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Extraction of Anisotropic
Mechanical Properties From
Nanoindentation of SiC-6H
Single Crystals
Because brittle solids fail catastrophically during normal tension and compression test-
ing, nanoindentation is often a useful alternative technique for measuring their mechani-
cal properties and assessing their deformation characteristics. One practical question to
be addressed in such studies is the relationship between the anisotropy in the uniaxial
mechanical behavior to that in the indentation response. To this end, a systematic study
of the mechanical behavior the 6H polytype of a hexagonal silicon carbide single crystal
(SiC-6H) was performed using standard nanoindentation methods. The indentation elas-
tic modulus and hardness measured using a Berkovich indenter at a peak load of 500 mN
varied over a wide range of crystal orientation by only a few percent. The variation in
modulus is shown to be consistent with an anisotropic elastic contact analysis based on
the known single crystal elastic constants of the material. The variation in hardness is
examined using a single crystal plasticity model that considers the anisotropy of slip in
hexagonal crystals. When compared to experimental measurements, the analysis confirms
that plasticity in SiC-6H is dominated by basal slip. An anisotropic elastic contact analy-
sis provides insights into the relationship between the pop-in load, which characterizes
the transition from elasticity to plasticity during nanoindentation testing, and the theoret-
ical strength of the material. The observations and analyses lay the foundations for fur-
ther examination of the deformation and failure mechanisms in anisotropic materials by
nanoindentation techniques. [DOI: 10.1115/1.4033790]
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1 Introduction

Silicon carbide (SiC) has many attractive, application-specific
mechanical properties such as high Young’s modulus
(�450 GPa), high hardness, good flexural strength, good high-
temperature creep resistance, low density, and good wear resist-
ance. These are all attributable to the material’s intrinsic strong
covalent bonding. Because SiC is also less costly compared to
other high-hardness materials, it has become a popular material
for a variety of automotive, aerospace, and high-temperature
applications, as well as for use in microelectromechanical
systems [1–3].

Among SiC’s numerous single crystalline forms, which have
similar thermomechanical but different electrical and optical
properties, here we focus the behavior of the common 6H poly-
type. The method used for the investigation is nanoindentation,
which has a distinct advantage over conventional tensile or

compression testing in that the hydrostatic constraint imposed by
the indenter inhibits fracture and thereby allow for studies of plas-
tic deformation rather than just catastrophic brittle behavior. For
brittle solids, indentation tests are often used to measure various
mechanical properties related to plasticity, such as hardness,
which are often anisotropic due to anisotropies in slip. For exam-
ple, Shaffer [4] studied the hardness anisotropy in SiC-6H single
crystals using a Knoop indenter with a 100-gram load by indent-
ing on the ð10�10Þ and ð11�20Þ planes with the long axis of the
Knoop indenter lying parallel or perpendicular to the h0001i
direction. The maximum Knoop hardness was found to be
29.17 GPa when indenting in the h0001i direction with the long
axis parallel to h11�20i direction, and the minimum value was
21.29 GPa when indenting in the h10�10i direction with the long
axis parallel to the h0001i direction. However, such hardness
measurements alone cannot determine many important details of
the deformation behavior.

It is generally accepted that only a few slip systems can be acti-
vated in SiC-6H due to its hexagonal structure and that dislocation
motion experiences a much higher lattice resistance for some slip
systems than the others. Indentation tests have been combined
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with microscopy observations and surface slip trace analysis to
determine the slip systems in some cases [5–8]. In SiC-6H, it has
been shown that the dominant slip system on which plastic defor-
mation occurs is ð0001Þh11�20i at low temperatures and
ð10�10Þh11�20i at high temperatures. Moreover, Page et al. [8]
found that when indenting in h0001i direction with a Berkovich
indenter, plasticity is controlled entirely by basal dislocations that
form in a highly symmetric rosette geometry that is consistent
with a stress analysis based on an anisotropic elastic contact anal-
ysis in similar materials, i.e., hexagonally close packed (HCP) Ti
and Mg single crystals [9,10]. Microscopy analysis of slip traces
is quite cumbersome to conduct, and conventional hardness tests
using Knoop, Brinell, or Vickers indenters do not provide
load–displacement information even though indentation
load–displacement data often contain important clues about the
deformation processes and can be used to separate the relative im-
portance of elastic and plastic deformation. Such information is
routinely obtained in nanoindentation tests, which are capable of
obtaining indentation load–displacement data with nanometer dis-
placement and micronewton load resolution [11,12]. However, an
important question that arises in analyzing such data is: How is it
influenced by material anisotropy, both elastic and plastic?

To address this and other related questions, nanoindentation
experiments were conducted on SiC-6H single crystals in various
crystallographic orientations. Materials and experimental details
are given in Sec. 2. The dependence of the effective indentation
modulus on the crystallographic orientation is compared with a
theoretical contact analysis in Sec. 3. In Sec. 4, the measured
hardness anisotropy is analyzed by a crystal plasticity model with
good agreement between simulation and experiment obtained, but
only when slip is chosen to be the basal hai system. Section 5
investigates indentation pop-in, which represents the transition
from elastic to plastic deformation caused by the homogeneous
nucleation of dislocations at the theoretical strength and allows
one to estimate the theoretical strength on the active slip system.
The findings are summarized in Sec. 6.

2 Materials and Nanoindentation Experiments

Single crystalline 6H-SiC samples were obtained from Cree
Research, Inc. (Durham, NC; denoted here as Cree SiC-6H) and
also from Nitride Crystals, Inc. (Deer Park, NY; denoted here as
NC SiC-6H). The Cree SiC-6H crystals were provided as wafers
about 250 lm in thickness with the normal to the wafer surface in
the [1] direction (c-axis wafers), and the NC SiC-6H material as
cubes about 1 cm size. For tests in a second crystallographic direc-
tion, a piece of the semiconductor-grade Cree SiC-6H wafer was
fractured along a cleavage plane perpendicular to the wafer sur-
face to produce a surface for indentation in the hai direction. This
was mounted in resin, ground with a series of SiC abrasive papers,
and polished with Buehler MasterMet 2 noncrystallizing colloidal
silica (SiO2) polishing suspension (0.02 lm) using a vibratory pol-
ishing machine.

The crystal orientations used in the indentation experiments
were defined relative to the zenith angle h shown in Fig. 1(a).
Two indentation orientations were examined for Cree the SiC-6H
samples, h ¼ 0 deg or h0001i (the wafer surface), and h ¼ 90 deg
or h�12�10i, the cleavage plane perpendicular to the hai axis. The
NC SiC-6H crystals were cut with a diamond saw in several
different orientations to provide normals falling in plane 1 in
Fig. 1(a). These samples were mounted in resin and mechanically
ground with several grades SiC, followed by a 120-hr colloidal
silica polish using the vibratory polisher. The orientations of the
polished NC SiC-6H samples were determined using Laue back
reflection X-ray techniques in conjunction with the software pack-
age ORIENTEXPRESS to determine the exact zenith angle, h. A total
of four crystallographic orientations (h ¼ 0; 35; 44; and 90 deg)
were used in the nanoindentation tests. For the inclined angles, the
maximum misalignment was within 62.5 deg of the target value.
To examine possible orientation deviations from the plane

Fig. 1 (a) Schematic diagram showing the zenith angle defined
in the lattice prism relative to the indentation direction. In the
experiments, the zenith angle was varied in plane 1. Plane 2 is
also defined to indicate maximum possible deviation of the
indentation direction from the plane 1. ((b) and (c)) Depth de-
pendence of the indentation modulus and hardness obtained
using the Oliver–Pharr method for NC SiC-6H single crystals
with four zenith angles.
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defining the zenith angle, we also consider a second plane (plane
2) shown in Fig. 1(a) that is spanned by h0001i and h�1100i.

The nanoindentation tests were performed using a Nano-
indenter XP system (MTS Nano Instruments, Oak Ridge, TN)
with Berkovich and spherical diamond indenters up to a maximum
peak load of 500 mN. To obtain the indentation modulus and hard-
ness as a function of indentation depth, the continuous stiffness
measurement (CSM) technique was employed [11]. Scanning
electron microscopy (SEM) with a Zeiss Auriga dual beam FIB/
SEM instrument was used to image some of the residual impres-
sions for measurement of contact areas in a manner that accounts
for pile-up. Since standard nanoindentation measurements do not
account for pile-up effects, the imaging was done to obtain a more
accurate measure of the true contact area, which is needed in the
calculation of hardness and modulus from the nanoindentation
load–displacement data [11]. A Nikon interference microscope
was also used to characterize the height of the pile-up for some of
the indentations. The Cree SiC-6H samples were indented using
both the Berkovich indenter and several spherical indenters with
different radii, with the latter used to study pop-in phenomenon.
In contrast, only Berkovich indentations were used for the NC
SiC-6H samples.

3 Anisotropy in Indentation Modulus

Effects of elastic anisotropy on nanoindentation measurements
have been documented in an analysis by Vlassak and Nix [13,14].
For a pair of solids in frictionless contact, the contact stiffness, or
the stiffness during unloading for elastic–plastic contact, is given
by

S ¼ dP

dh
¼ 2Er

ffiffiffi
A

p

r
(1)

where the reduced modulus Er combines the effective indentation
moduli of the indenter and specimen through the relation

Er ¼ ½ð1=Eindenter
eff Þ þ ð1=Especimen

eff Þ��1
. The relationship in Eq. (1)

is one of the fundamental equations used in the Oliver–Pharr anal-
ysis method of nanoindentation data [11]. For elastically isotropic
materials with Young’s modulus, Especimen, and Poisson’s ratio,
�specimen, the effective specimen modulus is given by

Especimen
eff ¼ Especimen=ð1� �2

specimenÞ, but the relation is much more

complex for elastically anisotropic solids and must be evaluated
in other ways as discussed elsewhere [13–16]. For purposes of the
analysis here, the diamond indenter is assumed to be elastically
isotropic with Young’s modulus Eindenter ¼ 1141 GPa and Pois-
son’s ratio �indenter ¼ 0.07, for which the corresponding effective

modulus of the indenter is Eindenter
eff ¼ Eindenter=ð1� �2

indenterÞ
¼ 1147 GPa.

Experimentally, the Oliver–Pharr method determines the inden-
tation moduli from the measurement of the contact stiffness and
the contact area in Eq. (1). Basic nanoindentation measurements
of ESiC�6H

eff obtained using the CSM technique are shown in Fig.
1(b) for NC SiC-6H in various crystal orientations. The modulus
so determined shows no dependence on the indentation depth,
confirming that the machine stiffness and area function used to
evaluate the data are adequate. The average values of modulus
and their standard variations obtained from at least 20 tests are
given in Table 1 for the Cree SiC-6H and in Table 2 for the NC
SiC-6H samples, where the subscript OP refers to the

Oliver–Pharr method. As mentioned previously, one drawback of
the Oliver–Pharr analysis procedure is that it does not properly
account for the effects of pile-up on the contact area, which can
have important influences on both the measured modulus and
hardness [17]. In this study, SEM and optical profilometry con-
firmed that there is indeed measurable pile-up around the indenta-
tions. We correct for it here by directly measuring the actual
contact areas in SEM images, Aactual, and using them in the
Oliver–Pharr analysis to determine the effective modulus from
Eq. (1) and the hardness from H ¼ P=Aactual. Corrected values
computed in this way are included in Tables 1 and 2, designated
with the subscript corrected. The effective elastic moduli of the
SiC-6H computed in each of these ways are plotted as a function
of zenith angle in Fig. 2(a). The indentation modulus can also be
calculated from a theoretical analysis of anisotropic elastic contact
[13–16]. Results are given by the solid curve in Fig. 2(a) using the
following elastic constants: C11¼ 501 GPa, C12¼ 111 GPa,
C13¼ 52 GPa, C33¼ 553 GPa, and C44¼ 163 GPa. Note that the
shape of the theoretical curve generally matches well with the
experimental data.

From Fig. 2(a), we observe a difference of about 7% between
the highest (at h ¼ 0 deg) and the lowest (at h ¼ 44 deg) values
ESiC�6H

eff , indicating a small but measurable anisotropy in the
indentation modulus. There is also a difference between the two
SiC-6H materials, possibly due to the type and level of dopants
incorporated in the crystals. However, it should be noted that the
elastic constants used in the analytical calculation, as obtained
from Brillouin scattering experiment, have an uncertainty that
may be as high as 10%. Thus, within experimental uncertainty, all
the measured values agree reasonably well with the theoretically
calculated ESiC�6H

eff provided the pile-up correction is applied.
Without correcting for pile-up, the effective elastic moduli are too
high. Similar pile-up effects on hardness and modulus measure-
ment have been documented in experiments and finite element
simulations [17].

4 Determining Slip Anisotropy From Indentation

Hardness Anisotropy

The indentation depth dependence of the Oliver–Pharr hard-
ness, HOP, is shown in Fig. 1(c). The hardness decreases slowly
with depth, indicating an indentation size effect, as is observed in
many materials [18]. Values of HOP averaged over the depth range
150–900 nm are given in Table 1 for the Cree material and in
Table 2 for the NC single crystals. The tables also include the cor-
rected hardness values, Hcorrected, determined using the actual con-
tact areas from images obtained in the SEM at a peak indentation
load of 500 mN. The corrected hardnesses are smaller than HOP

because of the pile-up effects.
Figure 2(b) presents the hardnesses plotted as a function of

zenith angle, h. For the Cree SiC-6H single crystals, only the
c-axis and a-axis orientations were measured, with the differences
in hardness being less than a few percent. The dependence of H
on h is thus better illustrated from the measurements on the NC
SiC-6H single crystals. This material exhibits a minimum in hard-
ness at h ¼ 44 deg, but as with the modulus, the degree of hard-
ness anisotropy is not particularly large. These results are
consistent with the Knoop indentation tests of Shaffer [4], who
observed a hardness of 30 GPa in the h0001i direction and about
25 GPa and 26 GPa when indenting on the f10�10g and f1�210g
planes, respectively.

Table 1 Indentation modulus and hardness and corresponding values corrected for pile-up for Cree SiC-6H single crystals in two
orientations measured by nanoindentation with a Berkovich indenter

Zenith angle in Cree SiC-6H (deg) ESiC�6H
eff jOP (GPa) ESiC�6H

eff jcorrected (GPa) HOP (GPa) Hcorrected (GPa)

0 549.7 6 20.6 503.1 6 28.2 41.0 6 1.2 32.3 6 1.5
90 513.7 6 19.8 461.9 6 22.5 39.1 6 0.8 30.8 6 2.1
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Even though the degree of hardness anisotropy in Fig. 2(b) is
small, the hardness data are sufficient to explore the underlying
slip anisotropy by comparison to the predictions of a crystal plas-
ticity model. For a single crystal that deforms by dislocation slip
obeying Schmid’s law, the crystal plasticity framework is well
established [19–25]. The total deformation gradient, F, can be
decomposed in the plastic part, Fp, due to dislocation slip, and the
elastic part, Fe, that considers elastic stretching and rigid body
rotation. The rate of the plastic part of the deformation gradient,
_F

p
, relates to the slip rates on all the slip systems through the kine-

matic relationship

_F
p
Fp�1 ¼

X
a

_cðaÞsðaÞ �mðaÞ (2)

where “�1” denotes the inverse of the tensor, _cðaÞ is the slip rate
on the a-th slip system, sðaÞ and mðaÞ are unit vectors of the slip
direction and the slip plane normal, and � denotes the tensor
product. When the resolved shear stress on a given slip system
reaches the critical resolved shear stress (CRSS), the plastic defor-
mation takes place and a set of hardening relationships have to be
specified. Here, our objective is to determine which slip system
governs the resulting hardness anisotropy, so that the hardening
behavior is not considered. The elastic constants are well known
(given in Sec. 3), so that the only adjustable parameters are the
CRSSs on the slip systems.

The above crystal plasticity model has been implemented by
Staroselsky and Anand for hexagonal crystals as a user-defined
material subroutine (VUMAT) in the commercial finite element
software package, ABAQUS [19,20]. Note that in our indentation
tests, while we know the indentation direction, the crystallo-
graphic directions along the three faces of the Berkovich indenter
were not controlled or measured. Thus, a finite element model has
been constructed using a conical indenter with a half-apex angle
of 70.3 deg to represent the Berkovich indenter. The specimen
was meshed into 39� 39� 11 rectangular elements of the C3D8R
type in ABAQUS. The contact size was much smaller than the speci-
men dimensions, so the bottom and side surfaces of the specimen
were prescribed with fixed boundary conditions. The hardness
value was obtained by linear fitting of the P � h2 curve. As will
be explained later, the indentation effective strain is significantly
large so that the contact response falls into the plastic regime. In
our crystal plasticity finite element simulations, we assumed that
only one type of slip system operates and ignored the hardening
behavior, so that the only adjustable parameter is the CRSS of the
chosen slip system.

In Fig. 3, the dependence of the simulated hardness on the ze-
nith angle is illustrated for four different common HCP slip sys-
tems: (1) basal slip, (2) prismatic slip, (3) pyramidal slip in the hai
direction, and (4) pyramidal slip in the haþ ci direction. As a first
observation, we note that the measured hardness in Fig. 3(a)
agrees nearly perfectly with the crystal plasticity simulation for
basal slip provided we choose a CRSS of sCRSS ¼ 4.8 GPa from
curve fitting. When using the same CRSS value but choosing dif-
ferent slip systems, we find that the relationships between hard-
ness and zenith angle in Figs. 3(b)–3(d) are very different and do
not match well with the trends in the experimental data. Note that
we are mostly interested here in the trends in the data rather than
the values since the values could be changed by choosing different

CRSSs. Prior experiments such as the TEM study by Page et al.
[8] have suggested the dominant slip system at room temperature
is indeed the basal hai slip system. The agreement in Fig. 3(a)
suggests that this slip system is indeed responsible for the varia-
tion, albeit small, in the indentation hardness. Second, it should be
noted that the stress fields under the indentation contact are much
more complicated than those in uniaxial tests. For a uniaxial test
of a hexagonal crystal indented in the c-axis or a-axis directions,
the Schmid factor on the basal slip system vanishes, so no plastic
deformation can be observed. The Schmid factor for the uniaxial
test reaches a maximum at an intermediate zenith angle in a man-
ner that varies with the square of the zenith angle, that is, a

Table 2 Indentation modulus and hardness and corresponding values corrected for pile-up for NC SiC-6H single crystals in four
different orientations measured by nanoindentation with a Berkovich indenter

Zenith angle in NC SiC-6H (deg) ESiC�6H
eff jOP (GPa) ESiC�6H

eff jcorrected (GPa) HOP (GPa) Hcorrected (GPa)

0 497.2 6 9.4 460.2 6 8.4 36.8 6 1.0 31.6 6 0.7
35 471.9 6 5.7 444.3 6 8.7 35.3 6 0.8 30.3 6 1.1
44 461.2 6 6.0 439.0 6 7.2 31.6 6 0.6 27.1 6 0.5
90 468.3 6 3.8 448.8 6 6.1 32.1 6 0.4 27.5 6 0.7

Fig. 2 (a) Effective indentation modulus and (b) hardness for
both Cree and NC SiC-6H single crystals plotted as a function
of zenith angle. The measured effective indentation moduli
agree well with those predicted from anisotropic elastic contact
analysis.
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parabolic dependence. On the other hand, for the indentation-
induced stress fields, indenting in the c-axis and a-axis directions
produces a large resolved shear stress on the basal slip system.
This will be discussed further in Sec. 5 as it is related to the
“indentation Schmid factor.”

The trends in the data in Fig. 3(a) also appear to resemble the

dependence of the effective elastic modulus ESiC�6H
eff on the zenith

angle in Fig. 2(a). Presumably, this resemblance is merely coinci-
dental since the indentation is not just elastic but elastic–plastic
for the following reasons. The ratio of hardness to sCRSS is about 7
from Fig. 3(a). For the plastic contact response, the constraint fac-
tor, i.e., the ratio of hardness to uniaxial yield stress, rY , is about

2.8. We may relate rY to sCRSS by
ffiffiffi
3
p

through the relationship
between Mises shear stress to pure shear, or by the Taylor factor
of 3 that relates single crystal to polycrystal yield strengths. Both
will agree with the finding of H=sCRSS � 7 in Fig. 3(a). In addi-
tion, the effective strain measure for the 70.3 deg conical indenter
[26,27], Eeffctg70:3 deg=H, suggests that the indentation response
is in the elastic–plastic stage.

Indentation tests on cubic crystals do not usually show such a
variation in hardness with respect to the indentation direction

because of the large number of slip systems in FCC and BCC latti-
ces. Results similar to Fig. 3 have been reported in a number of
recent studies of HCP Mg single crystals [22–25]. However, while
the slip behavior in Mg obeys the same kinematic relationship of
Eq. (2), twinning can also be a dominant mode of plasticity in Mg
alloys. Experimental studies suggest that no single slip system or
single twinning mode operates during the indentation of HCP sin-
gle crystals such as Ti and Mg [9,10]. As a consequence, the simu-
lations for Mg alloys in Refs. [22–25] were performed with
multiple slip systems and various CRSS ratios among the slip sys-
tems in order to properly fit the experimentally measured hardness
values as a function of the indentation direction.

5 Pop-In in the P–h Curves as the Elastic–Plastic

Transition

In contrast to the Berkovich indentation, where the indenter is
geometrically self-similar, the use of spherical indentation can be
used to probe the elastic–plastic transition since the effective
indentation strain increases linearly with respect to the ratio of the
contact radius to the indenter radius, a=R. For carefully polished
single crystals, spherical indentation results in an elastic stage

Fig. 3 A comparison of the experimentally measured hardnesses to those predicted from the crystal plasticity model assuming
a CRSS, sCRSS 5 4.8 GPa, when only one type of slip is used: (a) basal, (b) prismatic, (c) pyramidal hai, and (d) pyramidal ha 1 ci.
The comparison suggests that the basal slip system dominates the deformation and thus the hardness anisotropy.
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followed by a sudden displacement excursion in the load–
displacement curve, denoted as “pop-in.” The elastic response
before pop-in in elastically isotropic materials can be described by
Hertzian elastic contact theory. Previous pop-in studies for Mo
and NiAl single crystals [16,28] suggest that for defect-free single
crystals, the pop-in event corresponds to homogeneous dislocation
nucleation in dislocation free regions, in which the maximum
resolved shear stress inside the contact field reaches the theoreti-
cal strength of the material. The maximum resolved shear stress is
given by

max s að Þ
RSS

n o
¼ Sindp0 ¼ Sind

6PE2
r

p3R2

� �1=3

(3)

where p0 is the maximum contact pressure, and the prefactor Sind

is defined here as the indentation Schmid factor since it is a mea-
sure of the ratio of the resolved shear stress to the applied stress,
similar to the more traditional definition of the Schmid factor in
uniaxial testing.

The pop-in loads measured for spherical indentation in Cree
SiC-6H single crystals were converted to the pop-in shear stress
based on Eq. (3) and the effective indentation modulus in Fig. 2.
In Fig. 4, the pop-in stresses for spherical indenters with two dif-
ferent radii are observed to fall into the estimated bounds of the
theoretical strength, that is, Gf0001gh1�210i=15 � Gf0001gh1�210i=5.
The shear modulus on any shear plane and shear direction can be
calculated from the Voigt elastic constants [29]; in this case,
Gf0001gh1�210i is simply C44. Umeno et al. [30]. have performed
density functional theory (DFT) calculations and found a theoreti-
cal shear strength of 29.83 GPa for basal slip in SiC, which also
falls into the hatched area in the figure.

The conversion from pop-in load to pop-in stress requires a
knowledge of the indentation Schmid factor. Figure 5(a) shows
that it varies in a parabolic manner with respect to the zenith
angle. For the tests in Fig. 4, Sind � 0:2, as opposed to the com-
monly used factor of 0.31 that relates the maximum Mises stress
to p0 based on Hertzian contact theory with no consideration of
discrete slip. Since the indentation direction may deviate from the
assumed plane 1 shown in Fig. 1, we also include in Fig. 5 the
results for plane 2 in Fig. 1. When pop-in occurs by homogeneous
dislocation nucleation, we have Sindp0 ¼ sth. Using Eq. (3) gives

Ppop�in ¼
p3R2

6E2
r

sth

Sind

� �3

(4)

whose dependence on the zenith angle is plotted in Fig. 5(b).
Since the pop-in load is quadratic in the indenter radius, it
becomes difficult to observe the homogeneous dislocation nuclea-
tion for larger indenter radii because there are limits to the loads
that can be applied by the testing system (� 500 mN for our
experiments). In fact, for indenter radii of 7.5 and 50 lm, contact
deformation in our experiments was entirely elastic with no pop-
in observed up to the machine’s maximum load capacity.

Several noteworthy findings are observed in Fig. 4. First, the
pop-in stress indeed falls into the estimated bounds of the theoreti-
cal strength. One possible reason for the deviation from the DFT
results is that there is a compressive normal stress component in
the indentation experiments that is comparable to the resolved
shear stress in the contact-induced stress fields, while the DFT cal-
culations only consider pure shear without the normal stress.
However, it is also notable that for large indenter radii, the
stressed volume may be large enough to trigger heterogeneous
dislocation nucleation if there are heterogeneous nucleation sites
such as pre-existing dislocations in the vicinity of the contact
[31,32]. This would produce a much lower resolved shear stress at

Fig. 4 Values of the maximum resolved shear stress on the
basal slip system as a function of spherical indenter radius for
Cree SiC-6H single crystals in two crystallographic orienta-
tions. The pop-in stresses are near the theoretical strength. No
pop-ins were observed in tests using indenter with radii of
7.5 lm and 50 lm because the pop-in forces exceed the machine
load capacity (500 mN).

Fig. 5 (a) Indentation Schmid factor and (b) the predicted pop-
in load as a function of the zenith angle in the two planes
defined in Fig. 1(a) when only basal slip is allowed. Indentations
in the c and a directions give almost the same indentation
Schmid factor and pop-in load.
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pop-in and may explain the decrease in pop-in stress with increas-
ing indenter radius observed in Fig. 4. However, the dataset is too
limited to draw a firm conclusion about this at this time.

6 Summary

This work demonstrates that the anisotropy in mechanical prop-
erties of single crystals can be quantitatively related to and exam-
ined from the anisotropy of the nanoindentation responses in
different crystallographic directions. For SiC-6H single crystals,
we have examined the indentation anisotropy of the effective con-
tact modulus, hardness, and pop-in load. Salient observations
include:

� After correcting the Oliver–Pharr method for pile-up effects,
the measured and predicted values of the effective indenta-
tion moduli, ESiC�6H

eff , agree well, despite the fact that the
overall variation of ESiC�6H

eff against the zenith angle is only a
few percent.

� The small degree of hardness anisotropy can be reproduced
by crystal plasticity finite element simulations using just the
basal slip system, as has been observed in the experiment
[8]. Other slip systems give a totally different dependence of
hardness on the zenith angle.

� The pop-in loads, when converted to the maximum resolved
shear stress using the indentation Schmid factor, lead to pop-
in stresses that agree with the theoretical strength for the
basal slip system.

It is notable that even a weak anisotropy in the indentation
response (changes in properties of only a few percent with
changes in zenith angle) can be used to estimate the anisotropy in
mechanical properties when aided by elastic and plastic contact
analysis. In addition, even though the indentation responses of
SiC-6H single crystals are generally close to isotropic (variations
in properties of only a few percent in the elastic and plastic
responses), one cannot treat the behavior as that of a Mises solid
when examining polycrystalline SiC since there are only three slip
systems (or two independent slip systems) available for the plastic
deformation, which does not satisfy the Mises criterion for com-
patible deformation among neighboring grains. Thus, SiC poly-
crystals are generally quite brittle in the absence of strengthening
grain boundary phases.
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