
PHYSICAL REVIEW MATERIALS 3, 063608 (2019)

Crystallographic orientation dependence of mechanical properties
in the superelastic Ti-24Nb-4Zr-8Sn alloy
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Nanoindentation and electron backscattered diffraction techniques are used to study the dependence of
crystallographic orientation on mechanical properties in individual grains of the superelastic polycrystalline
Ti-24Nb-4Zr-8Sn alloy. Strain recovery, elastic modulus, and hardness are evaluated from the force-displacement
curves using spherical and Berkovich indenters. Experimental data are reported in a standard stereographic
triangle covering all possible crystallographic directions of loading in the bcc-β structure of the Ti-24Nb-4Zr-8Sn
alloy. Our experiments show that both spherical and Berkovich indenters are suitable for probing anisotropy of
elastic modulus whereas spherical indenter is more appropriate for probing anisotropy of superelastic response.
The highest indentation strain recovery is measured along 〈001〉β and the lowest one is observed along 〈111〉β .
Our inverse pole figure distribution of indentation strain recoveries is in good agreement with inverse pole
figure distribution of compressive lattice distorsions calculated from the crystallographic model of martensitic
transformation in β titanium alloys. This established pattern in compression is very different from that seen
during tensile deformation, and both our experiments and calculations confirm the strong tension-compression
asymmetry of the strain response in superelastic β titanium alloys. The indentation modulus also shows
significant crystallographic anisotropy: E[001]β < E[101]β < E[111]β . In contrast, orientation dependence is lost
when plasticity has set in, and hardness becomes independent of crystallographic orientation due to the fact
that multiple directions are prone to generate slip systems in the bcc-β structure.
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I. INTRODUCTION

In the last 20 years, titanium based alloys entirely com-
posed of nontoxic and nonallergenic β-stabilizing elements
have been the focus of much attention especially in view
of their adequate biocompatibility and more suitable elastic
behavior for use in biomedicine when compared to other
metallic biomaterials [1–6]. β-stabilizer alloying elements
(Nb, Ta, Mo, Zr, and Sn) lower the allotropic transformation
temperature of titanium and stabilize the β phase, which
retains the more compliant bcc structure. Ti alloys with pre-
dominance of this phase offer a lowering in elastic modulus,
without sacrificing their strength and toughness making them
the most promising metallic materials for hard tissue substi-
tutes [7–13]. For a narrow range of β-stabilizer equivalent
concentrations, the metastable β phase can be retained to
room temperature after quenching from the β phase field.
Metastable β Ti alloys may present superelastic behavior
associated with a stress-induced and reversible martensitic
transformation [14–19], which make them highly desirable for
the fabrication of biomedical smart devices such as cardiovas-
cular stents, guide wires for catheters, drills for root canal pro-
cedures, and orthodontic arch wires [20–23]. Superelasticity
arises from mechanical instability of the metastable β phase
that turns into nonequilibrium α′′ martensite (orthorhombic
phase) on loading and reverts back to β phase on unloading
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resulting in a remarkable and unusual strain recovery for
metallic alloys.

The effect of alloying elements and influence of thermome-
chanical processing on mechanical properties of metastable
β Ti alloys have been extensively investigated in the litera-
ture [24–29]. It is confirmed that phase composition, grain
size, and texture of metastable β Ti alloys impact their su-
perelastic performances and mechanical properties [30–36].
Beyond this, the uniaxial deformation behavior of single
crystals of metastable β Ti alloys displays crystallographic
anisotropy: (i) regarding superelasticity, crystals along the
〈101〉β direction provide the highest recoverable strain and
crystals along 〈111〉β the lowest one during tensile testing,
(ii) the lowest elastic modulus is observed along the 〈001〉β
direction and the highest one along 〈111〉β . These experimen-
tal results are in accordance with theoretical calculations for
these both properties [10,37–39]. A good understanding of
orientation-dependent mechanical response in superelastic Ti
alloys will help to determine preferential structural features to
approach optimum performance for specific application. Over
the last decade, micro- and nanoscale mechanical testing,
including mostly micropillar compression tests and nanoin-
dentation tests have become more widely employed in order
to understand the local mechanical response of materials
[40–50]. In the case of the most popular superelastic Ni-Ti
alloy system, nanoindentation testing on individual grains
with various crystal orientations have revealed mechanical
anisotropy mainly driven by anisotropy of the stress-induced
formation of martensite [47–50]. It is supposed that lattice
distorsion strains involved during martensitic transformation
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to accommodate the applied strain, are strongly dependent on
the crystallographic direction of loading [51]. According to
our knowledge, no experimental data exists on the orientation
dependence of the superelastic response in individual grains
of polycrystalline metastable β Ti alloys. A thorough under-
standing of the superelastic response, elastic modulus, and
hardness in individual grains with regards to their orientation
is of great interest to optimize initial structural features in
order to achieve the desired mechanical behavior for relevant
application.

The present study focuses on the polycrystalline metastable
β Ti-24Nb-4Zr-8Sn alloy (composition in wt. %; abbreviated
as Ti2448), which has been designed by Hao et al. for use
primarily in biomedicine [8,9]. The present work uses strategy
initiated in a previous work combining electron backscattered
diffraction (EBSD) analysis for identifying grain orientations
and nanoindentation measurements for exploring elastic and
plastic responses of individual grains depending on their
orientation [40]. Measured data are reported in inverse pole
figures that have the advantage of displaying the value distri-
bution of each measured property in a single representation for
all possible crystallographic directions of loading. In this way,
depth-recovery, elastic modulus, and hardness, all measured
during nanoindentation in individual grains of the polycrys-
talline metastable β Ti2448 alloy are successively reported
in a standard stereographic triangle covering all possible
normal surface directions (also loading directions). Results
show a full experimental study of orientation-dependent in-
dentation response in the metastable β Ti2448 alloy covering
all crystallographic directions of loading and allowing a full
evaluation of changes in superelastic and elastic responses.
Experimental results are discussed and interpreted in relation
to the crystallographic model of martensitic transformation in
metastable β Ti alloys.

II. MATERIALS AND METHODS

A slice of a hot-forged cylinder of Ti2448 alloy is used as
raw material in this work [8]. The slice is directly multipass
cold rolled to a reduction rate of 40%. The cold rolled speci-
men is then solution treated under high vacuum at 900 °C for
30 min followed by water quenching to retain the metastable
β phase at room temperature. This specific thermomechanical
treatment is choosen to produce an optimal initial microstruc-
ture with random texture and appropriate grain size for easily
probing a wide range of crystal orientations. Chemical anal-
yses are performed in a scanning electron microscope (SEM)
attached with an energy dispersive x-ray spectroscopy system
(EDXS). Results show that the solution treated Ti2448 alloy
consists of 23.9% Nb, 4.1% Zr, 8.2% Sn, and Ti at balance
(wt. %), in agreement with the nominal composition. The
phase composition of the solution treated alloy is analyzed
on a Rigaku x-ray diffraction (XRD) system with Co Kα

radiation at 30 kV and 20 mA. Microstructure analysis is
carried out on a JEOL JSM 6400 SEM equipped with TSL
electron backscattered diffraction system which is used in
this work to identify crystallographic orientation of individual
grains. Prior to EBSD analysis, the sample surface is carefully
prepared by polishing with several SiC abrasive papers down
to a mesh size of 4000, followed by a final polishing with

a colloidal silica suspension of 0.02 μm. Lastly, chemical
etching in 5% HNO3, 5% HF, and 90% H2O solution (vol. %)
is performed during a few seconds to remove the thin work-
hardened surface layer and to reveal the microstructure. A low
surface roughness (Ra) below 9 nm has been measured in the
region of interest by atomic force microscopy in tapping mode
evidencing the high quality surface finish that is absolutely
crucial for the fulfillment of both EBSD analysis and subse-
quent nanoindentation measurements. After determining the
crystallographic orientation of each grain over large area, the
local mechanical properties of individual grains are evaluated
from nanoindentation experiments. To achieve this, individual
grains with labeled orientation are located using an optical
microscope coupled with the instrumented NHT CSM nanoin-
dentation test system. Load controlled nanoindentation tests
are performed along the surface normal direction of selected
grains, at room temperature, using two kinds of indenters:
a spherical diamond tip with nominal radius of 50 µm and
a modified Berkovich diamond tip (α ≈ 65.31°). Standard
calibrations of indenter tips (indenter area functions and load
frame compliances) have been performed on fused silica. In
this study, each indentation experiment is carried out at a
fixed maximum load of 30 mN with the spherical tip and
10 mN with the Berkovich tip. Berkovich indentations are
carried out in grains for which diameter is at least 40 µm
and spherical indentations are conducted in grains with di-
ameters of more than 80 µm. Nanoindentation measurements
are limited to the central region of each selected grain to
avoid any influence of grain boundaries and previous sur-
rounding indentation experiments, thus reflecting the actual
behavior of single crystals along a defined crystal direction.
Elastic modulus and hardness values are extracted from a
nanoindentation unloading curve using the equivalent indenter
Oliver and Pharr method [52]. A minimum of five nanoin-
dentation measurements are performed in individual grains
with similar orientations to assert the reproductibity of results.
Moreover, the random texture we designed allows exhaustive
and statiscally representative measurements for a very wide
range of grain orientations. In the case of superelastic alloys,
it is recognized that recoverable depth after nanoindentation
test, which is defined as the difference between hmax, the
depth at maximum load (Fmax), and hr , the remnant depth
upon complete unloading (Fig. 1), is associated with the sum
of usual elastic recovery and superelastic recovery [43,53].
To characterize the superelastic effect, the recovery ratio un-
der nanoindentation is evaluated from the force-displacement
curve by measuring the depth-recovery ratio as shown in
Fig. 1 and following the relation:

εrec = (hmax − hr )/hmax. (1)

It is commonly accepted that higher the depth-recovery ra-
tio εrec, the greater the superelastic effect [43,53]. Another
approach to gauge the superelastic effect is to analyze the
mechanical work done during the loading-unloading process.
The total work done during loading can be separated into
two parts: the irrecoverable energy Wirrec, which is mainly
due to plastic deformation during indentation experiment and
corresponds to area enclosed by both loading and unloading
curves, and the recoverable energy Wrec, which refers to area
below unloading curve (Fig. 1). Hence the energy dissipation
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FIG. 1. Schematic illustration of load-displacement curve during
nanoindentation experiment. Definition of the depth-recovery ratio
εrec and the irrecoverable energy ratio ηWirrec established from the
parameters hr , hmax, Wirrec, and Wrec read on the graph.

ratio is determined as

ηWirrec = Wirrec/Wtotal, (2)

and is a key parameter inversely related to the superelastic
contribution. It is reported that the irrecoverable energy ratio
ηWirrec is weakened in superelastic alloys by contribution of
the reversible martensitic transformation [43,53]. Therefore,
a smaller ηWirrec indicates that a large amount of transformed
martensite reverses back into β during unloading.

III. RESULTS AND DISCUSSION

A. Microstructure

XRD pattern of solution treated Ti2448 alloy is obtained
in θ -2θ symmetric geometry at room temperature (Fig. 2).
The diffraction profile displays the main reflections (110),
(200), (211), (220) corresponding to the polycrystalline bcc
β-Ti structure. The corresponding lattice parameter of β

phase is calculated to be 0.3298 nm, which is consistent
with results previously published for Ti2448 alloy [17]. The

FIG. 2. XRD profile of the solution treated Ti2448 alloy.

FIG. 3. (a) EBSD orientation map of the solution treated Ti2448
alloy. (b) Corresponding orientation distribution of surface normals
(also the loading directions) of individual grains in the standard
stereographic triangle for β phase.

EBSD orientation map in a selected region of our Ti2448
alloy is presented in Fig. 3(a). As shown, the microstructure
of the solution treated Ti2448 reveals equiaxed β grains with
an average size of 80 µm. Thus, preliminary observations
show a fully recrystallized β phase microstructure. Measured
orientations along normal surface direction are reported in the
standard stereographic triangle for the β phase [Fig. 3(b)]
and clearly show the polycrystalline and randomly textured
bcc microstructure. The analyzed area consists of several
hundered of grains that cover the entire inverse pole figure
subsequently allowing the fulfilment of an exhaustive me-
chanical study along all possible crystallographic directions
(also the loading directions).

B. Superelastic deformation in individual grains

1. Nanoindentation load-displacement curves for
the three principal crystallographic directions

Figure 4 displays nanoindentation results into selected
grains with indentation directions close to 〈001〉β , 〈101〉β
or 〈111〉β orientations with maximal deviation of 18° from
each principal direction. Typical load-displacement curves
obtained with the spherical tip are presented on the one hand
[Fig. 4(a)], and those measured with a Berkovich tip, on
the other hand [Fig. 4(b)]. Note that data presented on these
graphs are normalized in relation to the maximum measured
load Fmax for the Y axis and to the maximum measured
depth hmax for the X axis. This procedure is applied for each
indentation experiment. Mean values of depth-recovery ratios
〈εrec〉 and those of irrecoverable energy ratios 〈ηWirrec〉 are
also provided in Fig. 4 for each principal direction. Maximum
penetration depths, regardless of the grain orientation, range
from 230 to 250 nm for spherical indentations at 30 mN
maximum load and from 350 to 380 nm for Berkovich inden-
tations at 10 mN maximum load (See Supplemental Material
[54]).

Berkovich indentations differ from spherical indentations
in three general aspects. The first aspect concerns the global
shape of indentation curves, which displays a reduced final
return when the Berkovich tip is used. This can be seen by
restricted depth-recoveries and hence severely high remnant
depths hr (the complementary part) with normalized hr values
between 0.71 and 0.76 after Berkovich indentations. In con-
trast, spherical indentations lead to remarkable extended depth
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FIG. 4. Nanoindentation results of the Ti2448 alloy for grains close to 〈001〉β , 〈101〉β , and 〈111〉β orientations. Normalized load–
displacement curves measured with the spherical tip at Fmax = 30 mN (a) and with Berkovich tip at Fmax = 10 mN (b). For each nanoindentation
experiment, the continuously measured loads and depths are, respectively, normalized to the measured Fmax and to the measured hmax.

recoveries and hence considerably smaller normalized hr val-
ues contained in the interval 0.24–0.40. The second point to
mention is about dissipated energy Wirrec upon indentation
experiment: observed Wirrec associated with the Berkovich tip
is much wider than it is for the spherical tip (Fig. 4). This
is evidenced by mean values of irrecoverable energy ratios
〈ηWirrec〉, which are very high under Berkovich tip in the
range of 70%–72%, and extremely reduced with the spherical
tip in the range of 32%–41%. Berkovich indentations are
associated with sudden and immediate onset of plasticity
causing extremely steep unloading curves. There is singularity
at the tip of Berkovich indenter that produces large stresses.
Plastic deformation becomes thus the predominant deforma-
tion mechanism during Berkovich nanoindentations that do
not provide ideal situation to probe the superelastic nature
of the Ti2448 alloy. In contrast, spherical indentations exhibit

the softest slopes on the unloading curves evidencing greater
ease for reversible strain accommodation. It is generally ob-
served that the depth- and energy-recovery ratios are lower
for sharp indenters like Berkovich than for spherical indenters.
A significant volume of material immediately underneath the
Berkovich tip is so highly strained that most of the defor-
mation is accommodated by dislocation slip rather than by
indentation-induced phase transformation, inhibiting supere-
lastic recovery upon unloading [53,55,56]. When significant
deformation occurs by dislocation motion, the superelastic
effect is deteriorated. The use of a Berkovich indenter is
thus not the best configuration to probe reversible straining
in superelastic alloys, while spherical indenters facilitate the
reversible deformation [57] and allow us to further differ-
entiate fine changes in strain recovery with crystallographic
orientation.

063608-4



CRYSTALLOGRAPHIC ORIENTATION DEPENDENCE OF … PHYSICAL REVIEW MATERIALS 3, 063608 (2019)

The third issue is to emphasize the influence of crys-
tallographic loading direction on load-displacement curves.
Normalized indentation curves from the Berkovich tip do
not indicate at first sight any noticeable change related to
crystal directions. Mean depth-recovery ratios 〈εrec〉 measured
along each principal crystallographic direction fall into a very
narrow range of values (27%–29%) with the Berkovich tip
meaning that normalized remnant depths hr seem independent
of crystallographic loading directions [Fig. 4(b)]. In contrast,
spherical indentations highlight significant scattering in the
〈εrec〉 results between the three principal crystallographic di-
rections: 〈εrec〉 is measured as 73%, 70%, and 63% for loading
directions close to 〈001〉β , 〈101〉β , and 〈111〉β , respectively.
This trend can clearly be seen on close-up views of Fig. 4(a)
with an obvious move in the scatter band of normalized
hr depending on the principal direction. It is worth noting
that measured 〈εrec〉 mean values are very reproducible for
each principal direction with small mean standard deviations
1.2%, 0.8%, and 1.6%, respectively, for the 〈001〉β , 〈101〉β ,
and 〈111〉β directions. 〈εrec〉 fluctuations depending on the
principal direction extend beyond mean standard deviations
with the spherical tip evidencing that the force-displacement
response of our material depends on the cristallographic load-
ing direction. This is also evidenced by the mean values of
〈ηWirrec〉 representing the dissipating energy ratio measured as
32%, 35%, and 41% for loading directions close to 〈001〉β ,
〈101〉β , and 〈111〉β , respectively. Therefore, spherical inden-
tations reveal a distinct mechanical response of the metastable
β Ti2448 alloy depending on the crystallographic loading
direction.

2. Anisotropy of the indentation strain recovery εrec

For a more detailed representation of crystallographic
anisotropy of superelastic response in the metastable β Ti2448
alloy, indentation strain recovery ratios εrec measured in in-
dividual grains with spherical and Berkovich indenters are
reported in a standard stereographic triangle for a wide selec-
tion of crystallographic loading directions. The corresponding
inverse pole figure (IPF) distributions of indentation strain
recovery ratios (εrec-IPF) for the two indenter geometries
are then presented in Fig. 5. The position of each point in
stereographic triangle corresponds to the normal direction of
the indented grain and its color refers to the measured value

FIG. 5. Inverse pole figure distribution of indentation strain
recoveries (εrec-IPF) measured with spherical tip (a) and with
Berkovich tip (b).

of εrec in the center of the grain according to provided color
scale. Each colored point corresponds to the average of at least
five measurements and the mean standard deviation is 1.5%.
εrec is a key parameter used in the present study to investigate
recoverable deformation behavior. Clearly, εrec values change
according to crystal orientation. Maximum values of εrec are
found around 〈001〉β orientation for both indenters. Never-
theless, εrec measured from spherical indentations regardless
of the grain orientation show a larger scattering (from 60%
to 76%) than those measured from Berkovich indentations
(from 24 to 30%) in accordance with the comments from the
previous section. εrec-IPF obtained with the Berkovich tip in
Fig. 5(b) can be divided into two regions. Region I focuses
around 〈001〉β orientation and exhibits maximum εrec values
(27%–30%). Region II shows very slight decline of εrec val-
ues (24%–27%). Berkovich εrec values remain considerably
low and do not show any relevant sign of crystallographic
dependency because during Berkovich indentations plastic
deformation predominates and deteriorates the superelastic
effect [53,55,56]. εrec-IPF obtained with the spherical tip in
Fig. 5(a) shows a wide dispersion of εrec values from 60 to
76 %. The high statistic of measurements carried out along
a wide selection of crystallographic orientations corroborates
the fact that significant evolution of spherical εrec values exists
with crystal orientation. Maximum and minimum spherical
εrec distribute, respectively, around 〈001〉β and 〈111〉β ori-
entations. εrec-IPF can be divided into four distinct regions.
Region I around the 〈001〉β direction has the highest spherical
εrec value in the range 72%–76%, region IV around the
〈111〉β direction has the lowest spherical εrec value in the
range 60%–64%, regions II and III have spherical εrec values
falling in the intermediate interval (64%–72%). These high
εrec values show that reversible deformation mechanisms re-
main predominant during spherical nanoindentation. It is well
known that spherical indenters can produce a smooth transi-
tion from elastic to elastic-plastic contact. It has been shown
that extensive plastic deformation can be easily avoided and
so superelasticity can be readily assessed by using a spher-
ical indenter [53,55–57]. The large difference in the magni-
tude of indentation strain ratios εrec between the spherical
and Berkovich indenters confirm that the relative amount of
elastic and plastic deformation (strain distribution) induced
beneath the indenter tip is very different for the two indenter
geometries [53,55,56]. One interesting finding that emerges
from the study of εrec-IPF is that spherical nanoindentation
offers a suitable means to probe crystallographic anisotropy of
strain recovery. Recoverable deformation is only due to elastic
deformation in conventional materials, while it is expected
in superelastic alloys that an additional and important con-
tribution from the stress-induced martensitic transformation
participates in the reversible straining as discussed in the next
section.

3. Theoretical anisotropy of the martensitic
transformation strain εM

The superelastic nature of the polycrystalline Ti2448 al-
loy is associated with a reversible martensitic transformation
between the β phase and stress-induced α′′ phase [17,58].
Indeed, the superelastic metastable β Ti alloys that the
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TABLE I. Six lattice correspondence variants derived from the
β-α" orientation relationship.

Variant [100]α′′ [010]α′′ [001]α′′

V1 [100]β [011]β [01̄1]β
V2 [100]β [01̄1]β [01̄1̄]β
V3 [010]β [101]β [101̄]β
V4 [010]β [101̄]β [1̄01̄]β
V5 [001]β [110]β [1̄10]β
V6 [001]β [1̄10]β [1̄1̄0]β

superelastic part of the recoverable strain, i.e., the accom-
modated strain from the martensitic transformation, is driven
by geometric compatibilities between the β and α" phases in
superelastic metastable β Ti alloys [16]. Six lattice correspon-
dence variants Vi between the β (bcc) parent phase and α′′
(C-centered orthorhombic) phase can be derived from the fol-
lowing orientation relationship: [100]α′′ − 〈100〉β [010]α′′ −
〈011〉β [001]α′′ − 〈01̄1〉β (Table I). Figure 6 illustrates lattice

correspondence between the β and α′′ phases for the variant
named V5 in Table I. Lattice distorsions induced from trans-
formation of the β phase to α′′ phase can be calculated from
the previous orientation relationship using the lattice constant
of the parent β phase (aβ = 0.3298 nm) and those of the α′′
phase measured in situ under stress (aα′′ = 0.3195 nm, bα′′ =
0.4814 nm, cα′′ = 0.4730 nm) in a previous work [57]. Lattice
distortions along the three principal axes of the α′′ crystal can
then be calculated as η1 = aα′′

aβ
= 0.969; η2 = bα′′

aβ

√
2 = 1.031;

η3 = cα′′
aβ

√
2 = 1.014.

To go even further in this approach, a lattice distortion
matrix T (Vi) can be expressed in the coordinates of the parent
β phase for each martensite variant Vi [16,59]. As an example,
lattice distorsion matrix T (V 5) corresponding to variant V5
presented on Fig. 6, is defined as follows:

T (V 5) =

⎛
⎜⎜⎝

η2+η3

2
η2−η3

2 0
η2−η3

2
η2+η3

2 0

0 0 η1

⎞
⎟⎟⎠. (3)

This means that a vector x in coordinates of the β crystal
will be transformed to x′(Vi) during martensitic transformation
following the relation x′(Vi) = T (Vi)x. In this way, the lattice
distorsion strain induced by martensitic transformation ε

(Vi)
M

can be expressed for each martensite variant Vi along any x

FIG. 6. Schematic illustration exhibiting lattice correspondence
between parent β phase (bcc) and α“ phase (C-centered orthorhom-
bic) for the variant V5.

FIG. 7. Lattice distortion strains εVi
M of each martensite variant Vi

along selected β crystal directions as a function of θ angle between
the selected x direction for εVi

M calculations and 〈001〉β direction.

direction by the following equation: ε
(Vi)
M = |X ′ (Vi)| − |X |

|X | . As

proposed by Tahara et al. [59], εVi
M are calculated along various

x directions of the β crystal for the six existing martensite
variants. Results are shown in Fig. 7 as the function of the θ

angle, which is defined as the angle between the selected x
direction for ε

(Vi)
M calculations and the [001]β direction (when

θ = 0◦ or 45°, x direction is [001]β or [011]β , respectively).
Figure 7 evidences that the sign and magnitude of ε

(Vi)
M depend

significantly on Vi and θ . Martensite variant V1 has the highest
positive εVi

M values whereas the largest negative ε
(Vi)
M values

are found for V5 and V6. It is commonly assumed that the
variant that would accommodate maximum strain along the
direction of the applied load would produce maximum driving
force for the martensitic transformation and would thus be
preferentially formed. Thus ε

(Vi)
M calculations predict the most

favorable variant that is triggered to form first based on direc-
tion of the applied load and so predict maximum superelastic
recovery accomodated from martensitic transformation for a
defined loading direction. This indicates that V1 is the most
favorable variant upon tensile load and the maximum lattice
distorsion strain for V1 (3.1%) is obtained when tensile load-
ing direction is parallel to 〈011〉β , also meaning that the largest
superelastic strain recovery in tension is expected along the
〈011〉β loading direction. Conversely, V5 and V6 are the most
favorable variants for compressive loading situations and the
maximum lattice distorsion strain for V5 and V6 (3.1%) is
obtained when the compressive loading direction is parallel to
〈001〉β , meaning that the largest superelastic strain recovery in
compression is expected along the 〈001〉β loading direction.
Figure 7 also shows asymetry between tensile and compres-
sive transformation strains: in the case of the 〈011〉β loading
direction, large tensile strain (ε(V 1)

M = 3, 1%) is accomodated
from martensitic tranformation whereas very limited strain
(ε(V 5−V 6)

M = 0, 5%) is accommodated in compression. Lattice
distorsion strains ε

(Vi)
M induced by martensitic transformation

063608-6



CRYSTALLOGRAPHIC ORIENTATION DEPENDENCE OF … PHYSICAL REVIEW MATERIALS 3, 063608 (2019)

FIG. 8. Inverse pole figure distribution of maximum lattice distorsion strains εM-IPF that could be accomodated from martensitic
transformation in single β grains under tension (a) and compression (b). Comparison of the maximum transformation strains εM between
tension and compression (c).

in Ti2448 β crystals show thus strong orientation dependence.
While reported values of lattice distorsion strain are only valid
for the present Ti2448 alloy, the general tendancy highlighted
here can be extended to all superelastic metastable β Ti-based
alloys. To go further on this point, maximum lattice distorsion
strains εM that can be accomodated from martensitic transfor-
mation regardless of the variants are reported in a standard
stereographic triangle. The inverse pole figure distribution
of maximum transformation strains εM-IPF is then presented
for both tensile [Fig. 8(a)] and compressive [Fig. 8(b)] uni-
axial deformation. A comparison between tensile and com-
pressive maximum strains is also presented in Fig. 8(c), as
previously proposed for Ni-Ti alloys by Mao et al. [52].
Maximum transformation strains under tension εt

M decrease
with changing direction from 〈101〉β toward the 〈001〉β and
〈111〉β directions, for which εt

M values are 3.1%, 2.2%, and
1.0%, respectively [Fig. 8(a)]. These findings are consistent
with experimental observations upon uniaxial tensile testing
of Ti2448 β single crystals [37]: a large-scale reversible
strain of 4% has been measured along 〈101〉β oriented single
crystals, while 〈001〉β and 〈111〉β oriented single crystals
exhibit lower values of 2.5% and 1.0%, respectively. Max-
imum transformation strains under compression εc

M evolve
differently from those under tension: εc

M values decrease with
changing direction from the 〈001〉β toward 〈101〉β and 〈111〉β
directions, for which εc

M values are 3.1%, 0.5%, and 0.1%,
respectively [Fig. 8(b)]. Orientation dependence of maximum
transformation strains under compression εc

M can be corre-
lated with our indentation strain recovery ratios εrec measure-
ments [Fig. 5(a)]: it is expected that the largest εc

M value
calculated along the 〈001〉β direction promotes the highest
recoverable strain under compression and explains, in turn, the
highest εrec measured in this direction under nanoindentation.
Although nanoindentation test is different compared to uniax-
ial compression test, εrec-IPF and εc

M-IPF are in good quali-
tative agreement. Calculations and measurements follow the
same trend ε[001]β > ε[101]β > ε[111]β supporting that nanoin-
dentation, especially using spherical indenter, is a suitable
technique to probe crystallographic anisotropy of superelastic
response in β-Ti based alloys, which is mainly governed by
orientation dependence of lattice distorsions induced during
transformation from parent β crystal to martensite α" crystal.
It appears that the strain induced under the spherical indenter

is largely accommodated by the reversible stress-induced
martensitic transformation leading to a remarkable supere-
lastic strain recovery upon unloading whereas a significant
volume of material directly below the Berkovich indenter is so
highly stressed that most of the deformation occured by dis-
location motion implying that this volume cannot contribute
to the reversible stress-induced martensitic transformation
causing an irretrievable loss of superelasticity [53,55–57].
The small differences in depth recovery depending on the
loading direction for the Berkovich tip support that orientation
effects are mainly governed by the stress-induced martensitic
formation, which is considerably restricted during Berkovich
indentations. It is also worth noting that in this study the large
spherical tip (50 µm radius) is more appropriate to measure
the recoverable strain anisotropy along one direction because
the strain distribution under the spherical tip is much closer to
an uniaxial compression configuration than that given by the
Berkovich tip.

Transformation strain calculations show that Ti2448 crys-
tals possess both anisotropic and asymmetric superelastic
behavior (Fig. 8). Anisotropy refers to transformation strain
changes with crystallographic loading direction, and asym-
metry refers to difference in the magnitude of transformation
strain between tension and compression for one loading di-
rection. The asymmetry of recoverable strain between ten-
sile and compressive uniaxial tests has been experimentally
confirmed in Ti2448 single crystals at macroscale: 〈110〉β
oriented crystals exhibit larger reversible strain of 4% in
tension whereas the reversible strain is considerably reduced
(0.7%) under compression along the same crystal direction
[37]. Most of the orientations show that εt

M > εc
M [Fig. 8(c)]

meaning there is a heightened probability of measuring a
higher superelasticity in tension than in compression. This
asymmetry has been also observed in polycrystalline Ti2448
alloy at macroscale with greater strain recovery in tension
(3.3%) than in compression (1.3%) [60]. Our calculations
and nanoindentation experiments assessed at submicrometer
scale are thus consistent with macroscale mechanical tests
available in the literature [37]. Clearly, calculations show that
anisotropy of nanoindentation strain recovery εrec arises from
orientation dependence of the formation of stress-induced
martensite during nanoindentation into individual grains of
the metastable β Ti2448 alloy.

063608-7



JABIR, FILLON, CASTANY, AND GLORIANT PHYSICAL REVIEW MATERIALS 3, 063608 (2019)

FIG. 9. Inverse pole figure distribution of indentation elastic modulus (E-IPF) measured with spherical tip (a), Berkovich tip (b), and
calculated from Ti2448 elastic constants Ci j (c).

C. Anisotropy of the indentation modulus

The same strategy is conducted to characterize orientation
dependence of the indentation elastic modulus. Inverse pole
figure distribution of indentation modulus E-IPF is presented
for both spherical testing [Fig. 9(a)] and Berkovich testing
[Fig. 9(b)]. The indentation modulus clearly depends on crys-
tallographic direction. The same trend is observed for the two
indenter geometries: orientations around 〈001〉β and 〈111〉β
have the minimum (65–70 GPa) and maximum (75–80 GPa)
indentation modulus respectively, and 〈101〉β orientation has
values falling in the intermediate interval (70–75 GPa). The
high statistic of measurements carried out along a large se-
lection of crystallographic directions allowed an investigation
through the entire fundamental stereographic triangle of the β

phase [Figs. 9(a) and 9(b)]. Each colored point corresponds
again to the average of at least five measurements and the
mean standard deviation is 3 GPa. Anisotropy of the inden-
tation modulus is supported by consistent values that change
continuously through the fundamental triangle. It is well
established that the orientation dependence of the elastic mod-
ulus is related to the anisotropy factor A = 2C44/(C11 − C12)
of the crystal: any value of A either smaller or greater than
unity gives the degree of elastic anisotropy possessed by the
crystal. Elastic constants measured in Ti2448 single crystals
by Zhang et al. [37] and the corresponding anisotropy factor
are reported in Table II, with additional measured data from
some other Ti-based cubic single crystals for comparison:
Ti-29Nb-Ta-Zr [10], Ti-30Nb [61], and Ti-Ni alloys [62].
The anisotropy factor is much higher for Ti2448 alloy than
for the quaternary and the binary Ti-based alloys referenced

TABLE II. Experimental elastic constants (C11, C12, C44) and
anisotropy factor (A) for Ti2448, Ti-29Nb-Ta-Zr (TNTZ), Ti-30Nb,
and Ti-Ni crystals.

C11 (GPa) C12 (GPa) C44 (GPa) A

Ti2448a 57.2 36.1 35.9 3.4
TNTZ (Ti-29Nb-Ta-Zr)b 65.1 40.5 32.4 2.6
Ti-30Nbc 137.0 109.6 33.2 2.2
Ti-Nid 130 98 34 2.1

aReference [37].
bReference [10].
cReference [61].
dReference [62].

in Table II, indicating that a more prononced orientation
dependence of elastic modulus is expected in the case of
Ti2448 compared to other previously mentioned alloys.

The directional dependence of elastic modulus can be
predicted in a cubic crystal using the following relation [63]:

E[hkl] =
{

c11 + c12

(c11 − c12)(c11 + 2c12)

+
(

1

c44
− 2

c11 − c12

)
(h2k2 + k2l2 + l2h2)

}−1
.
(4)

Elastic modulus values are then calculated from Ti2448 elastic
constants [37] and are finally reported in the stereographic
fundamental triangle of the β phase [Fig. 9(c)]. The calculated
E-IPF also exhibits significant anisotropy: orientations around
〈001〉β and 〈111〉β have the minimum (26 GPa) and maximum
(87 GPa) elastic modulus, respectively. The elastic response
of individual grains of Ti2448 to nanoindentation as well
as the elastic response of Ti2448 single crytals to resonant
methods [37], follow the sequence predicted by calculations:
E[001]β < E[101]β < E[111]β , i.e., 〈001〉β orientation as the most
compliant direction and 〈111〉β orientation as the stiffest
direction. E-IPF experimentally achieved at a submicrometer
scale using nanoindentation [Figs. 9(a) and 9(b)] are then in
good agreement with calculated E-IPF [Fig. 9(c)] and with
previous determination of elastic properties using resonnant
methods in Ti2448 single crystals [37].

To assist in the discussion, E-IPF are divided into three re-
gions, each region referring to distinct interval values (Fig. 9).
For regions I and II, a clear difference is observed between
elastic moduli assessed at the submicrometer scale using
nanoindentation, ranging from 65 to 75 GPa [Figs. 9(a) and
9(b)], and the ones calculated [Fig. 9(c)] or measured by
vibratory motion [37], ranging from 26 to 66 GPa. Elastic
moduli determined by nanoindentation appear overestimated
compared to those calculated from measured elastic constants
or obtained by vibratory motion. This is explained by the fact
that the true contact area can be underestimated during inden-
tation leading to overestimation of the indentation modulus,
which is consistent with the literature [64,65]. Accurate de-
termination of the contact area during post-experiment using
imaging techniques can be used only if elastic recovery is
negligible, which is not the present case. The spatial distri-
bution of region I becomes much smaller when the spherical

063608-8



CRYSTALLOGRAPHIC ORIENTATION DEPENDENCE OF … PHYSICAL REVIEW MATERIALS 3, 063608 (2019)

FIG. 10. Inverse pole figure distribution of hardness measure-
ments (H-IPF) with spherical tip (a) and with Berkovich tip (b).

tip is employed. One suggestion for this effect is that spherical
indentation promotes stress-induced martensite formation for
which martensite is known to have a higher elastic modulus
than the β phase [66]. Indeed, as the modulus is measured
from the onset of the unloading nanoindentation curve, both
β and α′′ phases contribute to the measured value, which
is the source of the stiffening under the spherical tip. In
contrast, the spatial distribution of regions I, II, and III in the
E-IPF determined from Berkovich experiments is similar to
that obtained by calculations. Plastic deformation is the pre-
dominant deformation mechanism during Berkovich nanoin-
dentation and the high deformation field promptly developed
underneath this sharp indenter cannot be accommodated by
martensitic transformation. Therefore, the Berkovich indenter
tip seems the most appropriate indenter to probe conven-
tional elastic properties of our plastically deformed Ti2448
alloy.

D. Indentation hardness

Inverse pole figure distributions of hardness (H-IPF) ob-
tained from spherical and Berkovich nanoindentations are
presented in Figs. 10(a) and 10(b), respectively. Each col-
ored point corresponds again to the average of at least five
measurements and the mean standard deviation is 18 GPa.
No significant change in hardness values is found with crys-
tallographic orientation for both tips. It means that whatever
the orientation of the grain, hardness remains unchanged in
the range of dispersion of the measurements. Similar results
have been highlighted in polycrystalline α/β Ti alloys [67].
These results are contrary to measurements in pure α Ti for
which a strong anisotropy of hardness has been measured
from nanoindention experiments [40]. This observation is due
to a strong anisotropy of slip systems in α Ti resulting from its
hcp structure. Indeed, easy slip activation is allowed only for
the three prismatic slip systems leading thus to high hardness
values for crystallographic orientations around [0001]α that
are unfavorable for prismatic slip systems. Contrarily, β Ti al-
loys always possess slip systems easy to be activated whatever
the crystallographic direction. This is due to the combination
of the cubic symetry, which is more isotropic than a hexagonal
one and the high number of potential slip systems. Indeed, as
with most bcc metals and alloys, dislocation slip can be easily
activated in both the {110} and {112} planes [68]. But in β

Ti alloys, dislocation activity is also found to be easy in the
{123} planes for crystallographic orientation less favorable
to {110} and {112} slip systems [69–72]. Therefore, this

feature allows dislocation slip to be activated rather easily
for any crystallographic orientation and supports the isotropic
distribution of hardness values usually observed in bcc alloys.

We should like to emphasize that approximately linear
relationships between the ratio of hardness to elastic modulus
and the ratio of irreversible work to total work in indentation
have been proposed in the literature for Berkovich and spher-
ical indentations in elastic-plastic solids [73–75]. The ratio
values Hind/E∗ ≈ 0.045 − 0.047 and (Wtotal − Wrec)/Wtotal ≈
0.70 − 0.72 measured in our Ti2448 with Berkovich inden-
ter follow the linear relationship established for Berkovich
indentations in elastic-plastic solids [73,74], once again
indicating that Berkovich indentations favor elastic-plastic
deformation. Indeed, the ratio values Hind/E∗ ≈ 0.032 −
0.037 and (Wtotal − Wrec)/Wtotal ≈ 0.32 − 0.41 measured in
our Ti2448 with the spherical indenter deviate from the linear
relationship governing the work done during spherical inden-
tation in elastic-plastic solids [75]. The deviation is attributed
to the contribution of the superelastic recovery (martensite
to β back transformation during unloading) in the specific
case of superelastic alloys, in addition to the classical elastic
recovery, leading to a considerably higher work recovery ratio
during spherical indentations.

IV. CONCLUSIONS

The dependence of crystallographic orientation on the
mechanical response in individual grains of superelastic poly-
crystalline Ti2448 alloy is investigated during nanoinden-
tation. Strain recovery, elastic modulus, and hardness are
evaluated from the force-displacement curves using spheri-
cal and Berkovich indenters. The strain recovery, defined as
the indentation depth-recovery ratio, is strongly affected by
crystallographic indentation direction and reaches a maximum
value along the 〈001〉β direction and a minimum value along
the 〈111〉β direction. The IPF distributions of indentation
strain recoveries are in good agreement with the IPF dis-
tribution of compressive lattice distorsions calculated from
the crystallographic model of martensitic transformation ev-
idencing that anisotropy of indentation strain recovery arises
from the superelastic nature of our alloy. This interpretation
is further supported by the fact that maximum penetration
depths and hardness (resistance to plastic deformation) mea-
sured in this study are clearly not affected by crystallographic
loading direction and can therefore not be responsible for
orientation effects. These IPF distributions are very differ-
ent from that calculated for tensile deformation, and both
our experiments and calculations confirm the strong tension-
compression asymmetry of the recoverable strain in supere-
lastic β Ti alloys. The present study attests that the orientation
dependence of the superelastic effect can be probed from
nanoindentation experiments in individual grains of the su-
perelastic polycrystalline Ti2448 alloy, and higher sensitivity
is obtained with the spherical indenter tip. The strain distri-
bution induced under the spherical indenter can be largely
accommodated by stress-induced martensitic transformation,
leading to reversible phase transformation from martensite to
β phase upon unloading resulting in notable superelastic strain
recovery. The indentation modulus also shows significant de-
pendence on crystal orientation in agreement with measured
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values in single crystals of Ti2448 subjected to tensile de-
formation: E[001]β < E[101]β < E[111]β . The IPF distributions
of the indentation modulus are qualitatively similar to the
one predicted by calculations of elastic modulus from Ti2448
elastic constants. Calculations also show that the Berkovich
indenter tip is more suitable for probing anisotropy of elas-
tic properties in superelastic alloys. Our results show that

crystallographic anisotropy of the nanoindentation response is
governed by anisotropy of elastic and superelastic responses
in our metastable β Ti2448 alloy. In contrast, orientation
dependence is lost when plasticity has set in, and no crystallo-
graphic anisotropy of hardness is detected due to the fact that
multiple directions are prone to generate slip systems in the
bcc-β phase.
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