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This study reports on the anisotropic indentation response of o-titanium. Coarse-grained titanium
was characterized by electron backscatter diffraction. Sphero-conical nanoindentation was per-
formed for a number of different crystallographic orientations. The grain size was much larger than
the size of the indents to ensure quasi-single-crystal indentation. The hexagonal c-axis was
determined to be the hardest direction. Surface topographies of several indents were measured by
atomic force microscopy. Analysis of the indent surfaces, following Zambaldi and Raabe

(Acta Mater. 58(9), 3516-3530), revealed the orientation-dependent pileup behavior of o-titanium
during axisymmetric indentation. Corresponding crystal plasticity finite element (CPFE) simula-
tions predicted the pileup patterns with good accuracy. The constitutive parameters of the CPFE
model were identified by a nonlinear optimization procedure, and reproducibly converged

toward easy activation of prismatic glide systems. The calculated critical resolved shear

stresses were 150 * 4, 349 = 10, and 1107 = 39 MPa for prismatic and basal {a)-glide and

pyramidal {c + a)-glide, respectively.

. INTRODUCTION

Single-crystal deformation experiments are the most
precise, but also among the most difficult experiments to
interpret for identification of mechanical properties of
metals. Recently, an efficient method was presented to
derive single-phase mechanical properties from the com-
bined application of nanoindentation, electron backscatter
diffraction (EBSD) orientation mapping, atomic force
microscopy (AFM) topographic measurements, and crys-
tal plasticity finite element (CPFE) modeling.! This
article describes the results obtained by applying this
approach to commercial purity titanium.

Titanium is an attractive low-density structural mate-
rial, and its alloys are used because of their high density-
corrected stiffness and strength, as well as their superior
corrosion and high-temperature resistance.> Alloys that
consist mainly of the alpha-phase (o- and near-a alloys)
are used because of their good ductility and high yield
stress.” In these alloys, the hexagonal structure leads to
considerable grain scale heterogeneity of plastic flow
during deformation.
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The anisotropy of plastic flow in hexagonal metals is
a prominent feature of their deformation behavior.*”’
Different kinds of slip systems with a variability in their
critical resolved shear stresses (CRSS) lead to selective
activation of only a few deformation systems for many
boundary conditions. The precise nature of the heteroge-
neous stress and strain fields has recently attracted re-
newed attention because of new analysis techniques such
as x-ray microdifﬁraction,g’9 EBSD'*'? and the CPFE
method %"

There is currently a high demand for improving the
micromechanical understanding of polycrystalline tita-
nium alloys. To gain a truly quantitative insight into the
mechanically relevant microstructure—property relation-
ships, our proposed method for fast acquisition of single-
crystal deformation characteristics will be beneficial
because it allows for a separation of the intrinsic single-
phase mechanics from the influence of microstructure in-
terfaces. To develop mechanical microstructure—property
relationships of crystalline materials, two key issues must
be considered: first the intrinsic mechanical response
of a constituent at the single-crystal level needs to be
known. Second, the distribution of one-, two-, and three-
dimensional defects and their interfacial relationships with
constituent phases in the microstructure will strongly
affect the mechanical behavior. Although a complete
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understanding of the effect of defects such as grain or
phase boundaries is not easy to identify, the quantifica-
tion of the single-crystal mechanical properties remains
important.

The types of deformation systems in metals and alloys
and their atomistic features are often well known from
careful TEM studies on deformed material.'* However, it
is difficult to assess the CRSS values of different slip
modes from TEM examinations, as they lack statistical
volumetric significance. More often, the slip activity
threshold is determined using single or polycrystal de-
formation experiments. Due to the anisotropic flow
behavior of titanium single crystals, the stress and strain
fields in such an experimental approach involving poly-
crystal deformation are very heterogeneous and cannot be
approximated in a simple manner. On the other hand, the
conduction of single-crystal deformation experiments
involves complicated and time-consuming steps such as
growing single-crystal or coarse grained starting material,
characterizing its orientation via Laue or EBSD diffraction
methods, and preparing oriented cuts from these crystals.
Once these are cut, they are usually somewhat different
from the intended orientation, leading to challenges in
interpretation when they are deformed and characterized.
Even for only a few target orientations this procedure takes
so much experimental effort, that good quality data on
single-crystal deformation is only available for a very
limited number of metals and alloys such as copper15 16
and a few others.

The plan of this article is as follows. First, the current
understanding of hexagonal titanium plasticity is con-
cisely reviewed. Then, the experimental and computa-
tional methods are described, including our optimization
approach for single-crystal indentation topographies.
The “Results” section presents the first experimentally
acquired inverse pole figure of pileup topographies for
commercially pure titanium. Additionally, crystal plas-
ticity simulations are used to investigate the influence of
the indent on local topographies arising from the relative
shear strains by the competing deformation systems in
titanium. The resulting constitutive parameters from the
nonlinear optimization procedure are given. The discus-
sion of aspects of the experimental and computational
techniques is followed by a general discussion of our
combination of these methods. This combined approach
forms a novel tool for accurate quantification of the
single-crystal plastic response of any microstructural
constituent with large enough crystallites to place a nano-
indent in it.

Il. CRYSTAL PLASTICITY OF o-TITANIUM

The plastic deformation of o-titanium has been in-
vestigated experimentally.14’17’22 These studies show that

the CRSS of titanium alloys is very sensitive to alloying
composition and experimental design. The state of stress
in uniaxial compression or tensile tests is not truly
uniaxial, especially at ends of the specimen, where
friction, misalignment, or shoulder regions affect the local
stress state.”* In general, prismatic <a>> slip is most easily
activated. However, by increasing the concentration of
alpha stabilizer elements such as Al, the c/a ratio is
increased, which decreases the atomic spacing on basal
planes to make them closer to the ideal hcp structure,
where c/a = 1.633. Under these conditions, basal slip
becomes more favorable. In some alloys, the difference in
CRSS between basal and prism slip is small, e.g., 20%,
and this difference diminishes with increasing tempera-
ture. Because neither prism or basal <a> slip can alter the
dimensions of a crystal in the <c¢> direction, and because
there are fewer than 5 degrees of freedom for deformation
using <a>> slip, twinning or <c + a> slip are necessary to
allow deformation to occur in a compatible way along
grain boundaries. Mechanical twinning is commonly
observed in pure titanium, and less so with increasing
alloying elements. Four types of mechanical twins are
possible, but the {1012} extension twins are most easily
activated, and because of the small shear associated with
these twins, it is possible for them to become quite thick.
Twins are not predictably observed based upon Schmid
factors alone; nucleation at grain boundaries is an impor-
tant activation barrier for their operation.”***> With in-
creasing alloy elements, or increasing temperature,
twinning is less active, and <c + a> slip on pyramidal
planes is favored.

Because <c + a> slip resistance is 3 or more times
greater than <a> slip, very little < ¢ + a > slip is
observed and may not be observed at all in some grains if
neighboring grains can accommodate the required shape
change without invoking < ¢ + a > slip. It is most
commonly observed in grain orientations with very low
Schmid factors (e.g., <0.3) for <a> slip, and these grains
deform much less than neighboring grains that activate
<a> slip.'® One of the main purposes of the present study
is to identify the relative slip resistance between these
different deformation systems.

lll. EXPERIMENTAL METHODS

Two samples, A and B, of commercial purity titanium
(CP-Ti) were prepared by electron discharge machining,
mechanical grinding and polishing, and finally electro-
polished. The material was of grade 2 quality, and the
content of interstitial oxygen was not determined. By the
collection of large area EBSD scans, suitable microstruc-
ture patches were identified, which provided a variety of
crystallographic orientations. These areas were carefully
chosen for later nanoindentation using a Hysitron Tribo-
scope (Hysitron Inc., Minneapolis, MN). Regular patterns
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of indentations were made into the previously identified
regions. The spacing of the rectangular indent grids was
chosen in the range of 10-20 um. A sphero-conical
diamond tip with a nominal tip radius of 1 um and
a nominal cone angle of 90° was used. Load-controlled
indentations were performed with a maximum load of
6 mN, using a trapezoidal loading with a time of 5 s each
for loading, dwell, and unloading time.

Hardness values were calculated based on the Oliver—
Pharr method with an area function that was calibrated on
poly(methyl methacrylate). On the two CP-Ti samples,
1424 indents were placed in total. The precise locations of
the indents were checked by EBSD and secondary electron
imaging in the scanning electron microscope (SEM).

Topographic characterization of selected indents was
carried out with a Veeco dimension 3100 AFM (Veeco
Instruments Inc., Plainview, NY) in tapping mode. Care
was taken to document the sample positions inside the
SEM, the nanoindenter, and the AFM to enable later
correlation of the experimental data with the simulations.

IV. ANALYSIS OF THE INDENTATION
DEFORMATION BY CPFE SIMULATIONS

A. A simplified constitutive model for
a-titanium crystal plasticity

An existing crystal plasticity model,®*’ following the
implementation of Kalidindi et al.,”® was adapted to the
slip characteristics of hexagonal titanium. A short sum-
mary is given in the following: the kinematic description
of large-strain elastoplasticity is based on the multiplica-
tive decomposition of the deformation gradient, F, as
F = F*FP, into the plastic part, FP, and F*, containing
elastic stretch and rotation.?® The plastic velocity gradient,
LP, can be calculated from LP = FPFP~!. Deformation of
crystals by dislocation glide can be described by the
Orowan equation, Y = bp,, ..V With the crystallographic
shear rate, v, the Burgers vector length, b, the mobile
dislocation density, pmobiles and the dislocation glide
velocity, v. However, the dislocation densities and veloc-
ities in titanium are not known. To be able to simulate the
constitutive response, it is, therefore, useful to retreat to the
quantitative description of the shear rates resulting from
the different types of dislocations.

Since only shear on the deformation systems is al-
lowed to contribute to plastic deformation, LP is calcu-
lated from the sum of the shear rates, ¥*, on all
deformation systems, o, as

LP = FPFP ! =) 4"dy®@ny . (1)

The unit vectors dy and ng indicate the shear direction
and the normal on the glide plane of the slip system a,
respectively. Shear rates, ¥*, are taken as a viscoplastic

function of the resolved shear stresses, t*, on the de-
formation systems®*—2

1/m
sign(t*) (2)

. i
V=0l

o N
crit

where yg and m are material parameters. The slip resis-
tances, 17, evolve with the shear rates, N'/B, of all systems
(index ) according to

= ZthWBL hP = tuh(B)
B

, (3)

with the hardening matrix, #*®. The hardening matrix is
calculated from the self-hardening, hB, and the cross-
hardening matrix, ¢*®, with its diagonal elements equal to
unity. Typically, in fcc crystals, the values of ¢*? are chosen
to be 1.4 for non-coplanar and 1 for coplanar slip.*®> The
hardening contribution from self-hardening, WP, is given by

ab

0
h(®) = hfe 1 — -t : (4)
Ts

Note the change in comparison to the original formu-
lation®® from constant values, hy, T, a, for all slip systems,
to hY, 13, a” now being dependent on the individual
characteristics of the slip systems. This leaves four
parameters for the description of the flow behavior: the
initial slip resistance, to; the saturation slip resistance, T;
the parameter hy, which determines the initial hardening
slope; and the hardening exponent, a, which influences the
shape of the self-hardening curve.

Because the primary meaning of the reference shear
rate, y3, and the strain rate sensitivity parameter, m, in the
scope of the present work is more important for numerical
stability than micromechanical properties, they are as-
sumed constant in all simulations. The parameter m
provides strain rate sensitivity of the flow stress in the
model. Also, to approximate time-independent behavior,
its value is constrained to be small, but large enough
to assist robust convergence of the time-integration pro-
cedure. Time-integration of the constitutive law is
achieved through the implicit scheme by Kalidindi
et al.”® Since different values of T, are allowed for,
convergence is tested against the minimum value of all
1. The tolerance for the inner stress integration loop is
chosen to be 10~* min(ty). The outer loop reaches
convergence when the maximum change in the compo-
nents of the calculated shear strengths becomes much
smaller than the minimum initial shear strength of all
systems, max(Atl) < 1073 x min(tg).

Twinning deformation systems were not included into
the model formulation since no twinning activity was
observed in the experiments.
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B. Finite element simulations of the
three-dimensional indentation deformation

The crystal plasticity formulation was integrated into
the finite element method (FEM) by using the material
subroutine hypela? of the commercial FEM system
MARC.** A three-dimensional FE model of the indenta-
tion process was generated. Deformation of the sphero-
conical indenter was neglected by assuming it to be a rigid
body. The sample was discretized by hexahedral eight-
node elements. The maximum used number of 4320
elements has been previously shown to be a good com-
promise between computational costs and accuracy of the
predicted indentation response.

The exact tip geometry was not known a priori.
Therefore, an initial series of simulations was performed,
to adjust the tip radius. Iteratively, the tip radius of the
simulations was changed until the difference between the
simulated and the measured remaining indent topogra-
phies became minimal. This procedure resulted in a tip
radius of 1.4 pm.

Friction is known to have a minor effect on the load—
displacement response of indentation.”> However, Liu
et al.*® have shown that the value of the coefficient of
friction might affect the maximum height of the formed
pileup. A coefficient of friction of 0.2 was assumed in all
simulations. A finite amount of friction improved the
stability of the CPFE simulations because it reduced large
mesh distortion close to the contact region, which is often
observed in simulations without friction.

The elastic constants ¢;; = 162.4 GPa, ¢;» = 92.0 GPa,
Ciz = 69.0 GPa, C3z — 180.7 GPa, Cqq = 49.7 GPa,
6 = 76.5 GPa were used.®’ Different material parameters
for the simulation of inelastic deformation could be as-
signed for each of the three types of deformation systems.
The used constitutive model allowed for shear contributions
from 18 slip systems in total that were split in three types of
slip systems as given in Table I. For the cross-hardening
parameter, q“B, a constant value of 1.0 was chosen for
coplanar and non-coplanar deformation systems.

C. Identification of the crystal plasticity hardening
parameters by nonlinear optimization

Optimization of a subset of the crystal plasticity
constitutive parameters was catried out; namely the initial
shear resistances and the saturation resistances of the

TABLE 1. Types and numbers of slip systems in the used crystal
plasticity formulation.

Type Number Slip elements

Prismatic <a>-glide 3 {1100} <1120)
Basal <a>-glide 3 {0001} <1120)
Pyramidal <c + a>-glide 12 {1011} <1123)

three slip types were chosen as the free parameters. A
custom implementation of the downhill simplex method
after Nelder and Mead was used as the optimization
algorithm.*®> The optimization of crystal plasticity
parameters with the simplex method has been demon-
strated by Grujicic and Batchu,** and our implementation
of the algorithm followed their description.

The objective function, i.e., the function that is to be
minimized by the optimization routine, was calculated
from the deviation of the simulated topographies from the
measured ones. To this end, the experimental data were
rotated into the coordinate system used by Zambaldi and
Raabe' and the imprint was centered on the z-coordinate
(the indentation axis). Rotations and additional three-point
plane corrections of the zero level were performed on the
AFM data with help of the Gwyddion software.*' The
surface profile data was then interpolated to a domain of
size 2.5 x 2.5 pm” at a step size of 0.1 um. The simulated
CPFE topographies were exported from the FEM result
file and interpolated to the same domain. Then, the
topographic contribution, Gip,, to the objective function,
G, was calculated as the sum of unsigned height differ-
ences, Az;, at all points, i, of the regular X-Y grid

Giopo = Zi |Zimv1 _Zi:EM‘ = ZiAZi . (5)

Additionally, this intermediate value was multiplied
with the deviation of the simulated maximum load, P57, ,

from the experimental maximum force, P2, To ensure
that the deviations in the maximum load did not disturb the
optimization in progressing toward a good match with the
pileup profile, the load penalty was down-weighted by
a factor of 0.2. Thus, the final value of the objective

function, G, followed

6= (1+

For simultaneous optimization of the constitutive
parameters for more than one experimentally measured
orientation, the individual values of the objective func-
tion were simply summed up over all orientations. The
variable parameters of the iterative optimization were the
initial shear strength, 7, and the saturation shear strengths,
T, of the basal and prismatic <a>-glide and of the pyr-
amidal <c¢ + a>-glide, leading to a number of free
parameters of n = 6. The initial n + 1 = 7 sets of constitutive
parameters were initialized in a random fashion without
prior bias of probable shear strength ratios.

Since the initial sets of constitutive parameters were
chosen randomly, the initial convergence behavior was
slow. Pileup topographies simulated in this beginning
stage of the optimization often differed considerably from
the experimental ones, showing piling-up of material in
locations where no pileup was observed experimentally.

sim

Pm X
o0~ 1'0.2) Giopo - (6)

max
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To improve the performance of the optimization routine
in the initial stage, coarser discretizations of the inden-
tation process were used. Finite element models with 704,
1088, and 4320 hexahedral elements were used succes-
sively during the optimization.

To summarize from above, the following steps were
carried out during the nonlinear optimization of the
constitutive parameters:

(1) Acquire and select suitable experimental indent data
and corresponding topographies;

(2) Carry out the CPFE simulations for the selected
orientations;

(3) Postprocess the finite element results to extract the
simulated topographies and maximum loads;

(4) Calculate the objective function by comparison of
the simulation results with the experimental data;

(5) Update the simplex to generate the next set of
constitutive parameters;

(6) Repeat steps 25 until the constitutive parameters
converge to the optimum values.

The results of the iterative optimization procedure are
found when the decrease of the objective function
stagnates on a minimum level that is determined by the
accuracy of the experimental data sets and of the
simulation method.

V. RESULTS
A. Experimental results

The applied grid of indents on the CP-Ti specimen is
shown in Fig. 1. Figure 2 demonstrates how the maximum
indentation depth relates with the grain orientation. The
microstructure as measured by EBSD and represented by
the high-angle grain boundaries is approximated in good
agreement by the grayscale map of indentation depths. The

T

RD = =
2170
30\
(0}

30pm  [0001]

FIG. 1. The grid of indents applied on the microstructure of commer-
cial purity titanium (CP-Ti), sample A. Indents were spaced by
20 pm X 16 pm respectively. A semitransparent orientation map with
inverse pole figure coloring is superimposed on a backscattered electron
image. Because of the transparency, the colors correspond only approx-
imately to the inverse pole figure legend.

measured depths were reasonably homogeneous inside
individual grains with small scatter: the standard deviation
of the maximum indentation depths was usually around
2% of the mean value for a given grain.

Figure 3 presents the anisotropic maximum indentation
depth, based on 1200 indentations in a microstructure
patch of 1200 um x 320 pum. A total of 26 of the larger
grains in this area were analyzed further; an average depth
per grain was approximated, taking into account variation
of the depths inside one grain and by making efforts to
avoid possible influence from the surrounding microstruc-
ture. The variation in the maximum indentation depth over
all orientations was about 70 nm with a minimum at just
below 260 nm close to a c-axis indentation direction and a
maximum at 330 nm for indentation near the (1 12 0) axis.
A general trend of decreasing hardness, i.e., increasing
maximum depths, was observed with the indentation axis
rotating away from the basal plane normal [0 0 O 1].
Hardness values as calculated after Oliver and Pharr varied

(b)

FIG. 2. (a) Micrograph of the indented area of CP-Ti, sample B, shown
together with reconstructed high-angle grain boundaries from the
electron backscatter diffraction scan. (b) Grayscale map of the maxi-
mum indentation depth, each grayscale pixel corresponds to one indent
and darker pixels correspond to larger maximum indentation depths.
The data of the labeled grains are also included in Fig. 3.

[1010]

2110]
330 nm

[0001] r : ; :
260 270 280 290 300 310 320
hmax

FIG. 3. Anisotropic indentation response of CP-Ti, sample B: inverse
pole figure of the maximum indentation depth, /., based on grain-
averaged depths from 26 of the larger grains.
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from 0.75 GPa for indentation close to {1 1 2 0) to
a maximum at just over 1 GPa for indentation of the
basal plane.

The grain size of sample A was large enough that often
several indents of the 14 x 16 (=224) grid were within
one grain. For the subsequent AFM topographic measure-
ments, indents in the center of the grains were selected,
away from the grain boundaries to the adjacent grains.
Through the 2D display of the microstructure, it cannot be
guaranteed that there is no interface close to the surface
below the indent. However, assuming that the microstruc-
ture is equiaxed (as it appears on plots), then the distance
to another grain boundary is maximized if the indent is
near the center of the grain. The AFM topographies are
presented in Fig. 4 using a grayscale color legend that
emphasizes the pileup patterns around the indents. Analy-
sis of the indent topographies showed that indentations
were performed by the rounded part of the tip with little
influence of the conical part.

The topographies in Fig. 4 are positioned at the inverse
pole figure representation of the corresponding indent axis
and are rotated by the convention defined in Zambaldi and
Raabe (2010)." To generate the inverse pole figure
representation of pileup topographies, the following steps
were applied to the data:

(i) The experimental Euler angles as recorded by the
EBSD system were converted into an orientation matrix g.
The indentation axis, Z, in the crystal frame is then given
by Z = ge;.

(ii) The polar coordinates ({,n) after convention were
calculated from vector Z.

[0001]

FIG. 4. Inverse pole figure of pileup topographies of CP-Ti, sample A,
maximum load was 6 mN. The indents are in-plane rotated according to
the convention defined in Ref. 1. The indents in the upper half of the
inverse pole figure (IPF) are also displayed in the lower half by a mirroring
operation through the (1 0 T 0) plane and marked with an asterisk.

(iii) Bunge Euler angles after convention were calcu-
lated as (@1, @, @) = (270° + £, n, 90° — 0).

(iv) The angle between the x- and y-axes of the
experiment and for the Euler angles after convention
was calculated.

(v) Back-rotation of the pileup pattern by this angle was
performed.

(vi) Finally, the topography was placed in the unit
triangle at the inverse pole figure projection of its in-
dentation axis at an appropriate scale.

The results of steps (iii) and (iv) are also given in
Table II for selected indents.

All indented grains with orientations away from the
c-axis showed a piling-up behavior that exhibits two
dominant pileup hillocks on opposite sides of the indent.
By taking into account the indented crystallographic
orientations, it was found that the two opposing pileup
maxima are aligned with their connection roughly perpen-
dicular to the c-axis of the indented grain. Piling up is most
pronounced for the orientations on the (0 0 O 1) great
circle. Table III gives the experimentally measured pileup
heights of the highest, &, and second highest, Ay, pileup
for selected indents in sample A. The remaining indent
depths decreased toward smaller dihedral angles, m,
between the indentation axis and the [0 0 O 1] axis. The
pileup heights and the ratio of highest pileup to the
remaining indent depth, however, decrease even faster.
This behavior is especially obvious in a comparison of
grains 2 and 7: indent 13i of grain 2, with an indentation
axis 26° away from the c-axis, had a remaining indent
depth of 0.19 um and a maximum pileup height of about
20 nm, corresponding to a pileup ratio of about 10%. In
grain 7 on the other hand, with the indentation direction
almost perpendicular to the c-axis (n = 86°), the maxi-
mum pileup height of indent 6a was 0.21 pm, correspond-
ing to a pileup ratio of 82%. Therefore, in the experiments,
about an order of magnitude change in the pileup heights
was found for the indentation directions between close to
the c-axis and on the (0001) great circle.

Although it is known that twinning deformation plays
an important role in the deformation of polycrystalline
titanium, the experimental results from indentation into
several orientations did not show any sign of twinning
activity and this observation is discussed below.

B. CPFEM simulation of the
orientation-dependent upheaval and
parameter identification

Table IV presents the values for the initial shear
strength, 1y, after 300 iterations of the simplex optimiza-
tion procedure. Also given is the standard deviation of the
parameters from the seven parameter sets that resulted in
the minimum values of the objective function. The
parameters /o and a were fixed to values 200 MPa and
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TABLE II. Experimentally measured orientations of selected indented grains of commercial purity titanium (CP-Ti), sample A.

Grain Indent Bunge Euler angles (degrees) Indentation axis, [uviw] (€, m) (degrees) In-plane rotation angle (degrees)
1 130 53.0, 66.0, 329.0 [12 -6 —6 5] 1, 66 218.1
2 13i 107.9, 26.0, 277.7 [32-510] 52,26 214.4
6 10m 77.3, 81.0, 261.4 [14 =5 -9 2] 9, 81 201.3
7 6a 95.0, 86.4, 239.4 [26 1 —27 2] 31, 86 206.1
8 60 186.0, 50.8, 169.0 [41-54] 41, 51 125.0
10 6h 75.6, 87.0, 276.7 96 —-151] 53, 87 247.7
11 6k 268.3, 55.5, 89.7 [6 —3 —34] 0, 56 2.0
14 la 101.6, 114.3, 221.2 [14 =5 =9 6] 10, 66 179.8

The indentation axis indices are calculated with a misorientation tolerance of 1°.

TABLE III. Experimentally measured pileup heights of highest, Ay,
and second highest, /1y, pileup for selected indents in sample CP-Ti 2-3.
Also given is the remaining indent depth, /., as measured by atomic
force microscopy, the pileup ratio, defined as hem/hp1, and the angle
between the indentation axis and the c-axis of the crystal, 7.

Grain Indent hpp (um) gy (M) Aren, (um)  Pileup ratio, Ap/hrem M

1 130 0.125 0.124 0.251 0.50 66°
2 131 0.021 0.015 0.188 0.11 26°
6 10m 0.192 0.166 0.258 0.74 81°
7 6a 0.207 0.167 0.252 0.82 86°
8 60 0.104 0.082 0.211 0.49 51°
10 6h 0.179 0.175 0.259 0.69 87°
11 6k 0.132 0.130 0.228 0.58 56°
14 la 0.181 0.112 0.241 0.75 66°

TABLE IV. Identified parameters of the crystal plasticity model for
prismatic {a)-dislocation glide, basal {a)-dislocation glide, and pyra-
midal {c + a) systems.

Type T9 (MPa) T, (MPa) CRSS ratio
Prismatic <a>-glide 150 = 4 1502 = 125 1
Basal <a>-glide 349 = 10 568 = 17 2.3
Pyramidal <c + a>-glide 1107 = 39 3420 = 202 74

The identified parameters were the initial slip resistances, T, and the
saturation slip resistances, t,. The CRSS ratios were calculated from the
initial shear strengths. The constant parameters of the model were m = 20,
Yo = 0.001 s', hy = 200 MPa, a = 2.0.

2.0, respectively. The strain rate sensitivity parameter,
m, was set to 20 and the reference shear rate, J, was
0.001 s~

The two selected indents for which the simultaneous
optimization was carried out are shown in Fig. 5 together
with the corresponding AFM topographies. Indent 6a/G7
had an indentation axis close to [1 0 1 0] and the axis of
indent 130/G1 was close to the [2 11 1] direction.

130 had comparable Schmid factors for prismatic and
basal glide if uniaxial compression is assumed.

To validate the identified set of parameters, two ad-
ditional orientations from Table II were simulated to
compare the results directly to the AFM data from experi-
ments. For the orientation of indent 131/G2, a maximum

indentation depth of 0.21 pum was prescribed resulting in
a remaining depth of 0.17 pum after unloading. For the
simulation of indent 60/G8 the maximum depth was
0.250 pm, which on unloading relaxed exactly to the re-
maining indent depth of the experimental counterpart
(0.21 pm). In both of the validation simulations, the
topographic error was smaller than for the indents on which
the optimization was based. For indent 13i/Gla, very low
level of pileup was predicted as also present in the experi-
ments. The simulated pileup pattern of indent 60/G8 is very
similar to the one recorded by AFM.

Figure 6 shows the orientation-dependent pileup be-
havior of a-titanium as simulated with the identified CPFE
parameters. All simulations were performed for a maxi-
mum indentation depth of 0.3 um. Good agreement was
found with the experimentally observed pileup profiles.
The pileup heights decrease for indentation closer to the
c-axis as it was also observed in the experiments.

Figure 7 presents the orientation dependence of the
simulated indentation depths at 6 mN load. There is re-
markable agreement with the experimental data (Fig. 3) for
the general trend of decreasing indentation depths toward
the [0 0 O 1] indentation axis. Both figures also seem to
agree in that of the soft directions [2 11 0] is possibly
slightly easier to indent in comparison to the [1 0 1 0]
direction.

VI. DISCUSSION
A. Pileup and hardness anisotropy of o-titanium

The measured orientation dependence of the hardness
is in good agreement with the literature.***? Using
Berkovich indenters, the previous authors have found
a similar hardness anisotropy as observed in the present
experiments with a maximum for [0001]-indentation.
Recent research has shown that quantifying the hardness
based on the Oliver—Pharr approach is problematic in
the presence of pronounced piling-up.** Therefore, in-
stead of hardness values, we mostly present indentation
depths here. The orientation dependence of indentation
depths is not affected by possibly significant systematic
errors that might be introduced during the calculation of
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FIG. 5. (a, b) Experimental (top row) and simulated (middle row) topographies for indents 6a and 130 from sample A, which were selected for
identification of the crystal plasticity finite element (CPFE) parameters. Also shown is the difference between the experimental and simulated surface
profiles (bottom row), which was used to calculate the topography contribution, Giopo = Z Az, to the objective function. (c, d) The results for two
additional orientations that were simulated with the identified parameters from (a, b). Note that the color legends of the surface upheaval are consistent

only for each column’s experimental and CPFE topographies.

noio

[0001]

FIG. 6. Simulated inverse pole figure of pileup topographies of
o-titanium. A number of orientations (22) throughout the unit triangle
of o-Ti were simulated with the parameters given in Table IV. Regions
below the zero level are shown in blue and pileup is shown in grayscale.
The contour lines are starting at —0.04 and 0.04 pm for sink-in and
pileup, respectively, and lines are drawn every 0.04 um. The in-plane
orientation of the topographies follows Ref. 1 and is described in the
text. To avoid overlap, seven topographies are positioned next to the
stereographic projection of their respective indentation axes, which are
marked by a dot.

a nanohardness based on an estimation of contact areas
solely from the depth.

The experimentally measured pileup topographies
from different grains with nearly identical crystallographic

[0001] e —— 210

170 180 190 200 210 220 230 240 250nm
h (6mN)
FIG. 7. Simulated orientation dependence of the indentation depth, A,

at 6-mN load. The values are reported for the loaded condition of the
finite element model.

indentation direction are virtually identical when rotated
into a common coordinate system as described above and
in Ref. 1. This means that the indentation into a certain
crystallographic direction reproducibly results in character-
istic pileup patterns that are largely unaffected by possibly
existing heterogeneous residual stress fields or other influ-
ences in the microstructure.

The variation of the pileup ratios over about an order
of magnitude seems to be characteristic for the orientation-
dependent indentation response of o-titanium. The change
in pileup heights is much larger than what could be ex-
plained by the different indentation depths. Clearly the
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orientation dependence of crystallographic slip mechanisms
is related to the formation of the pileup.

The anisotropic pileup of CP-titanium is in good
agreement with previously reported data on Vickers
indentation of beryllium at 300 oc® showing pronounced
prismatic slip activity. It is also in good agreement with
pileup figures recorded for axisymmetric indentation of
hexagonal o-Ti3AL*

B. Absence of mechanical twins after
single-crystal indentation of CP-Ti

No twins were found in EBSD maps taken after in-
dentation. The AFM topographies did not show any twin-
shaped surface features as reported in other works.*’
Furthermore, the load—displacement curves did not exhibit
load drops that could be connected to subsurface twinning.
The absence of mechanical twins could either be due to the
quasi-single-crystal indentation in which no stress con-
centrations by incompatible plastic deformation at grain
boundaries occurred. Another possible explanation is that
the deformation under the indent is more constrained than
for uniaxial deformation experiments. Small-scale com-
pression experiments on micropillars showed twinning to
operate at pillar diameters of 8 um.*® During nanoinden-
tation into a single-crystalline half-space, there are much
fewer degrees of freedom as compared to deformation of
samples with a high surface-to-volume ratio. The twins
that developed in micropillar compression studies may
have formed because the free surface can easily accom-
modate the large shape changes at the surface without
having to plastically accommodate the necessary shape
changes that arise from twinning. In contrast, for the case
of nanoindentation, the elastic strain energy must be used
to distort the untwinned surrounding material and to
accomplish plastic deformation of both, the twins and
the parent material. This situation is also closer to the
conditions in the interior of polycrystalline materials,
where grain deformation is constrained by the compati-
bility requirements imposed by neighboring crystallites."'
The main difference is that uniaxial deformation does not
impose a hydrostatic state of stress in the manner caused
by indentation.

However, a counterexample may be considered with
regard to the micropillar deformation experiments pre-
sented by Yu et al.,*® which demonstrated a size de-
pendence of mechanical twinning with a transition to pure
dislocation glide, which operated for pillar diameters
below 1 um. In contrast, larger pillars and earlier studies
of macroscale single-crystal deformation of titanium often
showed high twinning activities.'® It should also be
mentioned that no twinning has been observed for nano-
indentation into the y-TiAl phase.' In the presence of grain
and phase boundaries, however, y-TiAl is known to show
pronounced twinning.

The results suggest that the lack of grain boundaries
and/or the hydrostatic compression component of the
stress tensor may frustrate twin nucleation in titanium.

C. Discussion of simulation results

Remarkable agreement was observed between details
of the experimentally measured pileup and the simulation
results. The pronounced piling-up of material on opposite
sides of the indent in all orientations away from [0001]
indentation was captured in the simulations. Analysis of
the shear contributions from the individual deformation
systems revealed a high slip activity on the prismatic slip
systems in these orientations. This finding could be
expected based on the assumed easy activation of pris-
matic slip in the model and on the significant resolved
shear stresses on prismatic slip systems for orientations
perpendicular to the c-axis. Correspondingly, the easy
activation of prismatic slip in the studied material was
identified as the dominant influence on the indentation
pileup behavior of a-titanium.

Finer details of the anisotropic pileup behavior were
also observed. For example, there is an extended sink-in
groove of semielliptical shape to the left of indent
130/G1, Fig. 4. Its depth is approximately 10 nm at its
center, and the formation of this very slight sink-in is
reproduced also in the corresponding CPFE result. On the
other hand, many indentations in the cluster of indented
orientations around indent 1a/G14, close to the [2 1 1 1] axis,
showed a slight asymmetry of the pileup heights between the
upper and lower protrusions. This behavior is not repro-
duced exactly in the CPFE results. It is improbable that this
pileup asymmetry is due to tip-shape deviations from the
ideal geometry that was used in the simulations, because the
topographies are measured with differently orientated tip
positions. The discrepancies could be explained by the
relatively crude approach to the latent hardening or other
unidentified insufficiencies of the constitutive model. Liu
et al.** have shown the influence of the strain rate sensitivity
on the load—displacement curves. In the present simulations,
the parameter m was fixed. The reason was that the
simulation work focused on identifying activated slip
systems based on the surface topography of the indent rather
than on the load—displacement curves.

D. Automated identification of constitutive
parameters by nonlinear optimization

Bolzon et al.”® performed the first optimization of
constitutive parameters based on surface topographies.
This initial contribution was later extended to the op-
timization of Hill’s anisotropic perfect elastoplasticity
parameters.”’ In these previous works, the simulated
topographies were compared against pseudoexperimen-
tal pileup topographies. Yonezu et al.>* have presented
the inverse analysis of anisotropic pileup from spherical
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indentation of polycrystals. Here, we demonstrated the
first identification of single-crystal constitutive para-
meters based on pileup topographies from indentation
experiments.

From initial optimization runs based on individual
experimental data sets, it was found that a single indent
orientation will often not produce satisfying results
during the parameter identification. If all Schmid factors
for one of the potentially activated slip system families
are very low, and consequently negligible amounts of
shear are expected, the optimization showed bad conver-
gence behavior. This was observed for example for indent
6a/G7 with an orientation close to [1 0 1 0]. In this case,
the basal slip systems are difficult to activate because the
basal plane is nearly perpendicular to the indented surface
(m = 86°). Consequently, unsatisfactory convergence was
observed with large oscillations of the basal <a>-glide slip
and hardening parameters.

To avoid this erratic behavior, simultaneous optimiza-
tion of the constitutive parameters on more than one
indented orientation was performed. In the case of indent
130/G1, the basal plane is inclined by 66° with the
indented surface and therefore significant resolved shear
stresses act on the basal slip systems. This orientation is
better suited to identify the effect of different CRSS ratios
of the prismatic and basal slip systems. The most robust
convergence behavior, however, is observed if both
orientations are taken into account for the optimization
process. For such sets of two suitably selected orientations,
the optimization routine converged reproducibly toward
the same CRSS values for the basal, prismatic, and
pyramidal deformation systems. The identified parame-
ters, and especially the relative CRSS values as expressed
by the CRSS ratios, were in good agreement with the
values that are found in the literature, Table V. It is an
important aspect of our approach to the extraction of
single-crystal CRSS and hardening parameters that it
allows such a direct comparison of the determined
single-crystal mechanical properties to results from other
types of deformation experiments.

The CRSS value for the most active prismatic slip
systems is expected to be determined with good accuracy
by the parameter identification. The values for the less
active slip systems should be taken with caution. For

TABLE V. Comparison of CRSS values and ratios from this work and
from literature.

CRSS (MPa),

pri.:bas.:pyr. CRSS ratio Material Reference
150:349:1107 1:2.3:74 CP-Ti (grade 2) This work
181:209:474 1:1.2:2.6 CP-Ti (grade 1) 53
60:120:180 1:2:3 CP-Ti 6
60:300:240 1:5:4 CP-Ti (PX,810 wppm O) 5
30:150:120 1:5:4 HP-Ti (PX) 5

the saturation shear stress values, T,, other influences of
the constitutive formulation used have to be taken into ac-
count. For example, the latent hardening description used
in the simulations is most probably not adequate for a
realistic description of the complex interactions of
different types of dislocations moving on various glide
planes.

Here, the choice of only a few identified parameters
was made to simplify and accelerate the optimization
process. The method, however, is not limited to the set
of free parameters used. With a more appropriate set of
constitutive parameters that also includes the cross-
hardening coefficients, the determination of the consti-
tutive response with better precision seems possible. In
general, the quality of the identified constitutive re-
sponse is expected to be limited mainly by the accuracy
of the experimental data and of the used constitutive
description.

E. Methodological aspects

The advantages of using conical indenters include
minimization of experimentally imposed anisotropic de-
formation, so that the measured anisotropy is only from
the material. In contrast, pileup topographies from
Berkovich indentations increase the effort required for
evaluation of the pileup pattern because the in-plane
orientation of the indenter has to be taken into account.
Specimen preparation is also much simpler than the use
of micropillars, where surface and size effects introduce
important variables that must be considered. Only a flat
(electro-) polished surface of a moderately large grain
size sample is needed to perform the experiments. The
only geometric influence comes from the indenter tool.
Axisymmetric geometries with small tip radii are difficult
to make. Since precise control of the tip radius at length
scales below 1 pm seems to be impossible today, inden-
tation loads that will produce indents of sufficient size to
reduce the tip radius influence are necessary. The influence
of different tip shapes can be largely excluded if the same tip
is used for comparative studies as in the present example.
The more anisotropic the plastic flow of the investigated
material is, the more important is the use of axisymmetric
indenters.

It would be beneficial to perform indentation to
a constant depth and analyze the orientation dependence
of the peak load. Force measurement is, however, the
most precise and robust data acquisition method during
instrumented indentation. Force measurements are not
affected by thermal drift or calibration of the indenter
stiffness. It is also not affected by many other mechanical
influences such as tip alignment from replacement of the
tip during multiple session experiments and unforeseen
variations from more complex loading strategies.

Open questions exist for the presented approach that
have not been addressed above: non-Schmid effects and
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a tension/compression asymmetry seem to influence the
slip properties of titanium.** Due to the high hydrostatic
stresses that are present during indentation, the slip
response might be modulated. Also, size effects that might
influence the plastic flow at the investigated length scale
need further attention.>*

Finally, the identification of active slip and cross-slip
mechanisms that cause the observed pileup profiles cer-
tainly requires further efforts from experimentation and
modeling. Improved understanding of the orientation-
dependent plastic flow during indentation for several re-
lated alloys will provide a method to produce and study
specific dislocation reactions with reduced effort in com-
parison to classical single-crystal and TEM experiments.

VIl. CONCLUSIONS

The recently developed combined technique of nano-
indentation, EBSD, pileup analysis, and CPFEM simu-
lation was successfully applied to commercial purity
titanium to analyze the deformation mechanisms. The
relative activity of plastic deformation mechanisms is
more easily analyzed using an axisymmetric indenter.
The pileup analysis showed that prismatic glide is the
predominant deformation mechanism in o-titanium of
commercial purity. This is in good agreement with other
studies that used different deformation methods. The
absence of mechanical twinning during nanoindentation
indicates that homogeneous nucleation of twins is more
difficult in single-crystal conditions under combined
uniaxial and hydrostatic compression used with indenta-
tion. Thus, the pronounced twinning commonly observed
on surfaces of deformed o-Ti may be related to stress
concentrations that arise from incompatible flow of the
highly anisotropic grain disorientations.

The evaluation of orientation-dependent pileup shapes
allows for rapid assessment of the prevailing deformation
systems in plastically anisotropic materials. The method
is generally applicable to crystals with arbitrary symme-
tries. Once the orientation-dependent pileup shapes have
been charted, they can be used as look-up tables: the
most probably activated deformation systems of less-
understood or novel compounds could be quickly de-
rived because the orientation-dependent pileup is similar
for different phases that have a similar crystallographic
structure and primary deformation systems.

The systematic study of orientation-dependent pileups
from axisymmetric indentation can be applied to analyze
the single-crystal deformation of a-titanium with good
accuracy. The largest advantage in comparison with clas-
sical single-crystal experiments is that the laborious growth
and orientated cutting of the specimens is avoided com-
pletely by the method. The method could be extended
straightforwardly to investigate elevated temperature plas-
ticity and effects of alloying. New methods or materials may

be required for indentation at high temperatures. Extension
to alloyed titanium could provide information about the
deformation behavior of the a-phase in alloys for which the
o-phase cannot be grown in monocrystalline form.

REFERENCES

1. C. Zambaldi and D. Raabe: Plastic anisotropy of gamma-TiAl
revealed by axisymmetric indentation. Acta Mater. 58,3516 (2010).

2. G. Liitjering and J.C. Williams: Titanium (Engineering Materials
and Processes) (Springer, Berlin, Germany, 2007).

3. T.R. Bieler, R.M. Trevino, and L. Zeng: Alloys: Titanium, in
Encyclopedia of Condensed Matter Physics (Elsevier, Oxford,
2005), pp. 65-76.

4. F.P.E. Dunne, A. Walker, and D. Rugg: A systematic study of hcp
crystal orientation and morphology effects in polycrystal deforma-
tion and fatigue. Proc. R. Soc. London, Sect. A 463, 1467 (2007).

5. X. Wu, S. Kalidindi, C. Necker, and A. Salem: Modeling
anisotropic stress-strain response and crystallographic texture evo-
lution in alpha-titanium during large plastic deformation using
Taylor-type models: Influence of initial texture and purity. Metall.
Mater. Trans. A 39, 3046 (2008).

6. L. Wang, R. Barabash, Y. Yang, T. Bieler, M. Crimp, P. Eisenlohr,
W. Liu, and G. Ice: Experimental characterization and crystal
plasticity modeling of heterogeneous deformation in polycrystalline
alpha-Ti. Metall. Mater. Trans. A 42, 626 (2011).

7. W. Hutchinson and M. Barnett: Effective values of critical resolved
shear stress for slip in polycrystalline magnesium and other hcp
metals. Scr. Mater. 63, 737 (2010).

8. T. Ungdr, G. Ribdrik, L. Balogh, A.A. Salem, S.L. Semiatin, and
G.B. Vaughan: Burgers vector population, dislocation types and
dislocation densities in single grains extracted from a polycrystalline
commercial-purity Ti specimen by X-ray line-profile analysis. Scr.
Mater. 63, 69 (2010).

9. C.J.Bettles, P.A. Lynch, A.W. Stevenson, D. Tomus, M.A. Gibson,
K. Wallwork, and J. Kimpton: In situ observation of strain evolution
in CP-Ti over multiple length scales. Metall. Mater. Trans. A 42,
100 (2010).

10. T.R. Bieler, P.D. Nicolaou, and S.L. Semiatin: An experimental and
theoretical investigation of the effect of local colony orientations
and misorientation on cavitation during hot working of Ti-6Al-4V.
Metall. Mater. Trans. A 36, 129 (2005).

11. T.B. Britton, S. Birosca, M. Preuss, and A.J. Wilkinson: Electron
backscatter diffraction study of dislocation content of a macrozone
in hot-rolled Ti-6Al-4V alloy. Scr. Mater. 62, 639 (2010).

12. Y. Yang, L. Wang, T. Bieler, P. Eisenlohr, and M.A. Crimp:
Quantitative atomic force microscopy characterization and crystal
plasticity finite element modeling of heterogeneous deformation in
commercial purity titanium. Metall. Mater. Trans. A 42, 636
(2011).

13. T. Bieler, P. Eisenlohr, F. Roters, D. Kumar, D. Mason, M. Crimp,
and D. Raabe: The role of heterogeneous deformation on damage
nucleation at grain boundaries in single phase metals. Int. J. Plast.
25, 1655 (2009).

14. S. Zaefferer: A study of active deformation systems in titanium
alloys: Dependence on alloy composition and correlation with
deformation texture. Mater. Sci. Eng., A 344, 20 (2003).

15. P. Franciosi and A. Zaoui: Multislip in f.c.c. crystals a theoretical
approach compared with experimental data. Acta Metall. 30, 1627
(1982).

16. P. Franciosi: The concepts of latent hardening and strain-hardening
in metallic single-crystals. Acta Metall. 33, 1601 (1985).

17. A.T.Churchman: The slip modes of titanium and the effect of purity
on their occurrence during tensile deformation of single crystals.

366 J. Mater. Res., Vol. 27, No. 1, Jan 14, 2012



C. Zambaldi et al.: Orientation informed nanoindentation of a-titanium: Indentation pileup in hexagonal metals deforming by prismatic slip

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Proc. R. Soc. London, Ser. A 226, 216, http://www jstor.org/stable/
99430 (1954).

N.E. Paton and W.A. Backofen: Plastic deformation of titanium at
elevated temperatures. Metall. Trans. B 1, 2839 (1970).

T. Sakai and M.E. Fine: Plastic-deformation of Ti-Al single-crystals
in prismatic slip. Acta Metall. 22, 1359 (1974).

A. Akhtar: Basal slip and twinning in alpha-titanium single-
crystals. Metall. Trans. A 6, 1105 (1975).

M.P. Biget and G. Saada: Low-temperature plasticity of high-purity
alpha-titanium single-crystals. Philos. Mag. A 59, 747 (1989).
J.C. Williams, R.G. Baggerly, and N.E. Paton: Deformation
behavior of HCPTi-Al alloy single crystals. Metall. Mater. Trans.
A 33, 837 (2002).

D. Raabe, D. Ma, and F. Roters: Effects of initial orientation,
sample geometry and friction on anisotropy and crystallographic
orientation changes in single crystal microcompression deforma-
tion: A crystal plasticity finite element study. Acta Mater. 55, 4567
(2007).

L. Wang, P. Eisenlohr, Y. Yang, T. Bieler, and M. Crimp: Nu-
cleation of paired twins at grain boundaries in titanium. Scr. Mater.
63, 827 (2010).

1.J. Beyerlein, L. Capolungo, P.E. Marshall, R.J. McCabe, and
C.N. Tome: Statistical analyses of deformation twinning in
magnesium. Philos. Mag. 90, 4073 (2010).

F. Roters: Application of crystal plasticity fem from single crystal to
bulk polycrystal. Comput. Mater. Sci. 32, 509 (2005).

F. Roters, P. Eisenlohr, L. Hantcherli, D.D. Tjahjanto, T.R. Bieler,
and D. Raabe: Overview of constitutive laws, kinematics, homog-
enization, and multiscale methods in crystal plasticity finite element
modeling: Theory, experiments, applications. Acta Mater. 58, 1152
(2010).

S.R. Kalidindi, C.A. Bronkhorst, and L. Anand: Crystallographic
texture evolution in bulk deformation processing of fcc metals.
J. Mech. Phys. Solids 40, 537 (1992).

E.H. Lee: Elastic-plastic deformation at finite strains. J. Appl. Mech.
36, 1 (1969).

J. Hutchinson: Bounds and self-consistent estimates for creep of
polycrystalline materials. Proc. R. Soc. London, Ser. A 348, 101
(1976).

D. Peirce, R.J. Asaro, and A. Needleman: Material rate dependence
and localized deformation in crystalline solids. Acta Metall. 31,
1951 (1983).

R.J. Asaro and A. Needleman: Overview 42. Texture development
and strain-hardening in rate dependent polycrystals. Acta Metall.
33, 923 (1985).

D. Peirce, R.J. Asaro, and A. Needleman: An analysis of non-
uniform and localized deformation in ductile single-crystals. Acta
Metall. 30, 1087 (1982).

M.S.C. Software: MARC2010, Volume D—User Subroutines and
Special Routines. MSC.Software Corp. (2010).

A.K. Bhattacharya and W.D. Nix: Finite-element simulation of
indentation experiments. Int. J. Solids Struct. 24, 881 (1988).

Y. Liu, B. Wang, M. Yoshino, S. Roy, H. Lu, and R. Komanduri:
Combined numerical simulation and nanoindentation for determin-
ing mechanical properties of single crystal copper at mesoscale.
J. Mech. Phys. Solids 53, 2718 (2005).

J. Mater. Res., Vol. 27, No. 1, Jan 14, 2012

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

S1.

52.

53.

54.

55.

G. Simmons and H. Wang: Single Crystal Elastic Constants and
Calculated Aggregate Properties: A Handbook (MIT Press, Cam-
bridge, MA, 1971).

J. Nelder and R. Mead: A simplex method for function minimiza-
tion. Comput. J. 7, 308 (1965).

W. Press, S. Teukolsky, W. Vetterling, and B. Flannery: Numerical
Recipes C++ (Cambridge University Press, Cambridge, U.K.,
2007).

M. Grujicic and S. Batchu: A crystal plasticity materials constitu-
tive model for polysynthetically-twinned gamma-TiAl+alpha(2)-
Ti3Al single crystals. J. Mater. Sci. 36, 2851 (2001).

Gwyddion: Free AFM Data Analysis Software. http://gwyddion.net
(2004-2009).

G. Viswanathan, E. Lee, D.M. Maher, S. Banerjee, and H.L. Fraser:
Direct observations and analyses of dislocation substructures in the
alpha-phase of an alpha/beta Ti-alloy formed by nanoindentation.
Acta Mater. 53, 5101 (2005).

E. Merson, R. Brydson, and A. Brown: The effect of crystallo-
graphic orientation on the mechanical properties of titanium. J. Phys
Conf. Ser. 126, 1 (2008).

Y. Lee, J. Hahn, S. Nahm, J. Jang, and D. Kwon: Investigations on
indentation size effects using a pile-up corrected hardness. J. Phys.
D: Appl. Phys. 41, 074027 (2008).

K. Tsuya: Effect of temperature on hardness anisotropy of beryl-
lium single crystals. J. Nucl. Mater. 22, 148 (1967).

C. Zambaldi: Micromechanical Modeling of y-TiAl Based Alloys,
Dissertation RWTH Aachen (Shaker Verlag, Aachen, Germany,
2010), http://darwin.bth.rwth-aachen.de/opus3/volltexte/2011/3607/.
Y. Gaillard, A.H. Macias, J. Mufioz-Saldafia, M. Anglada, and
G. Trdpaga: Nanoindentation of BaTiO;: Dislocation nucleation
and mechanical twinning. J. Phys. D 42, 085502 (2009).

Q. Yu, Z. Shan, J. Li, X. Huang, L. Xiao, J. Sun, and E. Ma: Strong
crystal size effect on deformation twinning. Nature 463, 335 (2010).
Y. Liu, S.V.J. Ma, M.Y.H. Lu, and R. Komanduri: Orientation
effects in nanoindentation of single crystal copper. Int. J. Plast. 24,
1990 (2008).

. G. Bolzon, G. Maier, and M. Panico: Material model calibration by

indentation, imprint mapping and inverse analysis. Int. J. Solids
Struct. 41, 2957 (2004).

M. Bocciarelli, G. Bolzon, and G. Maier: Parameter identification in
anisotropic elastoplasticity by indentation and imprint mapping.
Mech. Mater. 37, 855 (2005).

A. Yonezu, Y. Kuwahara, K. Yoneda, H. Hirakata, and
K. Minoshima: Estimation of the anisotropic plastic property using
single spherical indentation—An FEM study. Comput. Mater. Sci.
47, 611 (2009).

J. Gong and A.J. Wilkinson: Anisotropy in the plastic flow
properties of single-crystal o-titanium determined from micro-
cantilever beams. Acta Mater. 57, 5693 (2009).

E. Demir, D. Raabe, N. Zaafarani, and S. Zaefferer: Investigation of
the indentation size effect through the measurement of the geo-
metrically necessary dislocations beneath small indents of different
depths using EBSD tomography. Acta Mater. 57, 559 (2009).

G. Pharr, E. Herbert, and Y. Gao: The indentation size effect: A
critical examination of experimental observations and mechanistic
interpretations. Annu. Rev. Mater. Res. 40, 271 (2010).

367



