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Abstract
The study examines the effect of the annealing on the microstructure, tensile strength (small flat dog-bone specimen size 
with 5 mm dimension of measuring base) and corrosion resistance of IN 625 nickel superalloy specimens manufactured by 
means of selective laser melting method (SLM). The annealing of such specimens was carried out in a chamber furnace in 
a protective atmosphere of argon at a temperature of 1038 °C for 1 h. The cooling process was carried out in an atmosphere 
of air at ambient temperature. The microstructure of the IN 625 nickel superalloy after the 3D printing process and after the 
post-process heat treatment (HT) was examined by means of scanning electron microscopy (SEM) and electron backscatter 
diffraction (EBSD). The results showed a uniform microstructure after the SLM process with element microsegregation. 
The cooling rate in the heat treatment was not sufficient which caused precipitation at the grain boundaries, most probably 
carbides and resulted in only a partial increase in ductility much lower than that of the material in initial state despite the high 
temperature applied during the annealing. The strength in the HT was on a level comparable to as-build state, 852 MPa and 
891 MPa, respectively. Additional corrosion resistance tests were performed by the potentiodynamic method in a 3.5% NaCl 
solution at room temperature. HT increased the current density variation from ipass due to the formed precipitates. Our studies 
show that the size effect is an important factor when assessing the properties of IN 625 obtained using SLM. Despite similar 
microstructure, the structure defects play a more significant role which translates into lower mechanical properties than in 
normal sized specimens defined by the standard ASTM E8.

1  Introduction

Owing to its high creep, oxidation resistance, and good 
fatigue strength at high temperatures, IN 625 nickel super-
alloy is widely used in the aircraft industry for compo-
nents of hot engines and ground-based gas turbines [1–4]. 
Apart from high temperature applications, IN 625 nickel 

superalloy is also used in low-temperature applications, such 
as in the chemical and shipbuilding industries, especially in 
sea installations, in which chlorides are present [5–7]. The 
high corrosion, good weldability, and high strength resist-
ance is especially important in aggressive environments. 
Therefore, there is a large number of studies in which those 
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particular properties are tested and analyzed especially for 
new manufacturing technologies [8–14].

The very high mechanical properties of IN 625 are mostly 
a result of solution and precipitation hardening [15, 16]. 
Phases present in the material include the fully coherent 
gamma prime, carbides, and intermetallic phases. Due to 
those microstructural barriers and crystal lattice resistance, 
the movement of dislocations may be significantly hampered 
[17]. The main elements improving the corrosion resistance 
of IN 625 nickel superalloy are molybdenum, niobium, and 
chromium. Molybdenum (Mo) improves the corrosion resist-
ance of IN 625 nickel superalloy, niobium (Nb) counteracts 
intercrystalline corrosion owing to the formation of carbides 
in the form of precipitations, and chromium (Cr) increases 
the resistance to oxidation [18]. An important property of 
IN 625 nickel superalloy is its relatively good weldability 
compared with other nickel superalloys [19]. This fea-
ture makes components manufactured from IN 625 nickel 
superalloy powder using additive technologies the subject 
of studies at numerous scientific centers with regard to their 
implementation in various industrial branches [20–22]. The 
literature data [18] show that the segregation of niobium, 
which takes place during the material's crystallization dur-
ing the solidification of the weld puddle—especially when 
high energy values are applied—causes an enrichment of 
the interdendritic areas with this element and a worsening 
of the corrosion properties of the superalloy. The formation 
of phases based on niobium, which increase the material's 
intercrystalline corrosion resistance, is possible owing to the 
use of post-process annealing [23, 24]. Corrosion resistance 
tests carried out on IN 740H nickel alloy in 0.1 M NaCl have 
showed that the corrosion processes in the material occur 
mainly at the grain boundaries [25]. Additionally, at room 
temperature, the corrosion resistance of IN 718 nickel alloy 
has been observed in aqueous environments containing chlo-
rides [26]. Cabrini et al. [27] have demonstrated that parts of 
IN 625 manufactured by the selective laser melting method 
are resistant to pitting corrosion, both after the 3D printing 
process and after post-process annealing.

The scale/size effect, which has been analyzed in many 
works, is a combination of many factors that should be 
taken into account; these are divided into external (caused 
by specimen size) and internal (resulting from microstruc-
tural limitations) factors [28]. One of the external constraints 
is the fact that normal grain growth usually stagnates once 
the grain size becomes comparable to the thickness of the 
specimen [29]. Two common internal factors of the scale 
effect are the Hall–Petch effect (the dependence of grain 
size on strength) [30] and the influence of the grain size 
of secondary phases [31]. The biggest advantage of mini-
specimens is that they make it possible to test the proper-
ties of a material, when its small volume is available [32]. 
However, Wysocki et al. [33] reported a lower elongation 

for additively manufactured commercially pure titanium, 
due to the scale effect and the variability of surface defects. 
The impact of surface preparation on the tensile properties 
obtained from mini-specimens was analyzed by Molak et al. 
[34] it was shown that thin layers of oxides from WEDM 
can reduce strength compared to the reference sample if the 
specimen thickness is below 0.5 mm. In the current research 
samples, a thickness of 0.6 mm were used and the effect was 
negligible.

Specimens produced by the SLM technique can feature 
defects in the form of microcracks and micropores, which 
reduce corrosion resistance [35]. The porosity of a "lack of 
fusion" type can worsen galvanic corrosion along the bound-
ary between the remelted material and the non-remelted 
powder [36, 37]. Paulin et al. [38] have shown that, in the 
case of the mechanical properties of IN 625 nickel superal-
loy produced by additive technology, the porosity levels do 
not significantly worsen its tensile strength. During examina-
tion of fatigue crack propagation, this "lack of fusion” type 
of porosity hinders the speed of crack development due to 
the prolonged path of cracking (crack branching mechanism) 
[38].

Heat treatment strongly affects the properties of addi-
tively manufactured materials [39, 40]. Especially, cooling 
rates can influence precipitation phenomena. Tinoco et al. 
[41] analyzed the solidification of modified IN 625 under 
different cooling rates, and reported a larger amount of 
Laves phases in the rapidly cooled specimen just at the end 
of the solidification process compared with the specimen 
that was cooled down with the furnace to room temperature. 
According to the authors this indicates a dissolution pro-
cess as a consequence of back diffusion in the samples with 
lower cooling rate which is beneficial in terms of mechanical 
properties. Li et al. [42]conducted research on the effects 
of annealing at three different annealing temperatures fol-
lowed by cooling the furnace down to room temperature, and 
applied it to IN 625 manufactured by selective laser melting. 
In the as-built state, 100 nm precipitates rich in Nb and Mo 
were observed; these dissolved during annealing at 1150 °C. 
Li et al. [43] also annealed specimens of IN 625 for 1 h at 
700 °C, 1000 °C, 1150 °C and applied cooling in air. They 
reported a lattice constant increase at 1000 °C caused by a 
large number of carbides precipitating. Additionally, they 
stated that at this temperature the strengthening elements 
are gradually dissolved into the matrix. Marchese et al. [44] 
studied the interaction of individual phases in a pure IN 625 
and with an addition of TiC. The experiment involved stand-
ard solution annealing at 1150 °C for 2 h, followed by water 
quenching The aim of the heat treatment was to solubilize 
the material, triggering recrystallization, and grain growth. 
This is a standard treatment for the wrought IN 625 which 
as the authors pointed out is also viable for the 3D printed 
element.



Archives of Civil and Mechanical Engineering (2022) 22:207	

1 3

Page 3 of 13  207

The literature also suggests that the size of the specimens 
is of crucial importance, which is a well-known fact analyzed 
separately in many other research papers [28, 33, 34]. This 
is especially important in the case of 3D printed elements, 
which are more heterogenous than simple wrought materials 
[45]. This is a result of the complicated heat dissipation and 
segregation of elements. The overall trend is to achieve materi-
als as similar as possible to wrought and cast materials. The 
simple tensile tests assume homogeneity and limited impact 
of the surface which is an exposed non-continuous area with 
higher energy prone to oxidation [46]. In the case of the mini-
specimens, the results are more susceptible to defects such 
as stress concentrators, which are common in the case of 3D 
printed materials [33].

The main aim of this article is to analyze and compare the 
tensile and corrosion results obtained for 3D-printed SLM 
specimens, both as-built and after HT. Additionally, the impact 
of having a small specimen size (used in this work) is analyzed 
with regard to other research available in the literature [47, 48] 
providing some additional insights. Overall, our results showed 
that it is possible to achieve comparable mechanical strength, 
although ductility, which is proportional to elongation, is still 
lower due to the nature of the heterogeneity induced in the 3D 
printing method.

2 � Experimental

2.1 � Materials

To manufacture 35 × 25 × 10 mm specimens using the SLM 
method, MetcoAdd 625A powder was used, the chemical com-
position of which is presented in Table 1. The distribution of 
powder particle sizes was analyzed utilizing laser diffraction 
(Horiba LA-950 analyzer), and their shapes were observed 
using a Hitachi TM-1000 scanning electron microscope 
(SEM).

In the preliminary research test specimens with the dimen-
sions of 10 × 10 × 10 mm were prepared by the selective laser 
method (SLM) in a Concept Laser Mlab R device equipped 
with a fiber laser with the power of 100 W. The smaller 
specimens were used for the optimization of the manufac-
turing parameters to obtain the best density at relatively low 
energy input which could overheat the material and induce 
excess amounts of thermal stresses. Other parameters that 
were also taken into account were geometric accuracy and 
surface roughness although the selection was done arbitrarily 
on a comparative basis between individual specimens. The 

specimens were produced with the use of double-sided scan-
ning (Fig. 1), where the scanning lines for each consecutive 
layer were perpendicular to those of the previous layer (scan-
ning line rotation of 90 degrees). For the first scanning, the 
energy density was 40 J/mm3, with the following parameters: 
laser power P—36 W, laser velocity V—600 mm/s, distance 
between consecutive paths H—0.05 mm, layer thickness D—
0.03 mm, while for the second scanning, the energy density 
was 100 J/mm3 with the parameters: P—90 W, V—600 mm/s, 
H—0.05 mm, D—0.03 mm.

For annealing, the conditions recommended by the pow-
der manufacturer were applied. It was carried out in a cham-
ber furnace, in a protective atmosphere of argon at 1038 °C 
(1900  °F) for 1 h. The heat treatment parameters were 
selected based on the standard procedures used by Oerlikon 
in a research report [49], where the authors specified them 
for 3D-printed IN 625. The specimen cooling process was 
carried out in air at ambient temperature.

2.2 � Characteristics of the produced specimens

The microsections for the tests of the cubic specimens with 
a side length of 5 mm, were cut out using wire electro-
discharge machining (WEDM) Mitsubishi MV-1200S. The 
following parameters were used in the process: current den-
sity—10 A, wire feed—5 m/min, wire tension—8 N Pulse 
on/off time—110/50 μs, respectively. The next step involved 
the use of abrasive papers with gradations of 320, 600, 
and 1200, and polished using diamond suspensions with 

Table 1   Chemical composition of the MetcoAdd 625A powder

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

% wt Balance 20–23 8–10 5.0 max 3.5–4.14 0.50 max 0.40 max 0.40 max 1.0 max 0.015 max 0.50 max 0.015 max 0.10 max

Fig. 1   Diagram of the specimen printing strategy
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gradations of 3 μm, and then 1 μm. A preliminary study 
showed a heat-affected zone (HAZ) of up to 10 μm, which 
is negligible compared with the thickness of the specimen 
(0.6 mm). Furthermore, the thin layer of the HAZ served as a 
marker for the DIC method (described later in the text). The 
specimens for the microstructural observations were etched 
electrochemically using a mixture of 78 ml HClO4, 100 ml 
C6H14O2, 730 ml C2H5OH and 90 ml H2O, at a voltage of 
2 V for 30 s. The specimen microstructure observations were 
carried out on HITACHI SU 70 and HITACHI TM-1000 
scanning electron microscopes. A detailed microstructure 
investigation was performed on a (SEM) Hitachi SU-70 
scanning electron microscope equipped with an electron 
backscatter diffraction (EBSD) detector. A Hitachi ion mill-
ing system IM4000 was used to prepare the specimens for 
EBSD. Phase identification of the manufactured specimens 
was conducted using a Bruker D8 Advance X-ray diffrac-
tometer having filtered Cu Kα (λ = 0.154056 nm) radiation 
and operated at 40 kV and 40 mA. Bruker EVA software 
and a PDF-2 database were used to analyze the X-ray dif-
fraction (XRD) patterns. The measurement conditions were 
as follows: the 2θ range was 20°–100°, the step 0.05, and 
sampling time 3 s per step.

2.3 � Electrochemical testing

The electrochemical measurements were performed with 
the use of an Autolab PGSTAT302N potentiostat/galva-
nostat in a naturally aerated 3.5% NaCl solution. A standard 
three-electrode setup with a platinum sheet as the counter 
electrode (CE), a silver chloride electrode (Ag|AgCl|Cl−) as 
the reference electrode (RE) and a specimen as the working 
electrode (WE) was used. The open circuit potential (EOCP) 
was recorded during the 30 min of immersion. After EOCP 
stabilization, the potentiodynamic polarization was started 
0.15 V below EOCP with a 1 mV/s scan rate, and reversed 
when the current density reached the value of 1 mA/cm2. 
Each measurement was repeated at least 3 times to ensure 
the reproducibility of the results.

2.4 � Static tensile test

A static tensile test was performed on mini-specimens with a 
length of 8.60 mm, cut out using EDM (Fig. 2). It should be 
noted that the specimen thickness was about 20 layers thick, 
and its width approximately the width of 16 melt lines with a 
hatch spacing of 0.05 mm. The test specimens were cut out 
in such a way so that their longer axis would be within the 
printing plane (xy) or (xz).

The static tensile test was carried out by means of a 
Zwick/Roell Z005 testing machine equipped with a power 
detector, with a measurement scope of ± 1 kN. The static 
tensile test was controlled by a time-constant shift of the 

tester beam of 0.005 mm/s, which, with the mini-specimen 
measuring base of 5 mm, ensured an initial absolute tensile 
speed of 1 × 10–1 1/s. Due to the small size of the mini-
specimens, for the deformation measurements a non-contact 
optical method based on digital image correlation (DIC) was 
applied. The idea of this method is based on a comparison 
of digital images of the specimen surface before the test (the 
so-called reference image) with images taken after deforma-
tion. A computer algorithm compares the particular photo-
graphs and calculates the shifts of small areas. Based on the 
measured shifts of the analyzed areas, it is possible to deter-
mine the macroscopic deformations, the local deformations, 
and the deformation fields over the whole analyzed specimen 
surface. In the tests, VIC 2d commercial software by Cor-
related Solutions was used to make two-dimensional defor-
mation measurements on the specimen surface. An analysis 
of the static tensile test results (force [N]/stress [MPa]) as 
well as the DIC analyzes (deformation %) made it possible 
to produce an engineering stress-engineering strain relation 
and to determine the mechanical properties of the IN 625 
nickel superalloy specimens in their initial state, as manu-
factured using the SLM technique, and after being subjected 
to additional post-process annealing. To obtain statistically 
significant results, a minimum of three specimens per state 
was used. In the case of significantly different results in 
the as-built state, a total of five specimens were used and 
extreme values were ignored.

Fig. 2   Shape and dimensions of the miniature specimens for the static 
tensile test



Archives of Civil and Mechanical Engineering (2022) 22:207	

1 3

Page 5 of 13  207

3 � Results and discussion

3.1 � Characteristics of the powder

Figure 3 shows a histogram of the particle size distribution 
of the IN 625 nickel superalloy powder. The histogram of the 
particle size distribution points to a narrow size scope, which 
is confirmed by the microscopic observations (Fig. 4).

The powder particles are spherical in shape, and their mean 
size is about 45 µm. The size of the powder particles, as well as 
their shape, are typical for additive manufacturing techniques.

3.2 � Microstructure

3.2.1 � SEM observations of as‑printed SLM specimens

The microstructure imaging results of the specimens made 
from the IN 625 nickel superalloy powder using the SLM 
technique in the x–y plane are shown in Fig. 5. The micro-
structure observations performed by means of a scanning 
electron microscope (Fig. 5a) revealed padding weld beads 
arranged alternately, which was caused by the deposition 
of consecutive layers of the powder and the direction of the 
powder being melted by the laser beam. The differences in 
the padding weld bead sizes result from the difference in the 
sizes of the welded powder particles. The microstructure 
observations in the printing plane (xz) (Fig. 5b) revealed 
the melt pools, and a fine-grained microstructure contain-
ing dendrites. The dimensions of the melted pools of the IN 
625 nickel superalloy were about 70–90 μm in width and 
about 20–45 μm in depth. The observed shape and size of 
the melted material puddles depended on the laser scanning 
pattern and was characteristic for nickel superalloy speci-
mens produced using SLM/DMLS methods [50, 51].

3.2.2 � SEM observations of heat‑treated SLM specimens

Figure 6a and b show the microstructure of specimens pro-
duced by the SLM technique and subjected to additional 
annealing. We can see grains with a size of about 20 µm, as 
well as precipitations on the grain boundaries. The results 
of the chemical composition analysis (EDS) presented in 
Table 2 point to an enrichment of the precipitations with Nb 
and Mo, and to an impoverishment in those areas of Ni and 
Cr compared with the above-mentioned grains. Furthermore 
higher concentration of carbon in those areas allows to sug-
gest the presence of carbides.

3.2.3 � Electron backscatter diffraction (EBSD)

Figure 7 shows inverse pole figure (IPF) maps of the XZ 
cross-sections for the as-SLM and heat-treated specimens. 
The IPF map is color-coded to identify the crystallographic 
orientations on a standard stereographic projection. In 
both of the examined specimens (SLM-obtained and heat-
treated), the equiaxial grains have a strong < 001 > orienta-
tion along the manufacturing direction. The annealing per-
formed increased the mean subgrain diameter (d) by more 
than 50%. The increase in the distribution of high angle 
grain boundaries (HAGB) was also on a comparable level 
in the state after the annealing.

The X-ray diffraction (XRD) patterns of the SLM (XY) 
and heat-treated (XYHT) specimens are shown in Fig. 8. A 
nickel-based solid solution (γ-Ni) with an FCC crystal struc-
ture was detected in all the examined specimens. As shown 

Fig. 3   Particle size distribution

Fig. 4   Micrograph of the IN 625 powder (SEM BSE)
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in the magnified area, the peak corresponds to the (111) 
plane shifted to a lower diffraction angle after the annealing. 
This displacement in the XRD peak position may be due to 
a variation in the lattice parameter of the γ-Ni structure. In 
light of the work of Amato et al. [52], the intermetallic γ″ 
(Ni3Nb) particles found in the NiCr matrix in the as-SLM 
state dissolved into the matrix after the heat treatment.

3.3 � Pitting corrosion

The potentiodynamic polarization curves, recorded after 
0.5 h of stabilization at the open circuit potential (EOCP) 
in 3.5% NaCl, are plotted in Fig. 9. The wide passive pla-
teau on the potentiodynamic curves indicates that heat in 
the test solution. The shapes of all the curves were very 

Fig. 5   Microstructure of a specimen produced using SLM: in the printing plane (XY) (a) and (XZ) (b), (SEM BSE)

Fig. 6   Microstructure of IN 625 
nickel alloy specimens made 
using the SLM technique and 
subjected to additional anneal-
ing: in the printing plane (XY) 
(A), in the printing plane (XZ) 
(B)
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similar (Fig. 9a), the corrosion potential (Ecorr) values were 
equal to about ~ 0.18 V/Ref and the passive current densities 
(ipass) were in a range of 3–5 µA/cm2. The major difference 
between the potentiodynamic curves were the current spikes 
observed in the passive domain for the heat-treated speci-
mens (Fig. 9b). A sudden growth in current density followed 
by the abrupt drop down to ipass was observed multiple times 
for the XY_HT and XZ_HT specimens. Such a phenom-
enon is related to a local dissolution of the material followed 
by its repassivation [53]. The microstructural observations 
revealed the formation of Nb- and Mo-rich phase at the grain 
boundaries. The galvanic coupling between that phase and 
the surrounding matrix might lead to a local dissolution 
and repassivation of the passive film. At potential of about 
0.8 V/Ref, the increase in the current density was related to 
the oxygen evolution reaction. In the reverse scan, the cur-
rent density quickly decreased below the values recorded in 

the forward scan, which indicated that no stable pitting had 
occurred. The heat treatment of the SLM specimens did not 
significantly alter the resistance against localized corrosion 
attack. However, the occurrence of local dissolution events 
might indicate that the formation of Nb-, Mo-rich precipi-
tates at the grain boundaries led to the formation of a less 
compact and less stable passive film.

3.4 � Static tensile test

Figure 10 shows the tensile curves obtained for IN 625 
superalloy specimens produced by the SLM technique before 
and after annealing. The mechanical properties determined 
from the tensile curves are included in Table 3. On the basis 
of the compiled investigation results, it can be established 
that, after the SLM process, the IN 625 superalloy features 
good strength parameters, which are not much lower than 

Table 2   Results of a quantitative chemical composition analysis in the precipitations and the substrate of IN 625 nickel superalloy specimens 
produced using SLM technique and subjected to additional heat treatment [% wt.]

Measurement 
point

C Al Si Cr Fe Ni Ti Co Nb Mo

1 1.8 0.2 0.5 14.9 3.6 33.5 2.4 0.3 25.1 17.7
2 0.7 0.4 0.3 21.5 3.7 58.8 0.3 0.8 3.7 9.8
3 2.3 0.3 0.4 13.1 3.8 39.3 1.8 0.1 23.5 15.4

Fig. 7   EBSD maps of SLM (A) 
and heat-treated specimens (B)
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those of the IN 625 nickel superalloy specimens in the ini-
tial state (Rp0.2 = 502 MPa, Rm = 891 MPa, A = 44%); this 
indicates that the technological parameters of the SLM pro-
cess were correctly elaborated. The biggest differences were 
recorded in the values of elongation at break, which have 
resulted from the presence of pores in the superalloy. The 
pores decreased the actual cross-section of the specimen 
and constituted structural notches which, in consequence, 
significantly reduced the material's plasticity. The anneal-
ing did not significantly affect the strength properties of the 
IN 625 nickel alloy. However, the value of elongation at 
break, which was 15% for the SLM process and 19% for the 

Fig. 8   XRD patterns of the 
SLM (XY) and heat treated (XY 
HT) specimens with the magni-
fied view of the (111) crystal 
plane

Fig. 9   Anodic potentiodynamic polarization curves (a) and enlarged 
passive domain potential range (b) recorded in 3.5% NaCl for the XY, 
XZ, XY_HT, XZ_HT and reference specimens

Fig. 10   Curves in the stress–strain results obtained for IN 625: 
wrought material, after SLM process and after SLM process with 
additional heat treatment
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SLM process and the annealing, did not limit the potential 
construction applications of the IN 625 material produced 
using the SLM method.

Figure 11 shows the fracture surfaces after the tensile 
tests. IN 625 in the initial state had the characteristics of 
a ductile fracture surface (Fig. 11a). It was found that the 
fracture of the IN 625 superalloy after the SLM process 
had the features of a plastic (ductile) fracture (Fig. 11b). 
The pores visible in the cross-section are structural 
notches that limit the ductile properties of the material 
to a small extent. The fracture of the specimen after addi-
tional annealing (Fig. 11c) is similar to the fracture of the 
specimen after the SLM process. It is a ductile fracture 
with visible pores. The lower plasticity of specimens after 
the SLM process (in the as-built state) than that reported 

in [40] was due to usage of different specimen size. In our 
work, we used mini-specimens, whereas Marchese et al. 
[47] conducted their research on cylindrical specimens 
under the ASTM E8/E8M-09 standards. Mini-specimens 
are known for higher sensitivity for material failure initia-
tors. According to the research conducted, there are many 
challenges posed by the precise 3D printing of small parts. 
In this study, the size effect proved critical when assessing 
the mechanical and environmental response of the mate-
rial. Despite the use of the same material (SLM printed 
IN 625), the results showed a large spread due to small 
defects and the larger share of grain boundaries, which 
were additionally affected by the annealing and Cr, Nb and 
Mo segregation. Furthermore, small pores were the pre-
cursors for fracture in the tensile tests. It should be noted 

Table 3   Comparison of literature data and results obtained from the tensile tests conducted on the mini-specimens

YS yield strength, UTS ultimate tensile strength, A elongation to failure, WQ water quenching, FC furnace cooling, AC air cooled

Material condition Applied HT (temperature/time/cool-
ing method)

YS [MPa] UTS [MPa] A [%] Described microstructure elements Sources

As-built – 783 ± 23 1041 ± 36 33 ± 1 Cellular and columnar dendritic 
structures

Nb-rich MC carbides

[47]

Heat-treated 1150 °C/2 h/WQ 396 ± 9 883 ± 15 55 ± 1 Recrystallized γ grains
Nb, Ti–rich MC carbides
Intergranular secondary carbides

[47]

As-built – 619 ± 7 901 ± 10 56.7 ± 2 – [47]
Heat-treated 1048 °C/1 h/ FC 523 ± 4 841 ± 7 68.5 ± 2 Columnar grains [54]
As-built – 618 ± 33 891 ± 5 40.7 ± 0.5 Cellular and columnar dendritic 

structures
[55]

Heat-treated 1150 °C/2 h/ WQ 379 ± 9 851 ± 3 54.5 ± 1.1 Equiaxed grains
Sub-micrometric carbides

[55]

Heat-treated 1150 °C/2 h/WQ and 
900 °C/200 h/–

450 ± 8 920 ± 4 46 ± 1.5 γ phase
δ phase

[48]

As-built – 652 ± 10 925 ± 13 32 ± 3 Cellular-shaped structure
Primary dendrites

[56]

Heat-treated 900 °C/1 h/AC 567 ± 15 869 ± 7 38 ± 1 Elongated grains [56]
Heat-treated 1100 °C/1 h/AC 409 ± 14 886 ± 11 56 ± 5 Elongated grains

Annealing twins;
[56]

As-built – 567 ± 15 836 ± 17 45.2 ± 1.1 Dendritic cellular structure and 
columnar structure

Laves phases
MC carbides

[57]

Heat-treated 1070 °C/1 h/WQ and 720 °C/18 h/– 813 ± 11 927 ± 15 43 ± 0.6 Annealing twins
Equiaxed grains
Recrystallized grains
MC carbides
disk-shaped γ″ phase

[57]

As-built – 669 ± 21 855 ± 32 15 ± 1 Fine-grained microstructure con-
taining dendrites

This work

Heat-treated 1038 °C/1 h/AC 577 ± 2 854 ± 5 19 ± 1 Nb, Mo-rich precipitations on grain 
boundaries

This work

Wrought – 483 ± 18 881 ± 9 36 ± 8 This work
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that the results of microstructure observations were in line 
with other similar studies [23, 57] yet the elongation was 
significantly lower. This proves overall that, depending on 

the size and usage, separate tests should be done for small 
parts, since these display different characteristics than the 
bulk solid material.

Fig. 11   Fractography of tested specimens of IN 625: in initial state (a); after the SLM process (b); after the SLM process and additional heat 
treatment (c)
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4 � Conclusions

Based on an analysis of the results of our investigation, the 
following conclusions have been drawn:

1.	 The SLM technique can be used to manufacture IN 625 
nickel superalloy powder specimens with a directed, 
fine-crystalline microstructure containing carbides and 
the Ni3Nb phase.

2.	 The IN 625 nickel superalloy specimens, manufactured 
by selective laser melting (SLM) under the optimized 
parameters, exhibit corrosion resistance and tensile 
strength, which are comparable with the specimens of 
the wrought alloy. At the same time, elongation of the 
3D printed specimens was remarkably lower because of 
carbide phase precipitation and structural defects.

3.	 Decrease in the size of the SLM specimens led to wors-
ening of the mechanical properties of the alloy.
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