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Abstract

This paper describes the development of novel experimental protocols and data analysis procedures for extracting meaningful inden-
tation stress–strain curves from spherical nanoindentation on polycrystalline samples, and correlating these measurements to the local
crystal lattice orientation measured by orientation imaging microscopy at the indentation site. In particular, we demonstrate that it is
possible to estimate the percentage increases in the local slip resistance in deformed samples of polycrystalline cubic metals from their
fully annealed condition. These novel procedures are demonstrated on Fe–3% Si samples in the as-cast, 30% deformed and 80%
deformed conditions.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Nanoindentation [1,2], with its high resolution load
and depth sensing capabilities, is being used increasingly
to characterize the local mechanical behavior at ever-
decreasing scales of interest in a broad range of materials
systems with heterogeneous microstructures. This tech-
nique has been traditionally used for characterizing the
local hardness [3] using sharp indenters [4,5]. However,
our recent work [6,7] has demonstrated the tremendous
potential to transform the raw load–displacement data
obtained using spherical indenters into meaningful inden-
tation stress–strain curves. These newly developed inden-
tation data analysis methods have successfully captured
the local loading and unloading elastic moduli, the local
indentation yield strengths and certain aspects of post-
yield strain hardening behavior in polycrystalline alumi-
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num and tungsten samples [6,8]. They have also been
found to be very useful in identifying and explaining sev-
eral of the surface preparation artifacts typically encoun-
tered in the nanoindentation measurements [9]. Because
the length scales in nanoindentation are smaller than the
typical crystallite (also called grain) sizes in polycrystalline
samples, this technique is an ideal tool for detailed char-
acterization of the microscale heterogeneities present in
these materials and their evolution during various metal
shaping/working operations.

In this paper, we report on the development and valida-
tion of the nanoindentation data analysis procedures with
the specific aim of characterizing the local indentation yield
strengths in individual grains of deformed polycrystalline
metallic samples and relating them to increases in the local
slip resistances. Our focus in this paper will be on cubic met-
als. It is well known that metals harden significantly with
the imposition of plastic strain (especially when deformed
at low homologous temperatures; also called cold-work-
ing). However, as a result of the grain-scale heterogeneity
rights reserved.
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in their microstructures, the individual grains do not harden
equally. In spite of some reported experimental and model-
ing studies to understand the development of deformed
microstructures in polycrystalline cubic metals [10–13],
there remains a critical need for the development of novel
methods to characterize the local changes in the yield
strength in the individual grains of a polycrystalline metallic
sample as a function of the macroscale plastic deformation
imposed on the sample. Nanoindentation offers tremendous
promise for addressing this critical need. However, it
requires development and validation of the data analysis
methods that account rigorously for the inherent depen-
dence of the indentation yield strength on the local crystal
lattice orientation. For example, it is fully expected that
the indentation yield strength will vary significantly from
one crystal orientation to another, even in fully annealed
samples where there are no major differences in the disloca-
tion content of the differently oriented grains. This is
because the plastic deformation imposed by the indenter
needs to be accommodated locally at the indentation site
by slip activity on the available slip systems, whose orienta-
tion and activation are strongly dependent on the local crys-
tal lattice orientation with respect to the indentation
direction. Therefore, a rigorous methodology is needed to
account for the effect of the crystal lattice orientation on
the indentation yield strength so that we can reliably estab-
lish the contribution to the indentation yield strength from
the dislocation content at the indentation site. If we can suc-
cessfully decouple the effects of orientation from the effects
of the increased dislocation density on the local measure-
ments of indentation yield strength, it should be possible
to estimate the local percentage increase in the average slip
resistance at the indentation site.

One of the challenges arises from the fact that the mechan-
ical response of individual grains is inherently anisotropic,
whereas almost all nanoindentation data analysis methods
are built on Hertz’s theory [14], which assumes an isotropic
elastic material behavior. As shown in this paper, the inden-
tation response of Fe–3% Si steel can be adequately captured
by using a modified form of Hertz’s analyses for elastically
anisotropic cubic materials, originally proposed by Vlassak
and Nix [15,16]. It is also important to recognize that it is nec-
essary to extract the local indentation yield strength from an
analysis of the initial loading segment in the indentation
experiment, because the indentation itself will alter the local
microstructure and its properties once it imposes additional
local plastic deformation.

It will be shown in this paper that the average increase in
the local slip resistance at the indentation site in the
deformed polycrystalline microstructures can be character-
ized by combining the capabilities of spherical nanoinden-
tation and orientation imaging microscopy (OIM) (this
basic idea was briefly introduced in a prior study from
our research group [17]). OIM is based on automated
indexing of back-scattered electron diffraction patterns
(obtained using a scanning electron microscope) and has
a spatial resolution of less than a micron.
2. Materials and methods

Polycrystalline samples of Fe–3% Si steel, which is
known to exhibit substantial elastic anisotropy (A = 2.84)
and plastic anisotropy on the scale of individual grains,
were used in this study. The samples were sectioned by elec-
tric discharge machining from the chill zone of a direction-
ally solidified electrical steel ingot. These samples were
chosen because they exhibited extremely large grains (of
the order of few millimeters in effective grain size). The
large grains significantly reduce the chances for the exis-
tence of a grain boundary just below the surface at the
indentation site, especially when the indentations are per-
formed in the central parts of large grains. It should be
noted that the OIM technique probes essentially the top
surface of the samples, and is therefore unable to detect
subsurface details of the microstructure. Some of the sam-
ples were given a 30% reduction in simple compression to
produce a moderately deformed microstructure; other sam-
ples were subjected to 80% reduction in plane strain com-
pression to produce a heavily deformed microstructure.
Both of these deformations were applied at room tempera-
ture using an Instron (Frame 1127R) screw-driven testing
machine. During these deformations, all contact surfaces
between the sample and the dies were lubricated with
graphite-based grease and a 0.1 mm thick Teflon sheet.

The samples (as-cast as well as deformed) were first
prepared for OIM using a Buehler grinding and polishing
machine. After grinding by Si-C papers, 3 and 1 lm dia-
mond suspensions were used for polishing the samples in
conjunction with several intermediate etches by Nital (5
vol.% mixture of nitric acid in ethanol). The samples were
subsequently polished using 0.05 lm colloidal silica. The
final step included vibratory polishing with 0.02 lm col-
loidal silica on a Buehler vibratory polisher for several
(2–4) days. Note that a high-quality final surface finish
is absolutely essential for both the OIM measurements
and the subsequent indentation experiments. Whenever
this detailed sample preparation protocol was not fol-
lowed carefully, we often observed that the measurements
were prone to large errors. This problem has been dis-
cussed in detail in our recent publication [9]. It is reiter-
ated here that the final surface preparation step with
the vibratory polisher for a few days is of utmost impor-
tance, as it produced a smooth surface, comparable to
electropolishing, that appears to be free of any additional
strain due to the sample preparation techniques them-
selves [18].

Nanoindentations were carried out using a nanoindenter
(MTS XP� System equipped with the continuous stiffness
measurement (CSM) attachment) with a 13.5 lm radius
spherical diamond tip. The tests were carried out under
load control to peak displacements of 150 nm in all sam-
ples. The nanoindentation test points were chosen at the
middle of the individual grains, well away from the grain
boundaries, in order to mitigate any influence of the grain
boundaries on the test results.
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3. Data analysis methods for spherical indentation

Transforming the measured load–displacement data in
spherical nanoindentation into indentation stress–strain
curves allows a more transparent and efficient way of ana-
lyzing the local material behavior. These indentation
stress–strain curves allow a better identification of the dif-
ferent stages of material behavior under contact loading,
particularly during the loading segment of the indentation
process. Our recent reports illustrate how the indentation
stress–strain curves can be used to capture a wealth of
information about the material, including the elastic mod-
uli measured in loading and unloading segments [6–8], the
elastic limit (which can be identified as yielding in metallic
samples [6,8,9] or buckling in a high aspect ratio material
like carbon nanotubes [19]), different aspects of the post-
elastic behavior [6,8], as well as identifying and explaining
several of the surface preparation artifacts typically
encountered in nanoindentation measurements [9].

Our analysis procedures are detailed in Ref. [6] and can
be briefly summarized as a two-step procedure. The first
step in the analysis process is an accurate estimation of
the point of effective initial contact in the given data set,
i.e. a clear identification of a zero-point that makes the
measurements in the initial elastic loading segment consis-
tent with the predictions of Hertz’s theory [2,14,20]. As
shown in Ref. [6], the zero-point can be conveniently deter-
mined using the following equation for the initial elastic
segment in a frictionless, spherical indentation:
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Fig. 1. (a) Schematic of a spherical indentation showing the primary zone of
linear regression analysis method described in Ref. [6]. (c) The measured load–d
Fe–3% Si steel are shown here using two different estimates of the zero-point
unexplainable spike in the initial elastic loading portion of the curve. When
indentation stress–strain curves are obtained. (d) also shows the back-extrapo
S ¼ 3P
2he
¼ 3ð~P � P �Þ

2ð~he � h�Þ
ð1Þ

where ~P , ~he and S are the measured load signal, measured
displacement signal and CSM signal in the initial elastic
loading segment from the machine, respectively, and P*

and h* denote the values of the load and displacement val-
ues at the point of effective initial contact. Rearrangement
of Eq. (1) reveals that a plot of ~P � 2

3
S~he against S will pro-

duce a linear relationship whose slope is equal to � 2
3
h�,

with the y-intercept equal to P*. A linear regression analy-
sis can then be performed to identify the point of the effec-
tive initial contact (P*and h*) very accurately.

Next, the values of indentation stress and strain can be
calculated by recasting Hertz theory for frictionless, elastic,
spherical indentation as

rind ¼ Eeff eind ; rind ¼
P

pa2
; eind ¼

4
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he
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where rind and eind are the indentation stress and indenta-
tion strain, a is the radius of the contact boundary at the
indentation load P, he is the elastic indentation depth, S

(= dP/dhe) is the elastic stiffness described earlier, Reff

and Eeff are the effective radius and the effective stiffness
of the indenter and the specimen system, m and E are the
Poisson’s ratio and the Young’s modulus, and the sub-
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isplacement curve and (d) the extracted indentation stress–strain curves for
. The use of the zero-point established by the machine (C1) results in an

the effective zero-point (C2) is determined using Ref. [6], much better
lation method used to estimate the indentation yield strength.
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scripts s and i refer to the specimen and the indenter,
respectively (see also Fig. 1a).

Hertz’s theory (expressed here as Eqs. (1) and (2))
addressed only the elastic indentation of an isotropic sam-
ple. However, in practice, the elastic response of the sample
at the typical length scale of nanoindentation is often inher-
ently anisotropic, especially in polycrystalline metals,
where the indents are much smaller than the typical grain
sizes. Several researchers have employed grossly simplified
treatments of anisotropy in the analyses of the nanoinden-
tation data (e.g. the use of effective isotropic elastic proper-
ties [21] or the use of elastic modulus in the direction of
indentation [22]). More recently, Vlassak and Nix
[15,16,23,24] have provided a much more rigorous treat-
ment of the theory of the elastic indentation of anisotropic
samples. These authors suggest that Eq. (2) can be used for
elastic indentation of cubic crystals, provided that an
anisotropy parameter, b, is appropriately introduced into
the definition of the effective indentation modulus. In par-
ticular, they suggest that Eq. (2) be modified as

1

Eeff
¼ 1

b
1� m2

s

Es

� �
þ 1� m2

i

Ei

� �
ð3Þ

where Es and ms denote the effective values of Young’s mod-
ulus and Poisson’s ratio, respectively, for a randomly tex-
tured polycrystalline aggregate of crystals with the same
elastic properties as the single crystal being studied
[15,16]. For cubic crystals, the value of b depends strongly
on the crystal lattice orientation and the degree of cubic
elastic anisotropy. The elastic anisotropy of a cubic crystal
is usually defined by A = 2C44/(C11 � C12), where C11, C12

and C44 denote the cubic elastic constants used to define
the crystal elastic stiffness in its own reference frame. The
values of the parameter b have been analytically computed
and validated for a few special (symmetric) lattice orienta-
tions. Based on the values reported by Vlassak and Nix
[15,16], the values of b should be in the range of 0.9–1.1
for Fe–3% Si crystals (for which A = 2.84) of different ori-
entations. In the present study, we have performed inden-
tations on a broad range of crystal orientations in Fe–3%
Si and validated the linear relationship between the inden-
tation stress and the indentation strain (defined in Eq. (1)
and modified by the introduction of b in Eq. (3)) in the
elastic loading regime, as well as the values of b predicted
by Vlassak and Nix [15].

The following points need to be noted when using Eqs.
(1)–(3):

(i) The use of Eq. (1) is made possible due to the CSM
option in the MTS Nanoindenter XP�, which pro-
vides the S signal as an independent measurement.
When using an indentation machine without the
CSM option, a different procedure needs to be fol-
lowed, as detailed in Ref. [8].

(ii) P*and h* values, as obtained from the nanoindenter
machine, are not necessarily zero. In other words,
the accuracy of the zero-point established by the soft-
ware using its default approach is often inadequate
[25–33]. This assumes special significance in the pres-
ent work since it is necessary to extract the local
indentation yield strength from an analysis of the ini-
tial loading segment in the indentation experiment
because the indentation itself will alter the local
microstructure of the metal and its properties once
it imposes additional local plastic deformation. The
gravity of the problem is immediately evident when
one considers the range of reported errors in the
zero-point measurement in nanoindentation (any-
where from ±2 nm [33] to ±30 nm [34]) compared
to the typical elastic loading depth in spherical nano-
indentation (20-40 nm [6,8]). This point is further
illustrated in Fig. 1b and c. The regression analysis
performed on a typical dataset to identify the effective
point of initial contact is shown in Fig. 1b. The points
of initial contact, as identified by the default proce-
dure in the MTS software (C1) and by our analysis
described earlier (C2) for this dataset, are displayed
in Fig. 1(c). It was noted that the load signal had to
be moved by about 0.09 mN and the displacement
signal by about 4.8 nm with respect to C1 to arrive
at C2. After this small shift, the corrected load–dis-
placement curve in the initial elastic loading segment
was found to be in excellent agreement with Hertz’s
theory (as presented in Eqs. (1) and (2)). Note that
he = ht and Reff = Ri in this relatively short initial
loading segment, and it is fairly straightforward to
estimate a value of Eeff by fitting the corrected
load–displacement curve to Eq. (2).

(iii) Eq. (1) identifies an ‘‘effective” point of initial contact
– the values of P* and h* relate to a virtual flat surface
free from any sample preparation artifact, like sur-
face roughness. More importantly, it also allows us
to de-emphasize the oxide layer routinely present on
the steel samples used in this study.

(iv) A further major advantage of the approach outlined
in Eq. (1) is the fact that this method does not war-
rant any prior knowledge of the values of Reff and
Eeff. This is the main reason we are able to simply
extend the procedure we used previously for elasti-
cally isotropic materials to the elastically anisotropic
materials studied here.

(v) As a final note, it is pointed out that the indentation
strain definition used in Eq. (2) is substantially differ-
ent from the a/Reff definition used in many prior stud-
ies [35–39]. This new definition of indentation strain
has been validated many recent studies [6–9,19] using
both numerical simulations and direct experimental
measurements. Briefly, it is pointed out here that a/
Reff, or the more commonly used a/Ri (because of
the difficulties in measuring Reff), lacks any reason-
able physical interpretation as a strain measure (clas-
sically defined as the ratio of change in length over
the initial length of a selected line segment in a region
of interest in the sample). The new definition of



Fig. 2. (a) OIM scan and (b) inversed pole figure map obtained on a sample of annealed and polished Fe–3% Si showing a wide range of grain
orientations. The measured stress–strain curves on grain #1 and grain #2, shown in (c and d), respectively, demonstrate the consistency of the
nanoindentation measurements.

1 For interpretation of color in Fig. 2, the reader is referred to the web
version of this article.

3024 S. Pathak et al. / Acta Materialia 57 (2009) 3020–3028
indentation strain presented in Eq. (1) is tantamount
to idealizing the primary zone of indentation defor-
mation, as shown in Fig. 1a. The indentation is ideal-
ized here as being equivalent (in an average sense) to
compressing by he (same as the total indentation
depth, ht, for a purely elastic indentation) a cylindri-
cal region of radius a and height 2.4 a. These observa-
tions have led us to propose the use of ht

2:4 a as the
definition of indentation strain, when generalized
for elastic–plastic indentations [6–9,19].

The indentation stress–strain curve for the selected data
set, computed using the procedures described above, is
shown in Fig. 1d. It is seen that the data analysis proce-
dures described here produce a much better description
of the initial loading segment (i.e. no spikes in the initial
loading segment). In particular, for the data set shown,
the value of Eeff was estimated to be 203 GPa. This is in
excellent agreement with the theory presented by Vlassak
and Nix [15], which predicts that this value should be in
the range of 170–204 GPa for Fe–3% Si (A = 2.84),
depending on the crystal lattice orientation at the indenta-
tion site. Results for specific crystal orientations are pre-
sented and discussed in the next section. The value of the
indentation yield strength, Yind, is established in this work
using a back-extrapolation method, as shown in Fig. 1d.

Note that the calculation of Yind using the above back-
extrapolation method is crucial in determining the onset
of plastic deformation in a bulk region of the sample – a
region in which the indentation zone size (see Fig. 1a) is lar-
ger than the dislocation length scales in the sample (e.g.
spacing of dislocations, dislocation cell size). If this condi-
tion is not met, as happens when indenting an annealed
metallic sample with a small indenter, displacement bursts,
or ‘‘pop-ins”, are observed. These pop-ins can be attributed
to the difficulty of activation of a dislocation source in the
material in the primary indentation zone. This issue has
been discussed in detail in our recent report [9]. Note that
the extremely high stresses at pop-in are an artifact of the
interplay between the indentation zone and the average
defect density of the sample, and as such are not represen-
tative of the yield strength of the bulk material. Pop-ins can
be avoided by the use of indenters with large radii, where
the indentation zones are substantially larger than the aver-
age dislocation spacing. The use of the 13.5 lm radius
spherical indenter in this work thus helps to minimize the
propensity of pop-ins in the Fe–3% Si samples studied here.
In some tests that still show pop-ins (as seen in Fig. 2a and
b), the back-extrapolation method helps to estimate a glo-
bal Yind value, instead of the pop-in stress.

4. Results and discussion

As described earlier, an as-cast polycrystalline sample of
Fe–3% Si steel with very large grains was used in this study.
The OIM scan obtained on this sample is shown in Fig. 2a.
The grain orientations are color-coded to reflect their posi-
tions in the inverse pole figure map provided in Fig. 2b. For
example, the grains that have a (0 0 1) crystallographic
plane parallel to the sample surface are colored red.1

Because we are studying cubic crystals, this also means that
the grains colored red have a [0 0 1] crystallographic direc-
tion parallel to the sample normal direction (ND; also the
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indentation direction). In a similar manner, grains with a
(1 0 1) plane parallel to the surface are colored green, while
the grains with a (1 1 1) plane parallel to the surface are
colored blue. It is seen that the selected region of the sam-
ple has a range of grain orientations that provide a good
coverage of the corners of the fundamental triangle in the
inverse pole figure for cubic crystals. Because of the very
large grain sizes in the sample, we can assume that the
indentation measurements in any one grain are unlikely
to be influenced by the neighboring grain orientations or
grain boundaries.

The indentation measurements conducted in this study
showed the largest difference in the indentation stress–
strain curves of the near-(1 1 1)-oriented grains and the
near-(0 0 1)-oriented grains, with the response of the
near-(1 0 1)-oriented grains being fairly close to the
response of the near-(1 1 1)-oriented grains. Fig. 2c and d
shows representative indentation stress–strain curves
obtained from multiple indentations in two of the grains
studied. It is observed that the measurements in each grain
are highly consistent with each other, except for the occur-
rence of pop-ins that result in an extended initial linear
elastic segment. Interestingly, it is also observed that the
indentation stress–strain curve after the pop-in event is
very much consistent with the measurements obtained
without the pop-in events. The physical origin of the
pop-in events will be discussed later.
(a)

Fig. 3. The table in (a) shows the different orientations of the 11 grains studied
of the effective indentation modulus Eeff, the anisotropic elasticity parameter b,
(b) and (c) show the surface contour plots of b and Yind obtained by interpola
The table in Fig. 3a summarizes the measured values of
the effective indentation stiffness, the anisotropic elasticity
parameter, b, and the back-extrapolated indentation yield
strengths, Yind, in the 11 different grain orientations stud-
ied. In computing the values of b, the values of Es and ms

have been taken as 207.9 GPa and 0.3 following the
approach described in Refs. [15,40]. The orientations of
the grains studied are provided here using Bunge–Euler
angles [41]. It is observed that the near-(0 0 1)-oriented
grains exhibit the lowest indentation moduli and the lowest
indentation yield strengths, while the near-(1 1 1)-oriented
grains exhibit the highest indentation moduli and indenta-
tion yield strengths. The measured differences in the inden-
tation moduli range from a minimum of b = 0.92 (grain
#1) to a maximum of b = 1.12 (grain #2). These measure-
ments are highly consistent with the values predicted by
Vlassak and Nix [15]. These authors predicted a value of
0.9 for (0 0 1)-oriented grains, 1.10 for (1 0 1)-oriented
grains and 1.1 for (1 1 1)-oriented grains based on an
anisotropy factor of A = 2.84 for Fe–3% Si.

An important observation from the table in Fig. 3a is
that the differences in the measured indentation yield
strengths of different grain orientations are as high as
30%. Since there are no expected differences in the disloca-
tion content of the differently oriented large grains in the
as-cast sample studied here, all of the observed differences
in the indentation yield strengths are attributable to differ-
in this work in terms of their Bunge-Euler angles and the measured values
and the back-extrapolated indentation yield strengths Yind in these grains.
ting the values reported in (a).



Fig. 4. (a and c) The inverse pole figure map and the OIM scan for a 30% deformed Fe–3% Si sample due to compression; (b and d) the same for a 80%
deformed sample. Indentations were performed in the regions marked by the dotted circles in each of these samples. (e) The measured multiple indentation
stress strain curves for region #2 in the 30% deformed sample; (f) the same for region #3 in the 80% deformed sample. Note the consistency of the
indentation stress–strain curves in (e and f).
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ences in the activities of the different slip systems in the dif-
ferent grains and their orientation with the indentation
direction. It is also pointed out that the scatter in the mea-
surements in each grain is fairly low.

The grain orientation is in general described by a set of
three angles called Bunge–Euler angles [41]. These are usu-
ally denoted as (u1, U, u2). Since the rotation of the sample
about the normal to the indentation surface (i.e. the ND
direction) does not influence the measurements presented
here, the indentation modulus and the indentation yield
strengths measured here using a spherical indenter are
functions of only two of the Bunge–Euler angles, namely
(U, u2). Fig. 3b and c shows the contoured surface plots
of the dependence of the b and the indentation yield
strength, respectively, on the grain orientation that are
obtained by interpolating the values reported in Fig. 3a.
The value of these plots (especially the plot for indentation
yield strength) will become clear as we discuss the data
analysis methods for deformed samples.

As described earlier, a major goal of our study is to
develop and validate methods for characterizing the
increases in the indentation yield strengths in individual
crystals of deformed polycrystalline samples from their cor-
responding values in the as-cast condition. When the sam-
ple is plastically deformed, grains undergo significant
lattice rotations and typically break down into smaller
grains. In this study, we subjected one of the as-cast sam-
ples to 30% reduction in simple compression and another
as-cast sample to 80% reduction in plane strain compres-
sion. These reduction levels were selected to produce one
moderately deformed sample and one heavily deformed
sample. Orientation maps were obtained for both
deformed microstructures using the OIM technique and
are shown in Fig. 4a–d. Indentations were performed in
selected regions within individual grains in each of the
deformed samples. In both samples, we found several
regions in the near-(0 0 1)- and near-(1 1 1)-oriented grains,
but not in the near-(1 0 1)-oriented grains. Indentation
stress–strain curves from representative regions in these
deformed samples are shown in Fig. 4e and f. It is once
again observed that the multiple measurements from the
same grain produce highly consistent indentation stress–
strain curves. It is also noted that none of the measure-
ments on the deformed samples produced the pop-ins that
appeared in some of the measurements on the undeformed
sample (see Fig. 2d). As discussed earlier, the fact that the
pop-ins did not appear in any of the deformed samples
indicates that the origin of the pop-ins observed in the pres-



Table 1
Summary of the results for the indentation measurements performed on the 30% and 80% deformed samples. The estimated Yind in the annealed condition
for these grains was calculated from the contoured plot presented in Fig. 3b. The difference between the measured and the estimated indentation yield
strengths provides a reliable estimate of the percentage increment in the critical resolved shear strength (sCRSS) of the slip system.

Region # Orientation
(u1, U, u2)

Misorientation Eeff (GPa) b Estimated Yind in the
annealed condition (GPa)

Measured Yind in the
deformed condition (GPa)

% change in
sCRSS

30% Deformed Fe–3%Si

1 148.3, 49.8, 50.7 7� from (1 1 1) 198.0 ± 3.9 1.09 1.12 1.31 ± 0.13 16.9
2 294.2, 13.5, 83.8 14� from (0 0 1) 174.2 ± 1.59 0.93 0.90 1.07 ± 0.05 18.9

80% Deformed Fe–3%Si

1 111.6, 49.4, 54.2 20� from (1 1 1) 198.1 ± 1.26 1.09 1.12 1.69 ± 0.06 50.9
2 326.3, 23.2, 58 30� from (0 0 1) 191.1 ± 1.42 1.04 1.00 1.46 ± 0.07 46.0
4 263, 16.2, 73.7 25� from (0 0 1) 185.9 ± 0.75 1.00 0.92 1.37 ± 0.07 48.9
3 259, 3.9, 84.4 10� from (0 0 1) 174.3 ± 0.19 0.93 0.85 1.27 ± 0.08 49.4
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ent study can be attributed to scarcity of dislocations in the
as-cast sample. This observation has been discussed in
detail in our recent report [9].

The indentation measurements on the deformed samples
are summarized in Table 1. For each of the grains studied
in the deformed sample, we estimated the indentation yield
point in the fully annealed condition using the grain orien-
tation and the contoured plot presented in Fig. 3c. In other
words, this would have been the indentation yield point if
the same grain was in the as-cast sample. As discussed ear-
lier, it is important to establish this value because it can
vary by as much as 30% from the near-(0 0 1) ‘‘soft” orien-
tations to the near-(1 1 1) ‘‘hard” orientations. The differ-
ence between the measured indentation yield point and
the estimated indentation point in the as-cast condition
then provides a reliable estimate of the increment in the
indentation yield point at the indentation site. This incre-
ment can be attributed to the changes in the dislocation
content at the indentation site from its initial state in the
as-cast sample.

The simplest relationship one can establish between the
increment in the indentation yield point and the local dislo-
cation content is through the increment in the critical
resolved shear strength of the slip system. In a highly sim-
plified approach, one could express this relationship as

Y ind ¼ MðU;u2Þ sCRSS ; DsCRSS /
ffiffiffi
q
p ð4Þ

where 1/M is a Schmid-like factor that depends only on the
grain orientation (in the present case only on two of the
three Bunge–Euler angles describing the crystal orienta-
tion), sCRSS is the averaged critical resolved shear stress
in the crystal, DsCRSS is the increment in the local averaged
critical resolved shear strength between the as-cast and
cold-worked conditions, and q is the local dislocation den-
sity. Since the factor M is the only orientation dependent
variable, it is easy to see that percentage increase in the
indentation yield point can be assumed to be equal to the
percentage increase in sCRSS. These are reported in Table
1 for all the measurements in the deformed sample ob-
tained in this study. The percentage increases in sCRSS pro-
vide an indirect measure of the local dislocation content or
the local stored energy in the deformed sample. It is seen
from the limited number of measurements obtained in this
study that the changes in sCRSS vary significantly from one
deformation step to another and also from one region to
another in the same deformed sample, resulting in a highly
heterogeneous microstructure in the deformed polycrystal-
line samples. It is also clear from Table 1 that any conclu-
sions drawn regarding the local slip resistance or the local
dislocation content directly from the measured indentation
yield points without accounting for the effect of the crystal
lattice orientation at the indentation site would be highly
erroneous in the examples shown here.

5. Conclusions

In summary, we have demonstrated a novel approach to
extract meaningful correlations between local crystal lattice
orientation measurements obtained from OIM and the esti-
mates of local elastic and yield properties from nanoinden-
tation measurements. This has been made possible by the
use of our newly developed data analysis procedures for
the conversion of load–displacement data obtained in
spherical nanoindentation of polycrystalline cubic metals
into indentation stress–strain curves that includes our
new procedure for establishing the effective zero-load and
zero-displacement point in the raw dataset. In this work,
conducted on polycrystalline Fe–3% Si samples but easily
extendable to other material systems, our analysis proce-
dures are able to account for the effect of crystal lattice ori-
entation on the indentation modulus and the indentation
yield strength of the as-cast samples. Using this informa-
tion, we are then able to correlate the increment in inden-
tation yield strength to the changes in the slip resistance
at the indentation site of the 30% and 80% plastically
deformed samples.
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