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Abstract Nanoindentation is performed on the cross-
section of copper samples subjected to surface mechanical
attrition treatment (SMAT). The cross-section of the
SMAT samples provides a unique microstructure with
varying amounts of work-hardening depending on the
distance from the SMAT surface. Results show that for a
given indentation load the pile-up height decreases and the
indentation depth increases as the distance from the SMAT
surface increases, both following a power law relationship.
Based on image analysis of the indented surface this
increase in the pile-up height and decrease in indentation
depth is attributed to the localization of plastic strain due to
the increased resistance to dislocation motion in the work-
hardened region. For a given amount of work-hardening (in
terms of distance from SMAT surface), the indentation
depth increased with the indentation load obeying a power
law relationship with the exponent ranging from 0.58 to
0.68. However, the pile-up height increased linearly with
the load, with the rate (slope) increasing with the amount of
work-hardening. The observed linear increase in pile-up
height with indentation load would naturally introduce an
indentation size effect (ISE) if the hardness is corrected for
the pile-up. Interestingly, this ISE associated with pile-up
increased with an increase in indentation depth, in con-
tradiction to the ISE associated with strain gradient.
Deviation of the hardness values corrected for pile-up from
the bulk behavior due to surface effect is highlighted and a
method to obtain a bulk-equivalent hardness quantity rep-
resenting the bulk behavior is proposed.
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Introduction

Nanoindentation is an excellent method for characterizing
material properties of both bulk- and thin-film materials.
Mechanical properties such as modulus, indentation hard-
ness, yield strength, elastic work, and plastic work asso-
ciated with nanoscale deformation can be obtained from
the indentation load—depth curve [1-3]. However, nanoin-
dentation measurements are often prone to errors from
various sources. The impact of these errors is expected to
be more prominent for low load indentation experiments,
which are often used to investigate various nanoscale
deformation phenomena such as indentation size effect
(ISE) [4] and displacement bursts [5]. Material properties
or the deformation phenomena of interest in most of these
measurements is associated with the bulk material, mean-
ing any deviation of the surface deformation from the bulk,
contributes to errors in the measurement. Residual defor-
mation from mechanical polishing on the surface [6, 7] and
pile-up/sink-in of the material around the indenter-tip [8]
are two such surface effects that could lead to significant
error in the determination of material properties. The pile-
up/sink-in phenomenon observed in various materials
during nanoindentation causes significant underestimation
of the projected contact area of the indent determined using
the tip area function method [9]. Underestimation of the
true contact area by as much as 60 % has been reported to
occur in these measurements depending on the severity of
the pile-up [8]. Correlating pile-up to various material and
loading conditions by experimental characterization can be
invaluable in accounting for the effect of pile-up appro-
priately on hardness and other nanoscale deformation
mechanisms [10].

Pile-up height has been shown to vary with the inden-
tation load and the work-hardened condition of the
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material. This makes accounting for pile-up correction in
the determination of hardness a difficult task [11]. Many
studies have shown that the formation of pile-up/sink-in
can be correlated to the elastic and plastic regimes of
deformation through various parameters such as elastic
strain at yield (g,/E), the ratio of the final indentation
depth to maximum indentation depth (h¢/hm,y), and the
strain hardening exponent (n) [8, 11-15]. A material with a
larger elastic strain at yield (i.e., smaller ¢,/E) and smaller
n was found to exhibit a larger amount of pile-up when
compared to a material with a lower elastic strain at yield
and a higher value of n [8]. However, accurately deter-
mining ¢, and n from the indentation load-depth behavior
is a very difficult task, especially when the response is
already influenced by pile-up formation. Therefore, an
experimentally measured ratio between hy and hpag 1S
commonly used to determine the prevalence of pile-up. It is
suggested that a material with a low ability to work harden
and a numerical value greater than 0.7 for the ratio A¢/hmax
will exhibit pile-up. However, as presented in this study,
the ratio h¢/hma does not capture the effect of work-
hardening on pile-up formation.

Previous studies, primarily driven by the intention to
correlate the variation in pile-up height to bulk mechanical
properties, contributed significantly in demonstrating the
role of elastic and plastic regimes of deformation on pile-
up formation. Correlating pile-up to bulk mechanical
properties is an important step in quantifying its effect and
accounting for its role on indentation measurements.
However, such an approach requires extensive experi-
mental verification since the deformation at a small scale
may involve various mechanisms, all of which contribute
to size effects that cannot be captured by standard contin-
uum models. Interestingly, most of the theoretical devel-
opment reported were based on finite element modeling
studies, validated with limited experimental data.

The limited experimental studies reported in literature
are based on investigating either annealed samples or
highly work-hardened samples [10, 16—18], demonstrating
increased pile-up formation in work-hardened samples. In
McElhaneys work [16], the annealed single crystal copper
sample was found to have very little pile-up when com-
pared to work-hardened polycrystalline copper sample.
Development of an empirical relationship for estimating
the pile-up contact area by determining the pile-up contact
area for several peak indentation loads using atomic force
microscopy has also been reported [10]. The average pile-
up lobe-width a,, (or lobe-height) was found to vary lin-
early with the indentation load during Berkovich indenta-
tion using loads of 25 to 200 mN [10]. On the contrary, it
was demonstrated that a power fit of the form, a,, = AP",
had a better correlation based on pile-up measurement on

annealed Cu and Cu-H58 copper samples [18]. The n value
was 0.24 and 0.38 for work-hardened and annealed sam-
ples, respectively. Accounting for pile-up using the plastic
work and plastic deformation volume has also been sug-
gested [19]. Investigating only the two extreme sample
conditions in these experimental studies, i.e., fully
annealed and highly work-hardened, although providing
some insight into the mechanism of pile-up formation,
limits our ability to understand the dependence of dislo-
cation density on pile-up formation. In addition, the pile-up
formation has the potential to introduce inhomogeneous
deformation at a small scale that could lead to size
dependent properties [10, 18].

Corrections to the standard Oliver and Pharr method
[9] have previously been proposed as a method to account
for errors in hardness measurement due to pile-up for-
mation. There are three direct methods reported in liter-
ature, two of which rely on SPM/AFM imaging of the
indent, referred to as the Lobe and Geometry methods,
and the third referred to as the Corner’s method [18].
Since the material surface is raised due to pile-up, the
imaging-based hardness corrections for pile-up (or sink-
in) phenomena are based on the consideration that the
contact area determined from the tip-area function is
smaller (or larger for sink-in) than that corresponding to
the raised surface. Hence, this under-predicted tip-area is
corrected by adding the difference in the area estimated
by various methods for pile-up (subtracting for sink-in)
[3, 10, 16, 18, 20-22].

An alternative to the direct method discussed above is a
method based on the work of indentation, determined as
the area under the load-depth curve during indentation [2,
23-25]. The work of indentation method calculates hard-
ness by taking the total area under the resulting indentation
curve (total work of indentation), or by the plastic work
performed during indentation (plastic work of indentation).
This method is more straight forward when compared to
the SPM/AFM methods and leaves less calculation to the
discretion of the observer; however, its accuracy is highly
debatable [18].

This work presents a study on the effect of pile-up on
hardness measurements, investigated by indenting on the
cross-section of copper samples subjected to surface
mechanical attrition treatment (SMAT). The cross-section
of a SMAT sample exposes a surface with the degree of
work-hardening varying continuously; an ideal sample for
studying the effect of work-hardening on pile-up formation
and other low load deformation phenomena. Variations in
pile-up height, indentation depth, and the nature of surface
deformation on this surface was studied. The results dem-
onstrated that the effect of pile-up on hardness is signifi-
cantly higher for high-load indentation, rather than low-
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load indentation as expected. For a given location from the
SMAT face, the pile-up height increased linearly with the
indentation load, introducing size dependence in hardness
measurements. Hardness correction for pile-up, consider-
ing this linear variation, is derived. It is shown that the
hardness values corrected for pile-up following the con-
ventional approach will deviate from the bulk deformation
behavior due to the surface effect. Accordingly, an equiv-
alent hardness measurement capturing the bulk material
deformation is derived.

Experiments
SMAT specimen preparation

Bar stock of 25.4 mm diameter copper alloy 101 (99.99 %
Cu) was used in this study. The bar was cut into 12-mm
thick disks, mechanically polished, and then annealed in a
vacuum furnace at 700°C for 1 h. Coarse polishing was
accomplished using a sequence of 320, 600, 800, and 1200
grit silicon carbide paper. After coarse polishing, speci-
mens were diamond polished with 3 and 1pum Buehler
Meta-Di-diamond suspension. Annealing removed the
mechanical deformation effects of polishing. The grain size
of the annealed specimens was estimated to be mostly in
the range of 40-100 pm.

Annealed specimens were subjected to SMAT for
15 min. The SMAT process was accomplished by using
a dome shaped vacuum sealed refractory chamber
attached to a Labworks Inc. LW-139-40 Electrodynamic
Shaker System. The chamber was vibrated at a resonant
frequency of 31 Hz, with the specimen clamped to the
top of the dome refractory chamber and subjected to the
impact of ten 6mm tungsten carbide spheres. Further
details on the SMAT process have been documented in a
previous article [7].

After SMAT, the specimens were cross sectioned using
a Buehler Isomet low speed saw. Each cross section was
then mounted in an epoxy resin and mechanically pol-
ished. The mechanical polishing was followed by 900 min
of electrochemical polishing in Ortho-phosphoric acid to
remove any residual mechanical deformation induced by
mechanical polishing. A careful analysis of the impact of
polishing on the surface was first conducted to identify
the ideal electrochemical polishing conditions necessary
to remove all the residual polishing effect from the sur-
face [7]. This was critical to confirm that for a given
maximum indentation load, the variability in pile-up
height is solely due to the variability in work-hardening
of the sample. The surface was extensively tested to
confirm the complete removal of residual deformation
from mechanical polishing [7].
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Indentation testing

Nanoindentation was performed using a Hysitron TI-950
Triboindenter with a 100 nm radius Berkovich tip along
the depth of the cross-section. Prior to indentation testing
calibration of the transducer and optics was performed. A
tip-area calibration was also performed on a standard
quartz sample for tip radius verification. Various load
controlled indentations under maximum loads of 1, 2, 3,
and 5 mN were conducted. After indentation, each indent
was SPM imaged using the same Berkovich tip. The pile-
up height and indentation depth corresponding to a given
maximum load at a given location reported in this study are
based on three indentation tests, two on one sample, and a
third on a second sample. Average results are reported with
error bars indicating standard deviation.

The indent profiles were taken by performing three line
scans across the sample surface, on a straight line that
intersects the largest pile-up location for each indent. The
largest pile-up height on an edge is determined by running
a line scan along a pile-up ridge and the vertex opposite to
that ridge. Pile-up formation was not exactly symmetric;
therefore, an average value of the largest heights measured
from each of the three edges of an indent was used as the
pile-up height for that indent [20].

Results

A schematic of the SMAT sample cross-section, illustrat-
ing the expected variation in the work-hardening and the
dislocation density is shown in Fig. 1. The amount of work-
hardening and the dislocation density decreases continu-
ously throughout the thickness of the sample as the dis-
tance from the SMAT surface increases.
Post-nanoindentation SPM imaging using a Berkovich
tip showed a large difference in the surface deformation
characteristics between an annealed copper sample and a
work hardened SMAT-15 sample near the SMAT surface
(Fig. 2). Indentation on the annealed copper with a load of
5 mN showed relatively smaller pile-up (<20 nm) when
compared to that at location 400 pm from the SMAT
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Fig. 1 Schematic representing the variation in work-hardening along
the thickness of a SMAT sample
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Fig. 2 SPM images of annealed and SMAT-15 Copper after indentation with a load of 5 mN, showing the change in pile-up after severe work-

hardening
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surface (55 nm) (Fig. 2). In addition, the pile-up formation
was more localized with well defined features in the work
hardened sample compared to that of the annealed sample.

Significant variation in pile-up height and indentation
depth was found between indents performed close to the
SMAT surface when compared to those performed farther
away. This variation in pile-up height and indentation
depth compared against the distance from the SMAT sur-
face is shown in Fig. 3a, b, respectively. A power law data
fit with appropriate values for the power n was considered
for the pile-up height and the indentation depth variation,
which showed satisfactory agreement (Fig. 3a). As the
distance from the SMAT surface increased, i.e., the work-
hardening and dislocation density decreased, the pile-up
height decreased and the indentation depth increased as
expected. It is important to note that the sensitivity of pile-
up height and indentation depth with respect to the distance
from the SMAT surface, both increased with an increase in
indentation load. The depth of the work-hardened zone in
terms of the variation in pile-up height and indentation
depth is approximately 2-5 mm from the SMAT surface,
depending on the maximum indentation load. This depth of
the work-hardened zone is the same as that determined
based on hardness measurements (without consideration of
pile-up) reported in a previous study [7].

Distance from SMAT (mm)

The pile-up height and indentation depth are plotted
against the indentation load in Fig. 4a, b, respectively.
Interestingly, the variation in pile-up height plotted against
maximum indentation load at a given distance from the
SMAT surface did not follow a +/P behavior, with P being
indentation load, as expected under self-symmetric condi-
tions (Fig. 4). Instead a strong linear relationship with a
regression coefficient above 99 % was observed for all
cases. The sensitivity of the pile-up height relationship with
regard to indentation load, represented by the slope in Fig.
4a, in general increased with an increase in work-harden-
ing. Contrary to the linear increase in pile-up height with
an increase in maximum indentation load, the indentation
depth behavior still matched reasonably well to a /P
relationship (Fig. 4b). Curve fitting of the data with a
power law relationship yielded a good agreement with a
regression coefficient of 97 % and above, for the exponent
n ranging between 0.58 to 0.69 depending on the degree of
work-hardening. As the work-hardening increased the
behavior favored more and more toward the +/P
relationship.

Figure 5 shows the variation of surface deformation with
an increase in the distance from the SMAT surface
obtained for a 5 mN load indentation. Pile-up expanded
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Fig. 5 SPM images of indents performed across the cross-section of a
SMAT-15 copper sample under 5 mN load shows that the deformation
is confined more and more with an increase in work-hardening.

outward and its height decreased as the indentation location
moved farther away from the SMAT edge. For example, at
5 mm from the SMAT edge, the white pile-up region is
clearly more widespread and not confined to the edges of
the indenter (Fig. 5c), compared with the pile-up region at
400 pm (Fig. 5a) and 2 mm (Fig. 5b). A continued gradual
variation of this behavior was observed in the SMAT zone,
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Indentation Load (mN)

()

Images taken at a distance of 200 pm (a), 2 mm (b), 5 mm (c¢), and
10 mm (d), from the SMAT-15 treated surface

though only four locations are shown here. The observed
behavior clearly demonstrates that the deformation is
confined more locally in the vicinity of the indenter tip
with an increase in the amount of work-hardening.

The surface deformation at 400 pm from the SMAT
surface, corresponding to four different indentation loads is
shown in Fig. 6. The plastic deformation region near the
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Fig. 6 SPM images of indents performed on the cross-section of a SMAT-15 copper sample 400 pm away from the SMAT edge. Images taken

after indentation loads of 1 mN (a), 2 mN (b), 3 mN (c), and 5 mN (d)

indenter tip increased in size with an increase in the
indentation load, which can be seen when comparing Fig.
6a for a 1 mN indentation load, all the way to Fig. 6d for a
5 mN indentation load. However, when compared to the
variation in the nature of deformation with work-hardening
(Fig. 5), the nature of deformation remained the same in
this case, differing only in the size of deformation.

Discussion
Mechanism of pile-up formation

From the observed increase in local confinement of the
surface deformation (increase in pile-up height and
decrease in indentation depth as the distance from the
SMAT surface increases), the present study offers a solid
experimental proof that the higher resistance to dislocation
motion is the fundamental mechanism driving pile-up

formation in work-hardened samples. This mechanism can
be explained as follows. During indentation, when the
elastic energy density in a material around the indenter-tip
reaches a critical value incipient plasticity driven by dis-
location motion ensues. A further increase in deformation
from an increase in load, will have both elastic and plastic
contributions. Depending on the material and its micro-
structural conditions, the plastic deformation due to dislo-
cation motion could be accommodated into the bulk
volume without causing any significant surface deforma-
tion. However, for a material with a large dislocation
density as in work-hardened metal, there is significant
resistance to dislocation motion. Hence, the elastic defor-
mation and the associated elastic energy density will be
relatively larger in the material around the indenter-tip.
Larger elastic energy density around the indenter-tip in the
presence of an increased resistance from the bulk drives the
deformation to the free surface. In other words, the resis-
tance to dislocation motion due to a larger dislocation
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density not only confines the plastic zone as the work-
hardening increases (Fig. 5), but also forces the material to
deform more toward the surface rather than fully deform-
ing into the volume (Fig. 3).

Based on finite element simulations under a wide range
of sample conditions in terms of strain hardening coefficient
n and E/o, ratio, the pile-up formation in work-hardened
material has been hypothesized as the result of the com-
bined effect of localization of plastic strain and the decrease
in total plastic deformation [26]. The decrease in the strain
hardening coefficient n due to work-hardening is a measure
of the decrease in material’s ability to further work-harden.
As the ability to work-harden decreases with an increase in
work-hardening, the uniaxial stress—strain behavior of bulk
material tends more and more towards perfect plastic
behavior, which explains the localization of plastic defor-
mation around the indenter-tip. The decrease in the E/o,
ratio with an increase in work-hardening, in general, is a
measure of the decrease in total plastic deformation and the
associated increase in elastic strain energy density. The
results from the present study, agree in principle, with the
correlation of pile-up height with the E/o, ratio and the
strain hardening coefficient n, derived using finite element
simulations [8]. However, a direct correlation of the strain
hardening coefficient n and the E/o, ratio to the charac-
teristics of nanoindentation load-depth behavior is quite
challenging. Moreover, the individual effects of the locali-
zation of plastic strain and the decrease in total plasticity on
the mechanism of pile-up formation is still not well
understood (localization of plastic deformation does not
necessarily produce pile-up formation if the material still
has the ability to accommodate the resulting local plastic
deformation into the bulk volume).

Correlating pile-up formation with the characteristics of
indentation load-depth behavior, if possible, would be quite
valuable in accounting for the error due to pile-up forma-
tion in hardness measurement. Most of the studies reported
in literature derived such correlations by simulating nano-
indentation using finite element models. The A¢ /A ratio,
a parameter that is widely recommended as a promising
quantity to capture the pile-up height variation along with
the strain-hardening coefficient n, is quite attractive since it
can be determined very easily from nanoindentation tests
[8]. Based on finite element studies, it is suggested that a
value of 0.7 and above for h¢/hma.x in work-hardened
samples will lead to pile-up and any value below 0.7 will
result in sink-in. The hg/hm, ratio obtained for various
cases in the present study is shown in Fig. 7. With the
ht [ hiax ratio being well above 0.7 for all the various cases
of work-hardening, the results from the present study agree
with the conclusions drawn from the finite element studies.
However, it is important to note that the hg/hmy,, remains
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Fig. 7 Variation of As/hma ratio with distance from the SMAT
surface

the same for all these cases even when there was significant
variation in pile-up height depending on the indentation
load and work-hardening conditions. Pileup at the SMAT
edge was very large compared with the pile-up at the far
edge of the sample, but A /hy,x variation was insignificant,
mostly in the range of 0.9-0.95. Hence, it can be concluded
from the experimental results that the /¢ /hy,y ratio, though
useful to determine whether the indentation will result in
pile-up or sink-in, is not a useful parameter for quantita-
tively correlating pile-up characteristics.

Indentation size effect (ISE)

As shown in Fig. 6 for a given location closer to the SMAT
surface, the nature of surface deformation remained the
same with an increase in load, changing only in its size, for
all the locations irrespective of the distance from the
SMAT surface. This qualitative observation of the surface
deformation scaling with the indentation load, in addition
to the linear variation of pile-up height and the power law
relationship of the indentation depth with indentation load
indicates that the deformation merely scales with the load.
However, the linear variation of pile-up height with the
indentation load for any given dislocation density is quite
remarkable with major consequences in hardness mea-
surements, especially when the indentation depth followed
closer to the /P behavior expected in self-symmetric
indentation (Fig. 4). The linear behavior of pile-up height
with indentation load determined in the present study is
consistent with the experimental study reported previously,
where the pile-up lobe width was found to vary linearly in
the case of a soda-lime sample [10]. In the case of annealed
and work-hardened copper also, the pile-up lobe height did
not follow a /P relationship with the load [18].

A major consequence of the linear behavior of pile-up
height is that its contribution to the contact area projected
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to the top of the pile-up formation varies quadratically,
thereby introducing ISE. The sensitivity coefficient n for
the indentation depth to indentation load relationship with
values larger than 0.5 and the overall decrease in n with an
increase in work-hardening are indicative of ISE associated
with a strain gradient. The plastic strain gradient being
inversely proportional to indentation depth, as the inden-
tation depth decreases the strain gradient increases along
with the associated geometrically necessary dislocations
(GND’s) leading to ISE. However, since the ISE associated
with the linearity of pile-up height with indentation load
increased with an increase in the indentation load, it cannot
be explained based on the plastic strain gradient (1/h)
theory. This is also evident from the fact that the observed
linear behavior was more sensitive as the work-hardening
increased, while the ISE resulting from a strain gradient is
expected to be relatively weaker due to a larger amount of
statistically stored dislocations (SSDs).

Under spherical indentation, the indentation depth var-
iation with indentation load has a characteristic behavior
closer to linearity in the low indentation load regime.
However, the possibility of the rounding-off of the Ber-
kovich indenter-tip as the mechanism for the observed
linear behavior of pile-up height has been discarded in the
present study due to the following two reasons; (1) a rel-
atively new indenter-tip was used in the present study and
all the recommended calibrations were thoroughly fol-
lowed, and (2) the pile-up deformation volume being rel-
atively farther away from the indenter tip, the rounding off
would have resulted in a linear relationship for the inden-
tation depth before it could introduce a linear relationship
for the pile-up formation.

The increase in the sensitivity of the relationship between
pile-up height and indentation load, and the decrease in the
sensitivity of the relationship between indentation depth and
indentation load, with an increase in work-hardening, as
shown in Fig. 3, is a measure of resistance to plastic defor-
mation of the bulk material. Due to the larger resistance to
dislocation motion with an increase in work-hardening, the
part of the volume that deforms toward the surface increases,
while the part of the deformation volume that deforms into
the bulk decreases. This is quite evident in the plot showing
the ratio of pile-up height to indentation depth (Fig. 8). As the
work-hardening increased, the ratio of pile-up height to
indentation depth increased significantly with an increase in
the indentation load. This increase in the sensitivity of the
pile-up ratio with an increase in the degree of dislocation
density has a very interesting consequence. Contrary to the
expected decrease in error associated with surface effects as
the deformation volume increases, the observed higher
sensitivity shows that the impact of pile-up is higher as the
indentation depth increases in samples subjected to a larger
amount of work-hardening.

22
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18
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121
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s
6

Distance from SMAT (mm)

Fig. 8 Pile-up height to indentation depth ratio versus distance from
the SMAT surface for various maximum indentation loads

Hardness correction for pile-up

Since the contact surface is raised due to pile-up, most
hardness corrections for the pile-up phenomena are based
on the consideration that the contact area determined from
the tip-area function is smaller than that corresponding to
the raised surface [3, 10, 16, 18, 20-22]. Hence, this
underestimated tip-area is corrected by adding the differ-
ence in the area estimated by using the corrected indenta-
tion depth. The corrected indentation depth can be obtained
as below (Fig. 9a),

he = heop + hpa. (1)

Considering the linear variation of pile-up height with
indentation load (P) the above relationship can be written
as,

he = heop + K(p)P, (2)

where K(ps):AAh;’,“ is the slope of pile-up height to

indentation load relationship which is a function of work-
hardening (or statistically stored dislocation density, p,).
Hence, by determining the slope using a single measure-
ment of pile-up height for a given indentation load the
corrected indentation depth can be obtained for any other
indentation loads using the above relationship (the small y-
intercept in the relationship is ignored, Fig. 4a).

It is important to note that the corrected hardness does
not accurately reflect the behavior of the bulk material due
to the effect of surface deformation in the form of pile-up
formation. The lack of a free surface in the bulk means a
deformation equivalent to the pile-up formation, where the
material deforms to the surface as a response to the stress is
not viable in the bulk. Hence, an equivalent hardness
measurement that reflects the bulk material property should
be larger, not smaller, than the one determined based on the
Oliver—Pharr method. This discrepancy can be addressed
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Fig. 9 Schematic showing (a) Ac
conventional correction method H

(a) and bulk-equivalent
hardness method (b)

either by accounting for the surface effect on the bulk
material properties after these properties are derived from
the hardness measurement corrected for the pile-up, or by
deriving a bulk-equivalent hardness that reflects the bulk
property from which the bulk properties can be derived.
The bulk-equivalent hardness can be derived in terms of an
equivalent indentation depth (hcpux) as discussed below.

The deformation in the bulk can be visualized by con-
sidering a scenario where the piled up material is pushed
back into the bulk material to level the surface using an
external load, while the indenter is still exerting the max-
imum load. This external load can be considered as the
resistance from the bulk material in the absence of a free
surface. To accommodate the deformation due to the
pushing back of the pile-up the indenter has to rise upward
(Fig. 9b). The resulting hcpux and Acpux shown in Fig. 9b
corresponds to the bulk-equivalent hardness, reflecting the
bulk material behavior.

The corrected indentation depth corresponding to bulk-
equivalent hardness that reflects bulk material behavior can
be obtained as,

hepaik = hcop — frhpu, (3)

where hcop is the effective contact depth calculated using
the Oliver and Pharr method, and hcpyy is the effective
contact depth corresponding to the bulk-equivalent hard-
ness. The fy is a factor that is a measure of the amount of
pile-up volume that would have been accommodated by the
bulk deformation volume under the indenter in the absence
of the free surface.

Considering the observed linear variation in pile-up
height with indentation load,

hewak = heop — fy(pg)P. (4)

Hardness determined from indentation data on the SMAT
surface based on six different methods and the proposed
method (for a fy value of unity) are shown in Fig. 10 for a
3 mN indentation load. These methods include the standard
Oliver and Pharr method [9], where the indenter-tip profile
information is used to determine the indent area and the
work of indentation (both total and plastic work) computed
using standard analytic formulation [2, 18, 23]. In addition,
the hardness was also determined using the work of
indentation approach measured numerically from a qua-
dratic fit of the resulting load—depth data. Interestingly, the
values of total work and plastic work of indentation found
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Fig. 10 Nanoindentation hardness

techniques

calculated using various

by using numerical integration on indentation curves from
SMAT-treated samples do not match those calculated using
analytical methods. The hardness values obtained using the
work of indentation method determined numerically was
much smaller than that determined by the Oliver and Pharr
method and the theoretically calculated work of indentation
[19]. The bulk-equivalent hardness as expected, predicted
the highest values for hardness.

Conclusion

In this study, pile-up height during nanoindentation of a
SMAT copper cross-section was analyzed using SPM
imaging. As the amount of work-hardening increased, the
plastic zone became more and more confined locally, due
to the resistance to dislocation motion in the bulk. The
localization of the plastic zone with an increase in work-
hardening resulted in larger pile-up height and smaller
indentation depth. Pile-up and indentation depth showed a
power law relationship with the distance from the SMAT
surface.

Correlation of pile-up formation with material properties
as hypothesized by previous studies using finite element
modeling was verified. Contrary to the finite element model
prediction, the results from the present study demonstrated
that the /¢ /hmax ratio does not accurately capture the effect
of work-hardening on pile-up formation.

The increase in pile-up height, indentation depth, and
surface deformation with an increase in indentation load
was due to the deformation scaling with the load. Pile-up
height showed a strong linear correlation with the inden-
tation load, while indentation depth followed a power law
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relationship with the exponent ranging between 0.58 and
0.69. The rate at which pile-up height and indentation
depth increased with the indentation load was a function of
the amount of work-hardening. This rate increased with an
increase in work-hardening for pile-up height, while it
decreased for indentation depth. A major consequence of
the linear behavior of pile-up height variation with inden-
tation load was the resulting ISE in hardness measurement.
Contradictory to the ISE associated with a strain gradient,
the ISE associated with pile-up formation increases with an
increase in the amount of work-hardening.

Based on the bulk volume deformation consideration, it
is demonstrated that the conventional correction method
for calculating projected contact area will result in the
hardness properties deviating substantially from the bulk
material behavior. Therefore, a bulk-equivalent hardness
property that reflects the bulk behavior is derived. This
bulk-equivalent hardness value can be used to approximate
hardness values in the event that pile-up is evident in the
material.
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