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Indentation tests with large penetration depths have been used to study the plastic deformation behavior
of materials. In this work, finite element simulations of wedge indentation into face-centered cubic
single crystals were performed. Numerical solutions to the stresses and shear strains within the single
crystals indented with a relatively large penetration depth were obtained. The crystal lattice rotation map
of the indented crystals was also shown. Indentation experiments were conducted on copper crystals
and the results were used to validate the numerical predictions. Comparison of the numerical solutions
to the crystal lattice rotation with the experimentally measured lattice rotation map was made. The
main features of the crystal lattice in-plane rotation map from the finite element simulations are also
found on the map developed from the electron backscatter diffraction measurements. Both simulations
and experimental measurements reveal the same dislocation structures as evidenced by the slip sectors
underneath the wedge indentation zone.

1. Introduction

Indentation is useful for obtaining load-displacement data and the data may be used for mechanical
property evaluation [Beghini et al. 2006], post-yielding analysis [Habbab et al. 2006], and materials
rheology study [Bigot et al. 2005]. Vlassak and Nix [1994] measured the elastic properties of anisotropic
materials such as copper and brass under indentation. The indentation size effect was studied to reveal
the variation of measured properties with the applied loading levels. Based on the indentation studies on
titanium and aluminum, it is found that the contact surface area between the specimens and the indenter
causes the variation of microhardness [lost and Bigot 1996]. In the work performed by Gerberich et al.
[2002], the indentation size effect is correlated to the ratio of the energy of newly created surface and
the plastic strain energy dissipation. The ratio of contact surface area to plastic volume remains constant
if the indentation depth is within several hundred nanometers. Another phenomena related to shallow
indentation, the surface step effect, was found [Zimmerman et al. 2001], meaning that the load needed
to nucleate dislocations decreases significantly when indenting close to a surface step.

From indentation tests, important information about dislocation activities within materials can be
obtained. For example, Kysar et al. [2007] used indentation data to calculate the geometrically necessary
dislocation density. The condition for dislocation pile-up under a conical nanoindenter is determined by
Zaafarani et al. [2008]. Bhattacharya and Nix [1991] showed how to determine the shapes of plastic
zones under indenters. They also clarified the effects of shear modulus, bulk modulus and indenter
angle on the hardness of hard and soft materials. Laursen and Simo [1992] provided an approach to
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computing the hardness, contact stiffness, effective composite modulus, and surface profile under load
and thus the amount of pileup (or sink-in) around the indenter in the fully loaded configuration, as well
as the variation of the actual contact area during indenter withdrawal, can be predicted. Marx and Balke
[1997] identified the influence of material properties on the unloading response. Bolshakov and Pharr
[1998] showed how to use indentation load-displacement data to identify when pileup occurs. The work
performed by Giannakopoulos et al. [1994] evaluated the hardness formulae for materials under Vickers
indentation tests.

Studies of spherical indentation into a half-space have been performed for a long time, as shown in the
works performed by Follansbee and Sinclair [1984], Sinclair et al. [1985], and Hill et al. [1989], which
provide important information about hardness, contact pressure distributions, and the transition from the
initial elastic regime to the fully plastic contact regime. Cylindrical indentation induced deformation in
face-centered cubic (FCC) metal single crystals was examined in our earlier work [Gan et al. 2007]. For
sharp indentation tests using conical, pyramidal, or wedge indenters, the behavior of tested materials may
not be deduced directly. So, numerical simulations were used [Pelletier 2006] to predict the deformation
of the indented region. For example, Qu et al. [2006] used finite elements (FE) to simulate the mechanism-
based strain gradient plasticity in an indented iridium specimen. Indentation with small or moderate
penetration depth has been studied for evaluating the elastic-plastic properties of materials such as thin
films [Zhao et al. 2006; 2007]. Deep penetrating indentation tests may be used to study the plastic
deformation behavior of materials. At the micron length scale, materials often exhibit heterogeneous
behavior as shown by Rashid et al. [1992] via the slip of copper single crystals at different loading
rates. Havner and Yu [2005] analyzed the finite double slip behavior in FCC crystals. The number and
orientation of active slip systems are dependent and may vary during an indentation test [Bouvier and
Needleman 2006]. Constitutive modeling of materials at different finite deformation states was performed
[Naghdabadi et al. 2005]. A deformation gradient based kinematic hardening model was reported [Wallin
and Ristinmaa 2005]. Lattice orientation effects on plastic deformation and damage evolution in FCC
single crystals were also studied [Potirniche et al. 2006].

The work on simulations of indentation into single crystals spans atomic discrete simulations [Miller
et al. 2004], nanoscale plasticity simulations [Horstemeyer et al. 2001], mesoscale investigation [ Yoshino
et al. 2001], micromechanics based FE analysis [Premachandran and Horii 1994], and quasicontinuum
analysis [Tadmor et al. 1996]. For example, the simulation at atomic scale levels using molecular dynam-
ics methodologies was presented by Miller et al. [2004]. Atomistic simulations of elastic deformation and
dislocation nucleation during nanoindentation were performed by Lilleodden et al. [2003]. Horstemeyer
et al. [2001] investigated the structure-property relations for plasticity at different length scales through
simulations using embedded atom potentials. Three dimensional finite element simulations of disloca-
tion nucleation under indentation were investigated based on the analysis of nanoscale contact of single
crystal copper by a cylindrical indenter [Zhu et al. 2004], and by a conical indenter [Wang et al. 2004].
Based on three dimensional FE analysis, the complex equilibrium crack front of indentation into thin
film coated on a thick silicon crystal substrate was identified [Xia et al. 2004], and the indent-induced
plastic zone in FCC crystals was defined [Fivel et al. 1998]. Simulation of the strain gradient effects
on a microscopic strain field was also performed [Shu and Barlow 2000]. Quasicontinuum analysis
[Tadmor et al. 1996] allows us to obtain simultaneous solutions for continuum and atomistic length
scales. However, the computation (either atomistic or multiscale) is very expensive and not applicable to
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large length scales. It cannot simulate very deep indents. Therefore, FE simulations of indentation into
single crystals were used to predict the plastic properties of single crystals, for example, Al, Ni, and Pb
[Xu and Rowcliffe 2002], and MgO [Yoshioka 1991; Xu and Rowcliffe 2002]. However, there is very
little work on validating the numerical solutions using experimental results.

In this work, we simulated the wedge indentation in copper single crystals with special orientations.
Comparison of the finite element solutions with experimental results was made. The paper is organized
as follows. First, the numerical simulations based on finite deformation theory of single crystal plasticity
will be presented. Implementation of finite element simulations will be delineated. Second, indentation
test procedures will be given and the lattice rotation measurement will be briefly described. Then, stress,
shear strain, and in-plane lattice rotation solutions from the FE simulations will be given. Subsequently,
the indentation experimental results will be presented. Following that, comparison of the numerical
solutions and the experimentally measured lattice rotation results will be carried out to validate the finite
element solutions. The novelty of this work is in testing the numerical predictions through experimental
results.

2. Finite element simulation

The finite element analysis was performed using the commercial software ABAQUS. A user-material
subroutine for single crystal plasticity was used in implementation of the simulations for copper single
crystals. The subroutine is based on the framework of kinematical theory for the mechanics of single
crystals [Turkmen et al. 2004]. For the finite deformation of single crystals,

n
D+Q=FF"'  D'+Q° =) i®sHem®,
k=1

where F is the deformation gradient, D stands for the symmetric stretching tensor and Q is the spin
tensor, which can be decomposed into elastic parts () and plastic parts (-¥). The superscript k denotes
the k-th slip system, 7 %) is the shear strain rate, n is the total number of the active slip systems, s® and
m® are unit vectors along the slip direction and normal to the slip plane in the reference configuration,
respectively.

The constitutive relation for single crystals under finite deformation is 640 (I: ﬁ) =L : D, where
L is the tensor of elastic moduli and & is the corotational stress rate on axes that rotate with the crystal
lattice. & can be expressed as 6=6+ Q- f))a — 0 (Q—Q), where & is the corotational stress rate on
axes rotating with the material, which is 6 = ¢ — Qo + ¢ Q. The Schmid stress and the rate of Schmid
stress are given as

0 = Ih(k)@aé(k), :® = @p® [3 +o(I:D)+oD— ﬁo]é(k),
p
where po and p are the mass density in the reference and current states, respectively. 7*) is the resolved
shear stress onto the k-th slip system.
To find j ® we used a rate-dependent relation for single crystals as proposed by Hutchinson [1976]:
()
T

¢®

m

b

j © =7, sgn[« @]




1432 YONG X. GAN, XI CHEN AND MANHONG ZHAO

where 7, is the reference strain rate, ® is the applied resolved shear stress, m is the rate sensitivity
exponent, and g% is related to the critical resolved shear stress of the k-th slip system.
The evolution of strength is related to the strain rate, y, and the slip hardening moduli A; by

n
g0 =2 huj?
=1

The hardening moduli are found in different forms depending on the model used [Kysar 2001]. In the
Bassani—Wu hardening model, Ay, takes the form

(ho —ho)y )
Too — 70

hix = {(ho — hoo) cosh2|:

hii = qhik, (k #1)

+h00:|+hoo}G(y(l)),

where Ay is the initial value of hardening modulus, and s is the saturated value of hardening modulus.
7o 1s the initial value of g(k). Too 1S the stress at which hardening moduli reach h,. G is a function
related to cross-hardening that occurs between slip systems.

In order to formulate the finite element program, the increment of shear strain is formulated as

—l—Ar(k)

Ay® —(1—@)Arj® — @A ® 0 o -
& +Agh

where @ is the interpolation parameter which takes a value between 0 and 1, f®) is a dimensionless
function which reveals the dependence of strain rate on the stress, and A7® and Ag® are the incre-
ments of resolved shear stress and current strength in the k-th slip system within the time increment At,
respectively.

The increments of resolved shear stress, Az ®), depend on the strain increments A¢;; and the stress as

Ar(k) = [E b/u(kb) +wz(lz;)aja +w(k)0'1a |: Z Iu(k)AV (k)j|

(k)

where Ei jab are the elastic moduli. x; ; ®

is the Schmid factor, and @;;” is a tensor related to the spin

tensor Q and Q, which are
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Therefore, for given strain increments, the increments of shear strain can be determined. Then, the stress
increments, Ag;;, can also be solved by

n
-l -l k
AO-ij = EijabAEab - O-ijAfaa - E [Et]ab/uab) + w( )U]a +a’(k)0-za]AV (k)
k=1
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In addition, the explicit forms of the increments of lattice rotation are found to be [Asaro 1983]

n
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k=1
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The convergence of the finite element simulations is assured by choosing a relatively small time incre-
mental step size in the users’ subroutines.

In this work, the numerical computation generates errors on the order of Ar2, where At is the step size
used in simulation. The indentation contact, loading, and unloading were set under displacement control
to achieve better convergence properties than in the case of under load control. The critical shear stress,
7, for the copper single crystals was assumed to be 61 MPa. This is based on the experimental results.
We did compression tests (along the [001] direction) on three copper crystal samples with the dimensions
5x5x10mm to find the yield point. The average load at the yield point was used to calculate the shear
strength by multiplying the Schmid factor related to this crystallographic orientation. The element used in
the simulation is a plane strain reduced integration, hybrid element (CPE4RH). The mesh is schematically
shown in Figure 1. The crystal in a quadrant and the 90° wedge indenter are put together in the drawing.
Figure 1a is the global view of the indenter and the half single crystal with the mesh. Figure 1b shows
the finer mesh close to the tip of the indenter. There are three mesh sizes. The first 12,880 elements in
the region closed to the indenter tip have the mesh size 1.5 x .5 gm. The 16,100 elements away from the
indenter tip have the mesh size of 3 x 1.5 um. The rest of 19,320 elements far away from the indenter
have varied mesh sizes The mesh size changes from 1.5 x 3 gm to 4 x 3 gm. It must be pointed out that
some variables may be chosen dimensionless in the simulations. For example, the mesh and indentation
depth could be set as dimensionless by normalizing these parameters by the indenter size. However, since
the indenter is assumed as analytically rigid, the yield strength of the indenter in this case approaches

Indenter Y
Indenter
Crystal

(b)

Figure 1. Mesh for the finite element simulation of wedge indentation: (a) global view
of the mesh and the wedge indenter and (b) mesh close to the wedge indenter tip and the
boundaries of the crystal, the dark region in (a).
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infinity. This might cause convergence problems if we would normalize the yield strength of the crystal
specimen by the yield strength of the indenter. The shear strength of copper crystal, 61 MPa, is used in
the simulation. This unit is equivalent to zN/mm?. Consequently, the mesh size of the crystal and the
indenter penetration depth are also carrying the unit of xm. Numerical tests of mesh convergence were
carried out to ensure that the presented results were independent of further mesh refinement. Excessive
mesh distortion was not observed during simulation and thus remeshing was not used.

The wedge indenter is defined as analytically rigid and the contact between the indenter and the crystal
is frictionless. In the finite element analysis, lattice rotation and stresses were solved incrementally by
ABAQUS. The constitutive properties are chosen as elastic-ideally plastic because the load increases
almost linearly with the indentation penetration depth as will be shown in Figure 7b. From this behavior
and taking into account that the indentation contact area is increasing linearly, we concluded that the
nominal strength of the copper single keeps almost the same. Therefore the material is very close to an
elastic-ideally plastic state under the indentation conditions. The power-law rate-dependent relationship
proposed by Hutchinson [1976] and delineated by Connolly and McHugh [1999], Peirce et al. [1983],
and Savage et al. [2004], was applied in the simulation. Since elastic-ideally plastic properties are used
in this simulation, the function related to critical resolved shear stress of the k-th slip system is taken
as a constant. The reference strain rate was 1073 s~!, and the rate sensitivity exponent was 50.0. The
stress at which hardening moduli are saturated was 109.5 MPa. The ratio of latent over self hardening
moduli of various sets of slip systems was 1. During the simulation, the minimum iteration step used
was 1 x 107 and the maximum step was 5 x 107> and 20000 increments were performed in the loading
and unloading simulations. The computation was implemented on a computer with CPU frequency of
2.88 GHz and the CPU time of 43200 s.

3. Experimental methods

Wedge indention tests were performed on copper single crystal specimens. Three specimens were used
in the tests. All the results were based on the average of the data obtained from the three specimens. The
wedge indenter used in this study had an apex angle of 90°. The indenter was made of tungsten carbide
bonded by a ferrous alloy. The indentation direction is along the [001] crystallographic orientation of the
copper single crystals. During indentation tests, the load and displacement data were recorded. After the
indentation, the midsection of the single crystal specimens with plane strain deformation conditions was
exposed through cutting. This exposed plane corresponds to the crystallographic plane of (110). After
being cut, the copper single crystal specimens were put into a compacted fixture and the indented surface
was filled with a polymer to protect the indented surface from mechanical damage during subsequent
processes.

The surfaces of the crystals were mechanically polished following the procedures as follows. Sandpa-
per (grit 600) was used to grind the surface under minimum pressure along one direction until any deep
scratches from the previous cutting process were invisible. Water was used as lubricant and coolant for
preventing the polishing surface from becoming overheated. The purpose of this polishing procedure is to
remove the possible deep deformation layer from the previous grinding processes. The grinding/polishing
along one direction can prevent rounded corner formation along the edges of the polished surface. The
polish direction was changed by 90° to the same grit 600 sand paper, with even less pressure applied
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until the scratches from the previous polishing procedure were invisible. Water was applied continuously.
The purpose of this polishing procedure is to remove the possible residual stress layer generated from
previous polishing. The specimen was washed with tap water to prevent any coarse abrasive going into
the next polishing procedure. The procedure was repeated using 1200 grit sandpaper. Fine polishing
was performed using diamond compound with diameter of 6 um. The specimens were then washed in
soapy water. Having been polished mechanically, the copper single crystals were cleaned. The cleaned
copper crystals were surface activated in a 10% HCI solution followed by rinsing in deionized water.
After that, the surface of (110) of the single copper crystals were electrochemically polished in an 85%
orthophosphoric acidic solution.

Scanning electron microscopic (SEM) examination and electron backscatter diffraction (EBSD) data
acquisition were carried out on a scanning electron microscope. Figure 2a is an SEM image showing
the indented single crystal. For EBSD measurement, a polycrystalline copper block was put on the
right-hand side of the copper single crystal specimen for subtracting background signals, and a piece of
silicon single crystal with the surface normal of [001] orientation was aligned on the left-hand side of the
copper single crystal at the same level with the same tilt angle of 70°. The Si single crystal was used for
detector orientation calibration and for projection parameter calibration. Figure 2b schematically shows
the relative positions of the polycrystal, the single crystal Cu specimen, and the Si single crystal. The
EBSD measurement was carried out on the middle section of the specimen at a tilt angle of 70°. Following
the calibration, surface mapping was performed at an acceleration voltage of 20 kV. The EBSD mapping
data were saved for subsequent analysis.

4. Results and discussion

In this section, both simulation and experimental results of wedge indentation into copper single crystals
will be presented. The finite element simulation results, including the stress solutions, shear strain solu-
tions, and lattice rotation map, will be given first. Then, the experimental data will be given. The finite
element solutions will be compared with the experimental results.

4.1. Finite element solutions. The finite element simulation results will be presented in the following
three parts. First, numerical solutions for stresses will be shown. Second, the numerical solutions to

(001) 1o\

Si Single Crystal Cu Single Crystal Polycrystalline Cu

(@) (b)

Figure 2. SEM image of the indented specimen and configuration for EBSD measure-
ment: (a) SEM image of the indented specimen and (b) specimen alignment for the
EBSD data acquisition.
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shear strains associated with the slip of different slip systems will be shown. Then, the solution for the
in-plane crystal lattice rotation will be given.

The finite element solutions for the normalized in-plane stress components of ¢11/7, o12/7, and 622/7
for the wedge indented copper crystal are shown in Figure 3a—c. From the results shown in both Figure
3a and c, we can see that underneath the indenter tip, the region within the copper single crystal was
severely compressed because both ¢/t and g2, /7 are negative. Farther away from the indentation tip,
the region shows position value of ¢;;/7 and g25/7. The shear stress o1/, as shown in Figure 3b,
reveals a highly heterogenous and anisotropic behavior related to the indentation. The rapid change in
shear stress is found in the areas both underneath the indenter tip and far below the indenter/single crystal
contact region.

In order to define the shear strain on each activated slip system, a schematic drawing to show the
physical orientations of all the most favorable slip systems associated with the special crystallographic
orientation of the copper crystal under indentation is given in Figure 4. The numerical results of plastic
shear strain on these slip systems, y ) were obtained. n is an integer with the values of 1, 2, and 3. The
results of shear strains for different slip systems are output as solution dependent variables (SDVs).

Figure 5 shows the solutions for the plastic strain in the copper single crystal associated with the
wedge indentation. Figure Sa—c illustrate the shear strain from each individual slip system as sketched in
Figure 4. The plastic strain from all the three slip systems is given in Figure 5d. It is noted that y (") refers
to the shear strain due to the dislocation motion of slip system (1), y ® stands for the shear strain due
to the dislocation motion of slip system (2), y ® is the shear strain due to the dislocation motion of slip

+2.96
+1.82
+0.69
-0.44
0.58
2.71
-3.85
-4.98
6.11
7.25

+0.81

-8.38 +0.42
9.52 035
-10.7 st
2.66
(a) 3.82
497
+2.41 613
+2.01 :Z'ii
+1.62 0.5
+1.22 it
+0.83 31
+0.04 :
037
0.36
0.75
-L15

-1.55
-1.94
-2.34

(b)

Figure 3. Numerical solutions to the stress components: (a) o11/7, (b) o12/7, and (¢) o22/7.
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system (3), and y refers to the total shear strain due to the dislocation motion of all the three slip systems.
It can be seen from Figure 5a that y (1), the shear strain due to the dislocation motion of slip system (1),
takes significantly higher values on the right side of the indented region. However, the y @ and y @ as
shown in Figure 5b and c, respectively, are considerably low in this region, where y ® represents the
shear strain from slip system (2) and y @ stands for the shear strain from slip system (3). Thus, the
numerical simulation predicts that the primary slip system in this region is slip system (1). As will be
shown in Section 4.2, the EBSD experimental data about the in-plane lattice rotation define different
regions where the dislocation motion of each of the three slip systems dominates the plastic deformation
in a specific slip sector. For example, in the right hand side region adjacent to the extension line of the
indenter tip, the dislocation motion is mainly due to the activation of slip system (1). Therefore, it is
shown that the numerical predictions compare well with the experimental results. The results shown in
Figure 5a—c also provide the information about the size of the plastic zone. It is found that the plastic
zone is not just limited to the region underneath the indenter tip. Rather, it propagates into the crystal at
least twice as far as the indentation penetration depth.

Figure 6 is the in-plane crystal lattice rotation map obtained from the finite element simulation. The
unit of the lattice rotation angle is degree, which is calculated from the specific SDVs in the ABAQUS
finite element simulation program. Comparison with the experimental results shown in Section 4.2.2
will be made later. The unit of lattice rotation as shown in Figure 6 is degree. The main features of the
in-plane rotation from the simulation are as follows: In the lower left part of Figure 6, a region with
negative lattice rotation can be found. This is due to the active dislocation movement of slip system (1).
The existence of such a negative lattice rotation region can be validated by the experimental results as
will be illustrated in Section 4.2.

The righthand side region adjacent to the lattice negative rotation region is a zero rotation region,
which corresponds to the active dislocation movement of slip system (2). In the rightmost part of Figure
6, there is a positive lattice rotation region, which is caused by the active dislocation movement of slip
system (3). All these features are comparable to the experimental results as will be shown in Section 4.2.

4.2. Experimental results.

4.2.1. Load displacement relation. Figure 7a is the loading profile recorded by the data acquisition unit
connected to the materials testing system. As can be seen from Figure 7a, the loading and unloading
processes were performed by applying a triangle waveform. It is noted that the loading level is normalized
by the width of the single crystal such that the unit of the loading is N/mm. The load-displacement
relation corresponding to the loading and unloading behavior of the copper single crystal under the
wedge indentation is shown in Figure 7b from which two stages of deformation can be seen. The first
stage is the elastic-plastic deformation associated with loading. This stage lasts until the load reaches
the peak point A as shown in Figure 7b. The total deformation (penetration depth) is about 0.4 mm. The
second stage shows elastic unloading and a large hysteresis area under the load displacement curve, as
shown in Figure 7b, reveals that the plastic deformation is the dominant mechanism during the indentation
process. The second stage finishes once the load drops to point B in Figure 7b. It can be seen that the
elastic part of deformation is about 0.03 mm, which can be calculated from the difference in displacement
between points A and B on the plot. During the loading process, with the increasing of the loading time,
the indentation penetration depth increases almost linearly as shown in Figure 7c. This reveals that the
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Indentation
direction

+ Slip system (1) (111)/[112]

[001]

[110] o
[110] Slip system (2) (11T)/[110]

Cu

Slip system (3) (111)/[112]

Figure 4. Configuration of the three slip systems.
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Figure 5. Numerical solutions to the shear strains under wedge indentation (deformed
state): (a) shear strain of slip system (1), y M, (b) shear strain of slip system (2), y @),
(c) shear strain of slip system (3), y ), and (d) the total shear strain, y . The lower right
corner shows the mesh with dimensions 1.5 x 1.5 gm.
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Lattice rotation
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Figure 6. Numerical solution to the in-plane crystal lattice rotation showing three dis-
tinct regions. The unit of rotation is degree.
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Figure 7. Load-displacement response during wedge indentation. Left: the triangle
waveform showing force control mode. Middle: load-displacement relation. Right:
displacement versus time.

averaged behavior of the copper single crystal is close to ideally plastic in the first deformation stage
since the load carrying area increases linearly with the increasing of indenter penetration depth.

4.2.2. Lattice rotation map of indented copper single crystal. A schematic of the indented region and the
EBSD mapped area for data analysis are illustrated in Figure 8a. In Figure 8b, a contour plot showing the
in-plane lattice rotation associated with the wedge indentation is given. It is found from Figure 8b that
different regions with distinct lattice rotation features exist underneath the indented region. The change
of crystal lattice rotation is in the range from about 20° to -20°. The highest value is about 35°, and
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Figure 8. EBSD measured in-plane lattice rotation of a copper single crystal under
wedge indentation. Left: sketch of the mapped region. Right: lattice rotation contour
plot. The unit of in-plane rotation angle, w;, is the degree.

the lowest value is -37°. Such scattering values are from the local damage of the specimen. Chemical
adsorption in some areas also results in scattering of the measuring results.

It is interesting to examine the evolution of plastic deformation features through the thickness of the
indented specimen. Generally, the lattice rotation data taken from a section away from the midplane will
show out-of-plane rotation because there is plastic flow along the through thickness direction, that is, the
axis of indentation. To demonstrate this, we performed optical examination on the side surface of the
indented specimen. Figure 9 is the optical image of the side surface. A sketch of the indenter is also
included in the picture to show the relative size of the indented region. Plastic deformation in the forms
of shear lines and rings can be observed. Since this surface was not polished, the three slip zones are
clearly shown at different levels. The extrusion stages due to the out-of-plane lattice rotation is especially
found in Region II of Figure 8b. It is predicted that the magnitude of the out-of-plane lattice rotation
is related to the thickness of the specimens. Obviously, systematic experimental studies are needed for
generating a series of lattice rotation maps from the locations along the indenter axis, which is one of
the important aspects in our future work.

4.3. Comparison of numerical solutions and experimental results. As compared with the results shown
in Figure 6 (numerical solutions), it can be seen that the in-plane crystal lattice rotation map of Figure 8b
can also be divided into three distinct regions in a quadrant. The one with negative lattice rotation is due
to the active dislocation motion of slip system (1), as shown in Figure 4. The zero lattice rotation region is
corresponding to the active dislocation movement of slip system (2). The positive lattice rotation region
is due to the active dislocation movement of slip system (3) as also shown in Figure 4. Thus, the salient
features of the in-plane lattice rotation as determined by EBSD experiments are comparable to the results
as predicted by the finite element simulations shown in Figure 6. It is noted that there is some difference
in lattice rotation quantity between the results shown in Figure 6 and Figure 8b. In the qualitative sense,
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[001]

Indenter Region III

Figure 9. Optical micrograph showing plastic deformation in the form of extrusion
stages due to the out-of-plane lattice rotation.

it is still reasonable to say that the numerical solutions agree with the experimental results. Therefore,
the simulations can be validated by the indentation experiments.

The measured texture component map is also compared with the prediction from the plasticity theory
and the finite element simulation results. In Figure 10, the [110] texture component along the x-axis
is shown. The dark color stands for 100% of materials being oriented along the (110) crystallographic
direction. The brighter and yellow colored areas are those regions with misorientation. The orientation
of the materials in these regions shifts away from the [110] direction. The maximum shift was found to
be 35° (this is not marked in Figure 10 because texture component maps generated by the software have

y

Indenter Specimen

,,

Figure 10. Texture component of indented copper single crystal ([110] texture along
x-direction) showing the plastic spin predicted by the single crystal plasticity theory and
the finite element simulation.
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no contour legends). Comparing the features shown in Figure 10 with those obtained through numerical
simulations (see Figure 6), it is found that a zero-lattice rotation region (Region II) located in the the
same area. It must be pointed out that single crystal plasticity theory also predicts the existence of a
zero-lattice rotation region associated with the dislocation activities associated with slip system (2), the
complex slip system. Regions I and III are separated by this zero-lattice rotation region, as shown in
Figure 6, the numerical results.

The numerical simulations as described in this study have a relatively low cost as compared with the
experiments. Despite its simplicity, some of the most essential features of wedge indentation, includ-
ing lattice rotation, can be well captured by the model. We note that in most indentation experiments,
especially the sharp indentation tests, a nominally constant plastic strain impression is generated which
does not allow the behavior of tested materials to be measured directly. For that matter, construction of
equivalent stress fields, strain, and lattice rotation responses of materials with finite element simulations is
necessary and could reveal important indentation mechanisms. The importance of numerical simulations
becomes more evident through their qualitative agreement with experiment. Further improvements on
the simulation method to obtain more accurate results and better quantitative agreements with experi-
ment remain our future work. One of the possible directions is to modify the single crystal plasticity
constitutive model. We also expect to simulate different crystals and use different shapes of indenter tip.

It must be pointed out that the preliminary work presented here is based on the special orientation
of the crystal, meaning the [001] crystallographic orientation. The results obtained here are useful for
dealing with the polycrystal cases, since an arbitrarily selected orientation of a crystal (designated as
[hkl]) can always be mapped into other orientations by a series of rotation transformations. Thus, a
general grain can be treated through transformations such that its orientation matches the [001] case.
Accordingly, the modification on the materials subroutine for simulations is needed, and the output
variables such as stresses and strains can be obtained by tensorial transformations. For multiple grains,
a statistic model may be necessary to accommodate the interactions of different grains and the effect of
the grain boundaries. Such a complex case remains to be the topic for future study.

5. Conclusions

Based on the experimental studies and finite element simulations of wedge indentation into face-centered
cubic (FCC) copper single crystals, the following conclusions are made:

(1) Finite element simulations of the wedge indentation into the copper crystal have provided stress,
shear strain, and in-plane lattice rotation solutions. The results reveal highly heterogeneous plastic
deformation behavior of the single crystals under wedge indentation with deep penetration depth.

(2) The load-displacement relation of the single crystal under wedge indentation shows a plastic de-
formation dominated behavior. The load increases almost linearly with the indentation penetration
depth. Taking into account that the indentation contact area also increases linearly, the elastic ideally
plastic behavior of the crystal can be deduced.

(3) The crystal lattice rotation measurements show three distinct regions in a quadrant, revealing three
slip zones. These results show the existence of different single slip sectors in the region within the
single crystal underneath the indenter tip as predicted by the single crystal plasticity theory and the
finite element simulations.
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(4) The numerical solutions also predict the occurring of dislocation movement along different effective
slip systems activated by the wedge indentation. Therefore, the finite element solutions to both
the plastic shear strain and lattice rotation are qualitatively validated by the electron backscatter
diffraction (EBSD) experimental results. The plastic spin is also verified by the texture component
measurement.
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