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A B S T R A C T

The objective of this work is to understand the role of microstructure on pileup formation during nano-
scratching of additively manufactured nickel superalloy, Inconel 718 (IN718). Scratches with median depths of
∼50 nm were made on as-received and solution annealed IN718 under the action of small normal forces using
a spheroconical diamond indenter. The surface profiles of these scratches were then quantified using atomic
force microscopy. The as-received IN718 showed a positive correlation between pileup height, and scratch
depth. In contrast, the solution annealed IN718 specimen exhibited a negative correlation between pileup
height, and scratch depth. Analysis of this observation involved experimental quantification of microstructure
using electron back scatter diffraction, quantitative atomic force microscopy, in addition to complementary
finite element simulations. Following analysis, we propose that this switchover originates due to differences in
strength, hardening, and deformation localization characteristics of as-received and solution annealed IN718.
1. Introduction

Laser powder bed fusion (LPBF) is a popular alloy additive man-
ufacturing (AM) method to create near-net shape parts. Prior to end
use, these parts typically must undergo significant post-processing. Heat
treatment(s) are performed for purposes of stress relieving, solution
annealing, and/or precipitation hardening to achieve strength and duc-
tility requirements. Parts must also often undergo primary machining to
realize functional surfaces that meet geometric and roughness texture
requirements and often secondary, abrasive machining processes to
realize non-functional surfaces that also meet roughness texture re-
quirements. Secondary machining is necessitated by originated surfaces
that are often as rough as 𝑅𝑎 = 25 μm and with finish requirements of
𝑎 = 1.5 μm or less. As primary and secondary machining processes
an be interjected anywhere in the manufacturing sequence, determin-
ng ideal placement (i.e., before or after heat treatment) to produce
ptimized surfaces can greatly enhance final components. One way to
xplore this is the nano-scratch test, which in many ways mimics the
echanics of a single grit interacting with the metal. In this work,
e present nano-scratch results for AM Inconel 718 nickel superalloy
IN718) to aid the optimization of full LPBF component production.

In the nano-scratch process, a nano-indenter is advanced along a
urface while under a normal force [1–3]. Two raised pile-ups are
ormed on either side during this process as the material plastically
eforms and is pushed out of the path of the indenter. This plasticity
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is mediated by dislocation motion, twinning, or both depending on the
material, loading rate, and temperature [1,4]. At larger scratch depths,
the local fracture toughness of the material can be exceeded, leading
to intermittent fracture [4,5]. The propagation of dislocations to the
surface has been identified as an important mechanism of formation
of pileup during nano-indentation [6–8], and nano-scratching [9]. To
this end, a defect-free surface in the vicinity of the scratch provides
an energetically convenient sink for dislocations [10–12]. However,
the presence of forest dislocations, solute atoms, and precipitates in
advanced metallic systems that often feature engineered combinations
of these microstructural variables undergoing scratching can alter the
hardening and subsequent flow behavior, and thereby influence the
characteristics of the resulting pileup. In addition, the fact that scratch
behavior is near the free surfaces can also significantly alter plastic
deformation behavior in comparison to bulk deformation processes [1,
13]. Dislocations that escape from the surface to create pileups nat-
urally do not increase the hardening rate by becoming pinned or
becoming part of larger dislocation structures. This effect is presum-
ably amplified in shallow scratch depths where a larger proportion of
dislocations generated escape to the surface.

During LPBF of IN718, significantly different microstructures are
generated in comparison to wrought counterparts. Rapid solidification
causes segregation of larger atoms such as Nb, and Mo. Prior studies
vailable online 31 May 2023
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Fig. 1. (a) Schematic of the specimen and the location of scratches; (b) Temperature profile of heat-treatment procedure (RT= Room Temperature, FC= Furnace Cooling); (c)
X-ray Diffraction pattern of as-received and heat-treated (H+SA) specimens.
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have shown that this results in the presence of a brittle Laves phase [14]
hich is generally detrimental to mechanical behavior. Nonetheless,
he stress relief step has an effect similar to homogenization [15,16],
herein the Laves phases are partially dissolved from long/slender
nd brittle morphology to the more fracture resilient [14] spherical
orphology. Subsequent solution annealing results in formation of the
phase (Ni3Nb) precipitates close to grain boundaries, and eventually
ithin the matrix itself. The preferential dissolution of the 𝛿 phase
ear the grain boundary occurs due to easier diffusion of Nb atoms
here [17]. Herein, the homogenization step acts an important pre-
ursor; it redistributes the Nb atoms from the Laves phase particles
o the 𝛾 Ni matrix grain interiors. These various phases and changes
o local composition that are produced during LPBF and subsequent
eat treatment of IN718 alloy microstructure all can effect hardening
haracteristics and pileup behavior.

Here, we present analyses of pileup behavior during nano-scratching
n IN718 nickel superalloy with varied microstructure composition.
pecifically, we look at an IN718 alloy that was produced using LPBF.
he behavior of specimens was studied in their: (1) as-received state
hich comprised a manufacturer recommended stress relief step after
xtraction from the additive manufacturing platform, and, (2) subse-
uent homogenization + solution annealed state.

. Materials and methods

Nano-scratch tests were performed on two IN718 substrates. (see
ig. 1a) The first substrate was produced by LPBF and subsequently
tress relieved at a temperature of 1065◦ ± 12◦ C for 90 min [18].
he second was also homogenized and solution annealed (H+SA)
rior to scratching. The H+SA heat treatment used was adapted from
ef. [19,20] and comprised two steps: (i) homogenization at 1080◦𝐶
2

s

or 1.5 h. followed by furnace cooling to room temperature, and (ii)
olution annealing at 980◦𝐶 for 1 hr. followed by furnace cooling to
oom temperature (see Fig. 1b). This heat-treatment was carried out
n Argon environment and resulted in precipitation of the 𝛿 phase,
hich was deduced by X-ray Diffraction (XRD) with a copper source
ver a Bragg angle range 2𝜃 = 30 − 100◦ and a step size of 0.026◦.
ig. 1c shows the (002), (211), (221) 𝛿-phase peaks at 2𝜃 = 43.1◦,
7.5◦, 60.7◦ in the H+SA specimen respectively [21,22], which were not
rominent in the as-received specimen. Energy Dispersive X-ray Spec-
roscopy (EDS) was performed on the specimens to identify precipitates
n the matrix in as-received and H+SA specimens. For this, the surfaces
f the substrates perpendicular to the build direction were mechanically
olished to a 0.04 μm colloidal silica step prior to scratching. Some
olished specimens were etched with Kalling’s 2 reagent. Fig. 2a show
he EDS mapping of as-received sample. AM IN718 samples in their
s-received state exhibited Nb segregation in the matrix, characterized
y the presence of Nb rich zones. The homogenization + solution
nnealing heat treatment [16] resulted in precipitation of needle shapes
Ni3Nb close to grain boundaries (Fig. 2b). Some metal carbides (MCs)
ere also inferred in the microstructure, both before and after H+SA
reatment. The MCs can withstand higher temperature range with a
olvus of 1040 ◦C–1200 ◦C [23], wherein their presence before, as well
s after heat treatment is not surprising.
For scratching the as-received specimen, a force of 1 mN was

mposed on a sphero-conical tip with tip radius 𝑟 = 0.5 μm and included
one angle 90◦ to produce an indent on this polished substrate. This
as done in Hysitron Triboindenter TI900 equipment. The indenter was
hen advanced under the influence of the aforementioned 1 mN force
cross a distance of 10 μm over a duration of 15 s. A total of 14 such
cratches were made each spanning 1–3 grains. The locations of these

cratches with respect to the vertical free surface that resulted from AM
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Fig. 2. Energy Dispersive X-ray Spectroscopy.
is schematically illustrated in Fig. 1a. To identify the crystallographic
rientations of these grains, Electron Back Scattered Diffraction (EBSD)
as performed. A coarse resolution (0.55 μm) was used prior to the
cratch and a fine resolution (80 nm) was used after the scratch. Fol-
owing the scratch process, their topographies were characterized using
3

Atomic Force Microscopy (AFM). From these AFM scans, line profiles
with inter-spacing of 24 nm (∼400 lines per scan) were extracted in a
direction perpendicular to the scratch. From each profile, maximum
scratch depth, and maximum adjacent pile-up height were extracted.
Nano-scratch tests were performed on the H+SA specimen. Eleven
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Fig. 3. Effective plastic strain field (a), (b) are shown from the FEA model for 500 nm indentation depth for the as-received and heat-treated specimens, respectively. The maxima
f equivalent plastic strain field for different indentation depths are shown in (c). Orientation Imaging microscopy (d), (g), Atomic Force Microscopy (e), (h), and schematic of
cratch characterization procedure (f), (i), from AFM micrograph are shown in as-received (middle row), and heat treated (bottom row) specimens. The dark black lines in (d),
nd (g) are grain boundaries featuring misorientation > 15◦ across neighboring zones. These boundaries are shown using white dashed lines in the atomic force microscopy maps

(e), (h). The pink, brown and black lines in the AFM image of (f), (i) show example of three instances that were extracted from the scratch profiles to quantify pile-up height and
scratch depth.
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scratches were made in this specimen with a 2 mN normal force and
the remaining nano-scratch parameters matched those used for the
as-received IN718 specimen.

3. Numerical modeling

An isotropic plasticity finite element model was utilized to estimate
the deformation conditions, particularly the local stress and final strain
conditions, in the as-received and H+SA condition. These estimates
were used to help contextualize the observed pileup behavior in the two
specimen conditions. A spherical diamond tip with 20 μm radius and a
workpiece of 150 μm× 40 μm× 100 μm were used in the model. Several
scratch depths, e.g., 200 nm, 500 nm, 800 nm, 1000 nm and 1300 nm
were simulated. A speed of 0.67 μm∕s was used that matched the scratch
speed of our experiments. The IN718 sample was modeled with density,
𝜌 = 9000 kg∕m3, a nominal elastic modulus, 𝐸 = 200 GPa and Poisson’s
atio, 𝜈 = 0.29. The indenter was modeled with density, 𝜌 = 3530 kg∕m3;
lastic modulus, 𝐸 = 1210 GPa and Poisson’s ratio, 𝜈 = 0.22. Lin-
ar hexahedral (C3D8R) and quadratic tetrahedral (C3D10) elements
ere used in modeling the workpiece and indenter, respectively. The
oefficient of friction between the indenter and the substrate was set
o 𝜇 = 0.15 to reflect interaction between diamond tip and nickel.
4

o

ohnson Cook hardening law was implemented to model the deforma-
ion behavior. The parameters of the hardening law for the as-received
ondition was [𝐴,𝐵, 𝐶, 𝑛, 𝑚] = [450 MPa, 1700 MPa, 0.017, 0.65, 1.3] same
s that used previously for the as-received material by the authors [18].
he parameters of the hardening law for the H+SA condition were
𝐴,𝐵, 𝐶, 𝑛, 𝑚] = [450 MPa, 1798 MPa, 0.0312, 0.91, 0] as per Ref. [24].

Figs. 3a and 3b show the final estimated strain field for 500 nm
ndentation depth simulation for as-received and H+SA specimen, re-
pectively. Maxima for the equivalent plastic strain field for indentation
epths= 200 nm, 500 nm, 800 nm, 1000 nm and 1300 nm were 0.2165,
.5497, 0.834, 1.007, 1.254 for the as-received specimen, respectively.
or the H+SA specimen these maxima values were 0.2439, 0.5569,
.8082, 0.9458, 1.144, respectively. The maximum values of equivalent
lastic strain are smaller in H+SA specimens compared to the as-
eceived state for the larger scratch depths as observed in Fig. 3c.
onetheless, both sets of simulations produced a positive correlation
etween maximum strain and scratch depths, which is in line with
bservations of fracture at larger depth values [4,5].

. Results

Figs. 3d–3f summarize an instance of the nano-scratches produced

n as-received IN718. These sub-figures comprise orientation field
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Fig. 4. Pile-up height h as a function of scratch depth d for the: (a) as-received specimen, (b) H+SA specimens. Normalized pileup height as a function of scratch depth for: (c)
as-received specimen, (d) H+SA specimens. No down-sampling was performed to produce these figures.
characterized with EBSD, AFM, and procedure of quantification of
scratches, respectively. The dashed lines in Fig. 3e label the intersecting
grain boundaries. The scratch profiles exhibited considerable variations
in depth under constant perpendicular load with respect to the local
grain orientation. An instance of this phenomenon is obvious during
transition from grain 𝑖 → ℎ → 𝑔 (see Fig. 3e) wherein the scratch
epth increased from ∼36.43 nm to ∼40.89 nm, and then decreased
o ∼30.81 nm, respectively. Note, this variation occurred under the
ction of the consistent normal force of 1 mN. Figs. 3g–3i show the

corresponding images for an instance of the scratches produced on the
thermally treated IN718. Here, the scratch crosses a grain boundary
separating grains 𝑎ℎ and 𝑏ℎ. The corresponding scratch depths were
44.56 nm and 46.79 nm, respectively.

Maxima of pileup heights ℎ were extracted from the individual
scratch profiles, and their correlations were characterized with respect
to corresponding scratch depths 𝑑 in the same profile. This is shown
in Fig. 4a for the as-received specimen, and Fig. 4b for the H+SA
counterpart. In both cases, scratch depths 𝑑 within similar ranges,
viz., 𝑑 ∈ (25 nm, 80 nm), and 𝑑 ∈ (33 nm, 80 nm), respectively,
were seen. Further, both specimens exhibited median pileup heights
of

∼
ℎ ∼ 50 nm. A small number of instances featuring higher scratch

depths 𝑑 ∈ (80 nm, 160 nm) were also observed, but these were not
representative of the general behavior of scratching that dominated the
two substrates.

The coefficient of determination of the pileup height was quantified
by modeling it as a linear function of the scratch depth. To isolate biases
that may arise from noise, the data was distributed into 𝑛 = 3 − 10
quintiles with respect to the scratch depth, wherein each bin comprised
fractions 1∕3−1∕10, respectively, of the data population. Subsequently,
linear fits were found for the corresponding quintile means of pileup
height, and scratch depth, wherein these lines comprised between 3-10
data points which emulated the real physical behavior. The correspond-
ing coefficients of determination are summarized in Table 1 for the
as-received, and H+SA specimens. Figs. 4a, 4b show the fitted lines for
5

the case with 𝑛 = 5 quintiles.
In general, the as-received specimen exhibited a positive correlation
between pile-up height ℎ, and scratch depth 𝑑. Each of the 𝑛 = 3 − 10
quintiles consistently exhibited a coefficient of determination 𝑅2 ≥
0.92. On the contrary, the H+SA specimen consistently exhibited a
negative correlation between the maximum pileup height, and scratch
depth. Further, this specimen exhibited a decline in coefficient of
determination to smaller values, e.g., 𝑚𝑖𝑛{𝑅2} = 0.64 for 𝑛 = 9,
suggesting that a simple model that correlates pileup heights with
corresponding scratch depths is not sufficient to capture the relevant
physical behavior. These differences suggest a transition in the mech-
anism underlying pileup generation across our as-received, and H+SA
heat treated IN718, which originated from AM. A positive correlation
across pile-up heights, and scratch depths implies that a deeper scratch
produced a taller pileup, wherein the extra material displaced during
the scratch reappeared at the free surface. However, a negative corre-
lation implies that a deeper scratch produced a shorter pileup, wherein
the extra material engaged by the deeper scratch was displaced with a
mechanism that was different than the as-received counterpart.

To probe this further, the evolution of the normalized pileup depth
ℎ∕𝑑 was quantified with respect to local scratch depth 𝑑. This quan-
tification was also done by segregating the data points into quintiles
𝑛 = 3 − 10, and fitting a line between quintile means of normalized
pileup height ℎ∕𝑑, and scratch depth 𝑑. The as-received specimen
exhibited a considerable positive correlation between the normalized
pileup height, ℎ

𝑑 , and scratch depth 𝑑. The coefficient of determinations
𝑅2 of the linear fits were always found to be larger than 0.64 for
quintiles 𝑛 = 3 − 10. In comparison, the H+SA specimen exhibited a
dominantly negative correlation between parameters ℎ

𝑑 , and 𝑑. The 𝑅2

values for quinitiles 𝑛 = 3−10 consistently exhibited 𝑅2 ≥ 0.93. Figs. 4c
and 4d show this relationship for 𝑛 = 5 quintiles for as-received and
H+SA specimens, respectively. The coefficients of determination for

various quintiles are shown in Table 1.



Materialia 30 (2023) 101813M. Rifat et al.

p
m
d
s
T
f
s
i
o
G
e
G
d
m
a
r
o
m

5

s
t
t
q
s
p
a
l

r
a
p
t
d
t
n
i
t

Table 1
Coefficients of determination obtained for linear fits between pileup heights, and independent variables for quintile levels
𝑛 = 3 − 10.
Material state Independent

variable
Dependent
variable

Quintile, 𝑛

3 4 5 6 7 8 9 10

As-received Depth, 𝑑 Pile-up
height ℎ

0.93 0.93 0.94 0.93 0.93 0.92 0.92 0.92

H+SA Depth, 𝑑 Pile-up
height ℎ

0.95 0.85 0.69 0.76 0.72 0.74 0.64 0.68

As-received Depth, 𝑑 Normalized
Pile-up
height ℎ

𝑑

0.70 0.74 0.77 0.71 0.69 0.65 0.64 0.65

H+SA Depth, 𝑑 Normalized
Pile-up
height ℎ

𝑑

0.99 0.96 0.94 0.95 0.94 0.94 0.93 0.93
o
i

5. Discussion

5.1. Effect of pre-existing dislocation density

The reported variations in the correlation between scratch depth
and the pileup height are rationalized through analysis of the features
of the gamma (𝛾) matrix of IN718 including its dislocation density field,
recipitates, and interstitials. In our as-received state, the grains in the 𝛾
atrix featured an average Geometrically Necessary Dislocation (GND)
ensity of 2.16×1014∕m2. In comparison, the material in the heat-treated
tate featured a marginally lower average GND density of 2.11×1014∕m2.
hese values refer to the magnitude of the Nye tensor that were quanti-
ied using EBSD and the routine ‘ebsd.curvature’ available in the open
ource MTEX toolbox [25]. The routine is based on the formulation
n Ref. [26]. This formulation quantifies the curvature of the planar
rientation field, and thereby, only provides an estimate of the true
ND density. Further, it assumes the contribution to curvature due to
lastic strains [27] are negligible. Assuming proportionality between
ND and total dislocation densities, this small difference in dislocation
ensity across the two states rules out dislocation-forest hardening
echanisms as the originator of the change in pileup characteristics
cross our specimens. The relatively high values of GND density also
ule out any role of Discontinuous Dynamic Recrystallization (DDRX)
n pileup formation as the occurrence of DDRX would generally lower
easured GND density as recrystallization proceeds [28].

.2. Effect of scratch tip radius

Wear of the scratch tip can produce changes in the mechanics of
cratching, that can manifest altered pileup formation. To investigate
his possibility, the indenter tip radii were estimated from the valleys of
he scratch cross-sections that were characterized using AFM. This radii
uantification was performed by fitting semicircles to the AFM cross-
ection profiles that were obtained from the vicinity of the deepest
oints in the scratch. Ten equally spaced readings were characterized
long the length of ten scratches from both specimen types and are
isted in Table 2.

The values in Table 2 list the mean and standard deviation of the
adii for the ten readings of every scratch. We note that these radii
re only remnants of the plastic deformation phenomena that took
lace during the scratch and that there will be some deviation between
he measured radii and true indenter radius due to recovered elastic
eformation. Nonetheless, the measurements generally indicate that
he indenter tip did not lose its sharpness during the course of our
ano-scratch experiments. While changes caused by evolution of the
ndenter tip during scratching are expected, we believe these changes
6

o be relatively minor and do not affect the general results presented.
Table 2
Valley radii at the vicinity of the deepest points of scratches in the as-received and
H+SA specimen.
Scratch As-received Specimen

Valley Radii (nm)
H+SA Specimen Valley
Radii (nm)

1 679 ± 102 556 ± 47
2 554 ± 44 527 ± 12
3 611 ± 48 505 ± 36
4 510 ± 36 526 ± 23
5 621 ± 45 518 ± 26
6 621 ± 44 538 ± 13
7 539 ± 66 510 ± 32
8 558 ± 25 553 ± 25
9 520 ± 31 518 ± 23
10 524 ± 17 552 ± 19

5.2.1. Effect of precipitates
Additive manufacturing of IN718 produces segregation of Nb, and

Mo during solidification [14]. This results in brittle Laves phase that
assume a fracture resistant spherical morphology after the stress relief
step used in this work. These precipitates can cause gradients in plastic
deformation fields in the vicinity of the tip during nano-scratching. In
the same vein, the 𝛿 phase precipitates in our H+SA specimen can also
produce gradients in deformation fields. To quantify these effects, the
coefficient of variation of scratch depth was characterized from their
AFM profiles. This involved quantifying the sample standard deviation
of scratch depth 𝜎̂𝑑 , and dividing that with the corresponding mean
f the scratch depth profile ⟨𝑑⟩. Compilation of all scratch depths
ndividually from the line profiles extracted from AFM scans (see Fig. 3)
was performed prior to this characterization. The as-received specimens
exhibited a coefficient of variation 𝐶𝑂𝑉𝑎𝑠−𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 = 𝜎̂𝑑∕⟨𝑑⟩ = 0.2091. In
comparison, the H+SA specimen exhibits a marginally larger coefficient
of variation 𝐶𝑂𝑉𝐻+𝑆𝐴 = 0.2263. Further, the H+SA specimen required
double the normal force 2 mN despite exhibiting similar scratch depths
as the as-received specimen that required a force 1 mN. The H+SA
specimen also exhibited a larger lateral force of 1.62 × 10−4 ± 1.67 ×
10−5𝑁 , which was about 4× compared with the as-received specimen
that exhibited 4.33×10−5 ±1.22×10−5𝑁 . These results generally indicate
𝛿 particles act as obstacles to scratching.

The enhanced resistance that the H+SA specimen offers to scratch-
ing can be due to microplastic phenomena spurred by 𝛿 precipitates.
These can produce sharper deformation gradients under the action of
the approaching scratch tip which then lifts up under the action of
the consistent normal force. Repeated occurrence of this phenomenon
during several encounters of the scratch tip with 𝛿 precipitates can
produce larger coefficients of variation of scratch depth in the H+SA
condition.

Evidence of this behavior was probed in the microstructural char-
acteristics left in the wake of the scratch. For this, instances that

involved direct engagement of the scratch tip with 𝛿 precipitates were
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Fig. 5. Evidence of 𝛿 phase and its influence of mechanics of scratching. Insets 1, 2, and 3, on the right show magnified views of the AFM scans of the zones shown in dashed
ellow boxes. The exact locations of the delta phases are highlighted using yellow arrows in these insets.
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nvestigated. Note, 𝛿 precipitates were not indexed directly via Kikuchi
iffraction during orientation imaging microscopy. However, evidence
f their presence was found in SEM characterization, in OIM charac-
erization (as corresponding zones that feature poor confidence index),
nd as corresponding undulations in the AFM scans. Fig. 5 shows
nstances of these effects in the H+SA specimen. The evidence of the 𝛿
hase particles is highlighted using yellow dashed lines. These 𝛿 phase

particles act as obstacles to the scratch tip. Consequently, the tip lifted
up while traversing over them under the action of the constant normal
force (2 mN). This is evidenced four times during the same scratch that
is shown in Fig. 5. Similar evidence of 𝛿 phase particles was found in
every instance of scratches in our heat treated specimens that happened
to traverse through a grain boundary. The presence of 𝛿 phase particles
also results in the absence (or recession) of a pileup in neighboring
zones. It was also seen that such features were consistently absent in
all scratches performed in this work that were far away from grain
boundaries.

In total, the observed differences in pileup behavior between the
two substrates suggest that changes to the microstructure which result
from heat treatment fundamentally alters the plastic deformation be-
havior of IN718 with respect to its as-received state. The 𝛿 precipitates
in the H+SA specimen can pin dislocations and reduce their mean
free paths wherein the odds that a dislocation is able to reach the
surface during scratching are reduced. This phenomenon effectively
prevents/subdues localization of slip in bands that produce slip traces,
which were more frequently observed in our as-received IN718 speci-
men that lacked 𝛿 precipitates, and a homogenized solute atmosphere.
A similar effect was observed recently in homogenized IN718, com-
pared with its aged counterpart [29]. In this work, it was observed
that the dislocation pinning effect in homogenized IN718 reduced the
intensity of slip bands that resulted in the first cycle of fatigue loading,
thereby increasing its fatigue efficiency (ratio of fatigue strength to the
yield strength), compared with the aged counterpart [29].

We envision that the dislocations trapped by obstacles, e.g., 𝛿
precipitates in our homogenized IN718 specimens result in residual
elastic deformation to ensure compatibility, which then produces the
7

negative correlation between pileup height, and scratch depth. Simi-
lar phenomena has been observed during nano-indentation at smaller
𝐸∕𝑌 regimes, where 𝐸 is the Young’s modulus, and 𝑌 is the yield
strength [30,31]. Nanoindentation was used to characterize a similar
etric, viz., 𝐸

𝐻 in the specimens used in this work. Here, 𝐸 is the
Young’s modulus, and 𝐻 is the hardness of the specimen. Ten nano-
indents were performed using a Berkovich indenter at ten different
load levels ranging between 1 mN − 10 mN. For each load level,
nanohardness and reduced Elastic Modulus (𝐸𝑟) were calculated. 𝐸𝑟 is
the elastic modulus of the specimen-indenter system which is related
to the Elastic Modulus and Poisson ratio of the specimen (𝐸𝑠 and 𝜈𝑠,
espectively) and indenter (𝐸𝑖 and 𝜈𝑖, respectively). From the reduced
lastic Modulus the specimen Elastic modulus was calculated using the
ollowing relation [32]:

𝑠 =
1 − 𝜈2𝑠

1
𝐸𝑟

−
1−𝜈2𝑖
𝐸𝑖

(1)

According to Hertzian theory of contact mechanics, reduced Elastic
Modulus is derived from the nanoindentation tests using the rela-
tion [32,33]:

𝐸𝑟 =
1
2

√

𝜋
𝐴𝑝

𝑑𝑃
𝑑ℎ

(2)

Here, 𝑑𝑃
𝑑ℎ is the slope of the unloading part of the indentation load–

isplacement curve at the maximum displacement point (ℎ = ℎ𝑚𝑎𝑥) and
𝑝 the projected area of contact. Projected area was calculated using
he tip area function of the nanoindenter (𝐴𝑝 = 𝐶𝑜ℎ2𝑐 + 𝐶1ℎ𝑐 + 𝐶2ℎ0.5𝑐 +
3ℎ0.25𝑐 + 𝐶4ℎ0.125𝑐 + 𝐶5ℎ0.0625𝑐 ) where 𝐶𝑜 − 𝐶5 are constants and ℎ𝑐 is
he contact depth during indentation full load. This tip area function
as separately characterized prior to measurement of elastic moduli
f the as-received, as well as the heat treated specimens. Once the
alue of 𝐸𝑟 was derived from the test, Eq. (1) was used to quantify
he 𝐸𝑠 value for the different load levels considering 𝜈𝑠 = 0.29, 𝜈𝑖 =
.07 and 𝐸𝑖 = 1140 GPa. Lastly, nanohardness (H) was calculated
sing 𝐻 = 𝑃 . Fig. 6 shows the hardness determined from the ten
𝐴𝑝
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Fig. 6. Nano-indentation hardness as a function of load.
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indentations in the as-received and H+SA specimens. The as-received
specimen exhibited a Young’s modulus of 𝐸 = 172 ± 17 GPa, and
hardness of 𝐻 = 2.45 ± 0.21 GPa. It exhibited 𝐸

𝐻 = 71.2 ± 12.5.
he heat treated (H+SA) specimen exhibited Young’s modulus of 𝐸 =

219 ± 12 GPa, and a hardness of 𝐻 = 6.14 ± 0.21 GPa. It exhibited
𝐸
𝐻 = 35.7 ± 2.6. This suggests that the H+SA conditions studied in
this work is likely to form larger residual stresses which can contribute
to the switchover in correlation between pileup heights and scratch
depths, e.g., from positive to negative, across as-received and H+SA
conditions respectively. Note, indentation size effects were not seen in
this load range (see Fig. 6). This suggests that the characteristic length
of these specimens was very small. This can happen due to pre-existing
dislocation densities [34]. In addition, the precipitates in the matrix
can produce local strain gradients. This can cause a rapid increase in
dislocation densities during plastic straining [35], thereby effectively
decreasing the characteristic length further.

The formation of pileup and sink-in during indentation of a ma-
terial is mechanistically governed by the ratio between its hardness
𝐻 and elastic modulus 𝐸, i.e., 𝐻∕𝐸 [36,37]. This parameter is often
utilized to rationalize the transition from pileup to sink-in behavior
and thresholds that govern this transition have been found to depend
on the hardening exponent 𝑁 of the material. This exponent refers
to that in the Hollomon equation that relates yield strength 𝑌 to true
strains 𝜖 as 𝑌 = 𝐾𝜖𝑁 . For instance, for a material featuring hardening
exponent 𝑁 = 0.1, a threshold 𝑌 ∕𝐸 ∼ 0.01 has been proposed to
govern this transition [37]. The IN718 model parameters used in this
work correspond to 𝑁 = 0.19, and 𝑁 = 0.14, for the as-receieved and
H+SA specimens, and feature thresholds of 𝑌 ∕𝐸 ∼ 0.009, 𝑌 ∕𝐸 ∼ 0.006,
repsectively, that would govern the transition between pileup and sink-
in behavior. To convert this to the ratio 𝐻

𝐸 , Lockett’s result can be
sed which relates the yield strength of the material to its hardness
s 𝐻 = 𝑌

√

3
(1.41 + 2.72𝜃) [38,39], where 𝜃(= 65.72◦) is the half angle

f the Berkovich indenter. This results in the threshold ratio 𝐻
𝐸 ∼

2.6 𝑌
𝐸 = 0.017, and, 0.022, for our as-received, and H+SA specimens.

This is similar to numerical results obtained by Marx and Balke [40]
and empirical results obtained by Burik et al. in steel [41], and by
assaan et al. in Ti alloy Ti–5Al–2.5Sn [42]. These trends are in line
ith observations made in this work. Our as-received specimens exhibit
∕𝐸 ∼ 0.014 < 0.017 and form pileups featuring a positive correlations
etween pileup height and scratch depth. On the other hand, our H+SA
pecimens exhibit 𝐻∕𝐸 ∼ 0.028 > 0.022 and exhibit sink-in behavior
hat features a negative correlation between pileup height and scratch
epth.
The formation of pileups during indentation is the consequence

f dislocations traversing to the surface. Sink-in during indentation
8

enerally results from dislocations not being able to reach the surface
hich can arise from a higher hardening rate of the substrate mate-
ial that can result from numerous mechanisms [43]. However, the
echanics of formation of pileup (or sink-in) during nanoscratching
re more complex than that of indentation. Here, the leading pileup
lso presumably contributes to side pileups when it is pushed out of
he way of the incoming indenter during the process of scratching,
nd this mechanism is potentially further complicated by nano-meter
cale friction effects [44–46]. Kareer et al. have also characterized the
attice rotation field that results in the vicinity of the initial indent
due to normal motion of the indenter), and critically analyzed that
ith respect to the lattice rotational field in the rest of the scratch
due to lateral motion of the indenter) [1] and have found significant
ifferences. These results underscore the need for more controlled
tudies for deconvoluting mechanisms of material deformation during
anoscratching.

. Conclusion

In this work, the mechanism of pileup formation during nano-
cratches was studied in the nickel superalloy Inconel 718 which was
roduced using LPBF. Nano-scratches were produced in the as-received,
nd solution-annealed states. The pileup heights that were measured
sing atomic force microscopy of the scratches exhibited a positive
orrelation with scratch depth in the as-received state. However, these
ileups exhibited a negative correlation in their height with the scratch
epth in the heat-treated state. By analysis of scratch profiles and
otential microstructural differences across as-received, and solution-
nnealed states of IN718, it was proposed that the changes in pileup
ormation behaviors result from corresponding changes in their hard-
ning behaviors. The 𝛿 precipitates in the H+SA specimen appear to be
ffective at trapping dislocations before they are able to reach the sur-
ace to produce pileups. These 𝛿 precipitates also produced marginally
arger valley roughness, and likely resulted in a larger resistance of the
ubstrate to scratching that manifested large lateral reaction forces.
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