDS probe.
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3. Results and Discussion

3.1. Microstructural Observations

The morphology of powders used for the SLM process was ana-
lyzed using a SEM LEO EVO-40 XVP showing that most particles
exhibit an overall spherical shape, even though some have an
irregular morphology and several satellites are present, probably
due to the atomization process.[40] From SEM images, the aver-
age powder size was about 25� 9.3 μm.

The chemical composition of the powder was also verified,
confirming the datasheet values for commercial IN625-0402
powder reported in Table 1. The microstructure was analyzed
using optical microscopy and SEM microscopy and main obser-
vations are reported in the following sections.

3.1.1. Optical Microscopy

Examples of the microstructure for the various conditions under
investigation at different magnifications are reported in Figure 1
and 2 for longitudinal and transverse sections, respectively.
AB: For AB with the optical microscope, at lower magnification,

it is possible to note the presence of melt pools evenly distributed
and slightly overlapped, as a consequence of the SLM process. In
longitudinal sections (“L” in Figure 1), the hemispherical shape
of the melt pools is visible with mean dimensions of about
109� 15 μm for the width and 53� 12 μm for the height.
The grains are columnar, with heterogeneous dimensions and
elongated in the build direction. Furthermore, at higher magni-
fication, it is possible to note the dendritic structure within the
grains. In the transversal section (“T” in Figure 2), typical mul-
tifaceted and equiaxed grains are recognizable as austenitic
grains. At higher magnification, the presence of precipitates
evenly distributed, with local alignments and concentrations,

can also be noticed. These precipitates are probably carbides,
given their roundish shape and small size.

SþA: The SþA treatment has limited effects on the micro-
structure modification. In fact, the solubilization temperature
used is too low to cause recrystallization and findings of the pres-
ent work are in line with literature research,[12,13,19,28,29] in which
it was found that HTs performed at temperatures below 1000 �C
and for 1 h do not lead to recrystallization. In comparison with
AB, the main differences with Sþ A are the disappearance of
dendrites and melt pools in the longitudinal section and the pres-
ence of areas formed by small grains in the transversal section.
These features could be caused by the recovery phenomenon and
the beginning of recrystallization. Anisotropy is still observable
in Sþ A condition with the austenitic grains elongated in the
build direction. However, it is important to note that in this con-
dition the grains are less elongated in the build direction respect
to AB condition, probably due to the beginning of recrystalliza-
tion that induced the formation of twinnings.[12,13]

DA: DA is the HT that causes the least microstructure variation
compared to the AB condition. Columnar grains and dendritic
structures are still visible after DA, which means that this HT
has not an important effect on themicrostructure, except on anisot-
ropy. Themain effect of the DAHT is the precipitation of particles.
In this condition, the precipitates are mainly small and with a
roundish shape, recognizable as carbides. At higher magnification
also, precipitates with different sizes and shapes are visible.

AN: AN is the HT that causes the most apparent changes in
the microstructure. A fully recrystallized microstructure is
observable in both longitudinal and transversal sections formed
by equiaxed grains and twins. Thanks to the recrystallization,
isotropy in the microstructure is achieved. The high temperature
used for the AN HT leads to partial solubilization of some unin-
tended precipitates and particle coarsening. These phenomena
are concomitant with a reduction of yield strength after this

Figure 1. Comparison of microstructure in the longitudinal section at different magnification under different conditions: AB, Sþ A, DA, AN, and SR.
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HT and these insights seem in line with the results of other
researchers. In particular, Li et al.[18] have observed the formation
of carbides during AN at 980 and 1150 �C. Li et al.[19] reported
coarsening of MC carbides from preexisting ones and newly
formed carbides at the grain boundaries. Finally, Marchese
et al.[21] studied the effect of HT at 1150 �C for 2 h and have
detected with FESEM and TEM analyses the presence of new
Nb, Ti-rich MC carbides from 30 to 400 nm.

SR: As shown in Figure 1 and 2, the SR HTs do not affect the
microstructure. In fact, it is used only to reduce the residual
stress caused by the SLM process and it is not designed to modify
the microstructure because the temperature used is low and sim-
ilar reasoning as Sþ A applies.

Austenitic grains remain elongated in the build direction as
can be seen in Figure 1, whereas in the transversal section grains
are equiaxed. If compared to AB condition, grains are smaller,
but the anisotropy still remains.

Finally, in Table 2 the mean grain size and the shape ratio
(length (l)/width (w) of the grains) for each condition are
reported. As can be seen, there are no particular changes in
the grains size, both in each section, both in the different HT
conditions. Only for the AN HT it is possible to observe grains
size reduction as a consequence of recrystallization. On the con-
trary, for Sþ A HT there is a slight growth of the measured
grains size in the longitudinal section, due to a modification
of the grain’s shape. This effect could be a consequence of expo-
sure at a high temperature even though under the recrystalliza-
tion temperature.[18]

3.1.2. SEM

SEM integrated with energy dispersive elemental analysis was
used to investigate further the microstructure of the samples

in longitudinal sections. SEM images and the EDS analysis
for AB condition are shown in Figure 3. It is important to high-
light that C content has been neglected because of the limits of
the instrument with light elements. It is possible to note the pres-
ence of columnar dendritic structure (highlighted in red) and cel-
lular dendritic structure (highlighted in blue). Semiquantitative
chemical analysis obtained by EDS probe confirmed the chemical
composition reported in Table 1.

HTs may also influence the type of the precipitates. According
to the literature,[41] block-like precipitates are, in general, rich in
Nb (MC carbides) and Mo (M6C carbides), whereas precipitates
shaped as thin film rich in Cr are, in general, M23C6 carbides.
Assuming this observation as a guideline, different kinds of

Figure 2. Comparison of microstructure in the transversal section at different magnification under different conditions: AB, Sþ A, DA, AN, and SR.

Table 2. Mean grain size and Shape ratio (l/w) in the longitudinal (L) and
transversal (T) section in different heat treatment conditions to highlight
the elongation of the grains.

Mean grains dimension [μm] Shape ratio (l/w)

AB—L AB—T AB—L AB—T

58� 27 37� 5 2.57 0.92

Sþ A—L Sþ A—T Sþ A—L Sþ A—T

68� 31 21� 6 1.62 1.07

DA—L DA—T DA—L DA—T

58� 18 25� 5 1.66 1.22

AN—L AN—T AN—L AN—T

32� 16 30� 6 1.48 0.95

SR—L SR—T SR—L SR—T

51� 16 29� 9 1.35 1.29
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precipitates were noticed, as highlighted in Figure 3 and summa-
rized in Table 3.

For SþA condition it is possible to note the presence of irreg-
ular block-like precipitates, which could be considered M6C and
MC carbides.

Instead for DA condition, both precipitates shaped like a thin
film and block-like with high percentages of Nb could be noticed,

which could be interpreted as M23C6, rich in Cr in the former
case and as MC carbides in the latter.[42] It is worthwhile to note
that in literature these thin film precipitates could be also iden-
tified as δ phase.[43] This fact is due to the presence of γ 00 phase,
and carbides, after DA[21,26]; the δ phase could come from the
transformation of γ 00 phase which is shaped like thin film.
Better investigations (i.e., TEM) need to be done in order to
assess the nature of precipitates.

Notably, for the temperatures used in the present work for AN
(i.e., 1150 �C) this HT should not lead the formation of precipi-
tate, nevertheless when comparing the microstructure with AB
condition precipitates after AN HT were present both inside
grains and at the grain boundaries. In particular, block-like pre-
cipitates rich in Nb (probably MC carbides) were observed,
together with Al and Ti precipitates shaped as elongated film.
These could be associated with γ’ phase and M23C6 carbides,
as a consequence of the following transformation[43]

MCþ γ ! M23C6 þ γ’ (2)

However, as no particles are discernible on the small scale, the
content of particles seems to be affected by AN. In this research,
the precipitates after AN HT at 1150 �C are present both inside
grains and at the grain boundaries after a slow cooling.

In the SEM images of SR condition, it is possible to identify
different types of precipitates. Film-like precipitates with higher
chromium content could be identified as M23C6 carbides,
whereas block-like precipitates rich in Nb could again be related
to MC carbides. δ Phase was not detected with SEM/EDS, but it
is important to highlight that in the literature the formation of δ
phase was reported by Stoudt et al.[23] after the SR HT at 870 �C.
This phase has an acicular shape with nanometric size and gives
greater hardness and brittleness at the matrix.

Figure 3. Comparison of SEM images of the longitudinal section at different magnification for each condition.

Table 3. EDS analysis of SEM images reported in Figure 3.

Samples Spectrum Al Ti Cr Fe Ni Nb Mo

AB 1 – – 23.32 4.36 64.51 – 7.81

2 0.48 – 22.61 4.39 63.76 – 8.76

3 – – 22.94 4.51 64.00 – 8.55

Sþ A 4 – – 23.37 4.49 65.57 – 6.57

5 – – 23.06 4.56 64.21 – 8.17

DA 6 – – 25.91 4.31 69.78 – –

7 – – 19.84 4.21 56.30 13.86 5.79

8 – – 21.29 3.64 54.17 15.47 5.42

9 – – 24.01 4.21 71.79 – –

AN 10 – 0.15 19.84 3.98 57.95 14.41 3.66

11 1.48 0.71 21.71 3.83 53.57 14.27 4.43

12 1.97 0.93 18.30 3.16 55.39 16.99 3.27

13 – 0.21 20.74 3.96 58.47 12.47 4.14

SR 14 – – 26.19 – 73.81 – –

15 – – 26.35 3.71 69.94 – –

16 – – 21.71 3.37 54.50 20.42 –

17 – 0.45 20.14 3.92 54.20 21.28 –

18 – – 24.28 5.26 70.46 – –

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2021, 2100966 2100966 (7 of 14) © 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.aem-journal.com


As a conclusive remark, it should be pointed out that not only
the type, but also the distribution and size of precipitates seem to
be affected by the HT parameters, especially the cooling rate.
In fact, rapid cooling is used to freeze the solubilized elements
in the matrix and suppress the growth of precipitates, whereas a
slow cooling promotes the formation and the coarsening of
precipitates. Considering SLM-IN625, this aspect has been
considered in the work of Zhang et al.[44] in which the homoge-
nization kinetics of SLM-IN625 was examined. In this case the
cooling rate after the AN HT at 1150 �C was very high
(�200 �Cmin�1) in order to freeze the microstructure reporting
no carbides at grain boundaries. Also, Marchese at al.[25] reported
only few small precipitates at grain boundaries performing a
water quenching after an ANHT at 1150 �C. Instead, considering
the case of slow cooling rate, Li et al.[18] have observed the for-
mation of carbides both in the grains and along the grain bound-
aries after AN at 980 and 1150 �C followed by a furnace cooling.
Also, in the work of Marchese et al.[21] the effect of HT at 1150 �C
for 2 h revealed the presence of fine inter/intragranular Nb, Ti-
rich MC carbides from 30 to 400 nm. Finally, Li et al.[19] reported
coarsening of MC carbides from preexisting and newly formed
carbides at the grain boundaries after a cooling in still air.

3.2. Vickers Microhardness

Themicrohardness of the specimens was investigated both along
the longitudinal section (ZX plane) and transversal section
(XY plane). For the longitudinal section (ZX plane), the average
hardness is 296� 8 HV, 319� 6 HV, 344� 6 HV, 221� 8 HV,
and 296� 5 HV, respectively, for AB, Sþ A, DA, AN, and SR
conditions. For the transversal section (XY plane), instead, the
average hardness is 291� 7 HV, 311� 8 HV, 355� 9 HV,
216� 5 HV, and 301� 6 HV, respectively, for AB, Sþ A, DA,
AN, and SR conditions. It should be highlighted that for a con-
ventional forged IN625 a hardness of about 305 HV is reported in
the literature,[19] slightly higher than the present AB condition.
As a consequence of aging, HT DA and Sþ A were able to
strongly increase the hardness due to the precipitations of car-
bides, such as M23C6, MC, andM6C. Sþ A sample reached lower
values with respect to DA one because of the solution HT that not
only solubilizes precipitates and hard phases before the aging
treatment, but also can cause a growth in the size of precipitates.
This phenomenon is a consequence of the long period at high
temperature and can lead to a reduction in hardness. Instead,
DA HT allowed the formation of precipitates and phases directly,
without changes in the size of precipitates. On the other side, AN
caused a significant reduction of the hardness due to the recrys-
tallization phenomenon induced by this treatment. As already
mentioned, SR HT is mainly aimed to decrease residual stresses
with only minor microstructural effects, as reflected by a hard-
ness value very similar to AB condition.

3.3. Tensile Properties

Figure 4 shows the effects of the HTs on the mechanical prop-
erties. In particular, DA HT caused a remarkable increase of the
yield strength, tensile strength, and Young’s modulus due to the
presence of precipitates, i.e., MC, M6C, M23C6 carbides or δ

phase which, on the other hand, reduced the ductility. It is impor-
tant to highlight that this trend is confirmed by the highest hard-
ness values of these DA samples, where the δ phase may have
played a key role. The opposite situation occurs for AN, in which
case the recrystallization results in a relevant increase in the duc-
tility with the highest reduction of the other mechanical proper-
ties. SþA is the treatment that offers the best compromise
between all the mechanical properties. The combination of sol-
ubilization and aging enhances the strength of the samples with-
out reducing the ductility. The solution HT allows a reduction of
residual stresses and the recovery’s phenomenon, with a begin-
ning of recrystallization, which promotes ductility. Instead, the
aging HT DA causes the formation of precipitates that increase
the strength of the alloy. Regarding SR condition, this HT does
not affect particularly the mechanical properties, except for a
slight increase in ductility, possibly thanks to the reduction of
residual stresses. In Table 4, a comparison of the mechanical
properties is reported, including data from literature for samples
obtained by traditional processes (such as forging, rolling, and
casting) and by SLM. The values obtained in this article for
the AB condition are well above the minimum values required
by reference standard ASTM B443 for SLM samples. Besides,
AB conditions show similar properties with rolled and forged
conditions, but higher than as-cast samples. Forging and rolling
processes can induce strain hardening in the alloy, which allows
to obtain high values of yield strength (σp0.2) and ultimate tensile
strength (σR). On the contrary, SLM is not designed to induce
strain hardening, but the elevated cooling rate reached with this
process causes the formation of a very fine dendritic structure in
the built direction. This feature gives strength to the alloy.

3.4. Fracture Surfaces Analysis

Fracture surfaces were observed using SEM to investigate the
fracture’s mechanisms and some representative fractographies
are reported in Figure 5.

At a first visual inspection, all the broken samples showed
necking and jagged surfaces which suggest ductile fracture
mode. In the overview of AB sample (Figure 5), it is possible
to see the presence of a central area with a relevant ductile aspect
delimited by an upper and lower area morphologically flat, prob-
ably caused by the final failure. Very small dimples are clearly
visible, which indicate ductile fracture mode, as well as cavities
with different sizes and lack of fusion defects (highlighted by a
blue arrow).

Sþ A sample shows a flatter surface than AB condition with
local alignments of cavities which are well shown at higher mag-
nifications. Red arrows highlight microcracks at 45� which link
voids. In this condition, very fine and evenly distributed dimples
are also visible, again suggesting that ductile fracture mode
occurred.

The fracture surface in DA samples is clearly ductile, but with
a lower extension of the area deformed during the tensile test
(upper half of the surface). At higher magnifications, voids,
microcracks, and dimples are visible in line with a ductile
behavior.

Different behavior can be noticed for AN samples. In the over-
view, only a small portion at the lower area of the fracture surface
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is flat, which is associated with the final rupture, whereas the
large extent of a rough surface indicates a more ductile sample.
Voids and microcracks are visible also in this condition with very
fine and evenly distributed dimples similarly to Sþ A.

The fracture surface of the last condition (SR) is very similar to
the other ones analyzed. The flat area in the upper half of the
surface probably indicates the final rupture of the sample,
whereas the remaining surface was deformed during tensile test.
Some voids are highlighted by yellow arrows and very fine
dimples are clearly visible.

3.5. Wear Tracks Investigation

Figure 6 and 7 show the wear track morphologies after the test.
The shapes of all the tracks are, in general, regular and the width
is quite constant along the track. Only DA condition is different
with an irregular shape and width along the track, which is also
smaller with respect to the other conditions. For a better compre-
hension of the morphology of the tracks, Figure 6 is reported.
In Figure 6 which shows a 3D image of the wear track, the pres-
ence of grooves in all conditions as a consequence of the abrasive
wear mechanism is clearly visible. The deposition of material on
the surface to form relief plates is responsible for the dark areas
on it. They can be caused either by debris not properly evacuated
from the track or by the formation of oxides. No delamination is
visible for any of the examined conditions. The wear tracks are
very similar in terms of shape, width, and depth except for the
DA sample, as can be seen in Figure 6 and Table 5. In fact, the
depth and the width of the wear track in the DA condition are,
respectively, about 60% and 27% lower than the other conditions.
This difference can also be appreciated for the specific wear rate
Ws data reported in Table 5, where the DA sample shows a value
much lower than the other conditions (about 72% lower).

Figure 4. Stress–strain curve for the different heat treatment conditions.

Table 4. Comparison of mechanical properties of samples obtained by
SLM and traditional processes.

Conditions σp0.2 [MPa] σR [MPa] A% [%]

AB SLM 554 839 45.3

Standard SLM[11] 275 485 30

Rolled[1] 414–758 827–1103 60–30

Forged[36] 490 965 50

As-cast[36] 350 710 48
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The beneficial effects of the precipitations of carbides as a con-
sequence of aging treatment are perceptible also for the Sþ A
condition. The wear rate for this condition is 15% lower than the
AB condition. AN and SR HT show higher values of wear rate,
respectively, 3.5% and 11.5% more than the AB condition. The
reasons are linked to the fact that these treatments do not cause a
strengthening in the matrix, as can be seen in hardness and
mechanical properties. The different behavior of the DA condi-
tion is reflected also in the coefficient of friction (COF), both con-
sidering the stabilized value (Table 5) and the trend during the
test (Figure 8). In particular, all the samples showed similar
behavior in terms of COF, with the notable exception of the
DA condition that exhibited a lower COF (about 68% lower).

In addition, the trend of COF during the wear test in the DA
condition seems similar to the other samples at the beginning of
the test but successively showed a drastic and instantaneous
reduction at about 20% of the test time. After this, COF
decreased slowly until the end of the test. For a comparison

purpose, Wang et al.[30] studied the wear behavior of hot extruded
IN625 and, in the same test condition of this work, it was found a
mean COF value of 0.7, so 25% higher than SLM IN625 in AB
condition. For a better comprehension of the different behavior
of the DA condition, a SEM analysis was carried out. Figure 9 and
Table 6 show SEM images and EDS analyses for the different
conditions. As seen above, grooves and deposition of material
in internal and external parts of the tracks are visible. In particu-
lar, in the backscattered images of all the conditions it is possible
to note two types of deposited material: oxides of material from
counterpart pin (dark grey) and debris from base metal
(light grey). The former is highlighted by the presence of oxygen
and silicon that come from the pin, the latter by the chemical
composition similar to the base metal.

Taking into account the results analyzed above, the reason why
the DA sample has such different behavior can be related to the
high hardness of this condition. First, the higher is the hardness
and the lower is the amount of material that can be removed. The

Figure 5. Surface fracture images obtained by SEM for the different heat treatment conditions. Yellow arrows indicate holes, red arrows indicate micro-
cracks, and blue arrows indicate lack of fusion.
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high hardness is caused by the HT which allows the formation of
a significant number of precipitates (mainly MC and M23C6 car-
bides). Second, hardness allows the formation of a stable oxides
layer on the wear track, thanks to the high resistance of the base
metal. This harder layer allows protection from the wear mecha-
nism, reducing the COF, the wear volume, and consequently the
specific wear rate and the dimension of the wear track. In the
other conditions, the hardness is not high enough to prevent
the collapse of the oxide layer causing its fragmentation. This
situation reduces the protection of the base metal from wear
and can explain why all the other conditions have instead a simi-
lar behavior.

4. Conclusions

In this work, the effects of different vacuum HTs on microstruc-
ture and on mechanical and tribological behaviors of SLM IN625
were investigated. The HTs performed on specimens were
SþA, DA, AN, and SR.

The data obtained by the tests were discussed to give an
exhaustive explanation of the IN625 response to vacuum HTs.
Conclusions can be summarized as follows: 1) The microstruc-
ture obtained in the different conditions is the results of the
entire thermal history including the SLM process and the
HTs with their slow cooling. The AB microstructure is formed
by columnar grains which grow in the build direction. Within the
grains, a very fine dendritic structure is present. As a conse-
quence of the SLM process, evenly distributed and slightly over-
lappedmelt pools are formed. Solution and aging HT allowed the
elimination of the melt pools and the formation of precipitates in
the matrix. DA HTs did not alter the microstructure but caused
extensive and uniform precipitation of carbides and secondary
phases. SEM–EDS analysis revealed that the main precipitates
seem to be M23C6 and MC carbides, as well as γ 00 and δ phases.
AN is the HT that more has modified the microstructure due to
the recrystallization phenomenon. For this reason, an equiaxed
and almost isotropic microstructure was obtained. SR did not
change in a significant way the microstructure. 2) Mechanical
properties are strictly correlated to microstructural

Figure 6. Portion of the wear track under different heat treatment conditions observed by confocal microscope.
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modifications. Compared to AB condition, only SA and DA HTs
have achieved higher strength (σp0,2 and σR) thanks to the forma-
tion of precipitates which act as obstacles to the dislocations’

movement. In the case of SA, the increase in strength is lower
than DA, but it did not reduce the ductility as DA condition.
AN HT led to a strong increase in ductility thanks to the

Figure 7. Portion of the wear track under different heat treatment conditions observed by SEM.

Table 5. Average Depth and width of the wear tracks, specific wear rate and average coefficient of friction for the different conditions.

AB Sþ A DA AN SR

Avg. Std. dev. Avg. Std. dev. Avg. Std. dev. Avg. Std. dev. Avg. Std. dev.

Depth of wear track [μm] 68.3 0.9 69 1.4 28 2.2 68.7 0.8 70.8 2.7

Width of wear track [μm] 1715.1 26.9 1785.4 18.7 1284.1 69.7 1771.6 10.3 1781.6 27.5

Specific wear rate [10�3 mm3 (Nm)�1] 0.313 0.027 0.352 0.010 0.087 0.009 0.323 0.012 0.349 0.022

COF μ 0.566 – 0.562 – 0.183 – 0.565 – 0.565 –

Figure 8. Trend of COF during the wear test for the different conditions.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2021, 2100966 2100966 (12 of 14) © 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.aem-journal.com


recrystallization phenomenon, which, on the other hand, has
reduced a lot the strength of the alloy. SR did not alter signifi-
cantly the mechanical properties compared to AB condition.
3) Fracture surface analysis revealed that all the conditions
underwent ductile fracture mode of failure. The DA condition
has shown a plastic deformed area less extended than the other
conditions, a sign of less ductility. 4) Vickers microhardness val-
ues are in accordance with what was observed for microstructure
and mechanical properties. In particular, DA condition reached

the higher value of hardness thanks to the presence of evenly
distributed carbides in the matrix. Also, SþA HT allowed an
increase in hardness, but less than the previous condition.
As expected, AN condition has reported low values of Vickers
microhardness as a consequence of recrystallization. SR did
not significantly affect the microhardness, showing values simi-
lar to ABcondition. 5) Wear behavior was not appreciably affected
by the HTs, except for DA HTs. All the conditions analyzed led to
very similar values of COF, wear rate, and morphology of the
wear tracks. DA condition performed much better than other
conditions with very low values of COF, wear rate, and sizes
of wear track. This behavior could be linked to the fact that
DA HTs caused extensive precipitation of very fine carbides
which hardened the matrix. For this reason, the matrix could
properly support the oxides layer formed during the wear test
without cause it to collapse. At this point, the oxides layer could
protect the matrix from wear. In the other conditions the hard-
ness is not high enough to prevent the collapse of the oxide layer
causing its fragmentation. In the different conditions analyzed,
abrasive and tribo-oxidative wear mechanisms occurred.

IN625 superalloy obtained by SLM process can reach the
mechanical properties obtained by traditional processes
with great advantages on the design. In addition, the use of
HTs can be a powerful tool to significantly change the mechani-
cal properties and the microstructure to satisfy different
requirements.

Figure 9. SEM images of internal and external side of the wear tracks for the different conditions.

Table 6. EDS analysis of SEM images reported in Figure 9.

Samples Spectrum O Si Cr Fe Ni Mo

AB 1 19.08 0.68 19.25 3.61 50.89 6.49

2 5.49 – 22.46 4.21 59.54 8.29

Sþ A 3 4.71 – 22.28 4.35 61.32 7.34

4 25.06 1.81 17.17 3.25 46.62 6.09

DA 5 25.24 0.73 17.00 3.27 47.38 6.38

6 20.38 – 18.67 3.49 50.12 7.35

AN 7 30.1 2.41 16.13 2.81 43.15 5.41

8 18.72 0.67 19.45 3.44 51.75 5.97

SR 9 4.36 – 22.35 4.45 60.85 7.99

10 27.00 1.47 16.98 2.96 45.36 6.23
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