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Microcompression Behaviors of Single
Crystals Simulated by Crystal Plasticity
Finite Element Method
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and YOON SUK CHOI

The microcompression behavior of single-slip oriented,
single-crystal micro-pillars was simulated using a crystal
plasticity finite element method, by varying a primary
slip-plane inclination angle from 36.3 to 48.7 deg while
keeping the same primary slip system. Simulated global
deformation of the micro-pillars was separated into two
types, depending upon the primary slip-plane inclination
angle: the one consistent with the primary slip direction
and the other diagonally opposite to the primary slip
direction.
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The early investigation of the materials “‘size effect”
was mainly performed by mechanically testing (partic-
ularly, micro-compression testing)  single-crystal
micro-pillars, which were mechanically machined or
electrochemically fabricated from bulk materials.!'”
Since the microcompression test of single-crystal
micro-pillars is different from the standardized com-
pression test, which uses ‘bulk’ specimens, the crystal
plasticity finite element method (CP-FEM) was fre-
quently used for the parametric study of compressive
deformation behavior of single-crystal micro-pil-
lars.[*#13 Here, the bottom end of the single-crystal
micro-pillar is intrinsically constrained in its lateral
deformation. Thus, CP-FEM simulations aimed mostly
at understanding the effect of bottom-end constraints,
applied boundary conditions, and the sensitivity of the
choice of constitutive models. In particular, these
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simulations were mainly for the compressive deforma-
tion of single-slip-oriented micro-pillars. Even though
the slip system kinematics and kinetics are incorporated
in CP-FEM, FEM is still limited to a continuum
representation of deformation, which lacks representing
slip at the crystal defect scale and the discrete nature of
slip intermittency in single crystals.

In the present study, an effort was made to clarify how
the CP-FEM predicts single-slip-dominated microcom-
pression behaviors of single crystals under the different
single-slip configurations (by varying the degree of
primary slip-plane inclination). An elasto-viscoplasticity
constitutive model was developed, based upon the
combination of conventional slip system kinematics
and kinetics equations, and used for the current simu-
lations. Simulation results were analyzed as a function
of primary slip-plane inclination angles and discussed.

An eclasto-viscoplasticity constitutive model used for
the current CP-FEM simulation utilized a Power-law
shear rate description

1/m
sign(7*). [1]
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Here, y* and g* are the shear rate and slip resistance
for the slip system o, respectively. Also, },, t™ and m are
the reference shear rate, the resolved shear stress on the
slip system o and the strain-rate sensitivity parameter,
respectively. In Eq. [1], the slip resistance g* was
described by a Baily—Hirsch type flow stress descrip-
tion!">!'® modified to account for anisotropic slip system
interactions:

Here, g, , 1, and b are the critical resolved shear stress,
a geometry constant, the shear modulus, and the magni-
tude of Burgers vector, respectively. Also, A% is the slip
strength interaction coefficient, and p” is the dislocation
density on the slip system f5. The slip strength interaction
coefficient A* quantifies the influence of the activity of the
slirllo s;/stem p on the slip resistance of the slip system
o 417181 Bor octahedral slip systems, six characteristic
slip strength interaction types have been reported:!'*>"
self-hardening (Asy), coplanar hardening (Acp), cross-
slip hardening (Acs), Hirth lock (Agp), Glissile lock
(Agr) and Lomer—Cottrell lock (Ayc). For the descrip-
tion of the dislocation density evolution, the
Kocks—Mecking—Estrin equation'** was used:

p* = {kiv/p* — kap }17], (3]

where k; is the parameter related with the athermal
storage of dislocation density (forest), which accounts
for the stage II hardening, and k,is the parameter
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associated with the reduction of dislocation density
due to the dynamic recovery (the stage III hardening).
Constitutive Egs. [1] to [3] were implemented in the
commercial FEM tool ABAQUS® through the User
MATerial subroutine (UMAT). Here, the tangent
modulus method!"®**?* was used for the numerical
integration. Twelve octahedral slip systems used for
the constitutive model are listed in Table I.

The present numerical study is intended to understand
how CP-FEM predicts single-slip-dominated microcom-
pression behaviors of single-crystal micro-pillars under
different single-slip configurations. For this purpose, a
slip-plane inclination angle (6) was introduced such that
0 measures an angle between the primary slip plane and
the top surface of the single-crystal micro-pillar, which
contacts the platen upon microcompression. For the
representation of different single-slip configurations, five
crystal orientations were carefully chosen such that 0
varies from 36.3 to 48.7 deg and each orientation has a
primary slip system ((111)[101]) having a Schmid factor
difference (ASF) between the primary and secondary slip
systems larger than 0.043 (to ensure single-slip-domi-
nated compressive deformation). Bunge—Euler angles
for these five orientations are listed in Table II. For
these five orientations, microcompression tests were
simulated using CP-FEM with the elasto-viscoplastic
constitutive model described above. Figure 1 shows the
simulation geometry of the micro-pillar and the platen.
Here, note that the primary slip direction is [101] for all
0s, making the X-axis in the sample coordinate being
[121]. The sample material parameters were chosen to
be those for a Ni-base single-crystal superalloy. The
height-to-diameter ratio of the micro-pillar was set to be
2.3. The microcompression was simulated by moving the

Table I. Twelve Octahedral Slip Systems Used for the

Current Constitutive Model

111)[101]
111)[110
10 111
11 111)[101]
12 111

Nele b Bo RO R O I S N
| =1
1=
—_

platen (which is considered as a rigid body) downward
at a constant speed. Here, the friction-free condition was
applied for the contact between the top surface of the
micro-pillar and the platen. The target axial strain was
0.1, and the strain rate was set to be 107°/s.
Table 111 summarizes values of major input parameters.
Here, some input parameter values were chosen such
that no significant strain hardening was intentionally
introduced from constitutive equations (Egs. [2] and
[3]). In this sense, any observable hardening and/or
softening from CP-FEM simulations would be mainly
due to the deformation geometry effect of single-slip-ori-
ented micro-pillars combined with applied boundary
conditions.

Figure 2 shows simulated compressive true stress-true
strain curves for single-crystal micro-pillars having five
different primary slip-plane inclination angles (0’s).

[121]

Aspect Ratio
=23

=== : primary slip direction [101]

Fig. 1—The simulation geometry for the micro-pillar and the platen.

Table III. Input Constitutive Parameter Values for CP-FEM
Simulations

C] 1 247 GPa

Cip 147 GPa

C44 125 GPa

o 0.001/s

m 0.03

o 420 MPa

n 1/3

b 25x 107" m

Po 10" /m?

ki 6.1 x 107/m

ko 7.84

A% Asn (0.04), Aco (0.07), Acs (0.07),

Apy (0.07), AgL (0.38), Arc (0.76)

C11, Cia, and Cyy are elastic constants.

Table II. Five Crystal Orientations Having (111)[101] as a Primary Slip System and Showing Different Primary Slip-Plane
Inclination Angles and Corresponding Primary SFs and ASFs (Schmid Factor Difference Between The Primary and Secondary Slip

Systems)
0 (deg) (o1, @, @,) (deg) |SF| ASF Secondary Slip System
36.3 (60, 42, —8) 0.4481 0.043 (111)[110]
39.5 (63, 40, —12) 0.4632 0.069 (111)[101]
42.8 (67, 39, —17) 0.4689 0.086 (111)[110]
45.8 (71, 37, =21) 0.4741 0.099 (111)[101]
48.7 (74, 37, —26) 0.4666 0.113 (I11)[110]
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Simulated flow curves show gradual softening after the
onset of plasticity for 0 = 42.8, 45.8, and 48.7 deg.
However, almost plateau-like (zero strain hardening)
plastic flow curves followed by rapid softening after
about 7 pct strain were observed for 6 = 36.3 and
39.5 deg. Further details about flow softening behaviors
for different 6 values will be discussed later.

Figure 3 shows the Y—Z front and sectional views of
simulated total accumulated slip shear (3 y*) contours
of micro-pillars at 10 pct strain for five different 6’s.
Here, note that the initial primary slip direction is from
upper left to bottom right for all cases. In Figure 3, the
simulated micro-pillar deformation for 6 = 36.3 and

1.0 . .
0.9 : -
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\
0.7
T
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Q
%
© 05
n — ()— g
: e
- 0 0=42.8°
’ — 0=45.8
— 0=48.7
0.1 ............... [101]
0 0.02 0.04 0.06 0.08 0.1
True Strain

Fig. 2—Simulated compressive true stress-true strain curves for
0 = 36.3, 39.5, 42.8, 45.8, and 48.7 deg. The inset in the figure illus-
trates an primary slip-plane inclination angle 6.
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Y-Z
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View
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Section
View

0=42.8°

39.5 deg complies with the compressive deformation due
to original primary slip ((111)[101]) shear, and leaves
inactive slip zones (so called ““dead zone”) in the bottom
left and upper right regions of the micro-pillar. For
0 = 42.8,45.8, and 48.7 deg, however, simulated plastic
shear deforms the micro-pillar in a different direction,
compared to the case for 8 = 36.3 and 39.5 deg, and
leaves inactive slip zones in the upper left and bottom
right regions. This difference is clearly seen in the
look-down (X-Y) view of the top surface of the
micro-pillar after 10 pct strain, as shown in Figure 4.
To clarify the origin of this difference, the evolution of
the maximum resolved shear stress (t,.") distribution
before and after the onset of plasticity was compared
between the cases for 6 = 36.3 and 48.7 deg, and the
resulting 7.,,,* contours are shown in Figure 5 as a
function of strain. Here, note that the onset of plasticity
took place at about 0.44 pct strain for both cases. In
Figure 5, the t,,,,” distribution shows essentially no
difference between 0 = 36.3 and 48.7 deg in the elastic
regime (0.38 pct strain in Figure 5). However, after the
onset of plasticity the evolution of the 7,,,,* distribution
took a clearly different path between the two cases. For
the case of 0 = 36.3 deg, the 1.~ distribution gradu-
ally evolves such that primary slip is globally organized
in a direction coincident with the primary slip direction
([101]). For the case of 0 = 48.7 deg, however, the
evolution of the 7,,,,* distribution indicates that primary
slip is globally organized in a direction from the upper
right to bottom left of the micro-pillar. Such a difference
in the evolution of the 7., distribution between
0 = 36.3 and 48.7 deg eventually leads to completely
different micro-pillar deformations at 10 pct strain, as
shown in Figure 3.

Results from Figures 3, 4 and 5 indicate that the
compressive deformation behavior of the single-slip-ori-
ented micro-pillar predicted by CP-FEM is highly
sensitive to the primary slip-plane inclination angle 6,
and such a sensitivity becomes effective only after the

0=45.8°

06 =48.7°

zy
+5.421e-01
+4.000e-01

+2.338e-01
+2.005e-01
+1.673e-01
+1.340e-01
+1.007e-01

Fig. 3—Y-Z front and sectional views of simulated total accumulated slip shear contours at 10 pct strain for 6 = 36.3, 39.5, 42.8, 45.8, and

48.7 deg.
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onset of plasticity. The 6 sensitivity of the micro-pillar in
CP-FEM is caused by the interaction between slip
kinematics and the geometric constraint of the
micro-pillar (within the continuum framework) under
the azpf)lied compressive boundary conditions. Kuro-
dal®>“® showed that the plastic deformation mode
predicted by the CP-FEM simulation was consistent
with the result from a simple slip kinematics-driven
calculation for [123] compression, which is equivalent
to 8 = 49.1 deg. From Figure 3, the critical 0 value that
switches the simulated global deformation mode seems
to lie between 39.5 and 42.8 deg. Of course, this critical
0 value will vary, depending on the micro-pillar geom-

— 0=36.3°
0=39.5°
0=42.8°
0=45.8°
— )=48.7°
initial

v X//[121]

Fig. 4—Movement and shape change of top surfaces of micro-pillars
with 6 = 36.3, 39.5, 42.8, 45.8, and 48.7 deg after 10 pct strain.
Note that the primary slip (#2, (111)[101]) direction projected on
the X=Y plane is parallel to the Y direction.

0.38%

0.54%

etry, applied boundary conditions, the choice of the
constitutive model, efc. As slip system driven plastic
shear takes different global paths, depending on the
magnitude of 6, the global deformation of the micro-pil-
lar seems to be facilitated by the intensive shear zone,
which forms in the upper left toward the bottom right
for the low 0 and the upper right toward the bottom left
for the high 0 (Figure 3), and leads to different X-Y
in-plane displacements of top surfaces of micro-pillars
as shown in Figure 4. Here, the shape change of top
surfaces of micro-pillars shown in Figure 4 (ellipsoids
elongated along the global Y axis) is mainly due to
primary slip as the primary slip direction [101] projected
on the global X-Y plane is parallel to the Y axis (see
Figure 4).

Now, accumulated shear of selected major slip sys-
tems (original primary, secondary slip systems and slip
system #4) for the cases of & = 36.3 and 48.7 deg were
calculated from CP-FEM simulations and plotted in
Figure 6 as a function of compressive axial strain. Here,
in the case of 6 = 36.3 deg, one can clearly see the
gradual dominance of slip #4, (111)[011], after about
7 pct strain. This is consistent with the initiation of flow
softening at about 7 pct strain for 6 = 36.3 deg, as
shown in Figure 2. For the further investigation, the
lattice rotation contour map and the primary slip system
map at 10 pct strain  were compared between
0 = 36.3 and 48.7 deg, as shown in Figure 7. Here,
the primary slip system was determined by comparing
the amount of incremental shear for each slip system. In
Figure 7, one can see the development of a lattice
rotation band across the micro-pillar and the resulting
primary slip system changes from #2 (111)[101] slip to
#4 (111)[011] slip for 0 = 36.3 deg. For 0 = 48.7 deg,
however, the lattice rotation seems to be neither
pronounced nor globally organized, compared to

0.60% 1.0%

=

Fig. 5—Y-Z sectional views of simulated maximum resolved shear stress contours for 6 = 36.3 and 48.7 deg at 0.38, 0.54, 0.60,

|
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1.0 pct strains. Note that the onset of plasticity takes place at about 0.44 pct strain.
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0 = 36.3 deg, keeping slip #2 as a primary slip system
even at 10 pct strain (Figure 7). Perhaps, this is due to
the inconsistency between the primary slip direction
(from the upper left to the bottom right) and the global
plastic deformation (from the upper right to the bottom
left, see Figures 3 and 5) for the high 6, which leaves
plastically dead zones in the upper left and bottom right
regions of the micro-pillar (Figure 3).

Combining the results from Figures 3, 5, 6 and 7, flow
softening after the onset of plasticity for the case of high
0 values (0 = 42.8, 45.8, and 48.7 deg) in Figure 2
seems to be associated with the globally organized
deformation of the micro-pillar, which is facilitated by
the clear distinction between the intensive shear zone

10
107"k - ;
107 ;
o
h 107 ;
3
g 107}
g 107 ;
—Slip #2 36.3°

o0l - Slip #3 36.3°
——Slip #4 36.3°

1071 ==== Slip #2 48.7° |
. === Slip #8 48.7°

1074 5 4 6 8 10 12

Strain%

Fig. 6—Variation of accumulated shear of major slip systems for
0 = 36.3 and 48.7 deg as a function of axial compressive strain.

Lattice
Rotation
Contour

Primary
Slip
System
Map

(running from the upper right toward the bottom left)
and the plastically “dead (inactive) zone” (in the upper
left and bottom right) in Figure 3. Here, note that a
different degree of flow softening (highest in
0 = 48.7 deg, followed by 0 = 45.8 and 42.8 deg) is
consistent with the order in primary slip dominance, as
confirmed by ASF differences in Table II. In the case of
low 0 values (0 = 36.3 and 39.5 deg), however, almost
zero strain hardening up to about 7 pct strain was
observed in Figure 2. This seems to be due to the ‘weak’
dominance of primary slip, compared to the case of high
0 values, as indicated by relatively low ASF values
(0.043 for 6 = 36.3 and 0.069 for 6 = 39.5 deg) in
Table II. Also, flow softening after about 7 pct strain
(in Figure 2) is believed to be associated with the
transition of a primary slip system (from #2 to #4 as
implied in Figures 6 and 7), which was facilitated by the
organized intensive shear band (from the top left toward
the bottom right) in Figure 3 and the consequent lattice
rotation across the micro-pillar in Figure 7.

The 0 sensitivity of the micro-pillar deformation
shown in Figures 2, 3, 4, 5and 7 was for the fric-
tion-free condition at the contact between the platen and
the top surface of the micro-pillar. In order to assess the
influence of the friction condition on the 6 sensitivity,
non-zero coefficients of friction (0.01 and 0.1) were
applied to the contact between the platen and the
micro-pillar, and the resulting accumulated slip shear
contour plots (at 10 pct compressive strain) are shown
in Figure 8. When a very small value of the coefficient of
friction (0.01) was applied, the 0 sensitivity still exists
(even though the total accumulated slip shear contour
shows a slight change in Figure 8, compared to the
friction-free case). However, when the coefficient of
friction was increased to 0.1, the 0 sensitivity of the
global shape change of the micro-pillar was significantly

Rotation (deg.)

+1.749e+01
+1.600e+01
+1.458e+01
+1.317e+01
+1.17Se+01
+1.033e+01
+8.917e+00
+7.500e+00
+6.083e+00
+4.667e+00
+3.250e+00
+1.833e+00
+4.167e-01

-1.000e+00

-1.044e+00

slip system1
slip system2
slip system3
slip system4
slip system5
slip system6
slip system?7
slip system8
slip system9
®  slip system10
slip system11
®  slip system12

Fig. 7—Y-Z sectional views of the lattice rotation contour and the primary slip system map for 0 = 36.3 and 48.7 deg at 10 pct strain.

4838—VOLUME 46A, NOVEMBER 2015

METALLURGICAL AND MATERIALS TRANSACTIONS A



06 =42.8°

Coefficient
of Friction:
0.01

Coefficient 15 e P T

0=45.8°

Zy*

T +1.673e-01
+1.340e-01
+1.007e-01
+6.750e-02
+3.425e-02
+1.000e-03
-2.630e-03

Z 111]
a

of Friction:

0.1 L 3 1 "

\.i

= - ‘s, [101]

Fig. 8—Y-Z front views of simulated total accumulated slip shear contours for two different coefficients of friction (0.01 and 0.1) at

10 pct strain for 6 = 36.3, 39.5, 42.8, 45.8, and 48.7 deg.

reduced. In this case, there seems to be no significant
difference in the shape change of the micro-pillar as a
function of 6 even after 10 pct compression, even
though total accumulated slip shear contours show a
weak dependence of 0 (see the bottom half of Figure 8).
Here, note that by increasing the coefficient of friction to
0.1 the formation of the intensive shear zone was
significantly reduced in the upper left or upper right
regions of the micro-pillar, compared to the cases for the
friction-free (Figure 3) and very small friction (the upper
half of Figure 8). This is probably due to the increased
lateral constraint (caused by the a{)glied friction) on the
top surface of the micro-pillar.'*?” Such a lateral
constraint suppresses slip activities near the top surface
of the micro-pillar, and tends to prevent the formation
of the near-surface intensive shear zone, consequently
inhibiting the diagonally organized global shear defor-
mation, which was observed in the friction-free and very
small friction cases (Figures 3 and 8).

CP-FEM simulations were performed for the com-
pressive deformation of single-slip-oriented single-crys-
tal micro-pillars with different primary slip-plane
inclination angles (60’s). The simulated global plastic
deformation of the micro-pillar took two different paths,
which are separated by the magnitude of the 0. For the
low 0, the intensive plastic deformation zone was formed
across the micro-pillar in a direction parallel to the
original primary slip direction, and the resulting lattice
rotation caused the transition of the primary slip system
after about 7 pct strain, leading to softening of the flow
curve. For the high 0, however, the plastic deformation
of the micro-pillar was organized in a direction different
from the low 0 case, which led to the inactive lattice
rotation throughout the micro-pillar due to the incon-
sistency between the primary slip direction and the
global plastic deformation flow. The 0 sensitivity of the
simulated compressive deformation of the micro-pillar
seemed to be associated with the continuum-based
geometric constraint of the micro-pillar combined with

METALLURGICAL AND MATERIALS TRANSACTIONS A

implemented slip kinematics. That sensitivity suggests
for example that small errors in crystal orientation lead
to fundamentally different kinematics constraint for
micro-pillar deformation. The validity of the 0 sensitiv-
ity in microcompression experiments is believed to
heavily depend upon mechanical and geometrical con-
straints of the micro-pillar in actual tests, as the 0
sensitivity in CP-FEM simulations is expected to vary
with the micro-pillar geometry, applied boundary con-
ditions and the choice of the crystal plasticity constitu-
tive model. In particular, the present CP-FEM
simulations confirmed that the 0 sensitivity shows a
strong dependence of the friction condition at the
contact between the platen and the micro-pillar.
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mental Research Program of the Korean Institute of
Materials Science (KIMS), and by Leading Foreign
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National Research Foundation of Korea (NRF) fun-
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