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a b s t r a c t

Structural elements made of nickel-based superalloys usually operate at high temperatures. Many sur-
face failure mechanisms such as creep, fatigue, fretting fatigue, corrosion, and stress corrosion cracking
start from the surface. Thus, studying the surface mechanical properties and deformation behavior of
materials is vital in order to draw a correlation between the surface properties and failures. Herein, a
nanoindentation technique was implemented to characterize surface properties of a widely used addi-
tively manufactured (AM) superalloy, i.e., Inconel 625. The specimens were tested in a range of tem-
peratures in a vacuum chamber. Serrated plastic flow characterized by pop-in events during
nanoindentation, known as Portevin-Le Chatelier (PLC) effect, was observed in all three tested elevated
temperatures. This phenomenon depicts itself as bursts of plasticity in the loading section of the load-
displacement curves. These bursts were studied comprehensively to explore incipient plasticity. Hert-
zian contact mechanics were implemented to extract the maximum shear stress beneath the indenter
from the pop-in loads. The results show that the initial pop-in load increases as the temperature in-
creases. The average initial pop-in load increases by almost four times from 300 �C to 650 �C. This was
attributed to the formation of strengthening precipitates. The average size of the serrations and the
magnitude of dislocation nucleation increase from 300 �C to 500 �C and decrease from 500 �C to 650 �C.
The serrations are attributed to the dislocation generation and movement as well as their interaction
with the solute atoms and precipitates.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Metal3Dprinting is aversatileadditivemanufacturingprocess that
produces parts from the sourcematerial, either in the powder or solid
forms, layer-by-layer directly from a digital model. This technique
enables the fabrication of a wide range of advanced structures and
devices that enhance the efficiency of the supply chain for both mili-
tary and civilian applications. Currently,metal 3D printers are capable
of printing a wide variety of materials including stainless steel [1],
metal alloys [2e4], high entropy alloys [5], superalloys [6e8], and
functionally graded materials [9]. Additive manufacturing is more
material-efficient and customizable than traditional manufacturing
due to the layer-by-layer building pattern. With layer-by-layer
eni), kdavami@eng.ua.edu
building, additive manufacturing is capable of fabricating more com-
plex [10], and lighter components [11,12] than traditional
manufacturing.

Superalloys are among the top material choices and other means
of achieving high operating temperatures where the highest reli-
ability and cost-effectiveness are needed [13]. Their ability to with-
stand extreme thermal andmechanical stress conditionsmake them
applicable for a variety of applications, for instance in aircraft and
industrial gas turbines. Inconel 625 is a widely used superalloy that
can be additivelymanufactured via different techniques, of particular
interest is direct metal laser sintering (DMLS). Various constituent
phases are formed inDMLSprintingof Inconel 625, and theirquantity
and distribution are a function of local temperatures, scanning speed,
local cooling rates, and local compositions in the melt pool [14e16].
The primary strengthening mechanism for Inconel 625 is the pre-
cipitation of the Ni3Nb gamma double prime (g00) phase [17,18]. At
650 �C Inconel 625 experiences a large strengthening effect due to g00

precipitation [19,20], however at temperatures greater than 650 �C
the g00 phase becomes unstable and starts to coarsen and then
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transformintodphase,whichat largequantities canbedetrimental to
the mechanical properties of Inconel 625 [19].

Nanoindentation is a versatile technique capable of characterizing
variousmechanicalproperties suchashardnessandmodulus [21e23],
creep [24,25], andwear [25e27]at thenanoscaleat roomandelevated
temperatures. In-situ [28,29] as well as ex-situ [30,31] nano-
indentation shed lights on the scale-dependent plasticity properties
and their connectionwith dislocation behavior, strengthening phases
[32e34], and activated slip systems [35]. This technique has also been
used to locally characterize the mechanical properties of AM super-
alloys [23,36,37]. Wang et al. [31] compared the nanomechanical
properties of AM and traditionally manufactured (TM) Inconel 718 at
room temperature, 350 �C, and 650 �C. It was shown that reduced
modulus decreased by 26% for the TM specimens and by 22% for AM
samples as the temperature rose from room temperature to 650 �C.
The nanoindentation hardness reduced by 19% for the TM specimens
and 16% for the AM samples. In- situ nanoindentation testing on
additivelymanufactured Alwith nanotwins indicates that in the early
stages of deformation, the strain hardening effect is dominated by
dislocation nucleation [29]. Exposure to hydrogen, which has been
proven to restrict dislocation nucleation, has been shown to increase
the hardness value for Inconel 718, indicating that an increased
hardness is related to restricting dislocation nucleation [38].

A type of plastic instability, the PortevineLe Chatelier effect (PLC),
attributed to the diffusing solutes pinning dislocations and disloca-
tions breaking away, presents itself with repetitive yielding in the
stress-strain curves. This leads to the occurrence of a serrated
stressestrain curve or jerkyflowwhen thematerial undergoesplastic
deformation in a certain range of temperatures and strain rates [39].
The dynamic interaction between mobile dislocations and diffusing
solute atoms is called dynamic strain aging (DSA). The strain rate
sensitivityof theflowstress is a keyparameter in the PLCeffectwhere
the negative strain rate sensitivity makes the plastic flow unstable
and the PLC effect occurs [40]. A relatively high temperature and low
strain rate are required for the solute atoms to re-position themselves
or diffuse to the dislocations and pin the dislocations. After pinning,
additional stresses are needed to continue deformation bymobilizing
thedislocationand theprocess repeats [41].Otherparameters suchas
precipitates [41,42], grain size [43,44], and material finish influence
the PLC effect. Inhomogeneous deformation intensifies the PLC effect
in many solid solutions [45,46].

DSA is the main reason behind the PLC effect [47]. DSA occurs in
various Ni-base superalloys containing interstitial alloying additions
such as boron and carbon, leading to the serrated plastic flow
[48e50]. Serrated plastic flow can be observed in both constant
loading rate as well as constant load experiments [51]. In the former,
thematerial response ismostly affected by the dislocation nucleation
and, in the latter, by dislocationmovement [28]. Serrated plastic flow
has been reported both at the nanoscale [52,53] and the macroscale
[54]. Since the PLC effect is associated with highly localized defor-
mation, it can significantly affect the performance of the material
[55,56]. At the macroscale, it has been shown to negatively affect
material properties such as fracture resistance. It can also degrade
low-cycle fatigue life and reduce ductility [44,57e59]. Valsan et al.
[58] reported that the PLC effect in Niomonic PE 16 superalloymakes
the material more prone to internal grain-boundary cracks and
reduced fatigue life due to the strain localization. At the microscale
regime, it has been reported that the dislocation microstructures are
dramatically different in the PLC and non-PLC regimes that also leads
to different material responses and damage modes [41]. In addition,
the PLC effect can be combined with other effects such as embrittle-
ment by environmental conditions or stress corrosion cracking and
result in catastrophic material failure [55]. Therefore, studying this
effect in materials with critical applications, such as Ni-based super-
alloys, for their effective use is vital [60e62].
2

It was previously reported that in addition to the type of the
material, various parameters including surface preparation [63],
temperatures [64], indenter shape and its radius [65,66], solid so-
lutions and their quantity [67], duration of the loading [68], and
strain rate [5,69] affect the serrations in the nanoindentation pro-
cess. In this report, nanomechanical testing of additively manu-
factured Inconel 625 was conducted, and the effect of the
temperature was investigated. Three different temperatures,
namely 300 �C, 500 �C, and 650 �C, were tested. The serrated plastic
flow was observed and characterized in all different tested tem-
peratures. The force-displacement data was precisely analyzed.
Hertzian contact mechanics were implemented to extract the
maximum shear stress beneath the indenter from the pop-in loads.

2. Experimental technique

Specimen fabrication was conducted using a Renishaw AM250
DMLS system (Renishaw Inc., IL, USA). The DMLS process utilizes a
200 W ytterbium fiber laser inside a chamber containing a precisely
controlled atmosphere of argon gas. The source material was pre-
alloyed atomized fine metal powder with particle sizes in the range
of 24e53 mm (see powder composition in Table S1, Section 1, Sup-
plementary Information). Thin layers of the metal powder with a
layer height of 30 mm were evenly distributed using an automatic
coating mechanism, consecutively. After each layer was formed, the
laser beam was guided in the X and Y directions to fully fused the
powder and create a 2D slice of the part geometry. This process was
repeated until the part was fabricated layer by layer through selec-
tivelymelting thepowder.Bulkcylindrical specimenswithadiameter
of 10 mm were built parallel to the XY plane and sectioned into
separate, 4mm-thick disks viawire electric dischargemachining (W-
EDM). Sectioned samplesweremechanicallygroundusing sandpaper
of successively finer grits (400, 600, 800, and 1200) followed by
vibratorypolishing in a0.02mmcolloidal silica solution toprepare the
material surface for nanoindentation. Investigation of the material
surface following polishing resulted in surface roughness of ~50 nm.

A scanning electron microscope (Thermo Scientific™ Apreo)
equipped with energy dispersive spectroscopy (EDS) and electron
backscatter diffraction (EBSD) was implemented for the specimen
characterization. The EBSD was performed employing a 10 kV accel-
eration voltage. The EBSDmaps were obtained at an optimal working
distance of 16mmusing a step size of 0.3mm.Nanoindentation testing
was performed in a vacuum chamber using an InSEM HT Nano-
indenter (KLA Instruments, TN,USA). Both the indenter tip and sample
were equipped with independent resistive heating elements for
temperature control (Fig. S1, Section 2, Supplementary Information).
Sufficient stabilization timewas applied tominimize thermal artifacts
during testing. Before eachmeasurement, the tip and samplewere at
the same temperature with very small fluctuations (Fig. S2, Section 3,
Supplementary Information). A Tungsten Carbide (WC) Berkovich
indenter tip with a contact area function having been calibrated at
roomtemperatureon fused silicawasused forall testing temperatures
(Fig. S3, Section 4, Supplementary Information). At each temperature,
30 indents were performed and a maximum load of 50 mN was
applied using a constant indentation strain rate of 0.4 s�1. Elastic
modulus and hardness were quantified as a function of indenter
displacement by standard nanoindentation techniques [70] using the
continuous stiffness measurement technique (Figs. S4 and S5).

3. Results and discussion

Fig. 1(a) shows the load-displacement (P-h) curves for 300 �C,
500 �C, and 650 �C. In this figure, the origin of each curve has been
offset, so that the multiple curves can be distinguished. Since the
serrations are significantly affected by the loading rate [71e73], all
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thesemeasurementswereconductedat thesametarget strain rate.As
canbeseen inFig.1(a), there are discrete bursts ofplastic deformation
that indicate localized yielding events. As expected, since the inter-
action of dislocations, atoms, and precipitates is different at different
temperatures the serration behavior also varies [53,74].

The serration behavior in the loading section of the P-h graphs is
attributed to the nucleation of the dislocations and dynamic strain
aging (DSA)due tothe interactionbetweendiffusing soluteatomsand
mobile dislocations [54]. To pursue this further, during loading,when
the nanoindenter tip is causing the deformation in the material sur-
face, dislocations are nucleated and start their motion. However, the
motion of dislocations is a discontinuous process. When dislocations
encounter obstacles (like forest dislocations, precipitates, etc.) they
are temporarily stopped for a short period of time. During this time,
mobile interstitial elements such as carbon quickly diffuse to low
energy locations, further strengthening the obstacles held on the
dislocations [75,76]. Thus, dislocations’ movement is further
restricted by the presence of solute atoms, which leads to the tem-
porary strengtheningof thematerial.With an increase in the stress as
a result of tip displacement, these dislocations overcome the obsta-
cles, are released, and get away from these solute atomsandobstacles
and reduce the required force for deformation [54]. However, soon
they will meet another pinning point, and become re-pinned again
Fig. 1. (a) Load-displacement curves measured at 300 �C, 500 �C, and 650 �C, (b) a magnified
the graphs are shifted to enhance visibility.

3

and the process repeats [76]. Similar behavior has been seen in other
solid solutions and bulk metallic glasses (BMGs) during indentation
[77,78]. This was attributed to moving dislocations breaking away
from the atoms in load-controlled nanoindentation and pinning/
unpinning of themoving dislocations in the displacement-controlled
compression experiments [5,74].

With an increase in the temperature from 300 �C to 500 �C, the
ability of the solutes to diffuse to the dislocations increases [43], and
pinning and unpinning phenomena that occur between the dislo-
cations and diffusing solute atoms is enhanced [79]. Shankar et al.
[18] reported that the substitutional Mo atoms are responsible for
the serratedflow in Inconel 625 at temperatures lower than ~550 �C.
With an increase in the temperature to 650 �C precipitates form and
block the dislocation movement. This reduces the number of ser-
rations in the P-h graph. The presence of Nb in alloy 625 leads to a
hardening effectwith the precipitation of themetastableg" phase at
elevated temperatures in the range of 600 �C and 750 �C (Supple-
mentary Information, Sections 5-7, and Table S2). The precipitation
of the g" phase in crystal grain or along the grain boundaries and its
interaction with mobile dislocations mitigate the DSA effect. This
observation is in agreementwith the one reported by Thevenet et al.
[80] where they indicated that precipitation decreases the tendency
for serrated flow to occur. Nalawade et al. [60] related the absence of
view of the first pop-ins in the load-displacement graphs shown in Fig. 1(a). In Fig. 1 (a)
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serrations at temperatures above ~600 �C to the depletion of
niobium in the matrix as a result of the formation of precipitates.
Weaver et al. [81] reported that the absence of the serrations at high
temperatures is attributed to the depletion of interstitial and sub-
stitutional solutes such as Mo and Nb in the matrix due to their
participation in the formation of precipitates such as Ni3Nb (g00) and
Ni2(Mo). The presence of Mo in the specimens in this study was
confirmed with the energy dispersive x-ray spectroscopy (Fig. S8,
Supplementary Information), and it is predicted that a similar
mechanism is happening here as well.

According to Rodriguez [51], the serrated plastic flow observed
here is mostly Type D, however, a combination of Type Dwith other
types such as Types C and E are also seen in some cases. Type D
serrations are plateaus in the p-h curveand that iswhy TypeD is also
named staircase type. Type C&D are similar to type D with larger
stress jumpsanda sharperplateauingeffect, TypeE serrationsdonot
have a pattern for the variation in the p-h curve and usually occur at
higher strain. At 300 �C, the serration types were identified as Type
C&D till a depth of approximately 400 nm at which point the
serration type shifts to type E. For the test conducted at 500 �C the
serration types appear tobea combinationof typesC&DandEbutdo
not occur regularly until a depth of approximately 600 nm. For tests
at 650 �C, there is a drastically reduced number of serrations, the
initial pop-in serration does not have the clear plateau of a type D
serration, but this is the closest one it can be characterized as and at
depths greater than 800 nm they can be classified as Type E.

Thepresenceof theserration in the force-displacementgraph isan
interesting result since there have been reports of the absence of DSA
and serration inmacroscale testingof additivelymanufactured IN625
in contrastwith its traditionallymanufactured counterpart [6]. This is
advantageous for the AM parts since DSA is undesirable in structural
applications as it promotes localized deformation. Beese et al. [6]
investigated the effect of microstructure, composition, and grain
orientationon thepresenceofDSA inplasticallydeformedAMandTM
Inconel625.Theyshowed that the specificmicrostructureofAMparts
with finely dispersed secondary phases and textured grains is the
reason behind this absence. Tightly spaced secondary phases such as
carbides, Ni-rich phases, and Laves phase, prevent the vital carbon
build-up that is required for dislocation locking and unlocking. This
unique microstructure is attributed to the fabrication process in ad-
ditivemanufacturingwith rapidheating andcooling steps.Additional
tests onheat-treatedAM-IN625 showed that,withpartially dissolved
secondary phases, DSA appeared with a low-stress drop, and with
Fig. 2. The load at first pop-in events for 30 measurements a
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fully dissolved secondary phases, DSA appeared with a similar level
stress drop as seen in TM-IN625. Beese et al. [6] stated that the
serration behaviormight behappeningevenbefore heat treatmentof
AM-IN625, but is undetectable.

As shown in Fig. 1(b), with an increase in the temperature, the
first pop-in happens at a higher load. The first pop-in appears at
0.49 mN for the specimen tested at 300 �C, 1.31 mN at 500 �C, and
1.96 mN at 650 �C. Since the first pop-in is a thermally activated
event under loading, a change in the pop-in load at different tem-
peratures is expected [82]. However, the trend that is seen here is in
contrastwithwhat has been reported for othermaterials [83]where
the first pop-in happens at progressively lower loads as the tem-
perature is increased. This seemingly different material response is
explained below based on the nucleation of dislocations as well as
the formation of the strengthening phases and their interactions.

The first local perturbation and discontinuity are attributed to
the dislocation activities and can be used to study the transition
from purely elastic to plastic deformation, i.e., the onset of plastic
flow [66]. The first major pop-in is attributed to the incipient of
plastic deformation [84]. Further analysis was conducted on the
first incident in 30 different measurements for each one of the
temperatures (Fig. 2). As can be seen in Fig. 2, the data is distributed
over a relatively wide range. The scattering of the data is due to the
stochastic process of the dislocation nucleation and vacancy accu-
mulation at the nanoscale [68,85]. Similar observations have been
reported before for other materials [38,68,85].

The first pop-in events, illustrated in Fig. 2, happen at around the
same load of ~1 mN for the measurements conducted at 300 �C. At
higher temperatures, there is a much larger distribution range and
they occur at higher values, i.e. ~1.57mN for samples tested at 500 �C,
and ~3.8mN for samples tested at 650 �Cwith sporadic pop-in effects
occurring up to ~11.5 mN. The statistical standard deviation for the
first pop-ineventswas approximately 1mN,1.17mN, and3.42mN for
samples tested at 300 �C, 500 �C, and 650 �C, respectively. For nano-
indentation tests using the same indenter tip and loading rate, the
load at the initial pop-in event has been shown to vary [86].

Fig. 3 shows the changes in the strain rate versus displacement.
The strain rate during load-controlled nanoindentation can be ob-
tained from:

_ε¼1
h
dh
dt

(1)
t each temperature showing the statistical distributions.



Fig. 3. Strain rate versus displacement plots for the nanoindentation experiments at (a) 300 �C, (b) 500 �C, and (c) 650 �C. The strain-rate peaks correspond to the serrations in P-h
curves.
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where _ε is the strain rate,h is themeasureddepth, and t is the loading
time[87].Ascanbeseenhere, the strain ratefluctuates significantly in
all three different temperatures. The peaks are more intensified at
500 �C compared with the other two tested temperatures. Interest-
ingly, the strain rate peaks make an excellent correlation with the
serrations measured in the load-displacement graphs (Fig. 1).

Fig. 4 shows displacement versus load at three different tem-
peratures. It was reported that the depth and load relationship
could be shown with a power-law relation [88]:

h¼ aþ bPc (2)

where a, b, and c are fitting parameters and are dependent on the
loading rate and the geometry of the indenter. As can be seen in the
inset, the function with good accuracy can predict material
5

behavior. Having this fitted curve as a baseline helps with the
analysis of the underlying kinetics in the serrated flow [89e93]. By
subtracting the baseline from the experimental graph, the serration
events as a function of h can be calculated.

It was previously reported that the length of these pop-in pro-
vides information about the number, mobility, and interaction of
dislocations that are generated underneath an indenter tip during
the pop-in events [94]. Fig. 5 shows how themagnitude of the burst
size (Dh) (represented by the length of the plateaus in the load-
displacement curves) changes with the displacement at 300 �C,
500 �C, and 650 �C for one representative load-displacement curve
at each temperature. In this figure, a burst was considered to be a
plateau with a length of more than 2 nm. At each one of these
temperatures, both large and small bursts are seen. Usually, large
bursts are followedwith smaller pop-ins (smallerDh in Fig. 5). There



Fig. 4. Displacement-load curves at 300 �C, 500 �C, and 650 �C. The fitting curves using the power-law equation are also shown.

Fig. 5. Plot of Dh vs. displacement at (a) 300 �C, (b) 500 �C and (c) 650 �C.
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is an increase in theelastic energy right before thefirstpop-induring
the indentation [38]. This stored elastic energy before the first pop-
in eventmaybepartially dissipated (released) through the collective
dislocation nucleation and motion during a pop-in event [95].
6

It can be seen that the first pop-in is the largest at the specimen
tested at 500 �C, followed by the specimens tested at 300 �C and
650 �C. The mean values of serration sizes were calculated to be
around 6 nm at 500 �C, larger than 4 nm, and 3.31 nm at 300 �C and



Fig. 6. Cumulative probability distributions of the maximum shear stress, tmax, at the first pop-in for three different temperatures. The inset shows the distributions of maximum
shear stress for 30 measurements at each temperature.
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650 �C, respectively. This indicates an increase in the dislocation
nucleation and mobility when the temperature has initially been
increased to 500 �C. At this temperature, more significant pop-in
events are promoted due to lower stresses for the nucleation and
movement of the dislocations. However, at 650 �C, strengthening
phases precipitate and preclude the movement of the dislocations.
Similar behavior was observed in the plastic deformation region of
the stress-strain curves in the tensile tests of the Inconel 625 at the
temperatures of 200e700 �C [50]. While the yield point drops in
macroscale tensile testing and the excursions in nanoindentation
are seen at different length-scales, there are similarities in their
fundamentals [96].

As can be seen in Fig. 5, there is a slight increase in the Dh values
at larger strains. A possible qualitative explanation for the larger
burst size at higher strains observed here is as follows. The
displacement of the indenter tip is accommodated either by the
activation of existing mobile dislocations or by the nucleation of
dislocations in dislocation-free zones. Thematerial shows an elastic
behavior before the pop-in event, up to where a discrete volume of
the material experiences shear stress that is sufficient to nucleate
dislocations [38]. If the spaces between the existing dislocations are
small compared to the radius of the indenter, i.e. large strains, then
activation of already present dislocations happens and relatively
low stresses are needed to create a plastic deformation and large
Dh. When the volume where the shear stress is high beneath the
indenter does not encompass pre-existing dislocation, i.e. initial
loading and small strains, for plasticity to occur, the applied stress
has to reach a value high enough to nucleate a dislocation [66].

Hertzian contact mechanics theory is used to estimate the
components of stress and deformation in the vicinity of the contact
region when the surfaces of two solid bodies come in contact. Both
contacting surfaces are considered perfectly smooth, frictionless,
continuous, and non-conforming. It is presumed that the de-
formations are in the elastic range and the strains are small [97].
Assuming Hertzian elastic contact between the indenter and the
surface of the specimen at the onset of indentation, this theory can
be used to predict the elastic portion of applied loads and stresses,
the contact area, and the point of the first yield (first pop-in or
transition from elastic to elastic-plastic deformation) [98,99]. A

simple power-law relationship, Pfh1:5, consistent with the Hert-
zian contact solution is used to estimate the loading data before the
7

first pop-in Ref. [97]:

P¼4
3
Er

ffiffiffi
R

p
h1:5 (3)

Herein, P is the applied load at first pop-in, h is the measured
depth, R is the radius of the indenter and Er is the reduced inden-
tation modulus that is related to Young’s moduli, E, and Poisson’s
ratios, n, of the sample and indenter through the relation:

1
Er

¼ 1� n2s
Es

þ 1� n2i
Ei

(4)

Herein, The maximum shear stress that the tip induces at the
moment that the dislocation nucleates during purely elastic loading
can be estimated using equation [97] (5):

tmax ¼0:31

 
6E2r

p3R2tip
Ppop�in

!1=3

(5)

where Es and ys are the indentation modulus and Poisson’s ratio of
the specimen, and Ei and yi are Young’s modulus and Poisson’s ratio
of the tungsten carbide indenter, 640 GPa and 0.21 respectively
[100]. The maximum shear stress for initiating the pop-in events
that coincide with the onset of the plasticity of the specimens was
calculated using the above equation and considering a radius of
1000 nm for the indenter tip [86,101]. The results for 30 mea-
surements for each temperature are shown in the inset of Fig. (6).
To obtain more conclusive values for the shear stress, a typical
cumulative probability distribution of the maximum shear stresses
for the first occurrence of pop-in at three different temperatures is
plotted in Fig. 6. The maximum shear stress at 50% probability (t50)
[102] was determined to be 4.6, 6.0, and 7.4 GPa for 300 �C, 500 �C,
and 650 �C, respectively.

It has been previously reported that the order of the theoretical
strength of crystalline metals is in the range of ttheo ¼ G/5e G/30,
where G is the shear modulus of elasticity [103]. Assuming a shear
modulus of elasticity of G ¼ 81 GPa for Inconel 625 [104], it can be
seen that the tmax value obtained here is in the range of the ttheo.
These results are in perfect agreement with the previously reported
data where the pop-in events occur when the tmax value ap-
proaches ttheo [105e107]. It is also noticeable that the maximum
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shear strength, tmax, is increasing with the temperature. This is
probably attributed to the formation of the strengthening pre-
cipitates and their complex interaction with the dislocations.
4. Conclusion

In this study, DMLS Inconel 625 samples underwent nano-
indentation loading at three temperatures of 300 �C, 500 �C, and
650 �C. Load-displacement analysis was conducted at each tem-
perature. The serrated plastic flow was characterized at all three
temperatures. Though DSA and serrations were not recorded in
previous AM macroscale testing, their presence in this study may
be attributed to the dislocation nucleation and motion as well as
their interaction with the obstacles such as other dislocations,
precipitates, solute atoms. First, pop-in events were observed at all
three temperatures, however, with an increase in the temperature,
the first pop-in events occurred at higher loads. Strain rate peaks
were found to coincide with pop-in events, which indicates the
activation of dislocation motion. Pop-in events occurred when the
maximum shear stress approached the theoretical shear strength.
The average size of serrations were studied to explore incipient
plasticity and found to increase from 4 nm at 300 �C to 6 nm at
500 �C and then decrease to 3.31 nm at 650 �C. Themaximum shear
strength was shown to increase with increasing the temperature.
The results offer an insight into the interaction of dislocations and
precipitates in additively manufactured superalloys as well as their
outstanding mechanical properties at elevated temperatures.
Future research using in-situ nanoindentation on AM IN625 is in
progress to investigate the interaction of dislocations and pre-
cipitates as well as its impact on the serration behavior at a wider
range of temperatures.
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