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A B S T R A C T

Finishing of components originating from additive manufacturing (AM) is critically important for providing
them with adequate tolerances and fatigue life. These processes often rely on surface deformation for
removal of roughness features and enhancing the underlying microstructures. Optimization of finishing
processes is however challenging for AM components as their mechanics of deformation is complicated by
microstructure/defect/roughness combinations present in as-received surfaces. In this work, the mechanics
of surface deformation in additively manufactured IN718 is studied via indentation. Effects of graded
surface microstructure, surface texture and porosity defects on microstructure evolution trajectories are
delineated. Using these insights, a finite element based numerical framework of surface deformation of
additively manufactured IN718 is created. Utility of this framework in analysis of surface deformation of
various microstructure/defect/roughness combinations is demonstrated. Implications of these insights in the
optimization of finishing processes of various additively created parts is discussed.

1. Introduction

Currently there is strong interest in using additive manufacturing
(AM) processes to originate metallic parts for high performance ap-
plications. Additive manufacturing involves layer-by-layer deposition
of material, wherein individual layers are consolidated with their sub-
strate in a process that involves rapid melting and solidification using a
localized heat source. This process is repeated until the specified geom-
etry is completely built. Unfortunately as-printed surfaces originating
from AM are rough and incapable of functioning as mating surfaces in
a product assembly. Additionally, notch-like surface roughness features
can act as sites of fatigue induced damage [1]. Hence, the surfaces of
AM parts are typically subject to primary machining processes, peening
processes, or secondary machining processes that use loose abrasives.
These processes are used to create surfaces with tighter geometric
control, reduced roughness, or residual compressive stresses.

The aforementioned finishing processes induce subsurface defor-
mation, the mechanics of which is complicated by a multitude of
parameters involving the underlying microstructure [2–4] and char-
acteristics of the surface roughness [5]. Herein, AM can naturally
produce a high density of volumetric-porosity defects [6,7] and unique
microstructure characteristics [8–12], e.g. preferred crystallographic
textures [13], and, gradients in grain size. The surface roughness of
printed metal parts is also extremely sensitive to orientation relative to
the build direction [14]. Down skin surfaces, subject to a combination
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of solidification roughness, staircasing, and partially solidified powder,
can have roughness values 20 X larger than horizontal up-skin surfaces
only subject to solidification roughness. Consequently, when subjected
to finishing processes, the resulting subsurface microstructures could
vary considerably depending on surface orientation. This will also influ-
ence subsurface microstructure and result in anisotropic performance
metrics, which is of great concern for high performance applications.

Understanding how starting surface texture and subsurface mi-
crostructure may influence their evolution during finishing is important
with regard to finishing process selection and design. In this regard,
components originating from AM present novel challenges in finishing
that have not been addressed. For instance, the directionality of the
mechanics of finishing resulting from anisotropy in as received mi-
crostructures and surface textures necessitates optimization of the finish
process parameters for achieving the desired surface state. Herein, a
single set of process parameters is not expected to function equally
effectively even over the different faces of a single component [1,15].
Addressing this knowledge gap requires an in-depth understanding
of the mechanics of finishing in surface-texture/microstructure/defect
combinations that originate from AM.

In this study, circular indentation is performed on Inconel 718
microstructure created by selective laser melting with the overarching
goal of understanding the mechanism of microstructure evolution in
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additively manufactured specimens during surface deformation. At-
tempt is made to delineate effects arising from surface roughness,
microstructure gradients, and porosity defects. These insights are sub-
sequently used to create a framework whose utility in optimizing
finishing processes are discussed.

2. Experimental and computational

Inconel 718 specimens were printed in an EOS M280 direct metal
laser sintering machine using EOS-718 powder. Power level was preset
at 285 W with a laser spot diameter of 87.5 μm. The layer thickness was
40 μm. The completed build was vacuum stress relieved at 1065◦ +12 ◦C
for 90+ 15 min per EOS recommendations. Finally, the test piece was
removed from the build plate using electric discharge machining. The
test piece in this state will be referred to as pre-deformed for rest of the
document.

Plane strain indentation was performed on the test piece using
an alloy steel indenter featuring diameter 𝑑 = 5 mm. A nominally
smooth dowel pin purchased from McMaster Carr featuring a minimum
Rockwell hardness C52 was used as the indenter. The orientation of
the indenter with respect to the build direction is shown in Fig. 1a.
Indentation was performed in the as-received condition described in
the previous paragraph. The speed of indentation was 1 mm/min and
the maximum depth was ℎ𝑚𝑎𝑥 ∼ 0.09 mm. The displacement field in
the indentation specimen was recorded in a sequence of images using
a PCO.edge high speed camera that was equipped with an infinity
microscopic lens. The lens assembly in the current setup provided a
resolution of 15 μm∕pixel. A bright light source was used to illuminate
the scanned face while imaging. Fig. 1b shows an image in this se-
quence. The displacement field was subsequently characterized using
digital image correlation. This involved finding the zero normalized
correlation coefficient: 𝛷𝑘(𝑚, 𝑛) = 𝛴𝑞

𝑗=1𝛴
𝑝
𝑖=1𝑓𝑘(𝑖, 𝑗)𝑓𝑘+1(𝑖+𝑚, 𝑗+𝑛), where

𝑓𝑘(𝑖, 𝑗) is intensity of pixel (𝑖, 𝑗) in image 𝑘 that is zero normalized.
Zero normalization refers to subtracting mean of all pixel values and
dividing the result with standard deviation. By locating the maxima in
the parameter 𝛷𝑘(𝑚, 𝑛), displacement vector (𝑢𝑥, 𝑢𝑦) = (𝑚, 𝑛) incurred
by the material point at pixel (𝑖, 𝑗) in image 𝑘 is found. By doing this
repeatedly over all pixels in the region of interest, the displacement
field is characterized. Calibration of the method by characterization
of Young’s moduli of known materials showed that strains as small
as 10−4 could be reliably measured using this method. The character-
ized displacement field was subsequently differentiated spatially with
respect to the original grid to find the deformation tensor at the end of
deformation as 𝐅 = ∇𝑢 + 𝐈, from which the Left Green–Lagrange strain
tensor was extracted as 𝐄 = 1∕2(𝐅𝑇𝐅 − 𝐈). Microstructure characteriza-
tion by Orientation Imaging Microscopy (OIM) was performed using a
FEI Helios 660 SEM equipped with Oxford HKL electron back scattered
diffraction detector. Characterizations were performed at 20 KV and
6.4 nA. A zone ∼130 μm thick directly underneath the surface was
scanned with a step size of 0.55 μm. This was done in pre and post
deformed conditions. AZtec software provided by Oxford Instruments
was used to extract raw data, which was subsequently processed using
the open source Matlab library called MTEX 5.1.1. Using this Matlab
library, various microstructure statistics were extracted as described in
the forthcoming sections.

Experimental strain mapping and microstructure characterization
were supplemented with implicit finite element simulations of plane
strain indentation using Abaqus. For the same, the indenter was treated
as a rigid body. The bulk workpiece was treated as an isothermal
Johnson–Cook material featuring constants (A, B, n, m, Tm) = (450
MPa, 1.7 GPa, 0.65, 1.3, 1609 K) [16]. Assigned density, elastic mod-
ulus and Poisson’s ratio of the workpiece were 9000 Kg/m3, 200 GPa,
and 0.29, respectively. Elements of type CPE4R featuring plane strain
thickness 0.008 mm were assigned to both indenter and workpiece.
Friction coefficient 𝜇𝑓 = 0.64 was used corresponding to steel-Ni inter-
faces. This value for friction coefficient was validated by investigating

several friction coefficients, viz. 𝜇𝑓 = 0.1, 0.5, 0.64, 0.99, and sticking,
wherein it was seen that 𝜇𝑓 = 0.64 resulted in reasonable prediction
of process mechanics. For delineating the effect of surface roughness
on indentation, representative surface-profiles were obtained from the
as-received specimen using secondary electron imaging. These profiles
were then imported into the simulated workpiece using the python
scripting interface of Abaqus.

3. Results

3.1. Deformation mapping

Results of displacement and strain mapping are shown in Fig. 2.
Figs. 2a–2c show horizontal (𝑢𝑥 mm), vertical (𝑢𝑦 mm) components,
and magnitude (

√

𝑢2𝑥 + 𝑢2𝑦 mm) of displacement field, respectively.
Fig. 2c shows that the displacement field at (𝑟, 𝜃) = (0 μm, 0◦) exhibits
a maximum value ∼0.09 mm. This value decayed progressively at
larger distances 𝑟 with respect to surface of the indenter. The displace-
ment field was differentiated spatially and processed to find the Left
Green–Lagrange strain 𝐸. Horizontal, vertical and shear components,
i.e. 𝐸11, 𝐸22, 𝐸12, respectively, are shown in Figs. 2d–2f. These fields
were calculated within the zone marked in the white rectangle in
Fig. 1b. Local maxima in absolute values of strains were seen at zones
located in the vicinity of the free surface of the workpiece close to
(𝑟, 𝜃) = (0 μm, 8.9◦), pointed using white arrows in Figs. 2d–2f. These
were, (𝐸11, 𝐸22, 𝐸12) = (0.04,−0.16,−0.25), and (−0.05, 0.1, 0.17) for
(𝑟, 𝜃) = (0 μm,−8.9◦) and (𝑟, 𝜃) = (0 μm, 8.9◦), respectively. Directly
underneath the indenter, i.e. (𝑟, 0◦) for 𝑟 > 0, a dead metal zone was
observed exhibiting negligible strains in both positive and negative
sense, i.e. (|𝐸11|, |𝐸22|, |𝐸12|) → (0, 0, 0).

The strain fields shown in Figs. 2d–2f exhibit several local spikes
in addition to the local maxima/minima near (𝑟, 𝜃) = (0 μm, 8.9◦).
These spikes exhibit waviness, i.e. oscillation between high positive and
negative values. Further, these spikes exhibit periodicity, an instance
of which is pointed using black arrow in Figs. 2d, 2e. In order to
delineate these characteristics, a waterfall plot was generated using
Fourier analysis of the E12 strain component field (Fig. 2f), as shown
in Fig. 3. This plot suggests that spikes in the strain field near the
free surface of the test specimen could exhibit wavelengths as small
as 𝜆 > 0.2 mm. Prominent wave components featuring wavelengths of
this order are pointed using black arrows in Fig. 3. The wavy nature of
the strain field featuring low wavelengths of the same order, e.g. 𝜆 < 1
mm, decayed at larger depths with respect to the indented surface as
indicated by absence of similar spikes there, in the waterfall plot. While
this absence is partly due to a general decay of strain with respect
to increasing depths, it can also be due to a concomitant subjugation
of the physical phenomena, which originally caused waviness in the
strain field near the free surface. The dominant presence of large
wavelength components at larger depths with simultaneous absence
of low wavelength component in Fig. 3 partially corroborates this
hypothesis. Possible reasons behind these phenomena are discussed in
the forthcoming sections. Note for reference, optical characterization
equipment used for this research enables resolution, i.e. sampling at
0.014 mm/pixel, this being < 0.5𝜆 (<0.1mm) required to reliably detect
anomalies occurring over wavelengths > 𝜆(>0.2 mm) as prescribed by
the Nyquist criterion.

3.2. Orientation imaging microscopy

3.2.1. Pre-deformed microstructures
Fig. 4 shows results of microstructure characterization on cross

sections of the workpiece in the pre-deformed state. Fig. 4a shows the
orientation imaging micrograph of grains in the cross section normal to
the build direction Z shown in Fig. 1. In this state, the microstructure
exhibited gradients in grain size as quantified in Fig. 4b. A zone
comprising grains in immediate vicinity of the free surface 𝑟 = 0 μm



Materials Science & Engineering A 781 (2020) 139204

3

M. Rifat et al.

Fig. 1. (a) Orientation of indentation with respect to build direction, (b) Optical characterization of indentation and reference axis.

Fig. 2. Displacement field showing components: (a) 𝑢𝑥, (b) 𝑢𝑦, and (c) magnitude. Left Cauchy-Lagrangian strain components are shown in (d) 𝐸11, (e) 𝐸22, and (f) 𝐸12.

Fig. 3. Waterfall plot of strain field 𝐸12 shown in Fig. 2f. The arrows correspond to wavelengths: (a) 𝜆 = 0.21 mm, (b) 𝜆 = 0.4 mm, (c) 𝜆 = 0.63 mm.

exhibited twins that were 1 μm–10 μm wide, with parent grains fea-
turing diameters ∼ 30 μm. Fig. 4c shows the Grain Orientation Spread
(𝐺𝑂𝑆) extracted from the pre-deformed microstructure. The parameter
𝐺𝑂𝑆 is given by 𝐺𝑂𝑆 = 1

𝑁(𝑁−1)𝛴
𝑁
𝑖=1𝛴

𝑁
𝑗=1𝛥𝑔(𝑔𝑖, 𝑔𝑗 ) and refers to the

average misorientation between all points in a grain. Here, a grain
is defined as a zone enclosed by a boundary featuring disorientation
>15◦. Parameters 𝑔𝑖, 𝑔𝑗 , 𝑁 refer to orientation at point i,j, respectively,
in a grain that contains N points characterized by OIM. The 𝐺𝑂𝑆 field
exhibits spread in the pre-deformed microstructure, featuring values
between 0◦–15◦, with an area weighted mean of 3.48◦.

The mean GOS of a polycrystalline microstructure increases during
imposition of strains due to formation of dislocation structures in
constituent grains [17,18]. These dislocation structures subdivide a

grain into several off-spring sub-grains, each disoriented with respect to
its neighbor. Imposition of sufficient strains results in the disorientation
between neighboring sub-grains to cross over into high angle (>15◦)
regimes. In this manner, a grain fragments into several off-spring grains
during imposition of strains, and this process is known as Continuous
Dynamic Recrystallization (CDRX). Each grain resulting from this sub-
division process continues to undergo refinement in a similar manner
with imposition of further strains and the process repeats. Investi-
gations have identified a threshold GOS=2.6◦ to distinguish between
freshly recrystallized, i.e. 𝐺𝑂𝑆 < 2.6◦ and deformed, i.e. 𝐺𝑂𝑆 > 2.6◦

grains [17]. In this regard, our AM workpiece exhibits a low-moderate
𝐺𝑂𝑆 = 3.48◦, reminiscent of the thermal history imposed during AM +
heat treatment steps.
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Fig. 4. Microstructure in the pre-deformed material. (a) Orientation Imaging Microscopy, (b) Variation in grain size with respect to distance 𝑑 from the surface, (c) Grain
Orientation Spread, (d) Misorientation angle distribution in microstructures at specified zones. Thick and thin black lines correspond to boundaries featuring disorientation 15◦

and 1◦, respectively.

Fig. 4d shows the misorientation distribution of the microstructure
created by AM, in the pre-deformed state. The distribution shows that
a high fraction ∼ 75% of neighboring points exhibited low <3◦ disorien-
tation. This fraction decayed monotonically with ∼3.7% of neighboring
points exhibiting disorientations > 15◦. These characteristics of misori-
entation distribution were reflected in the microstructure, where most
grains featured negligible (0.1◦∕μm–0.5◦∕μm) intra-grain misorientation
gradients along randomly oriented directions. Grains that featured large
areas, labeled l,m,q,r in Fig. 4b, and those featuring high 𝐺𝑂𝑆, i.e. n,
p, q exhibited higher densities of low angle 1◦ grain boundaries in
comparison with other grains. Low 1◦ and high 15◦ boundaries are
demarcated using thin and thick white lines in Fig. 4a, respectively.

3.2.2. Deformed microstructures
Figs. 5a–5e show microstructures resulting from indentation with

their corresponding GOS fields in Figs. 5f–5j, respectively. These mi-
crostructures were obtained from zones in vicinity of the free surface
between depths 𝑟 = 0 μm–130 μm. Their center points approximately
corresponded to locations (𝑟, 𝜃) = (65 μm, 0◦), (65 μm, 5◦), (65 μm, 6.5◦),
(65 μm, 8.9◦), and (65 μm, 14◦), respectively. Absolute values of empir-
ically characterized strain tensor components at these locations were
(|𝐸11|, |𝐸22|, |𝐸12|) = (0, 0.07, 0.01), (0.02, 0.08, 0.05), (0.06, 0.12, 0.05),
(0.15, 0.1, 0.17), (0, 0.19, 0.02), respectively. Qualitatively, these
microstructures exhibited similar gradients in grain size and grain
shapes as their pre-deformed counterpart. This is expected given mod-
erate amounts of deformation imposed in our indentation experiment
that would only cause moderate changes to these metrics. However,
area weighted GOS parameters extracted from these microstructures
exhibited considerable differences with respect to the pre-deformed
material with GOS=4.79◦, 3.85◦, 7.01◦, 5.77◦, 4.5◦, respectively.

Fig. 4d shows the misorientation distribution extracted from these
microstructures, overlaid on top of that obtained from the pre-deformed
material. Microstructures directly underneath the indenter and slightly
to the side, i.e. (𝑟, 𝜃) = (0 μm, 0◦), (0 μm, 5◦), respectively, exhibited
characteristics that were similar to the pre-deformed state. These char-
acteristics included high fractions of neighboring points featuring low
disorientations < 3◦, at 67%, and 70%, respectively. However, there
was a slight increase in point-pairs that exhibited disorientations > 15◦

in microstructures directly underneath the indenter (𝑟, 𝜃) = (0, 0◦),
at 8.5%. At larger angles with respect to the central axis, (𝑟, 𝜃) =
(0, 6.5◦) and (0, 8.9◦), microstructures exhibited considerable differences
with respect to the pre-deformed material. These differences include a
drop in fraction of neighboring points that featured a disorientation
< 3◦, e.g. from ∼75% to 57%, and 50%, respectively. Simultaneously,
neighboring points at these locations that featured a disorientation
> 15◦ rose from 3.7% to 13.44%, and 6.11%, respectively. Characteristics
of microstructure at location (𝑟, 𝜃) = (0 μm, 14◦) reverted back to those
seen in the material in the pre-deformed state, e.g. a high, 66% of
neighboring points featuring disorientation < 3◦, and 5.6% neighboring
points showing disorientation > 15◦. Characteristics of misorientation
distribution were seen in the grain boundary structure in Figs. 5c
and 5d. Grains in these zones that featured high area or orientation
spreads also exhibited high densities of low angle 1◦ grain boundaries.
In comparison with material in the pre-deformed state, these grains in
the deformed material exhibited significantly larger densities of such
low angle boundaries. Microstructures obtained from the indented spec-
imen also exhibited highly concentrated deformation between zones
bridging porosity defects. This is illustrated in the dashed white box in
Fig. 5d corresponding to zone (𝑟, 𝜃) = (0 μm, 8.9◦). Here, two porosity
like features are seen to be surrounded by grains featuring high 𝐺𝑂𝑆 ∼
11◦.

3.3. Effect of microstructure gradients on material response during inden-
tation

Microstructures obtained from the deformed specimen exhibit fea-
tures that are commonly seen during progressing continuous dynamic
recrystallization (CDRX). For instance, locations (𝑟, 𝜃) = (0 μm, 8.9◦),
(0 μm, 6.5◦) lie in vicinity of the zone that exhibits local maxima
in strain and microstructures obtained from these zones exhibit the
highest fraction of point pairs that feature larger disorientations as
seen in Fig. 4d. Similarly, these locations also exhibit largest area
weighted GOS parameters. None the less, these microstructures ex-
hibit heterogeneity in deformation, as evidenced from the GOS fields
(Figs. 5f–5j) that exhibit highly separated global maxima and min-
ima. In order to delineate this phenomenon, the GOS parameter was
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Fig. 5. (a–e) Orientation imaging microscopy and (f–j) grain orientation spread of microstructures resulting from indentation.

Fig. 6. Characteristics of deformed grains resulting from indentation.

plotted with respect to grain area A and is shown in Fig. 6a. Area
was chosen as the 𝑥-axis for these iso-strain plots due to known
inverse effect of grain-size on strain hardening [19–21]. Considerable
scatter was seen in the obtained plots indicating the heterogene-
ity in deformation. In order to delineate the scatter in the data,
power law curves were fitted to the obtained GOS vs. Grain area
profiles in pre-deformed microstructure as well as those in (𝑟, 𝜃) =
(0 μm, 0◦), (0 μm, 5◦), (0 μm, 6.5◦), (0 μm, 8.9◦), and (0 μm, 14◦). These were
found to be 𝐺𝑂𝑆 = 0.37𝐴0.31, 0.49𝐴0.32, 0.62𝐴0.31, 1.059𝐴0.3, 0.96𝐴0.31,
0.52𝐴0.32, these equations exhibiting goodness of fits 𝑅2 = 0.2, 0.2, 0.59,
0.52, 0.53, 0.41, respectively. A lower goodness of fit indicates poorer
choice of independent-variable/model for modeling data. This was
the case for the pre-deformed microstructure and that found directly
underneath the indenter in the dead metal zone i.e. (𝑟, 𝜃) = (0 μm, 0◦),
both exhibiting 𝑅2 = 0.2. However with incremental deformation, a
larger dependence on area was seen with microstructures at (𝑟, 𝜃) =
(0 μm, 5◦), (0 μm, 6.5◦), (0 μm, 8.9◦) exhibiting 𝑅2 = 0.59, 0.52, 0.53. This
dependence reduced to 𝑅2 = 0.41 at location (𝑟, 𝜃) = (0 μm, 14◦),
which also showed a reversal in its microstructure characteristics,
e.g. misorientation distribution, to near pre-deformed levels.

The aforementioned grain-area dependence suggests that
microstructure in the vicinity of the surface (𝑟 < 30 μm), which is
mostly occupied by small grains does not effectively accommodate

deformation imposed during indentation. Evidence for this behavior
was found in GOS plots shown in Fig. 5h and 5i that feature a high
concentration of grains in vicinity of the surface that exhibit low orien-
tation spreads despite exhibiting higher GOS in grains at larger depths.
This trend was also captured in GOS vs. depth from surface profiles
for microstructures obtained from the pre-deformed specimen and that
in locations (𝑟, 𝜃) = (65 μm, 6.5◦), (65 μm, 8.9◦). The trend is shown in
Fig. 6b and exhibits almost no difference in zones characterized by
𝑟 < 23 μm demarcated using vertical black line.

4. Discussion

The aforementioned results indicated heterogeneity in deformation
during indentation of additively manufactured IN718. Plausible sources
of this heterogeneity can be hypothesized as: interaction of surface
roughness features with the indenter, harder microstructure zones close
to the surface in AM specimens, and porosity defects. In order to assess
the contributions of these effects, a numerical model of indentation
is created here as shown in Fig. 9a. To capture effects of roughness
features within the numerical model, a representative pre-deformed
surface profile was characterized from secondary electron imaging of
the polished cross section normal to the build direction. This profile
was then quantified using Matlab and used as input while creating
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Fig. 7. (a) Finite Element Method (FEM) assembly of indentation showing roughness modeling and microstructure modeling, and strain fields (b) 𝐸11 (c) 𝐸22, and (d) 𝐸12. The inset
on the bottom right shows the colorbar. Maximum and minimum values of the strain fields are 𝑚𝑖𝑛, 𝑚𝑎𝑥 𝐸11 = −0.23,+0.16, 𝑚𝑖𝑛, 𝑚𝑎𝑥 𝐸22 = −0.26,+0.19, 𝑚𝑖𝑛, 𝑚𝑎𝑥 𝐸12 = −0.26,+0.19.

surface of the simulated workpiece. The middle inset in Fig. 7a shows
the representative profile, featuring length ∼ 1.3 mm, 𝑅𝑎 = 6.5 μm
and maximum height between peak and valley 𝑚𝑎𝑥𝑅𝑡 ∼ 30 μm. The
roughness peaks featured widths between 20 μm–400 μm. The profile
was repeated over the entire surface of the simulated plane-strain spec-
imen that was subject to indentation. Friction coefficient 𝜇𝑓 = 0.64 was
used, and indentation was simulated using conditions analogous to real
experiments. The indented workpiece was also endowed with a harder
zone close to the surface to model the phenomena that results from
graded microstructures seen in our IN718 specimen. This gradation is
illustrated in Fig. 4b and suggests a grain size of ∼10 μm at depths
𝑑 < 80 μm and a grain size ∼ 50 μm in the bulk. Herein, an approach
analogous to [22,23] was used wherein the surface layer up to a depth
𝑑 < 80 μm was assigned a flow stress 𝜎𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 1.7𝜎𝑏𝑢𝑙𝑘. Analogous
behavior was seen in pure Ni [24] wherein reduction in grain sizes
from ∼50 μm to ∼10 μm resulted in a 1.7× increase in the yield strength.
The bulk flow stress refers to Johnson–Cook flow behavior whose
parameters are given in Section 2. Finally, the effect of circular porosity
on surface deformation was analyzed by implanting such defects in the
numerically simulated specimen. This was done by sampling circular
porosity defects with uniformly distributed diameters ranging between
30 μm–60 μm. A low density (0.25 defects∕mm2) of defects were dis-
tributed in random locations in the specimen. This arrangement and
density of defects was motivated from our post-deformed specimen
shown in Fig. 5.

4.1. Understanding the response of AM fabricated IN718 specimens

Isotropic material simulations summarized in Fig. 7 generally show
that presence of roughness on surface can result in asymmetry in
mechanics of indentation about its central axis, i.e. (𝑟 > 0, 0◦). This
asymmetry is most evident in shear components 𝑃𝐸12 that exhibit
global maxima and minima of 𝑃𝐸12 = +0.19,−0.26, respectively.
Further, Fig. 7 also shows that roughness results in considerable hetero-
geneity in strain during indentation with several localized zones near
the surface exhibiting spikes in strain tensor components as also seen in
empirical characterization by DIC. In addition to factors resulting from
roughness, strain field spikes were also seen in the vicinity of porosity
defects that exhibited deviations between positive and negative values.

The effect of the harder near-surface microstructure zone on me-
chanics of indentation can be assessed from Fig. 8a that illustrates the
effective strain field in the specimen. It was seen from this field that the
harder microstructure zone is ineffective at accommodating high strains
during indentation, wherein deformation imposed by the indenter is
dominantly accommodated by the softer bulk. This numerically simu-
lated result reflects empirical observations summarized in Section 3.3
and Fig. 6, where it was shown that the microstructure zone close to the
surface exhibited smaller average grain orientation spread suggesting
delayed progression through stages of continuous recrystallization.

4.2. Formulating finish routines for additively manufactured components

Validation of the numerical framework of indentation for predict-
ing mechanics of surface deformation as shown in Section 4.1 al-
lows its use in formulating finish routines for additively manufac-
tured parts. Such frameworks can enable optimization of finish pro-
cess parameters without necessitating trial-error runs by facilitating
accurate predictions of surface deformation across different combina-
tions of as-received surface textures and microstructures. The following
subsections demonstrate this utility.

4.2.1. Effect of thicker surface graded zone
The effect of a thicker graded zone near the surface that features

higher hardness than the bulk was assessed by simulating the mechan-
ics of indentation under equivalent conditions. Herein, the thickness
of the graded zone was increased 5× by assigning the material within
the zone 𝑑 < 400 μm a flow stress 𝜎𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 1.7𝜎𝑏𝑢𝑙𝑘. Analogous
conditions, e.g. a thick graded zone can arise in additive manufacturing
as a consequence of spatial variations in elemental compositions [25],
intermediate plastic deformation, e.g. hybrid manufacturing [26], or
directly from the spatially tuned dynamics of heat [27]. The same
surface texture and porosity defect structure as Fig. 7 was used and
indentation was simulated up to the same depth ℎ𝑚𝑎𝑥 = 90 μm.
Fig. 8b shows the effective strain field resulting from indentation in this
surface texture/microstructure combination. Compared to the scenario
involving a thinner graded microstructure zone, the strain field here
exhibited a more diffuse character with deformation percolating to
larger depths. This suggests that scenarios involving a thicker hardened
surface zone present a greater challenge from the context of surface
finishing as the strain imposed naturally tends to spread out to larger
depths, thereby not contributing to deformation induced removal of
surface roughness features. An analogous characteristic was reported
in [28] where shot peening was shown to produce a smoother surface
due to less material removed via deformation if the surface had been
hardened by nitriding prior to the peening treatment.

4.2.2. Effect of micro-meter scale surface roughness
In order to assess the effect of micro-meter scale surface roughness,

finite element analysis of indentation on workpiece featuring simple
sinusoidal roughness was performed. The sine wave used was 𝑦 =
𝐴 sin( 2𝜋𝜆 ), with amplitude 𝐴 being 𝐴 = 20 μm, 40 μm, and wavelength
𝜆 being 𝜆 = 240 μm, 480 μm. Effects arising from porosity defects
and graded microstructures were disregarded in these simulations.
Fig. 9 shows snapshots of these simulations that were obtained at
the same indentation depth 90 μm with respect to the first contact
between the indenter and the surface. At the same depth, the sim-
ulated specimens exhibited mechanics that were different from each
other. Parameters extracted here illustrate these differences and sug-
gest that their origins were rooted in the surface roughness features
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Fig. 8. Effect of graded microstructure on mechanics of indentation illustrated via their effective strain fields. The graded zones features a flow stress 𝜎𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 1.7𝜎𝑏𝑢𝑙𝑘 up to
depths of (a) 𝑑 < 80 μ (also elaborated in Fig. 7), (b) 𝑑 < 400 μm. The inset on the bottom rights shows the color bar with respect to which, the minimum,maximum values for
the strain fields correspond to 0,0.27 and 0,0.21 for (a) and (b), respectively.

Fig. 9. Effective strain fields generated during indentation of surfaces with sinusoidal roughness features characterized as 𝑦 = 𝐴 sin 2𝜋
𝜆
, with wave parameters (𝐴, 𝜆) being: (a)

(20 μm, 480 μm), (b) (40 μm, 480 μm), (c) (20 μm, 240 μm), (d) (40 μm, 240 μm). Coefficient of friction 𝜇𝑓 = 0.64 was used for these simulations. The minimum value is 0 in all strain
fields. The maximum value for the respective strain fields is 𝜖 = (a) 0.31, (b) 0.38, (c) 0.35, (d) 0.54.

themselves. For instance, the maximum effective strain imposed dur-
ing indentation increased with respect to increase in amplitude A
and decreased with increase in wavelength 𝜆. These were found to
be 𝜖 = 0.31, 0.38, 0.35, 0.54 for waves featuring parameters (𝐴, 𝜆) =
(20 μm, 480 μm), (40 μm, 480 μm), (20 μm, 240 μm), (40 μm, 240 μm), re-
spectively. Strain fields obtained from these simulations also exhibited
periodic variations close to the indented surface at the same frequency
as the sinusoidal roughness profile. Fig. 9 suggests that deformation is
localized near the surface of the specimen when size of the indenter
is large compared to the amplitude of the roughness wave. From the
context of finishing, this is an ideal scenario when deformation induced
removal of roughness features is of primary concern.

4.2.3. Implications in a traditional finishing process — shot peening
The aforementioned results can enable optimization of traditional

finishing processes that rely on surface deformation. Towards this
end, the geometry of indentation is analogous to that in shot peening
which involves repeated impact of a component surface with hard
media that is accelerated to a preset velocity range. Individual impacts
result in plastic deformation of the surface which upon accumulation
by repeated impact produces ultra-fine or nanocrystalline grains [3]

and high compressive residual stresses [4]. In addition, mechanical
interaction between the media and the surface results in evolution
of its texture whose trajectory is determined by shot velocity and
size [29]. Due to superior mechanical response of shot peened surfaces
its utility as a finishing process for additively manufactured compo-
nents is being explored [30]. Herein, similarity in process configuration
makes insights obtained from indentation relatable to peening. For
instance, observations in Fig. 8 indicate that process parameters must
be tuned to concentrate deformation closer to the surface when harder
microstructures are present near the surface. From the context of
shot peening, this requirement can be met by using a combination of
smaller shot diameter and smaller impact velocity. On the contrary,
for finishing a surface featuring large roughness as shown in Fig. 9,
larger shots are required in peening treatment. These contradicting
factors suggest that there is an optimum shot size that can finish a
rough surface that simultaneously features a microstructure gradient.
Further, the numerical framework demonstrated in Fig. 7 can provide
a starting point for optimizing this parameter. Formulation of a generic
framework that can be used to optimize various finishing process for
arbitrary geometries will be the focus of future efforts.
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5. Conclusions

The investigation of the mechanics of indentation of IN718 created
by AM has yielded a numerical framework for prediction of mechan-
ics of surface deformation of various microstructure/texture/defect
structure combinations. By utilizing this framework, the following con-
clusions could be drawn:

1. Mechanics of indentation in additively manufactured specimens
is complicated by surface roughness, graded microstructure
zones near the surface and porosity defects.

2. Harder microstructures near the surface result in dissipation
of plastic strains to larger zones underneath the surface. This
presents a less than ideal scenario when the primary concern
is to create a smooth surface using deformation based mate-
rial removal. Preliminary analyses indicates that mitigation of
roughness features on graded microstructures can be achieved
by concentrating the deformation resulting from the finishing
process near the surface. Further, this can be done by tuning
finish process parameters such as media size.

3. The framework also suggests that high aspect ratio roughness
features can be mitigated more easily by use of larger finishing
media that results in a more uniform deformation field.
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