
I. INTRODUCTION

INDENTATION tests can provide valuable information
from probing small volumes, which provides an easy method
to evaluate mechanical properties of metallic thin films and
advanced intermetallic materials.[1–10] The examination of
the imprint left by a hard indenter and measurements of load
and penetration have led to methods to measure elastic prop-
erties, yield strength, and even hardening behavior.[1–5,7–11]

Sharp indenters also lead to geometrically similar indenta-
tion states that result in a characteristic strain around them.[7]

These characteristics make sharp indenters quite useful in
estimating mechanical properties.

Most models for indentation behavior used to estimate
mechanical properties assume isotropic material behavior;
however, a small indent in a polycrystalline material is likely
to be in a single grain, where the behavior can be highly
anisotropic. Indentation has also been used extensively to
study mechanical properties of single crystals,[6,9–25] mostly
because conventional testing methods are difficult to imple-
ment. Single crystals display hardness anisotropy in terms of
both the crystallography of the indentation plane and the diag-
onal orientation in pyramidal indenters.[13–15,21,22] This
anisotropy is compounded by variations on the surface
deformation as a function of the diagonal orientation with
respect to the crystallographic axes of the sample. Both sink-
in and pile-up, which are indicative of high and low strain hard-
ening rates, respectively,[7,26] have been observed around
Vickers indents on a given plane for two orientations of
the indent diagonals.[15] This implies that the true contact

area is a function of crystallography, which must be taken
into account to measure properties from indentation testing.[7,26]

All these facts suggest that studies in isotropic materials
cannot fully account for the actual indentation behavior of
anisotropic materials; hence, indentation of anisotropic sub-
strates needs to be studied in more detail to account for effects
of elastic and plastic anisotropy. Therefore, monocrystalline
specimens were used in this work to understand the effect
of slip geometry and crystallography on the mechanics of
indentation in anisotropic substrates, with emphasis on the
surface deformation modes around the indents.

II. EXPERIMENTAL

Copper and MoSi2 were used, because copper is a model fcc
material, whereas MoSi2 provides an interesting contrast, given
its tetragonal C11b structure (c/a � 2.45) and complex slip
behavior.[27] Copper crystals were grown using the Bridgman
technique and MoSi2 crystals with a modified Czochralski tech-
nique in a Centorr (Nashua, NH) Tri-Arc furnace[28] using the
conditions shown in Reference 29. Samples with dimensions
5 � 5 � 10 mm3 were cut using electrodischarge machining
(EDM), with edges parallel to [110], [ 10], and [001], as deter-
mined by back-reflection Laue. Copper samples were elec-
tropolished in 30 vol pct phosphoric acid and 70 vol pct water
at 1 V. MoSi2 samples were polished with 1200-grit SiC, 1-�m
diamond paste, and 0.05-�m colloidal silica. Indents were made
on the (001) plane for both materials, because it matches the
symmetry of the Vickers indenter. Diagonals were aligned with
either �110� or �100� directions to study orientation effects
on the surface deformation around the indents.

A CSEM (Needham, MA) load-depth sensing indentation
machine was used for testing. Loads of 0.02, 5, and 10 N were
used for copper, and 0.2 and 10 N for MoSi2. Ten indents were
made for each testing condition to ensure reproducibility. One
typical indent result was chosen to illustrate the results presented.
Low loads indents were less than 1 �m deep, and atomic force
microscopy (AFM) was used to obtain the surface topography.
Scans for MoSi2 were performed with an Auto Probe (Veeco
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Metrology Group, Santa Barbara, CA) M5E Scanning Probe
Microscopy (SPM) system with a scan range of 100 �m in
x and y, and 1.5 �m in z. Copper indents were scanned with
a Digital Instruments Nanoscope II (Veeco Metrology Group,
Santa Barbara, CA) with a J-head, with similar characteristics
to those shown previously. Slip was studied with optical micro-
scopy using Nomarski contrast. In addition, orientation imag-
ing system (OIM) was used to obtain the lattice orientation as
a function of position around one of the large copper indents.
These studies were carried out using an FEI (Hillsboro, OR)
XL-30 scanning electron microscope at 20 kV.

III. RESULTS AND DISCUSSION

A. Slip Patterns

The slip patterns around MoSi2 indents for the two diag-
onal orientations are shown in Figure 1. The shape of the
indents, indicative of sink-in or pile-up, and the slip behav-
ior depend on the diagonal orientation. The cracking around
indents with �110� diagonals (Figure 1a) affected the slip
behavior; hence, the slip pattern in Figure 1(b) was recon-
structed by collecting the features that were common among

all indents made for this case. The indents had a “pin-cushion”
shape, indicating sink-in. Cracking around indents with
�100� diagonals (Figure 1(c)) did not affect the slip pat-
terns significantly. These indents were “barrel shaped,” char-
acteristic of pile-up, and had slip traces parallel to �100�
directions in groups extending along �010� directions,
regardless of the diagonal orientation. Traces along �110�
directions were also observed beyond the volume of the
indents for both orientations. Boldt et al.[30] found that
{110}�001� and {101}�010� systems were operative for
Vickers indents on the (001) plane of MoSi2. They were
active regardless of the diagonal orientation, as shown in Fig-
ures 1(b) and (d), with slip on {101}�010� extending into
the crystal. Traces along �110� correspond to {110}�001�
dislocation loops punched out during the indentation. The
reader should keep in mind that these systems are not equiv-
alent due to the tetragonality of MoSi2 (c/a � 2.45).

The indents in copper are shown in Figure 2. The slip lines
are parallel to the �110� directions, from slip on the
{111}�110� systems, as expected. In addition, as was the
case for the MoSi2 samples, the indent with diagonals paral-
lel to the �110� directions (Figures 2(a) and (b)) had a pin-
cushion shape, whereas the indent with diagonals along the

(a) (b)

(c) (d)

Fig. 1—Indents in MoSi2 at 10 N: (a) and (b) �110� diagonals; and (c) and (d) �100� diagonals.
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�100� directions (Figures 2(c) and (d)) showed barreling
along the �110� directions. Note that slip traces parallel to
�110� directions formed groups that extended perpendicu-
lar to the traces regardless of the diagonal orientation. The
intersection of these groups resulted in zones with multiple
slip, as indicated in the figures. The resulting surface deform-
ation modes are quantified in Section B using AFM.

B. Surface Topography

Height maps for low load indents in MoSi2 are shown in
Figure 3. The sink-in around the indents with �110� diag-
onals can be seen clearly (Figure 3(a)), as well as the square
region around the indent where plastic punching takes
places.[30] The indents with �100� diagonals (Figure 3(b))
were almost square, but some pile-up was observed at the
midsides. Cracking was not found at this load for either case,
but the shape of the indents is qualitatively the same as
that at larger loads. Line profiles were obtained from the
AFM scans to quantify the surface deformation. These pro-
files were taken along the diagonals and the centers of the
indent sides.

The line profiles for a �110�-oriented indent in MoSi2

are shown in Figure 4. The flat portions of the profile traces,
corresponding to the facets inside the indent, were fit with

straight lines to find the points where the profile separates
from the lines. These points define the contact perimeter
between the sample and the Vickers indenter, within the
error due to elastic unloading. Figure 4(a) indicates that pile-
up occurs in �110�-oriented indents at the indent corners. The
profile along the indent side is shown in Figure 4(b). A large
amount of sink-in is observed, as the departure points are
well below the surface of the sample. The sink-in, defined
as the vertical distance from the original surface to the depar-
ture points, is about 25 pct of the total depth and occurs
along �100� directions. Note that there is material pile-up
beyond the sink-in. The {110}�001� slip system produces
material flow parallel to the indentation direction[30] and is
operative near the indent (Figure 4), contributing to the sink-
in near the impression. On the other hand, the observed pile-
up is believed to occur by slip reversal on the {101}�010�
system upon unloading.[30] In addition, this slip system extends
into the crystal, as shown in Figure 1(b), to regions where it
no longer interacts with {110}�001� slip. This could reduce
strain hardening and lead to pile-up. Indentations with
�100�-diagonals displayed similar trends regarding sink-in
and pile-up. Profiles along the diagonal and the side of a
�100� indent are shown in Figure 5. The diagonal profile
(Figure 5(a)) shows that sink-in occurs near the impression fol-
lowed by pile-up; the same was observed in �110�-oriented

(a) (b)

(c) (d)

Fig. 2—Indents in copper at 5 N: (a) and (b) �110� diagonals; and (c) and (d) �100� diagonals.

06-03-268A-Symp.qxd  6/30/04  20:35  Page 2249



2250—VOLUME 35A, AUGUST 2004 METALLURGICAL AND MATERIALS TRANSACTIONS A

the corners, as was the case in MoSi2. The pile-up is larger
in copper, as expected because slip extended away from
the indents along �110� directions, leading to more slip
and material flow along these directions than in MoSi2, where
the dominant slip traces extended away from the indents
along �100� directions. The profile along the midside of
the indents is shown in Figure 7(b). Sink-in is observed, as
the departure points are below the original surface of the
specimen. However, the ratio of sink-in to indent depth is
lower than in MoSi2, which may be related to differences
in slip interactions for the two materials. In MoSi2, the {101}
and {110} slip traces overlap directly along the �100�
directions (Figure 1). The interaction of these different slip
systems should lead to high strain hardening locally, which
correlates with sink-in behavior. Multiple slip also occurs
in copper along �100� directions (Figure 2), which can
cause higher hardening rates and sink-in. This multiple slip
is at the intersection of the slip groups extending along
�110� directions, instead of resulting from a direct over-
lap as in MoSi2, suggesting that the amount of multiple slip
and its hardening effect are lower in copper. Nevertheless,
there was material pile-up beyond the sink-in, as was the case
in MoSi2. This suggests that strain hardening along �100�
directions decreased with distance from the indent, probably
because the slip interactions also decreased (Figure 2). Pile-up
is also likely to result from slip reversal upon unloading as in

(a)

(b)

Fig. 3—Height maps for 0.2 N indents in MoSi2: (a) �110� diagonals;
and (b) �100� diagonals.

(a)

(b)

Fig. 4—Line profiles for a 0.2, N �110� indent on MoSi2: (a) profile A
and (b) profile B.

indents along this crystallographic direction, �100� (Fig-
ure 4(b)). However, the amount of sink-in is lower in this
case, probably because the indenter pushes less material
away along its diagonals and conservation of volume would
require more material flow along the facets. Line profiles
along the midsides of the impression are shown in Figure 5(b)
and indicate that pile-up occurred directly outside the edges
of the indent facets, as expected.

Surface topography maps for copper indents are shown
in Figure 6. These maps showed the same trend of large
indents, i.e., �110� indents had sink-in, whereas �100�
indents had pile-up. The line profiles along the diagonal and
the midface of a �110� indent in copper are shown in
Figure 7. Straight lines were also used to find the points of
departure, as indicated by arrows. Figure 7(a) shows that
pile-up occurred in �110�-oriented indents right outside
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the corners of the indent followed by a small pile-up. This
is similar to the profile in �110�-oriented indents for the
same crystallographic direction, i.e., �100� (Figure 7(b)).
The difference between the two cases is that the amounts of
sink-in and subsequent pile-up were higher for the �110�-
oriented indents. The �100� direction in �110� indents
is along the middle of the indent sides; it is then likely that
more material is pushed from under the indenter perpen-
dicular to the indenter facets, leading to more material flow
along �100� directions for �110� diagonals and a higher
level of sink-in and subsequent pile-up to satisfy conserva-
tion of volume. The profiles along the �110� directions
for the �100�-oriented diagonals (Figure 8(b)) show a large
amount of pile-up. In this case, the profile is along the middle
of the indent sides, and more material is being pushed along
these directions. This is consistent with the larger pile-up
observed as compared to the same crystallographic direc-
tion for the �110� indent (Figure 7(a)).

The AFM data were used to obtain the true contact area
of the indents for both materials. This allowed the calcula-
tion of the true hardness as a function of diagonal orientation,
which is compared to the hardness calculated using the aver-
age diagonal length in Table I.

The hardness calculated with the diagonal length does not
vary significantly from one diagonal orientation to the other
in either material, making it difficult to determine the
hardness anisotropy. However, the calculation with the true
contact area results in significant differences between the
two diagonal orientations, about 44 pct in MoSi2 and 31 pct
in copper. This stresses the importance of the surface defor-
mation modes on the determination of hardness in single
crystals. The experimental evidence collected indicates that
sink-in and pile-up are mainly a function of the crystallo-
graphic direction on the indentation plane rather than of the
orientation of the indenter diagonals. The two materials
showed sink-in followed by pile-up along �100� direc-
tions and pile-up along �110� directions. These deforma-
tion modes correlated with changes in multiplicity of slip as a
function of orientation and distance from the indent. Never-
theless, the slip geometry must also play a role, because

(a)

(b)

Fig. 5—Line profiles for a 0.2 N, �100� indent on MoSi2: (a) profile A
and (b) profile C.

Fig. 6—Height maps for 0.02 N indents in copper: (a) �100� diagonals and (b) �110� diagonals.

MoSi2.
[30] Similar behavior was observed in �100�-oriented

indents, as shown in Figure 8. The profile along the diago-
nals (Figure 8(a)) shows that there is sink-in right outside
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(a)

(b)

Fig. 7—Profiles for a 0.02 N copper indent with �110� diagonals: (a) diagonal and (b) midside.

appropriate Burgers vectors are needed to push material
into the sample (sink-in) or to take it toward the surface
(pile-up). Finite-element models using single-crystal plas-
ticity are being developed to explore this in more detail.

These results also suggest that the mechanism by which
the indentation volume is being displaced from under the
indenter is a function of the orientation of the indentation
plane rather than the orientation of the diagonals. The diag-
onal orientation seems to bias material flow from under the
indenter, with more material being moved perpendicular to the
indent facets. However, the multiplicity of slip and slip pat-
terns remained qualitatively the same, producing pile-up and
sink-in along �110� and �100� directions, respectively,
regardless of the diagonal orientation. In addition, the plastic
zone size around copper indents, i.e., the horizontal distance
between markers shown in Figures 7 and 8, was similar along
the same crystallographic directions for the two diagonal
orientations. This suggests that the “details” of the indenter
geometry affect the strain fields only in a region adjacent to
the indent itself and that the size of the plastic zone in cop-
per depends on the applied load and the crystallography of
the slip plane. Similar experiments with spherical indents are
being carried out to study this behavior. The size of the plas-
tic zone is an important parameter to calculate yield stresses
in polycrystals and single crystals.[31] A method to measure
the plastic zone size and an average plastic strain in it as a

function of position was developed based on OIM data. This
is presented in Section C.

C. Strain Measurement from Lattice Rotations.

Indents with �110� diagonals were made in copper with
a load of 10 N and then scanned using OIM. Profilometry
results indicated that the sink-in region around the indent had
an average surface inclination of only 2 deg, which leads to
reasonable accuracy for OIM measurements. Indents in MoSi2
had much larger average surface inclinations at the sink-in
region, so no attempt was made to study them with OIM.
The misorientation angles[32] between the original lattice and
the points in a line parallel to the �100� direction, i.e., the
midside of the indent, were obtained from OIM data as a
function of the distance to the center of the indent. These
angles are expected to be accurate to less than 0.5 deg.

The final orientation of the surface normal after the deform-
ation obtained by OIM was used along with the kinematics
of slip[33,34] to determine an “equivalent” plastic strain lead-
ing to the same final orientation of the tensile axis in a crystal
under uniaxial load deformed by double slip. The full details
are given in Reference 35, but the main points are shown
here for completeness. Under uniaxial tension, the rate of
change of a direction l due to slip is given by[33,34]

[1]l
#

� Ll
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In this equation, L is the velocity gradient, which is given
by the linear superposition of the contribution of the m active
slip systems as follows:[33,34]

[2]

where (�) is the rate of change of the shear strain in slip sys-
tem �, b(�) is the normalized Burgers vector, and n(�) is the
corresponding unit normal to the slip plane.

Equations [1] and [2] lead to a set of differential equa-
tions in the components of l that can be solved analyti-
cally[33,34] if the active systems are known. The OIM data
showed that the sample normal rotated toward [ 01], which
is a Burgers vector. This resembles proportional double slip
straining of a crystal in tension, because the tensile axis rotates
toward the dominating slip vector. The other active slip vec-
tor was chosen to match the measured rotation of the sample

1

#
g

L � a
m

k�1

#
g

(k) (b(k) � n(k))

normal. The proportional double slip condition (2) � � (1)

leads to the deformation gradient:

[3]

The logarithmic strain was computed as 	 � ln U, where U
is the Lagrangian stretch tensor given by the polar decompo-
sition F � RU. The eigenvalues of 	 were then used to cal-
culate the von Mises strain 	eq. The shear strain corresponding
to each data point along the chosen line was obtained by match-
ing the local normal measured to the one predicted by the
analysis. Once the shear strain was obtained, F could be
calculated at each point and with it the von Mises strain. 

The results are plotted in Figure 9. The inset shows the
line used for the measurement and the distance r. No reli-
able data could be obtained inside the indent; hence, no
points are given for small values of r. Note the steep gradi-
ent in the misorientation angle close to the indent, which
correlates with the strain gradients expected there. The
variation of the angle levels off at r � 100 �m and becomes
approximately zero at r � 250 �m with no significant changes
for r � 250 �m.

The results suggest that the elastic-plastic boundary should
be where the angle no longer changes significantly with
distance, i.e., at 250 �m from the center. This results in a ratio
of 2rp/d � 2.2, where rp is the radius of the plastic zone and


 a(n(2) # b(1)) 1b(2) � n(1) 2 
(g(1))2

2

F � I 
 g
(1) 1b(1) � n(1) 
 a(b(2) � n(2))2

#
g

#
g
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(a)

(b)

Fig. 8—Profiles for a 0.02 N copper indent with �100� diagonals: (a) diagonal and (b) midside.

Table I. Hardness (in kg/mm2) for Low Load Indents
in MoSi2 and Cu

MoSi2 Cu

Contact Contact
Orientation Diagonals Area Diagonals Area

�110� 1800 � 100 2000 � 100 58 � 2 68 � 2
�100� 1600 � 200 1130 � 50 57 � 6 47 � 3
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d is the diagonal length of the indent (227 �m). This is sim-
ilar to the value of 2rpileup/d for the large copper indents shown
in Figure 1, where rpileup is the distance from the center of the
indent to the top of the pile-up present after the sink-in. This
ratio is about 2.3, as measured by profilometry. This indi-
cates that the small pile-up found after the sink-in does not
lead to lattice rotations that can be detected with this meas-
urement. It could also be that the strain gradient is so shallow
after the sink-in that a longer line was needed to find the end
of the plastic zone. However, a correlation was found with an
important site from a plasticity point of view. Note that the
engineering strain close to the indent is �29 pct, which agrees
well with the characteristic strain next to Vickers indents
reported in the literature.[7,36,37]

IV. CONCLUSIONS

Surface deformation modes related to pile-up and sink-
in surrounding a Vickers indent can be present on the same
crystallographic plane, even for annealed copper single crys-
tals, for different orientations of the diagonals of the indent.
These surface deformation modes are characteristic of a
particular crystallographic direction on the plane of inden-
tation; the orientation of the indenter simply changes the
amplitude of the deformation, by pushing more material
along its facets.

The presence of sink-in and pile-up correlated with dif-
ferent slip multiplicity along particular crystallographic direc-
tions. Sink-in was present in regions where at least two slip
traces intersected, whereas pile-up was present in regions
where just one slip trace was present. The slip geometry is
also likely to play a role, but further studies are needed to
elucidate this issue. Sink-in and pile-up can be present along
the same crystallographic direction. The presence of pile-up
after a pronounced sink-in was interpreted in terms of a
decrease of the strain hardening in the material as multi-
plicity of slip decreased as a function of distance from the
indent and to possible slip reversal in the volume outside
the indent upon withdrawal of the indenter.

The size of the plastic zone obtained from AFM meas-
urements of a Vickers indent showed a strong dependence
on crystallographic direction and a weak dependence on
indenter orientation. This suggests that material properties
derived from measurements of the plastic zone size around
indents should not be sensitive to the details of the exact
indenter geometry.

Orientation imaging microscopy can provide valuable
information on the lattice rotation surrounding an indent and
the information on the size of the plastic zone correlates well
with optical microscopy estimations of the region where the
sink-in outside the indent ends.

A procedure has been developed to obtain an equivalent
strain measurement from OIM data based on the final ori-
entation of the sample’s normal and the kinematics of plas-
tic deformation via crystallographic slip. The von Mises strain
of 29 pct at the edge of the indent shows good agreement
with literature reports for the characteristic strain next to a
Vickers indent.
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