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a b s t r a c t

Additively manufactured (AM) nickel-based superalloys, such as Inconel 625 (IN 625), are promising can-
didates for complex systems with high operating temperatures. In this work, an analysis was conducted
to extract material properties such as hardness, elastic modulus, and creep properties of both AM IN 625
and traditionally manufactured (TM) IN 625 after annealing through an instrumented nanoindentation
technique from room temperature up to 700 C. The results for both specimens were compared and indi-
cated that creep deformation decreases with the temperature increase up to 500 C where no creep was
observed for the AM IN 625 specimens at 500 C.

2022 Society of Manufacturing Engineers (SME). Published by Elsevier Ltd. All rights reserved.

1. Introduction

IN 625 superalloy is generally used in harsh environments
where it needs to withstand not only high temperatures but also
elevated stress during operations. Attributes such as excellent
mechanical strength, creep strength, and remarkable protection
against corrosion as well as oxidation make the alloy an ideal
choice for harsh environments. Although IN 625 is a predominantly
solid solution strengthened, strengthening precipitates also con-
tribute to its high temperature stability and strength. When the
material is aged at 680–870 C, the formation of c” precipitates
such as fine Ni3Nb, Ni3Ti, and Ni3Al type precipitates majorly
affects the material behavior [1].
3D printing technique of direct metal laser sintering (DMLS) has

recently emerged as a successful manufacturing process to fabri-
cate complex metallic parts, in particular, superalloys [2]. Phenom-
ena that inherently exist in the DMLS process, such as laser-
powder-melt pool interactions, fast cooling, and high temperature
gradient, significantly affect the mechanical properties of AM parts
[3,4] including those of IN 625 [5]. The porosity, columnar grain
structure, and compositional inhomogeneity of AM superalloys
add complexity to the interpretation of their material behavior

and modeling, in particular, under creep deformation. Several
experimental and numerical studies have been performed to opti-
mize the process parameters in order to fabricate high-quality IN
625 with desirable mechanical properties [5–7]. For instance, Ning
et al. emphasized the effects of temperature distribution on the
mechanical properties and dimensional accuracy of the AM parts
[5]. They developed an analytical model for temperature prediction
of single-track scan and multi-track scans considering scanning
strategy [5]. Wu et al. [8] developed a microstructure-based creep
model for AM nickel-based superalloys that took into account the
relationship between the cavity formation kinetics and creep
deformation. Recently, Son et al. [9] conducted high temperature
uniaxial (macroscale) creep tests for AM IN 625 alloys built
through DMLS process at various stresses for 650–800 C. They
found that AM IN 625 has equal or superior creep strength at
650–800 C compared to its wrought counterpart.
The high temperature nanoindentation technique is an effective

and versatile method to evaluate the nano/micro-scale material
properties such as elastic modulus, hardness, and creep behavior
at elevated temperatures [10]. Elevated temperature mechanical
properties of nickel-based superalloys IN 617 and its oxide layer
as well as mechanical and creep properties of IN 718 have been
recently investigated through instrumented nanoindentation
[11–14]. Recently, AM IN 625 elastic modulus and hardness (up
to 510 C) were investigated through nanoindentation [15]. Recent
reports show that the creep behavior of AM IN 625 is generally dif-
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ferent than its wrought counter parts [16]. In addition, small scale
and contact creep might deviate from unidirectional testing [17].
AM IN 625 is a promising candidate to be utilized for several high
temperature applications, including joints, contacts, and interfaces.

Furthermore, recently advanced nanoindenters have become
highly capable of capturing mechanical properties and creep. Yet,
to the best of authors’ knowledge, elevated temperature creep

Fig. 1. Representative nanoindentation load-displacement curves for AM and TM IN 625 at several temperatures.
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deformation of AM IN 625 through nanoindentation has not been
studied.
The current work investigates and compares the mechanical

and creep behaviors of AM and TM IN 625 in a temperature range
of room temperature (RT) to 700 C using instrumented nanoin-
dentation. The properties measured are elastic modulus, indenta-
tion hardness, and creep indentation depth.

2. Results and discussions

2.1. High temperature nanoindentation

Fig. 1 represents indentation load vs. displacement curves for
the AM and TM IN 625 specimens. It is observed that by increasing
the temperature, the serrations on both AM and TM specimens
increase. The presence of the serration in the force-displacement
graph is mainly due to the dynamic strain aging (DSA) which is
typical for nickel-based alloys [10].

2.2. Indentation hardness and elastic modulus

Fig. 2(a) shows the indentation hardness (HIT) variation with the
temperature for AM and TM IN 625 specimens. The indentation
hardness of both specimens generally shows a slight decrease with
the temperature that expected to be due to the thermal softening
[18]. The higher nanoindentation hardness for AM specimens is
attributed to the availability of large amounts of (geometrically

necessary dislocations) GNDs which are inherently associated with
the AM manufacturing process [14]. GNDs prevent slip, and conse-
quently raise yield strength and hardness [19]. As the temperature
increases, hardness values monotonically decrease for the TM
specimens. For the AM specimens, the hardness decreases when
the temperature increases from RT to 600 C (5.2 GPa to about
3.5 GPa), and it goes back up slightly to about 4.2 GPa at 700 C.
The observed increase in the hardness with temperature at
700 C can be attributed to a thermally activated cross-slip of dis-
locations requiring cross slip of screw segments in order for the
dislocation to bypass the precipitate obstacles, and the locking of
screw segments of the two coupled partial dislocations [20]. In
AM samples, the hardening via GNDs overshadows the softening
via thermal softening and hence, the overall net outcome is hard-
ening. The hardness values measured here are in the range of what
was reported by Zhang et al. [18].
Fig. 2(b) shows the measured elastic modulus of AM and TM IN

625 specimens at different temperatures. The room temperature
elastic modulus of the TM IN 625 specimen was measured to be
218 GPa. This is, indeed, close to the reported values from the ten-
sile test at the macroscale [18]. As shown in Fig. 2(b), the elastic
modulus of TM IN 625 specimen drops significantly with increas-
ing temperature to 500 C, yet it remains fairly constant afterward.
For AM specimen, the elastic modulus decreases with elevating the
temperature to 500 C but then it increases at higher temperatures
and goes even above the elastic modulus value at RT. Considering
the TTT diagram for IN 625, one can conclude that the presence of
Nb in IN 625 leads to the formation of needle-like Ni3Nb (c‘‘) phase
in the temperature range of 600 C to 750 C [9]. The formation of
the precipitates probably happened during the waiting time (�3 h)
for the thermal stability of the tip and the specimen as well as their
thermal equilibrium before conducting the measurements. Hence,
the increased elastic modulus at 600 and 700 C for AM sample and
the observed constant elastic modulus at the same range of tem-

Fig. 2. Comparison of AM and TM mechanical properties (a) indentation hardness,
(b) elastic modulus.

Fig. 3. Nanoindentation creep properties; (a) typical load-displacement curve, (b)
CIT plot of IN 625 against temperature.
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perature for TM sample can be attributed to the early precipitation
of this metastable phase in AM specimens. Additional investigation
and experimentation, in particular transmission electron micro-
scopy, are needed to fully comprehend and explain the observed
results here. These are currently being conducted by the authors
and the results will be presented in the future work.

2.3. High temperature creep analyses

From the temporal load-displacement data, a typical creep
depth profile was extracted (Fig. 3(a)). In order to quantify the
creep deformation, a normalized and simple isothermal creep
index (CIT) is defined as:

CIT ¼ hm � hihm
ð1Þ

where hm is the maximum indentation depth at the end of the hold
and hi is the indentation depth at the beginning of the hold. In Fig. 3
(b), the CIT value for AM and TM IN 625 was measured to be 2.7 and
2.4, respectively, at 100 C. The CIT curves obtained from the speci-
mens follow a similar trend while CIT values of AM specimen are
less than CIT of TM curve at elevated temperatures. Through conven-
tional creep test, Son et al. [9] found that the amount of c0 0 and d
participates was higher in AM IN 625 than TM sample in both
650 and 800 C resulting in the alloy strengthening and reduction
in creep. As can be seen in Fig. 3(b), while both specimen types
show the lowest CIT at 500 C, a closer look reveals that at 500 C,
the CIT index for AM specimen is almost zero and no change in
the indentation depth of the material occurs after 30 s. Such a prop-
erty is typically caused by the hardening precipitates, which act as
obstacles during dislocation motion. However, additional transmis-
sion electron microscopy is needed to be conducted to evaluate the
validity of this point. The CIT values for both AM and TM IN 625
severely increased at 600 and 700 C. Higher temperatures tend
to drive the dislocation past obstacles and barriers and result in
creep deformation.

3. Conclusion

In the current study, the indentation hardness, elastic modulus
and creep properties of both AM IN 625 and TM IN 625 specimens
were studied at RT, 100, 200, 300, 400, 500, 600, and 700 C
through high temperature nanoindentation method. Results
showed that the indentation hardness of both IN 625 specimens
decreases as the temperature increases up to 600 C, nonetheless,
for AM IN 625 it increases slightly at 700 C. It was found that
the AM IN 625 specimen has a better creep resistance at elevated
temperatures and especially at 500 C than the TM specimen.
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