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Here we investigate the elastic and plastic anisotropy of hexagonal materials as a function of crystal orientation
using a high-throughput approach (spherical nanoindentation). Using high purity zirconium as a specific example,
we demonstrate the differences in indentation moduli, indentation yield strengths and indentation post-elastic
hardening rates over multiple grain orientations. These results are validated against bulk single crystal measure-

ments, as well as data from cubic materials. By varying the indenter size (radius), we are also able to demonstrate
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indentation size effects in hexagonal materials, including possible signatures of strain hardening due to twin
formation in the nanoindentation stress-strain curves.

© 2015 Elsevier Ltd. All rights reserved.

Nanomechanical testing techniques, such as nanoindentation [1-3],
micropillar compression and tension [4,5], as well as three point bend
and cantilever bend techniques [6-8], have been used for the past
couple of decades to probe small volumes of material of the order of
1 pm? or smaller. In techniques other than nanoindentation, preparation
of miniaturized tensile and compression samples is typically carried out
in bulk materials using Focused lon Beam (FIB) milling, a time consum-
ing technique that runs the risk of ion beam damage to the sample [9,
10]. Nanoindentation, on the other hand, provides copious amounts of
mechanical data from extremely small volumes of material while only
requiring a flat polished surface [11]. Much work has also been carried
out over the past few years to obtain stress—strain curves using a spher-
ical nanoindentation approach [2,11-13]. This technique can transform
the raw load-displacement data into meaningful indentation stress—
strain curves that capture the local loading and unloading elastic
moduli, local indentation yield strengths, and post-yield strain hard-
ening behavior. As such, spherical nanoindentation represents a
high-throughput technique that can amass enormous amounts of
grain-level data from one polycrystalline sample.

Early work utilizing this technique focused largely on orientation
dependent local (grain-scale) mechanical responses in relatively low
anisotropy cubic systems such as face centered cubic (fcc) Aluminum
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and body centered cubic (bcc) Tungsten [2,12,14]. More recent studies
have explored more elastically anisotropic cubic materials such as Fe-
3%Si steel [15,16], the work-hardening in grain-boundary regions in
polycrystalline metallic samples [17-19], and the influence of ion
implantation on damage gradients relative to the sample surface in
Tungsten [13]. In this work we report on the use of our recently devel-
oped spherical nanoindentation stress-strain techniques on materials
with non-cubic crystal structure that deform extensively via twinning.
While nanoindentation of hexagonal materials have been previously
reported using both pyramidal [20] and spherical indenters [21,22],
the use of indentation stress-strain analysis is advantageous in that it
allows us to study not only the commonly reported modulus and
hardness values in these materials, but also their yield strengths under
indentation, as well as their post-yield hardening response and how
the indentation length scale (controlled by changing the indenter tip
radius) affects their propensity of twinning under the indenter.
Hexagonal close packed (hcp) metals such as zirconium (Zr) repre-
sent increasing complexity in mechanical behavior when compared to
the relatively symmetric slip inherent to cubic systems. Zirconium's
mechanical behavior has been studied extensively, and is known to be
highly anisotropic compared to cubic metals showing varying degrees
of dislocation slip and twinning depending upon loading direction
[23-26]. In this vein, polycrystalline Zr is the ideal test bed for a spherical
nanoindentation investigation into microscale mechanical anisotropy.
The current work leverages modern high-throughput nanomechanical
test techniques to determine differently oriented single crystal stress-
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strain responses of Zr at different length scales (by varying the indenter
tip radius; all length scales studied here are significantly smaller than the
millimeter sized grains in the sample). Note that in the current study
only three carefully polished samples of Zr will be required to explore
the complete range of orientations in hcp Zr (see Fig. 1), in comparison
to the dozens of painstakingly prepared single crystal samples needed
by past researchers.

In this study, spherical nanoindentations with different indenter tip
radii were conducted on ~50 grains distributed in three samples [27]
(see Supporting Information section). Indentation stress-strain curves
were computed from the corresponding raw load-displacement
datasets following the procedures outlined in Eqs. S1 and S2 [11,12].
The results from four representative grains, noted here as Grains 1, 2,
3, and 4, which have sufficiently differing crystallographic orientations
measured using electron backscatter diffraction (EBSD) that are spread
over the fundamental orientation zone (depicted as the inverse pole
figure (IPF) “triangles” in Fig. 1) are discussed in detail in this work.
The orientation of Grain 1 provides for an indentation direction almost
parallel to the crystallographic c-axis, and that of Grains 3 and 4 almost
perpendicular to the c-axis, while Grain 2 lies in the center of the IPF
triangle. Fig. 1d shows a relative comparison of the indentation load-
displacement responses measured with a 10 um indenter radius
between these four grains. As expected, Grain 1 shows the strongest
response, as it invokes the hardest deformation modes available in Zr.

In Fig. 2, the extracted indentation stress—strain curves for Grain 1
are shown for spherical indenters ranging in radii from 10 um to
100 pm. For the larger indenter sizes (of radius 100 pm), no pop-ins are
evident, and the indentation yield stress (Y;,q, measured as a 0.2% offset
stress) is 1279.7 + 151 MPa (see Table 1). For the smaller 10 pm radius
indenter, there is typically a large pop-in event (sometimes followed by
several smaller pop-ins), and a subsequent steady-state work hardening
atarate of 11.2 & 0.7 GPa. The work hardening rate was calculated as the
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Fig. 2. Spherical nano-indentation stress strain response of Grain 1, measured with two
indenters of radii 10 and 100 um. Inset. Orientation of Grain 1 on the IPF triangle. Right
image: residual imprint from a 100 um radius indenter on Grain 1.

linear slope of the indentation stress—strain curve between offset strains
of 1 and 2%.

Fig. 3 shows the corresponding indentation stress-strain responses
for Grains 2, 3 and 4 measured with five different indenters of 1, 5, 10,
100 and 150 um radii. These grain orientations, which range from in-
dentation perpendicular to the c-axis (Grains 3, 4) to another off-axis
orientation (Grain 2) exhibit very different behavior than that found
in the tests parallel to the c-axis (Grain 1). In contrast to the c-axis
grains, Grains 2, 3 and 4 show distinct length scale effects, which can
be broadly grouped in three general patterns. (i) Tests with the smallest
sized indenter (1 pm radius) show a series of pop-ins that continue for
the entire duration of the test (until a strain of over 0.25, green curves
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Fig. 1. (a-c) Montage of assorted EBSD micrographs of annealed zirconium. (d) Comparison of the load-displacement responses between Grains 1 to 4 using a 10 um radius spherical

indenter.
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Comparison of the indentation loading modulus (Eg), the indentation yield (Y;,q), and hard-
ening rates between the four grain orientations in hcp Zr, and fcc Al [19] and bece Ta [45].

Loading 0.2% offset Hardening Hardening
modulus, Yind, MPa rate, GPa rate/Shear
Eeff, GPa modulus
Zr Grain 1 101.6 + 6.7 1279.7 + 151 378 +8 1.04
Zr Grain 2 781 £ 2.1 1074 + 11 111+ 0.8 0.3
Zr Grain 3 872422 115.7 £ 23 103 +£ 04 0.28
Zr Grain 4 80.1+24 1131+ 11 11.2 £ 0.7 03
Aluminum 70 62243 5 0.19
Tantalum 1423 308.7 £5 12.6 0.18

in Fig. 3). This phenomenon is commonly referred to as ‘staircase yield-
ing’ [20,28,29] for load-controlled indentations, where the indentation
strain (or depth) excursions correspond to discrete plastic deformation
events and are separated by loading portions that are predominantly
elastic [14,15,30]. (ii) At intermediate indenter sizes (5 um and 10 pm
radii indenters) the series of pop-ins continues up to a critical strain
level, and is then followed by rapid work hardening in the indentation
stress—strain response. The strains at which the steady-state work hard-
ening begins are seen to decrease with increasing indenter size. Thus for
the 5 um radius indenter Grains 2, 3 and 4 show repeated pop-ins up to
indentation strains of 0.064 4 0.003, 0.078 4+ 0.005 and 0.081 + 0.007,
while the same strain values for the 10 um radius indenter are lower
at 0.055 + 0.005, 0.06 4 0.005 and 0.058 + 0.008 respectively, where-
upon steady-state work hardening with no pop-in ensues. Table 2
summarizes the measured contact radius (a) values (Eq. S2) at these
corresponding indentation strain levels. (iii) For the largest indenter
sizes (100 and 150 um radii indenters), pop-ins are typically small or

entirely absent. Thus the data collected with the largest 150 um radius
indenter is ideal for measuring Y;,q (see Table 1) since the absence of
pop-ins makes it easier to discern the yield point for these indenter
sizes. As seen from Table 1, the Yj,4 values for Grains 2, 3 and 4 are nearly
an order of magnitude lower than that seen in c-axis compression
(Grain 1).

Plastically, zirconium has been found to deform in three slip modes,
prismatic <a>, pyramidal <c + a>, and basal <a>. Also possible are two
different types each of extension twinning and contraction twinning,
{10-12}(10-1-1) and {11-21}(11-2-6) (extension) and {11-22}(11-
2-3) and {10-11}(10-1-2) (contraction). Studies by Akhtar et al.
[23-26] have shown that at room temperature, prismatic slip is expected
to be the easiest slip pathway for orientations where applied resolved
shear stresses are favorable. However, in compression along the <c>
axis, where prismatic slip is not favored, Zr crystals deform preferentially
by {11-22} contraction twinning and increasingly by pyramidal <c + a>
slip with increasing temperature. Similarly Beyerlein and Tome [31,32]
have shown that in high purity polycrystalline Zr (average grain size
25 pm [33]) at 300 K, subjected to compression along the c-axis such
as is the case for Grain 1, pyramidal slip is preferred, and the correspond-
ing slip resistances are an order of magnitude higher than those found for
prismatic slip.

The above discussion can help explain the observations from
Figs. 2-3 and Tables 1 and 2. As seen from Fig. 2, the indentation on
Grain 1 forces a contraction of the c-axis. For such an imposed deforma-
tion on the crystal, there is usually no resolved shear stress on the
prismatic <a> slip systems, and so the material is forced to deform by
other hard modes (contraction twinning and/or pyramidal <c + a>).
This is reflected in the high indentation yield stresses for Grain 1 as com-
pared to those measured for Grains 2, 3 and 4. The ratio of Y;,4 values for
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Fig. 3. Spherical nano-indentation stress strain responses of (a) Grain 2, (b) Grain 3 and (c) Grain 4. Results from five different indenters of radii 1, 5, 10, 100 and 150 pm are shown for each
case. The insets show the orientations of the respective grains on the IPF triangle. The SEM micrographs show the residual imprints from a 100 um radius indenter on each grain. The
micrographs were taken at a 52° tilt angle, and are shown here after correcting for the tilt angle. Due to shadowing effects caused by the high tilt angle, the material pile-ups on the
left and right sides of the indents appear as darker regions in the micrographs; the deepest regions of the indent are towards the center of the micrographs. The dotted markings on

the sample surfaces are an artifact from the EBSD scanning pattern.
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Table 2
Comparison of the contact radius (a) values measured for Grains 2, 3 and 4 for the five different indenter radii.
Grain 2 Grain 3 Grain 4
R1 pm a at the end of test 609 + 3 nm 541 £+ 29 nm 560 + 8 nm
R5 um a at start of hardening 859 + 86 nm 979 + 140 nm 1043 4+ 97 nm
R10 pm a at the start of hardening 714 £ 77 nm 643 + 49 nm 817 £ 113 nm
R100 pm, R150 pm a at yield 1321 £ 174 nm 1513 £ 521 nm 1597 4+ 179 nm

Grain 1 with respect to the other 3 grains (see Table 1) is ~11-12, which
is in good agreement with the ratio of the hard/soft deformation mode
(i.e., slip and twin) resistances used by Beyerlein and Tome [31]. In
fact, for our study, we used material from the same melt of high-
purity Zr, so a strong correlation is expected, and is an indicator of the
validity of our high-throughput technique. Similarly the elastic modulus
data shown in Table 1 also matches well with the trends seen in bulk
single crystal measurements for the orientations measured [34], within
5-15% of those values found in bulk crystals.

Beyond the measures of yield stress and elastic modulus, the inden-
tation stress-strain technique as applied here can also be employed to
investigate post-yield hardening behavior. Note that most commonly
used indentation protocols [1,3,35] are unable to resolve the early stages
of the stress-strain curves (elastic and elastic-plastic transitions) and
therefore are incapable of providing the insights obtained and presented
here. Table 1 compares the indentation results for the current work on
hcp Zr to two cubic materials, bcc Tantalum and fcc Aluminum. Note
the high Yj,,4 value, as well as the high post-yield normalized strain hard-
ening rate of Grain 1 in Zr as compared to the other materials (five times
higher than that exhibited by Tantalum or Aluminum). Even for Zr ori-
ented favorably for prismatic slip (Grains 2, 3 and 4), the normalized
work hardening rate is higher than that for Tantalum or Aluminum. All
three metals included in this comparison (Al, Ta, and pure Zr) are all
high stacking fault energy materials; consequently these differences
are not merely differences in stage Il hardening rates.

The physical origin of the high hardening rates in Zr (compared to Al
or Ta) can be attributed to a number of factors, and is possibly likely
to be very different for the differently orientation grains studied here.
For Grain 1, the high hardening rates (the highest measured in our
experiments) are possibly a consequence of the activation of the hard
deformation modes (pyramidal <c + a> slip and some degree of
contraction twinning). Such high strain hardening rates have indeed
been reported in bulk testing of Zr at room temperature [23-26] as
well as in other hcp metals exhibiting hard deformation modes
[36-39]. In particular, we point out that the activation of deformation
twinning should transform the initially single crystal region in the
indentation zone to a polycrystalline microstructure, which can then
lead to high hardening rates via a Hall-Petch mechanism [36-39]. We
also note that the production of twins essentially transforms glissile dis-
locations to sessile dislocations (also called the Basinski mechanism
[40]), which can also serve as a potent strain hardening mechanism.
Clearly, these observations call for detailed microscopy investigations
of deformed regions under the indenter in order to identify the respon-
sible physical mechanisms.

The strain hardening rates observed in the indentations on Grains 2,
3 and 4 are lower than those observed in Grain 1 (Table 1). This is be-
cause the expected deformation modes in grains 2, 3, and 4 are mainly
prismatic <a> slip and extension twins. Note that the stress needed to
produce an extension twin in room temperature deformation of Zr is
substantially lower than that required to activate either pyramidal
<c + a> slip and/or contraction twins [23-26]. Consequently, Grains
2,3 and 4 represent softer orientations compared to Grain 1. However,
we also expect the stress required to activate extension twinning to be
somewhat higher than the stress needed to activate prismatic <a>
slip. So we might expect Grain 2 to exhibit a lower indentation yield
stress compared to Grains 3 and 4. This is indeed reflected in our
measurements (see Table 1). This difference is somewhat mitigated in

our experiments because of two reasons: (i) While prismatic <a> slip
is likely to be more prevalent in the indentation of Grain 2, all three
grains exhibit both prismatic <a> slip and extension twinning as the
former alone is insufficient to accommodate the complex deformation
mode imposed in the indentation zone. This is also evident in the slip
and twin markings visible on the SEM micrographs of the deformed
indentations shown in Fig. 3a-c. (ii) Although extension twinning is
demanded to accommodate the extension in the c-axis direction in
the highly heterogeneous indentation zone in these experiments, this
driving force is somewhat diminished by the fact that the c-axis is at a
large angle with respect to the indentation direction in Grains 2, 3 and
4 (unlike Grain 1 where the c-axis is forced to contract without excep-
tion). Consequently, the driving force for extension twinning is rather
mitigated by the anisotropic response in the indentation zone (i.e., the
other directions expanding more compared to the relatively hard exten-
sion of the c-axis). This is clearly evident in the anisotropic geometries
of the residual indentations on the sample in Grains 2, 3 and 4 compared
to the symmetric (circular) residual imprint on Grain 1 (comparing SEM
micrographs in Figs. 2 and 3).

The study presented here has also revealed several new insights into
length scale effects. In particular, the influence of the length scale
(controlled by indenter tip radius) is seen to be the most dramatic on
the elastic-plastic transition. One of the effects known from prior
studies [14,15,18] is that the propensity for observing pop-in events
on annealed samples increases with smaller indenter tips. This, of
course, is also clearly seen in the results presented in this study.
Additionally, we observe several additional length scale effects in the
indentation measurements reported here on hcp metals that exhibit
deformation twinning in addition to crystallographic slip [41]. At the
outset, it is important to note that both slip and twin resistances are
expected to exhibit strong dependencies on length scales in addition
to crystallographic orientation [42]. In general, the extent of deforma-
tion twinning should be expected to be higher in the indentation
experiments performed with the larger indenter tips. As noted earlier,
activation of deformation twinning should result in high hardening
rates because of the Hall-Petch and Basinski mechanisms mentioned
earlier. Fig. 3 and Table 2 support this hypothesis through the observa-
tion that the measurements with the smallest 1 pm radius indenter tip
do not attain high hardening rates even at large plastic strains, unlike
the measurements with the larger indenters on the same grains.
This is because the volumes explored with the smaller indenters are
substantially smaller, requiring significantly larger stresses to nucleate
deformation twins. The zone under the indenter undergoing plastic
deformation is estimated to correspond approximately to a cylinder of
radius a and height 2.4a [43,44]. As seen from Table 2 for the 1 um
indenter radius case in Grain 2, the maximum value of a at the end of
the test is 609 + 3 nm, which is considerably smaller than the a values
attained with the larger indenter sizes (of radii 5 and 10 um) at the
onset of hardening. Similar trends can be seen for Grains 3 and 4 as
well. This implies that once a sufficient volume of material undergoes
plastic deformation beneath the indenter, possibly by a combination of
multiple slip and twin modes, it consistently leads to a high rate of
work hardening in Zr. Thus, for the 5 and 10 um indenter radii cases,
the stress—strain curves in Fig. 3 indicate that the elastic response is
followed by discrete plastic deformation events (either deformation twin-
ning and/or dislocation slip depending on the crystal orientation) until
sufficient sources are activated to enable multiple modes. This is then
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followed by a uniform work hardening exceeding those previously seen
in literature for cubic material systems. For the largest indenter sizes
(100 and 150 pm radii indenters), hardening starts immediately after
yield, since a has already reached a very large value (of ~1.3 pum at yield).

Thus the conditions in the tests with the smaller indenters appear to
be such that the desired critical length (volume) scales for activation
and/or growth of deformation twins have not been met.

In conclusion, a high throughput methodology based on spherical
nanoindentation stress—strain analysis shows efficacy in determining
the elastic and plastic anisotropy of high purity Zr. Through the use of
only three metallographically prepared samples, the mechanical behav-
ior of Zr compressed perpendicular and parallel to the c-axis were shown
to have close correlation to bulk single crystal measurements. An inden-
tation size effect was revealed, whereby a critical deformation volume
was found to be necessary to facilitate steady state work hardening for
grains compressed in off c-axis orientations.
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