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standard of 20

• Full 3D finite element analysis of se-
quential indentation for visualization of
plastic zones in 2D indentation arrays
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criteria based on a strength approach
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pling with microstructure-based
modeling within an ICME approach
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With the advances in instrumented indentation systems and testing methodologies, high speed indentation map-
ping with indents that take less than a second is now possible. This can be gainfully used to measure the local me-
chanical properties of multi-phase alloys and small volumes of materials with high throughput, which brings into
question the minimum spacing between indents required to prevent interactions from neighboring indents. In
this study, extensive indentation experiments (~50,000) and finite element simulations are carried out for a wide
range ofmaterials to systematically determine theminimumspacing of indents. Itwas found that aminimum indent
spacing of 10 times the indentation depth is sufficient to obtain accurate results for a Berkovich indenter. This is less
than half of the commonly followed criteria of spacing the indents three times the lateral dimension (or 20 times the
depth). Similar results were also found for other indenter geometries. It was found that non-overlapping plastic
zones are not a requirement for determining the minimum indent spacing and the new criteria is rationalized by
simple energy arguments. These results significantly enhance the capabilities of indentation mapping technique
which is recently being used as a critical characterization tool for accelerating materials development.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Indentation based techniques have been widely used to measure the
mechanical properties of materials and specifically, indentation hardness
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is a widely used measure of plastic response of materials [1]. While the
different hardness techniques commonly used differ in test setup, tip ge-
ometry, test methodology etc., they all essentially involve applying a
known amount of load and determining the area of the residual indent ei-
ther directly as in conventional hardness testing [1] or throughmeasure-
ment of depth as in instrumented indentation [2]. One of the important
parameters for any indentation test apart from selection of load and in-
denter geometry, is spacing of indents. While this is not very critical for
testing on bulk materials where usually there is a lot of measurable area
and the neighboring indents can be conveniently spaced much farther,
it is extremely important for measuring the properties of small volumes
of materials, where local variations in mechanical properties is of prime
interest. Such studies are been increasingly carried out using instru-
mented indentation in recent times [3–7]. However, as the size of micro-
structural features decreases, indentation depth and thereby indent size
has to be reduced in order to accommodate multiple indents within the
feature of interest for a given spacing of indents, which may not be feasi-
ble beyond a certain level as the precision and accuracy of the indentation
tests results can significantly reduce at smaller depths. The minimum in-
dentation depth to achieve reliable results is usually determined by the
testing instrument, test methodology and the test conditions which
many users may not have much control on. In this scenario, the other al-
ternative is to reduce the indent spacing, which brings into question the
minimum indent spacing of indents. Samuels andMulhearn [8] suggested
aminimum spacing of three times the lateral dimension of the indent in a
work that goes back several decades and is still being followed in various
indentation testing standards [9–14]. The commonly followed criteria for
indent spacing [8], has been formulated based on the concept of spacing
the indents such that the plastic strain zones underneath the indent do
not overlap and hence may not necessarily indicate the absolute mini-
mum spacing for performing indentation. It is worth noting that themin-
imum spacing criteria is only applicable for indentation tests that cause a
permanent impression and not for indents that recover completely as in
the case of perfectly elastic deformation, inwhich case they can be placed
as close as desired.

With the latest advances in instrumented indentation, tests can now
be performed with a high degree of precision even for indentations
depths as small as 50 nm. In addition, the advances in electronics have
also enabled fast measurements without compromising the accuracy or
noise [15]. High speed nanoindentation testing not only opens up a signif-
icant opportunity to measure the local mechanical properties by large ar-
rays of indents [7], but also serve as an effective characterization tool to
significantly reduce design and production time [3]. This further empha-
sizes the need to systematically determine the minimum spacing of in-
dents to accurately capture the local variations in mechanical properties.

In the present work, we critically assess the minimum indent spacing
by performing extensive indentation testing over a range of spacings for a
wide variety of bulk materials and one coating system to determine the
minimum spacing at which deviation in hardness or modulus is insignif-
icant. Full 3D finite element analysis (FEA) of sequential indentation for
different indent spacings, is also performed to visualize the plastic zones
underneath the indent in order to rationalize the experimental observa-
tions. The results indicate that the minimum required spacing of indents
is significantly less than thewell accepted criteria of 3 times the indent di-
ameter [8]. In addition to the indent spacing effect, the effect of indenter
angle, indenter orientation and the number of neighboring indents is
also studied to enable broader understanding of the spacing effect.

2. Materials and methods

2.1. Experimental details

One of the main objectives of the current work is to perform exten-
sive indentation tests on a wide range of materials at different indent
spacings. In order to achieve this objective within a reasonable amount
of time, a high speed nanoindentation technique called NanoBlitz3D
was used on an iNano® nanoindenter with an InForce50 actuator
(Nanomechanics Inc., Oak Ridge, USA), wherein, a single indentation
test, including positioning the sample at the appropriate location, sur-
face approach, loading and unloading takes less than 1 s. Except for
the duration of testing, this technique is similar to a standard static in-
dentation test performed using a nanoindenter. The test outputs are
similar to any standard nanoindentation test i.e., load, depth, stiffness
at maximum load, which are in turn used to calculate the hardness
and elastic modulus using the standard Oliver-Pharr approach [2] at
the applied maximum load or depth. Indentation arrays of 35 × 35
(1225 indents) were performed to maximum depths ranging from
600 nm to 1000 nm depending on the material for a given spacing.
Tests were performed at normalized spacing, defined as the ratio of in-
dent spacing (d) to the maximum indentation depth (h), of 5, 8, 10, 15
and 20. In order to cover a wide variety of materials, tests were per-
formed on fused silica, annealed pure aluminum, single crystal copper,
polycarbonate, calcium fluoride, nickel andmolybdenum. In order to as-
sess the applicability of the results to film on substrate systems, a gold
film on silica substrate, which being a soft film on hard substrate, repre-
sents an extreme case where considerable pile-up is expected, is also
tested. In all, 6125 tests were performed on each material and close to
50,000 indents across materials, to draw statistically significant conclu-
sions from the experimental results. In addition to indentation tests, the
high-speedmapping technique was also used tomap the topography of
the residual impression for select cases. The topographic mapping was
carried out by detecting the surface at discrete points in the region of in-
terest with a detection threshold of 50 μN and has a sub-nanometer
depth resolution and 300 nm lateral resolution.

2.2. Finite element analysis (FEA)

Full 3D FEA is used to simulate indentation arrays at a given spacing
in order to study the effect of spacing and also the effect of orientation
and number of neighboring indents. Majority of the arrays involve 2 in-
dents at the chosen spacing performed one after the other as a single
simulation. The simulations are performed using a commercial FEA
package ABAQUS 6.9. A three-sided pyramidal indenter geometry was
chosen as it is most commonly used for nanoindentation. The 6-fold
symmetry of the 3-sided pyramid could not be used to reduce the com-
putational time as the present work involves simulating indentation ar-
rays for which such symmetry boundary conditions do not apply. Three
different indenter geometries are used to study the effect of indenter
angle on the minimum spacing of indents. While the standard
Berkovich geometry with centerline to face angle of 65.3° was used for
majority of simulations, a few simulationswere also performedwith in-
denters of centerline to face angle of 55 and 45°. Similar to the experi-
ments, indentation simulations were carried out to different spacings,
at a fixed depth, to obtain different normalized spacings (indent spac-
ing/depth) of 3, 5, 8, 10 and 20.

Eight-node linear hexahedral elements (C3D8R) with reduced inte-
gration were used tomesh themodel as shown in Fig. 1. Themodel had
76,037 elements. In order to capture the deformation behaviormore ac-
curately as well as to reduce the simulation time, finer mesh was used
close to the contact region as shown in the figure and a few wedge
and tetrahedral elements were used in the mesh transition region fur-
ther away from the contact. The overall dimensions of the model were
chosen such that the edge effects were negligible. Mesh convergence
studies were performed to ensure that the results are independent of
mesh size.

The sample material was assumed to be elastic-plastic with linear
elastic behavior up to the yield stress (σ = Eε), followed by a power-
law type constitutive relation for the post-yield response of the form σ
= Kεn, where n is the strain hardening exponent and K is the pre-
factor that depends on the ratio of modulus to yield strength (E/Y).
Von Mises yield criteria with isotropic hardening and rate independent
power-law type plastic flow was assumed. In order to cover a wide



Fig. 1. Full 3D finite element mesh along with the zoomed view of the Berkovich tip and
the fine mesh region near the contact.
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spectrum of material properties (E/Y) and strain hardening exponent
(n) was varied in the range of 10–3000 and 0–0.5, respectively. In all,
130 simulations of sequential indentations were carried out for the dif-
ferent material and spacing combinations. Hardness was calculated for
each indent using the load and contact area output (CAREA) obtained
directly from ABAQUS which is the most accurate measure of contact
area and is not affected by pile-up/sink-in or any geometric effects of
surrounding indents, especially when the indents physically overlap.

3. Results and discussion

3.1. Effect of indentation spacing on hardness and elastic modulus

Fig. 2 shows the mean hardness and elastic modulus of indentation
tests on fused silica using a Berkovich indenter at different normalized
spacing. Themean and standard deviation are calculated froman inden-
tation array of 1225 indents. It was found that the data is normally dis-
tributed and hence the mean and standard deviations are appropriate
metrics for further analysis. It can be clearly observed from the plot
that the hardness and elastic modulus do not show any significant
change beyond a normalized spacing of 5. Interestingly, this is less
Fig. 2. Experimentally determined (a) hardness and (b) elastic m
than the diagonal to depth ratio for a Berkovich indenter which is 6.5.
For normalized spacing less than 5, the hardness and elastic modulus
decreases and even at a normalized spacing of 3 wherein the indents
geometrically overlap significantly, the deviation in hardness is not
more than 10% and in the case of modulus it is less than 5%. The devia-
tion in modulus being less than that of hardness at a given normalized
spacing can be reconciled by the fact that the modulus is a material
property that is not significantly affected by the residual strain field of
the neighboring indent unless the indents geometrically overlap.

In order to assess the extent of deviation in hardness or modulus
with spacing, hardness andmodulus are normalized by the correspond-
ing value at a normalized spacing of 20 which represents an extreme
case and meets the commonly followed criteria of indent spacing
being at least 3 times the lateral dimension of the indent. Fig. 3a
shows the normalized mean hardness as a function of normalized spac-
ing for all the bulk materials studied as a part of this work. It can be ob-
served from the plot that the deviation in hardness is insignificant for
any material above a normalized spacing of 10 which is less than half
of the commonly followed criteria of spacing the indents at least 3
times the lateral dimension of the indent.

Fig. 4 shows optical micrographs of the indentation arrays in alumi-
numatnormalized spacing of 5, 10 and 20. A normalized spacing of 20 is
the current standard for minimum indentation spacing where the in-
dents are widely spaced (Fig. 4c), while the current work shows that a
normalized spacing of 10 is sufficient to accurately measure hardness
and modulus even though the indents are just separated as shown in
Fig. 4b. At a normalized spacing of 5 (Fig. 4a), the indents overlap and
result in significant hardness deviation. Even at a normalized spacing
of 8, which is the minimum spacing that ensures than the indents do
not geometrically overlap for the case of a Berkovich geometry, the de-
viation in hardness is not more than 10% for all the materials shown in
Fig. 3. Interestingly, normalized hardness for normalized spacing less
than 10, can either increase or decrease depending on thematerial. Sim-
ilar trend is observed in the case ofmodulus, although the deviations are
slightly less at a given normalized spacing compared to hardness, as
shown in Fig. 3b.

Fig. 5 shows the normalizedhardness as a function of the normalized
spacing calculated from the finite element simulations for thewidema-
terial spectrum mentioned earlier. The FEA calculations clearly show
that the hardness deviation is insignificant beyonda normalized spacing
of 10, which agrees well with the experimental observations. Similar to
the experimental observations, for normalized spacing less than 10, the
normalized hardness can either increase or decrease depending on the
material property. However, a close look at the plot indicates that the
normalized hardness increases in the case of materials that show signif-
icant strain hardening capability. This is due to that fact that strain hard-
ening results in an increase in flow stress (strength) in the plastic zone
of the residual indent that leads to increased hardness for the
odulus of fused silica at different normalized indent spacing.

Image of Fig. 1
Image of Fig. 2


Fig. 3. Experimentally determined (a) normalized hardness and (b) normalized modulus as a function of normalized spacing for the different bulk materials tested in the present study.

Fig. 4. Optical micrographs of indentation arrays at normalized spacing of (a) 5, (b) 10 and (c) 20 in aluminum.
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subsequent indent if the plastic zones overlap. This aspect will be
discussed in detail in the next section. At normalized spacing less than
8 for a Berkovich indenter, the residual impression of the indents over-
lap and the observed hardness can have significant contribution from
Fig. 5. FEA calculations of normalized hardness as a function of normalized spacing for
materials having different E/Y and n.
the geometric effects in addition to the material property effects. In
order to distinguish between the material effects and geometric effects,
the normalized hardness from FEA at different normalized spacings is
plotted in Fig. 6, as a function of a material parameter (E/Y)n which in-
corporates all the input parameters of the constitutive relation chosen
in the present study. The plot shows that the normalized hardness is al-
most independent of the material parameter (E/Y)n for normalized
spacing greater than or equal to 10 and shows an increasing trend
with the chosen parameters for spacings less than 8. This indicates
that material effects are important only in the regime where geometric
effects come into play, which is at normalized spacing of less than 8 for a
Berkovich indenter and under such conditions the material effects ap-
proximately scale with (E/Y)n. This is to be expected as material with
higher strain hardening capability results in an increase in flow stress
(strength) in the plastic zone of the residual indent that leads to in-
creased hardness for the subsequent indent if the plastic zones overlap.

3.2. Plastic zone size

In the previous section, variation in normalized hardness as a func-
tion of normalized spacing was presented and the results clearly dem-
onstrate that the deviation in hardness is insignificant for any material
beyond a normalized spacing of 10,which is rather surprising as it is sig-
nificantly less than the criteria used for minimum spacing of indents
which was formulated based on the concept of non-overlapping plastic
strain zones [8]. To reconcile the findings of the current experimental

Image of Fig. 3
Image of Fig. 4
Image of Fig. 5


Fig. 6. FEA calculations of normalized hardness as a function of thematerial parameter (E/
Y)n at different normalized indent spacing for a material with E/Y: 3000 and n: 0.5.
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work, the plastic zone underneath the indents obtained from finite ele-
ment simulations of two sequential indents for a range of normalized
spacing (3, 5, 8, 10 and 20) is presented for a material with E/Y of
3000 and n of 0.5, which represents an extreme case of a soft material
with high strain hardening capability.

Fig. 7 shows the topographicmaps of the indents in the top view and
the cross-sectional view of the plastic strain contours to visualize the
plastic zone size on a cutting plane that goes from the middle of a face
Fig. 7. FEA calculations of indent topography and the cross-sectional plastic strain contours at d
0.2% are grayed out to visualize the plastic zone boundary.
to the opposite edge. The topographic maps show that at a normalized
spacing of 3 and 5 the indents geometrically overlap. Even in the case
of the indent at a normalized spacing of 8, the indents appear to be
well separated due to the scale of the topography map as it can be ob-
served from the cross-sectional images that the indents are just sepa-
rated. The plastic strain contours underneath the indent at different
normalized spacings are shown next to the topographymaps at the dif-
ferent normalized spacings. The boundary of the plastic zone is assumed
to correspond to a plastic strain of 0.2% to obtain a realistic estimate of
the plastic zone size and strains below this are grayed out. From the fig-
ure it is very clear that the plastic zones overlap at all the spacings, al-
though they are very minimal at a spacing of 20. The percent
deviation in hardness due to spacing calculated from the normalized
hardness is indicated next to the plastic zone. Comparison of the plastic
zone size and the hardness deviation at a spacing of 10 shows that, in
spite of the plastic zones overlapping significantly, the deviation in
hardness is less than a few percent. This is rather surprising, as this re-
sult is in complete contrast to the commonly believed notion of non-
overlapping plastic zones for determining minimum indent spacing.

Given that theplastic zone argument does not stand, a possible alter-
native explanation for the rather surprising new result could be offered
by defining a normalized strength parameter (σN ¼ σ f

Y ) which is the
ratio of the flow stress to the yield strength. This parameter indicates
the extent to which the strength of the material has increased at a par-
ticular location due to the plastic strain field of the indent. Fig. 8 shows a
contour plot of the equivalent plastic strain and the corresponding nor-
malized strength at a normalized spacing of 10 for twomaterials having
a similar value of E/Y of 3000 but significantly different value of strain
hardening exponent n, i.e., n = 0 and 0.5. The plastic strain contours
for the material with no strain hardening (n = 0) is very localized as
ifferent normalized spacing for a material with E/Y: 3000 and n: 0.5. Plastic strains below

Image of Fig. 6
Image of Fig. 7


Fig. 8. FEA calculations of plastic strain and normalized strength contours for a material with (a) E/Y: 3000 and n: 0 and (b) E/Y: 3000 and n: 0.5.

Fig. 9. Experimentally determined hardness as a function of number of neighboring
indents at different normalized indent spacing for fused silica.
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expected, while it extends much beyond the contact for the material
with significant strain hardening (n = 0.5). For both the materials, the
plastic zones overlap. For the material with n = 0, the normalized
strength is uniform everywhere with a value of 1 due to lack of harden-
ing, while the corresponding strength contours for the material with n
= 0.5, shows significant gradient with values as high as 50 very close
to the contact, quickly reducing to less than 10 just outside the contact
and eventually reaching a value of 1 at the plastic zone boundary.
From simple energy arguments it can be shown that themost of the in-
dentation work (product of hardness and indentation volume) is
expended as plastic work (∫σf dε) in the hemispherical region confined
within the contact due to the very high value of the normalized strength
and hence the energy contribution of the deformation outside the con-
tact is not significant, thereby resulting in a hardness deviation of less
than a fewpercent for thematerialwithn=0.5 and almost insignificant
deviation for the material with strain hardening exponent of n = 0. In
summary, contrary to the well accepted practice of spacing the indents
based on the plastic zone size, which is a strain-based criterion, this
work shows that theminimum spacing is determined based on strength
distribution that resulted from the deformation produced by the neigh-
boring indent.

3.3. Effect of number of neighboring indents

The results shown in Figs. 2 to 5 focus on the indent spacing effect
without regard to the number of neighbors. While the spacing effect is
of primary focus in this work, it is also instructive to determine if
there is any systematic effect of the number of neighboring indents on
the measured hardness at a given normalized spacing. This has impor-
tant implications for interpreting results from two dimensional arrays
which are commonly used for mapping, as the sequence of indents de-
termines the number of neighboring indents and any systematic effect
of number of neighbors can potentially lead to erroneous results.

Fig. 9 shows the experimental results of hardness as a function of
number of neighboring indents for fused silica at different normalized
spacings. The plot clearly shows that the hardness at a given normalized
spacing is almost independent of the number of neighbors for normalized
spacing greater than 5 and the variation in hardness due to spacing dom-
inates the overall response. Similar behavior is observed for other mate-
rials studied in the work. This implies that the sequence of indents in a
two-dimensional indentation array does not affect the measured hard-
ness as long as the normalized spacing is greater than or equal to 10.

To further explore the effect of number of neighbors, FEA results for a
sequence of 5 indents at a normalized spacing of 10 is shown in Fig. 10
for a material with E/Y of 3000 and n of 0.5. The figure shows topo-
graphic contours (Fig. 10a) for the indents and the number next to the
indent indicates the sequence of the indent. The indent sequence is cho-
sen such that it mimics most commonly followed experimental se-
quence of performing indents along rows or columns. This sequence
of 5 indents results in indents with 1, 2 and 4 neighbors. The

Image of Fig. 8
Image of Fig. 9


Fig. 10. (a) FEA results of indent topography for a sequence of 5 indents for amaterial with E/Y: 3000 and n: 0.5 at a normalized spacing of 10. The sequence of indent ismentioned next to
the topographic contour and (b) normalized hardness as a function of number of neighboring indents.
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corresponding normalized hardness as a function of number of neigh-
bors is shown in Fig. 10b. While there are obvious differences in the to-
pography of the indents with pile up/sink-in clearly being reduced
along the direction of the neighboring indent, the resulting deviation
in hardness is not very significant. This result is a natural extension of
the results from the previous section, wherein overlapping plastic
zones did not necessarily result in significant deviation in hardness as
the topographic features or plastic strain fields outside the contact re-
gion do not alter the measured hardness significantly.

3.4. Effect of indenter orientation

All the results presented earlier are for a fixed orientation of the
three-sided pyramidal indenter and due to the 6-fold symmetry there
aremultiple possibilities for the indenter orientation. In order to explore
the effect of orientation, hardnessmeasured from two different extreme
orientations for a Berkovich tip in a sequence of two indents is shown in
Fig. 11, for a material with E/Y of 3000 and n of 0.5. The schematic of the
indenter orientations alongwith the indent number is also shown in the
figure. It can be observed from the plot that the hardness deviation be-
tween the two orientations is insignificant compared to the deviation
due to the spacing. This result has implications for indentationmapping
as it clearly demonstrates that there is no requirement for aligning the
indenter for mapping, which greatly minimizes the experimental effort
to align the indenter along any preferential mapping direction.

3.5. Effect of indenter angle

All the results presented up to this point are for a standard Berkovich
tip geometry, wherein the centerline to face angle is 65.3°. In order to
extend the results to other tip geometries, finite element simulations
for two other 3-sided pyramidal tip geometries with centerline to face
angle of 55 and 45° are performed.

Fig. 12a shows a comparison of the normalized hardness as a function
of normalized spacing for three different three-sided tip geometries for a
materialwith E/Y of 3000 and n of 0.5. The plot shows that the normalized
hardness at a given normalized spacing decreases with decreasing in-
denter angle,which is to be expected as the sharper indenter angles result
in smaller residual impression for a given depth. In order to better com-
pare the results across indenter angles, the indent spacing can be normal-
ized by the lateral dimension of the indent which is the distance between
the edge andopposite face of the triangular impression (median of the tri-
angle). Fig. 12b shows the normalized hardness as a function of the ratio
of indent spacing to median length of the triangular impression. Interest-
ingly, the data from all the indenter angles lie on onemaster curve, which
clearly indicates that the conclusions drawn from the results for the
Berkovich indenter can be readily extended to the other indenter angles.
The plot also shows that above a normalized spacing of around 1.5, the
deviation in hardness is less than a few percent, whichmay not be exper-
imentally distinguishable and reinforces the conclusiondrawnearlier that
the minimum spacing of indents need not be three times the lateral di-
mension of the indent, for any indenter angle which by logical extension
applies to a spherical indenter as well. Furthermore, even at a normalized
spacing of 1, which is the minimum spacing required to ensure that the
indents do not geometrically overlap, the deviation in hardness is only
5% for the extreme case of the material property chosen (E/Y: 3000 and
n: 0.5). This also reinforces the argument that for any indenter geometry,
themajority of the input indentationwork is expended in ahemispherical
region within the contact.

3.6. Extension to film on substrate systems

In this section,we present the effect of the indent spacing on the hard-
ness of film-on-substrate system, which has additional complication of
gradient in properties compared to bulk materials. For this study, a soft
film on hard substrate system (200 nm gold film on silica substrate) is
chosen as it shows significant pile-up and serves as an extreme case for
the spacing study. In the case of film on substrate systems, film thickness
is an additional length scale that needs to be considered in the analysis
and results at a fixed value of the ratio of indentation depth to film thick-
ness (h/t) can be compared across different spacings. Also, indents per-
formed to different values of h/t, conveniently result in exploring the
spacing effect over a range ofmaterial properties, starting from film dom-
inated properties to substrate dominate properties with increasing h/t.

Fig. 13a shows the normalized hardness as a function of normalized
spacing for indents performed to different values of h/t. At higher values

Image of Fig. 10


Fig. 11. FEA calculations of the orientation dependence of hardness for two sequential indents on a material with E/Y: 3000 and n: 0.5 at a normalized spacing of 8.
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of h/t (1 and 3), where the response is dominated by the silica substrate,
hardness does not show significant deviationwith spacing even at small
spacings. However, at smaller values of h/t (0.25 and 0.5), the contribu-
tion of the gold film is significant and the normalized hardness shows a
decreasing trend below a normalized spacing of 10. These results are
similar to those for bulk materials wherein a normalized spacing of 10
was found to be sufficient to obtain accurate results. To further demon-
strate the significance of this result, Fig. 13b shows a topographic map
alongwith a depth profile at the location shown in themap for a few in-
dents at h/t of 1 and a normalized spacing of 10. The profile shows that
the pile-up is comparable to the indentation depth which is an extreme
case that occurs mostly for soft films on hard substrates and even for
such extreme cases a normalized indent spacing of 10 is sufficient to ob-
tain reliable results. This clearly demonstrates that a normalized spacing
of 10 for a Berkovich tip is sufficient to obtain reliable results for any
combination of material properties and film on substrate systems.

4. Implications for design

The significant reduction in the minimum indent spacing observed
in the presentwork hasmajor implications for high speed nanoindenta-
tion testing and opens up an opportunity to measure the local mechan-
ical properties with much higher resolution by large arrays of indents
[7], which, in turn, serves as an effective characterization tool to signif-
icantly reduce design and production time [3]. For example, this could
also be particularly useful for studying the processing induced gradients
(a)                                                                          (b

Fig. 12. FEA calculations of normalized hardness as a function of (a) ratio of indent spacing to in
different 3-sided pyramidal indenters for a material with E/Y: 3000 and n: 0.5.
in mechanical properties commonly encountered in additively
manufactured components which is currently a prime area of materials
research. A quick but exhaustive study of the local mechanical proper-
ties coupled with microstructural investigations for various build strat-
egies would be a significant contribution to the field. Furthermore,
accurately measuring the local mechanical properties is of immense
value for developing complex thermal barrier coatings, extensively
employed in gas turbines, wherein, recent reports have suggested cou-
pling nanoindentation mapping data with tomographic imaging to pre-
dict the properties of the coatings using Object Oriented Finite element
analysis (OOF) [16]. High-resolution mechanical property maps can be
deconvoluted to accurately determine the properties of the individual
phases which can in turn be used as inputs for FEA. This would be a
major step in embracing an integrated computational materials engi-
neering (ICME) approach, which aims to effectively integrate modeling
and experiments to enable materials development [17].

5. Summary and conclusions

(i) Extensive indentation testing and finite element analysis has been
carried out at different indent spacings for a wide variety of mate-
rials to critically assess the commonly followed minimum indent
spacing criteria.

(ii) Aminimum indent spacing of 10 times the indentation depthwas
found to result in insignificant deviation in hardness for all the bulk
materials and coatings tested in this work using a Berkovich
)

d
x

dent depth and (b) ratio of indent spacing to the lateral dimension of the indent for three

Image of Fig. 11
Image of Fig. 12


Fig. 13. (a) Experimentally determined normalized hardness as a function of normalized spacing at different ratios of depth to film thickness for gold film on silica substrate and
(b) topographic map and the depth profile along the path shown in the topographic map for a region in the indent array at a depth to film thickness ratio of 1 and spacing to depth
ratio of 10.
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indenter. This is less than half of the commonly followed criteria of
spacing the indents three times the lateral dimensionof the indent,
which for a Berkovich indenter is approximately 20 times the in-
dent depth.

(iii) The observed minimum spacing criteria was rationalized by the
fact that the majority of the input indentation energy is expended
in plastic deformation within a hemispherical region bounded by
the contact zone, where the normalized strength (ratio of flow
stress to yield strength) is very high.

(iv) Contrary to thewell accepted practice of spacing the indents based
on the plastic zone size, which is a strain-based criterion, thiswork
shows that theminimum spacing is determined based on strength
distribution that resulted from the deformation produced by the
neighboring indent.

(v) Theminimum indent spacing criteriawas also studied for different
3-sided pyramidal tip geometries. It was found that the hardness
deviation for different indenter angles falls on a master curve for
a given material, and a minimum indent spacing of 1.5 times the
indent contact lateral dimension is sufficient to obtain accurate re-
sults. By logical extension, these results are also applicable to
spherical and Vickers geometry.

(vi) The effect of indent orientation and the number of neighboring in-
dents was found to be less significant compared to the spacing ef-
fect, which demonstrates that there is no specific requirement for
aligning the indenter duringmapping, there by greatlyminimizing
the experimental effort involved in aligning the indenter.

(vii) These results have significant ramifications for indentation map-
ping wherein the indents can now be placed much closer than
what was traditionally accepted, which enables high resolution
mechanical propertymapping and serves as an effective character-
ization tool to significantly reduce design and production time.

Data availability

The raw/processed data required to reproduce these findings cannot
be shared at this time due to technical or time limitations.
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