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a b s t r a c t

Constitutive models developed to predict Shape Memory Alloys (SMA) behavior are often based on a
simplified phenomenological description of martensite variant activation under thermomechanical
loading at the micro scale. This study aims at modeling and characterizing by nanoindentation the
discrete variant activation events at the nanoscale. A new criterion is proposed to describe martensite
variant activation beneath the indenter. Evidence of discrete martensitic transformation is observed
during nanoindentation by the successive occurrences of pop-in and pop-out load events on the force
versus displacement curve during respectively loading and unloading. Thus, the spatial-temporal
discontinuity of phase transformation activation and propagation is highlighted at the nanoscale with
the introduction of an indentation Patel–Cohen factor for both forward austenite–martensite and reverse
phase transformations. Dislocation emission in pure nickel is first studied to validate both the
nanoindentation testing procedure using a Berkovich indenter and the calculations of indentation
Schmid factors to describe excursion bursts corresponding to dislocation activation and propagation.
Good agreement is found between nanoindentation tests performed on a superelastic CuAlBe SMA and
theoretical crystallographic dependence of pop-in and pop-out loads predicted by the new introduced
indentation Patel and Cohen factor.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Shape Memory Alloys (SMA) undergo a reversible thermoelastic
martensitic phase transformation which is due to a displacive, diffu-
sionless, first order phase transition. SMA can exhibit a specific
behavior called superelasticity which is associated with stress induced
transformation. When the material is loaded at some specific constant
temperature the austenitic parent phase transforms from austenite to
martensite and large amounts of inelastic strains are developed. Upon
unloading back to the zero stress state the material undergoes a
reverse phase transformation frommartensite back to austenite where
inelastic deformations are recovered [1]. Constitutive micromechanical
models developed to predict Shape Memory Alloys (SMA) behaviors
are often based on a simplified phenomenological description of
martensite variant activation under thermomechanical loading at
the microscale [2,3].

Instrumented indentation has been widely developed in recent
years to study material's mechanical properties such as hardness,
Young's modulus [4] or even local strain hardening [5] at small

scales. This technique is very useful to characterize discrete
mechanisms at the nanoscale such as oxide breaking [6,7], micro-
cracking [8], homogeneous dislocation nucleation [9–13], and
stress-induced phase transformation [14,15]. Incipient plasticity
has been characterized on a wide range of materials by the occur-
rence of an excursion event, called pop-in, on the loading part of
the nanoindentation curve. Woirgard et al. [16] observed a
displacement burst during the unloa;ding of the nanoindentation
curve on a silicon single crystal. This excursion event, denoted
pop-out, was explained as phase transformation as neither slip
lines associated with incipient plasticity nor microcracks were
observed beneath the indenter.

Applied to superelastic SMA nanoindentation is an experimen-
tal way of investigating their thermomechanical properties and
their evolution with heat treatments [17], but also to study the
martensitic transformation at the nanoscale. Martensitic phase
transformation has been mostly studied using nanoindentation in
NiTi SMA [18–20] and a few studies have been led on superelastic
CuAlNi [21,22]. This completely reversible phase transition is
characterized on the nanoindentation curve (load versus displace-
ment) by the occurrence of displacement bursts during both
loading and unloading and by zero residual displacement after
complete unloading. Frick et al. [23] have observed discrete phase
transformation events on shape memory and superelastic NiTi
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alloys using nanoindentation. These authors showed that the
detection of such mechanisms by nanoindentation is very difficult
due to the shortness of excursion events and the small loads at
which these events occur. This is the reason why the relevance of
the nanoindentation study is first validated on the pop-in detec-
tion in pure nickel (Ni). NiTi alloys are the most studied Shape
Memory Alloys because of their industrial applications. However
NiTi alloys are not the best candidates to study martensitic trans-
formation at small scale because in these alloys phase transition is
usually coupled with plasticity [24] and it is then difficult to
set apart the effect of one inelastic mechanism from the other.
The present study investigates a CuAlBe SMA. This copper-based
alloy was chosen for its large grain size and for the presence of
beryllium in the matrix. CuAlBe alloys present a large grain size
compared to NiTi alloys which gives the opportunity to perform
extensive nanoindentation tests on one single crystal. The addition
of beryllium in interstitial solid solution hardens the matrix and
increases the plastic yield stress of the parent phase, favouring
phase transition activation and limiting plasticity nucleation [25].
One of the objectives of this paper is to show evidence of discrete
phase transformation events at the nanoscale in a superelastic
CuAlBe shape memory alloy identified as pop-in and pop-out
events and to investigate the orientation dependence of marten-
sitic variant activation at this scale.

Whereas martensitic transformation has been experimentally
investigated using nanoindentation, few efforts have been made to
develop activation criteria in order to understand phase transforma-
tion under such mechanical tests. Pfetzing-Micklich et al. [26]
studied the influence of crystal orientation on martensitic transfor-
mation beneath the indenter in NiTi SMA using molecular dynamics
simulations. They found that the hardness curves can be correlated
with the martensite volume occupied beneath the indenter which is
dependent on crystal orientation, however they did not study pop-in
and pop-out events at small loads. The present study investigates a
new criterion called indentation Patel–Cohen factor, based on a
continuum thermo-micromechanics approach and Hertzian elastic
contact theory to predict the activation of the first martensite variant
beneath the indenter as a function of crystal orientation. This Patel–
Cohen factor relies on the computation of the driving forces
associated to variants activation during the first pop-in load. Con-
versely, it is also shown that the indentation Patel–Cohen factor can
also be applied to the last pop-out load corresponding to the reverse
phase transformation from martensite back to (elastic) austenite.
The validation of the stress tensor calculation is first performed on
the indentation Schmid factors in comparison with the recent work
of Li et al. [27]. Then, the indentation Patel–Cohen factors are
discussed in the light of the present experimental nanoindentation
curves and results performed on CuAlBe SMA. To the knowledge of
the present authors such a criterion has not been described in the
literature.

This paper is organized as follows. In Section 2, Ni and CuAlBe
specimens used in this study are presented. Both surface preparation
and nanoindentation experimental procedure are detailed for each
material. In Section 3, the main equations using the elastic contact
with axisymmetric indenter are used to calculate the indentation
Schmid factor for crystal plasticity and the new indentation Patel–
Cohen factor for direct and reverse phase transformations. In Section
4, the nanoindentation results are presented for several crystal-
lographic orientations in Ni and CuAlBe specimen. The calculations
of indentation Schmid factor are applied to three orientations in
the case of Ni, in order to validate both stress field analysis and
experimental procedure. Finally, nanoindentation results for three
different crystallographic orientations of the CuAlBe SMA specimen
are presented, discussed, and compared to the calculated indentation
Patel–Cohen factors. Section 5 concludes and sketches some per-
spectives to this work.

2. Experimental procedure

2.1. Materials

A polycrystalline plate of CuAlBe shape memory alloy (Cu–12 wt%
Al–0.5 wt%Be) was used in the present investigation. The specimen
exhibits the following transformation temperatures: Ms¼269 K,
Mf¼279 K, As¼243 K and Af¼265 K (respectively martensite start
and finish and austenite start and finish temperature). The sample
specimen is initially in the austenitic state (f.c.c. crystallographic
structure) at room temperature and shows a superelastic behavior.
The average grain size of the specimen is about one millimeter
which is large enough according to the indenter size to consider the
indented grain as a single crystal. In addition a polycrystalline
specimen of commercially pure Ni (499.99%) (FCC crystallographic
structure) was also used in this study to validate the experimental
procedure. The grain size of the Ni specimen is around 140 mmwhich
is also large enough to consider nanoindentation on a crystal.

2.2. Surface preparation

Both specimens were first mechanically polished with decreasing
SiC paper and particulate diamond paste. The final mechanical polish
was performed with a 1 mm diamond paste. Finally they were electro-
polished in a solution of ðC2H5OH ð25 mLÞþH3PO4 ð25 mLÞþ H2OÞ
with a DC voltage of 20 V for CuAlBe and in a solution of (H2

SO4 ð20 mLÞþCH3OH ð80 mLÞÞ with a DC voltage of 35 V for the Ni
specimen. Prior to nanoindentation tests EBSD mappings were
performed in order to determine the crystallographic orientation of
the grains.

2.3. Nanoindentation

Nanoindentation measurements were conducted using a com-
mercial CSM Instruments “NHT2” nanoindentation head. This
device is fitted with a reference ring taking the depth reference
directly on the specimen surface, to avoid long waiting for thermal
drift stabilization. Tests were performed using two Berkovich tips.
The radius of curvature of the indenter tips were estimated on the
basis of AFM measurements to be approximately 300733 nm for
the tip used on Ni and 170.3 mm for the indenter used on the
CuAlBe specimen.

Nanoindentation measurements were performed on Ni on three
grains A1, A2, A3 with a crystal orientation respectively close to [001],
[101], [111], and on three grains B1, B2 and B3 of CuAlBewith respective
orientation close to [001], [001], [111]. The indented grain orientations
are close enough to ideal orientations to approximate their properties
with ideal orientations properties.

Distinct nanoindentation procedures were set up for CuAlBe and
Ni. For both materials nanoindentation tests were performed under
applied load P with a constant rate of _P=P ¼ 0:125 s�1for Ni and
_P=P ¼ 0:01 s�1 for CuAlBe. In the case of the superelastic SMA, it is
possible to perform several indentations at the same location con-
sidering each test independently from others due to the superelastic
behavior of the material and the absence of residual strain (no plastic
deformation) after a nanoindentation measurement. Thus, for the
SMA the loading test sequence was made up of four loading–
unloading cycles up to 100 mN for grains B1 and B2 and 500 mN for
grain B3. The minimum load P between two consecutive cycles was set
to 2 mN to keep contact between the Berkovich indenter tip and
the specimen surface. The objective of the first cycle is to break the
oxide layer, and the data from the three following cycles were used for
the study. These cycles of loading–unloading at the same position are
not relevant for tests on Ni, were irreversible plasticity is produced.
Nanoindentation tests on this material were set up of a unique cycle of
loading–unloading up to a maximum load of 800 mN.
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Indentations were operated at sufficiently large distance from
the grain boundary to avoid any interaction between the stress
field generated by the indentation and the elastic incompatibility
stresses associated to the presence of a grain boundary. For tests
performed on Ni a distance of 30 mm was respected between each
indentation to avoid any interaction between the incompatibility
stresses and stresses generated within the crystal by the current
indent load.

3. Indentation factor

3.1. Effective modulus

Using elastic Hertzian theory of a sphere in contact with a
semi-infinite half space, the equation used to illustrate the idea-
lized elastic contact is

P ¼ 4
3
Er

ffiffiffiffiffiffiffiffiffi
R h3

q
ð1Þ

where P is the applied load (see Section 2.3), h the penetration
depth, R the radius of the indenter tip and Er the reduced modulus.
Here, material's elastic anisotropy is considered in the reduced
modulus. The anisotropic elastic reduced modulus is related to the
elastic isotropic modulus Ei and Poisson ratio νi of the Berkovich
indenter (for a diamond tip: Ei¼1141 GPa, νi¼0.07) and to the
effective indentation modulus of the specimen as follows [28]:

Er ¼
1�ν2i
Ei

þ 1

EðhklÞeff

 !�1

ð2Þ

The effective indentation modulus is computed from the expres-
sion given by Vlassak and Nix [28,29]:

EðhklÞeff ¼ βðhklÞ
Es

1�νs
ð3Þ

where Es and νs are respectively the isotropic Young's modulus
and Poisson ratio of the specimen. Values taken for the isotropic Es
and νs are issued from Simmons et al. [30] for Ni and from
Sánchez-Arévalo et al. [31] for CuAlBe and Kaouache [25] and
presented in Table 1. From [29], βðhklÞ is defined as

βðhklÞ ¼ aþc ðA�A0ÞB ð4Þ
where A is the anisotropy factor of the sample depending on the
material elastic constants: A ¼ 2 c44= ðc11�c12Þ. c11, c12 and c44 are
the three independent elastic moduli in the cubic symmetry. The
other constants a, c, A0 and B are related to the crystal orientation,
determined from Vlassak and Nix's tables [29]. In these tables, the
choice of these constants require the calculation of the Poisson's
ratio in the [100] direction: νo1004 ¼�s12

s11
¼ c12 =ðc12 þ c11Þ,

where s11, s12 are two of the three elastic compliances. The elastic
constants values presented in Table 1 for both Ni and CuAlBe are
respectively issued from Li et al. [27] and Rios-Jara et al. [32]. The
calculated anisotropy factor A and Poisson's ratio νo1004 are
also reported in Table 1 for the two studied materials. The values
obtained for νo1004 are 0.38 for Ni (rounded up to 0.4) and 0.47
for CuAlBe (rounded up to 0.47).

Vlassak and Nix's table [29] is set up for anisotropy factors
contained between 0.6 and 8. Thus, the use of these tables is

relevant for Ni but not obviously for CuAlBe which presents an
anisotropy factor superior to 8. Eq. (4) was yet used to calculate
the CuAlBe effective modulus for the ideal [001] and [111]
orientations, considering νo1004 ¼ 0:45 and A¼ 13: Results are
presented in Table 2. In order to validate these results, another
method reported by Vlassak and Nix [28] is used. It consists in
extrapolating abaqus representing normalized indentation mod-
ulus EN versus anisotropy factor and Poisson's ratio in the [100]
direction up to A¼ 13: The corresponding EN is then reported and
the effective modulus is obtained according to: Eeff ¼ ENEs=ð1�ν2s Þ.
Good agreement was found between the values of Eeff calculated
using the two methods. Resulting effective modulus and reduced
modulus for the [001], [101] and [111] of Ni and [001] and [111] of
CuAlBe are presented in Table 2.

3.2. Indentation stress field

The stress field due to an axisymmetric indenter under the
hypothesis of linear isotropic elasticity was determined from
integrals adapted from equations (3.19) of Johnson [33]. This stress
field is not homogeneous beneath the tip, unlike pure uniaxial
compression tests. The integrals were numerically computed using
a Gauss–Legendre integration procedure [34]. The ratio of the
stress components at some arbitrary position (x; y; z) to the maxi-
mum contact pressure p0 for a circular contact of radius a are
computed according to the following integration:

sijðx=a; y=a; z=aÞ
p0

¼
Z a

0

Z 2π

0
~pðx′; y′Þ ~sijðx=a�x′; y=a�y′; z=aÞrdθdr

ð5Þ
where x′¼ r cos θ, y′¼ r sin θ, and the stress components ~sij are
due to a point force contact (the components ~sij are reported in
the Appendix). The surface pressure distribution ~p for a circular
contact is given by

~pðx′; y′Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�x′2þy′2

a2

r
ð6Þ

The maximum contact pressure is defined as follows:

p0 ¼
6PE2r
π3R2

 !1=3

ð7Þ

and describes the elastic regime until the first inelastic event
occurs during indentation loading. At the first loading stages, the
stress field under the indenter first induces elastic strain, and with
the increasing of the applied load, other types of deformation such
as plastic strain or transformation strain are activated at a given
threshold stress. These threshold stresses are experimentally
obtained from pop-in or pop-out loads.

3.3. Indentation Schmid factor for crystal plasticity

When a nanoindentation loading is applied to a single crystal
showing an elasto-plastic behavior, the first material response is
elastic up to a threshold stress at which crystal plasticity occurs
under single slip. For the activation of a single slip system (v), the

Table 1
Isotropic Young's modulus, Poisson's ratio, elastic constants and calculated aniso-
tropy factor and Poisson's ratio in the [100] direction for both Nil and CuAlBe.

Es (GPa) νs c11 (GPa) c12 (GPa) c44 (GPa) A νo1004

Ni 192.5 0.33 244 158 102 2.4 0.38
CuAlBe 110 0.3 138 124 93 13 0.47

Table 2
Effective nanoindentation and reduced moduli for Ni ideal orientation and
austenitic CuAlBe ideal orientations.

Ideal orientation [001]Ni [101]Ni [111]Ni [001]CuAlBe [111]CuAlBe

Eeff (GPa) 202 219 224 99 133
Er (GPa) 172 184 187 91 119
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induced plastic strain in the volume crystal reads:

εPij ¼ γðvÞRðvÞ
ij ð8Þ

where γðvÞ is the slip magnitude and RðvÞ
ij is the Schmid tensor,

expressed as follows:

RðvÞ
ij ¼ 1

2
ðnðvÞ

i sðvÞj þnðvÞ
j sðvÞi Þ ð9Þ

where nðvÞ
i and sðvÞi are respectively the slip normal and the slip

direction of the slip system (v). The resolved shear stress τðvÞR is
defined as

τðvÞR ðx; y; zÞ ¼ RðvÞ
ij sijðx; y; zÞ ð10Þ

It consequently depends on the position (x, y, z) beneath the
indenter and on the considered slip system ðvÞ running from 1 to
the total number of possible slip systems (12 slip systems are
considered in f.c.c. crystals).

To determine the influence of crystallographic orientation on
the initial yield point under Hertzian contact, Li et al. [27]
introduced the concept of indentation Schmid factor defined as
the ratio of the maximum resolved shear stress to the maximum
contact pressure:

S¼ 1
p0

max
ðvÞ;x;y;z

τðvÞR ðx; y; zÞ
����

���� ð11Þ

As a usual Schmid factor, the indentation Schmid factor is used

in Section 4 to predict the onset of plasticity when max
vð Þ;x;y;z

τðvÞR

���
ðx; y; zÞ ¼ τðvÞc

��� where τðvÞc is the critical shear stress corresponding

to the pop-in load. However, from Eqs. (10) and (11) a non-uniform

stress field is considered to compute S. In Section 4, τðvÞc will be
found from the experimental values of pop-in loads to be close to
the theoretical shear strength for dislocation nucleation.

3.4. Indentation Patel–Cohen factor for martensitic transformation

In the case of the nanoindentation loading of a SMA single
crystal, a similar analysis may be performed considering the
transformation strain induced by the formation a single variant
of martensite denoted (v):

εTij ¼ gRij
0ðvÞ ð12Þ

where g is the characteristic displacement magnitude of the
transformation independent on variant system (v) and Rij

0ðvÞ is
the orientation tensor. The lattice deformation responsible for
phase transformation in SMA requires the interface plane between
martensite and the untransformed austenite to be invariant. As the
Bain homogeneous lattice deformation does not allow to keep
such an invariant plane, this deformation is coupled with a
rotation and an invariant lattice deformation. The invariant lattice
deformation can be due to slipping, twinning, or stacking fault. In
the case of CuAlBe, stacking fault occurs and induces the displace-
ment magnitude g to be a constant value determined from
crystallographic analysis and identical for each variant (v). For a
particular variant (v), the orientation tensor Rij

0ðvÞ is expressed as
follows [35,36]:

Rij
0ðvÞ ¼ 1

2
ðn′ðvÞ

i mðvÞ
j þn0

jðvÞmðvÞ
i Þ ð13Þ

where n′ðvÞ
i and mðvÞ

i are respectively the normal to the habit plane
and the direction of transformation of the variant (v) (24 variant
systems will be considered for CuAlBe crystals like in [2,35]).
Unlike the slip direction for crystal plasticity, the direction of
transformation is not contained in the habit plane.

As an extension of Patel–Cohen criterion for martensitic trans-
formation initially applied to macroscopic homogeneous loading

[35,37], the driving force for martensitic transformation is
expressed as a function of the transformation strain, the stress
field beneath the indenter for an elastic state and a temperature
term related to the chemical energy:

F vð Þ
d ðx; y; zÞ ¼ gRij

0ðvÞ sijðx; y; zÞþBðT�T0Þ ð14Þ
where T is the room temperature, T0 is the equilibrium tempera-
ture at which the volume fraction of austenite equals the volume
fraction of martensite, T0 and B are material constants.

As the term BðT�T0Þ is a material constant at fixed room
temperature, it may be disregarded in the calculation of the
driving force. Thus, for the following discussions on the Patel–
Cohen factor, only the first term of Eq. (14) is needed:

F ðvÞd ðx; y; zÞ ¼ gRij
0ðvÞ sijðx; y; zÞ ð15Þ

The condition for a variant of martensite to appear in austenite
(forward transformation) is that the driving force of this variant
reaches a critical force Fc [37]:

Fd ¼ Fc ð16Þ
By analogy to plasticity occurrence by dislocation nucleation [27] a
new criterion to determine the activation of martensitic transfor-
mation under nanoindentation loading is here introduced as the
indentation Patel–Cohen factor SPC defined as

SPC ¼
1
p0

max
ðvÞ;x ;y ;z

F ðvÞd ðx; y; zÞ
g

ð17Þ

where Fd is computed from the indentation contact stress field (Eq.
(5)). Eq. (17) not only gives the indentation Patel–Cohen factor, but
also the determination of the first martensite variant to appear
beneath the indenter and the location of the activation of this
variant.

3.5. Criterion for reverse transformation

Conversely, the indentation Patel–Cohen factor can also be
applied to the reverse transformation (from the martensitic structure
to the austenitic parent phase) assuming the parent phase is in a
purely elastic state beneath the indenter. This criterion describes the
last event occurring before a complete return to austenitic state. For a
same variant, the expression for the driving force Fd is the same for
reverse and forward transformations (Eq. (15)) except that the stress
states are different. The condition for the last variant of martensite to
transform back in austenite is that the driving force of this variant
reaches a critical force equal to � Fc [35]:

Fd ¼� Fc ð18Þ
Thus, the load hysteresis ΔF between direct and reverse transforma-
tion writes:

ΔF ¼ 2Fc ð19Þ

4. Results and discussion

4.1. Dislocation activation in nickel

The Schmid and Boas's convention for slip systems [111]
o 011 4 of f.c.c. structures were used for computations on Ni
(12 independent slip systems). Using Eqs. (11) and (5), the inden-
tation Schmid factor S has been computed and its dependence on
crystallographic orientation is represented on Fig. 1 using an
inverse pole figure. The distribution of S forms a set of con-
centric circles as opposed to the ellipses of the uniaxial loading
case as already observed by Li et al. [27]. From Fig. 1 the maximum
indentation Schmid factor is found at the center of these circles
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i.e. close to a [123] crystal orientation. Conversely, the minimum
indentation Schmid factor is close to the [111] crystal orientation.

It is found that the indentation Schmid factors distribution in
the inverse pole figure is similar to the one reported in [27]. Only a
slight difference is observed with the results of [27] regarding the
maximum and minimum values of S (respectively 0.27 and 0.23 in
[27]). It is noteworthy that Li et al. [27] performed same calcula-
tion under the hypothesis of an elastically anisotropic solid while
isotropic elasticity is assumed in the present calculation.

Fig. 2a shows the nanoindentation load-displacement curves on
Ni using a Berkovich indenter. The first part of the loading curves can
be very well described by the anisotropic Hertzian curves, estimated
from the Vlassak and Nix effective moduli [28,29]. For a better
understanding of Fig. 2a, the isotropic Hertzian estimate was plotted
instead of these anisotropic Hertzian curves, and gives a convenient
estimate of the first elastic regime. In Fig. 2a a clear excursion event
is observed on each curve at loads of �114711 mN. Irreversible
plasticity activation is evident according to the large residual
displacement observed after unloading. Similar load-displacement
curves have been reported in the literature for different orientations
of Ni [38,39], which means that the experimental procedure used in
this study is relevant for the study of excursion events. Fig. 2b
focuses on the beginning of the load-displacement curves, aniso-
tropic Hertzian curves are plotted using reduced modulus calculated
in Section 3.1 for ideal orientations: E111r ¼ 187 GPa, E101r ¼ 184 GPa
and E001r ¼ 172 GPa. A very good fit is found between theoretical
anisotropic Hertzian estimate and the first elastic regime for the
three grains despite the non ideal orientation of grains A1, A2 and A3.
Regarding Eq. (1) it is clear on this figure that: E111eff 4E101eff 4E100eff
which is in agreement with Section 3.1. Furthermore, Fig. 2 shows a
dependence of the pop-in load to crystallographic orientation. The
load at which the onset of the displacement burst occurs is denoted
Pc and ranges as follows: P111

c 4P100
c 4P101

c .
Table 3 presents the average pop-in load for plasticity activa-

tion versus the computed indentation Schmid factor for the three
studied crystallographic orientations. The pop-in loads in the table
correspond to an average made on six nanoindentation tests for
grains A1 and A2, and on 13 tests for grain A3. These average pop-in
loads are in good agreement with Salehinia et al.'s [40] nanoin-
dentation tests performed on pure Ni with a 100 nm radius tip.
This study found the same ranging of the pop-in loads as in [40].

From Eqs. (7) and (11) an estimate of the critical resolved shear
stress τc under Hertzian contact is given by [27]

τc ¼ S
6PcE

2
r

π3R2

 !1=3

ð20Þ

We assume that plasticity activation occurs when τc equals
the theoretical shear strength τth of the material. From Eq. (20), the
calculated estimates of τth are reported in Table 3. The uncertainties

are calculated considering the errors on the effective tip radius (see
Section 2.3), the average pop-in load (see Table 3) and the reduced
modulus (evaluated to be 2 GPa). Since the shear modulus G of Ni is
�73 GPa [30], τth is found to be about G/15, which is within the
classical range of the theoretical shear strength τth: G/5–G/30. Using
the isotropic assumption (i.e. S¼0.31), isotropic elasticity in Eq. (1) and
the average pop-in load for the 3 orientations, the obtained value of
isotropic τth is very close to the one reported by Shim et al. [38].

Clearly, as for a usual Schmid factor, the load for plasticity
activation is higher in a grain oriented in the [111] direction and
presenting a low indentation Schmid factor (�0.26) than in a
grain with an orientation close to [101] showing a higher indenta-
tion Schmid factor (�0.3). This relation between theory and
experiments shows the relevance of the indentation Schmid factor
concept.

4.2. Martensitic transformation activation in CuAlBe

Martensitic transformation in CuAlBe is the transformation from
a D03 austenite structure to a 18R martensite crystal. Martensite
may appear under the form of 24 variants characterized by their
habit plane normal n′, displacement direction m and displacement
magnitude g. These parameters may be calculated by adapting the
WLR theory [36] on martensitic transformation to CuAlBe alloys [41].
Values used for n′ðvÞi , m′ðvÞj and g in this study are those proposed by
Siredey et al. [35]: g ¼ 0:22; an; bn; cn

� �
0:168; 0:688; 0:705f g and

am; bm; cm
� �

is 0:121; 0:678; 0:725f g. From these parameters the
transformation strain may be computed for the 24 martensite
variants. The driving force for martensitic transformation is calcu-
lated, using Eq. (15). The Patel–Cohen factors distribution for uniaxial
tests on CuAlBe are represented inside the [001] unit triangle of the
inverse pole figures in Fig. 3.

A clear asymmetry of the material behavior is observed between
tensile and compressive loading paths. This phenomenon has been
explained by Patoor et al. [42] as a loss of symmetry between the
austenitic parent phase and the orthorhombic martensitic phase.
This low symmetry of the martensitic phase implies transformation
strains, so the activation criterion, to depend on the loading path. As
a consequence different variants are activated whether the loading is
tension or compression. The Patel–Cohen factors range from 0.1 to
0.5 for a tensile test whereas from 0.08 to 0.5 for a compressive
loading path.

Fig. 4 shows the distribution of indentation Patel–Cohen factors
in an inverse pole figure.

The indentation Patel–Cohen factors distribution displayed in
Fig. 4 seems to form a set a concentric arcs of circles with a
maximum at the center, close to the [001] direction, as opposed to
arcs of ellipses for uniaxial loading (Fig. 3). Resulting indentation
Patel–Cohen factors for the three grains B1, B2 and B3 considered
experimentally are presented in Table 4.

The SPC values obtained for grains B1 and B2 are very close to
the maximum indentation Patel–Cohen factor with SPC�0.31. Thus
it is expected that pop-in load should be higher for grain B3 which
presents an indentation Patel–Cohen factor close to the minimum
with SPC �0.23.

It has been observed on NiTi SMA that pop-in events due to
phase transformation occur at very low forces, under 80 mN [24].
Furthermore studies on CuAlNi, another copper-based SMA, have
shown pop-ins due to martensitic transformation occurring at a load
level of �300 mN [43]. This is why the maximum load used for
nanoindentation tests performed on CuAlBe was first set to 100 mN.
This setting was relevant for [001] oriented grains, where several
excursion events were observed. However, as shown in Table 4, pop-
in load for the first displacement burst should be higher for grain B3
than for grains B1 and B2. The maximum load had then to be set up

S

Max: 0.31 

Min: 0.25

[111] 

[101] [001] 

Fig. 1. Inverse pole figure of the indentation Schmid factor S defined from Eq. (11)
for Ni single crystal.
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to a higher value (500 mN) for tests performed on grain B3 (with an
orientation close to [111]).

Fig. 5 shows nanoindentation tests performed on grains B1, B2 and
B3 of the CuAlBe specimen. For grains B2 and B3 the initial loading well
matches with elastic contact theory, deviating from the Hertzian
estimate with a first displacement burst. The Hertzian estimate
for grain B1 does not fit exactly the initial loading, which may be
explained by an incomplete unloading of the previous cycle. Several
pop-in events follow this first excursion and pop-out events are also
observed during the unloading stage. Penetration depth at the end of
unloading is almost back to its initial value for grain B1 (the residual
strain is around 0.5 nm) and is equal to zero for grains B2 and B3 as the
final unloading joins back the initial loading (as a typical tensile test of
a superelastic CuAlBe at the macroscopic scale).

AFM images performed on the SMA indented surface after
complete unloading showed no evidence of remnant impressions.
This comforts the observation that nanoindentation tests on CuAlBe
result in almost complete strain recovery. Thus, the observed excur-
sion events on this material are not due to irreversible dislocation
plasticity as in Ni. However, due to a first displacement burst, the
curve deviates from the elastic regime showing an inelastic mechan-
ism. Presence of excursion events during both loading and unloading
and of no residual displacement leads to interpret this inelastic
mechanism as reversible phase transformation. These results reveal
the spatiotemporal discontinuity of phase transformation propagation
at the nano scale.

Displacement bursts on the CuAlBe specimen exhibit a slight
slope, whereas in Ni the excursion event is clearly a plateau. This
difference in the pop-in (and pop-out) slope is thought to be due
to the difference in the observed mechanism between dislocation
and martensite variant activation.

For the three grains, the elastic Hertzian curves were calculated
from the anisotropic reduced modulus according to Section 3.1,

considering the closest ideal orientation: [001] for grains B1 and B2
and [111] for grain B3. Reduced moduli were calculated using Eq. (2)
and considering the effective modulus in the ideal orientation:
E111r ¼ 119 GPa and E001r ¼ 91 GPa. Resulting anisotropic Hertzian
estimates (Eq. (1)) for ideal [001] and [111] orientations are plotted
respectively in Fig. 5a and b for [001] and Fig. 5c for [111]. These
curves give a very convenient estimate of the first elastic regime
of the austenite for the three grains. Fig. 5d shows the anisotropic
Hertzian estimates for [001] and [111] ideal orientations. It is
concluded that the slope of the anisotropic Hertzian curve for a
[111] orientation is higher than for the [001] orientation. As
these curves give a convenient fit of the first elastic regime for
both orientations, it shows the non-negligible influence of elastic
anisotropy on the first elastic regime when the material is in the
austenitic state.

Nanoindentation curves presented Fig. 5 show several displace-
ment bursts during both loading and unloading. For grains B1 and B2
three excursion events occur after the first displacement burst during
loading and the unloading curve shows four displacement bursts. For
grain B3 seven pop-in events are observed during loading and the
unloading stage presents seven displacement bursts. Pop-in and pop-
out loads are presented in Table 5 for the three grains. It is observed in
Table 5 that the pop-out loads for the three grains are close from pop-
in loads but slightly lower. It is also observed that at each pop-in
during loading corresponds a pop-out during unloading. Thus we can
interpret each pop-in as being associated with the activation of
martensite variants and the corresponding pop-outs as describing
reverse transformation of these variants.

Nanoindentation curves obtained on grains B1, B2 and B3 all start
with an elastic loading followed by a first displacement burst. This first
pop-in occur at loads of 2075 mN for grains with an orientation close
to [001] and at a load of 55 mN710 mN for grain B3 with an orientation
close to [111]. The load at which the onset of the displacement burst
occurs is denoted Pc and ranges as follows: P111

c 4P100
c . These

experimental results are in good agreement with the theoretical
indentation Patel–Cohen factors predicting an easier variant activation
on the [001] orientation compared to the [111] orientation. These
experimental data clearly show a crystallographic orientation depen-
dence of martensitic transformation activation at the nanoscale.

From Eqs. (7), (15) and (17) an estimate of the critical force Fc is
deduced:

Fc ¼ gSPC
6PcE

2
r

π3R2

 !1=3

ð21Þ

Table 3
Average measured pop-in load for Ni and estimated indentation Schmid factor from
Eq. (11) and theoretical shear strength from Eq. (20) for the [001], [101] and [111]
crystallographic orientations and in the isotropic assumption.

Crystal
orientation

Average pop-in load
(mN)

Indentation Schmid
factor

Estimated τth
(GPa)

[101] 103738 0.30 5.9771.55
[001] 108758 0.29 5.4371.11
[111] 125750 0.26 5.4971.17
Isotropic 112749 0.31 6.1271.42

A1 A2

A3

Fig. 2. (a) Representative load-displacement nanoindentation curve for the grains A1, A2, A3 of the Ni specimen with orientations respectively close to [001], [101] and [111]
and Hertzian solution with isotropic elasticity, (b) magnified view of the plot shown in (a) exhibiting the first displacement burst and Hertzian solution with anisotropic
elasticity.
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Calculated critical forces from Eq. (21) and corresponding load
hysteresis (Eq. (19)) are reported in Table 6 for grains B1, B2 and
B3. Uncertainties of these values were calculated considering the
errors on the effective tip radius (see Section 2.3), the average first
pop-in load (see Table 6) and the reduced modulus (estimated to be
2 GPa). The isotropic value of Fc was estimated using the isotropic
assumption (i.e. SPC¼0.31), isotropic elasticity in Eq. (1) and the
average pop-in load for the 3 grains. The obtained isotropic value of
Fc.is reported in Table 6 and is significantly higher than critical forces
estimated under anisotropic hypothesis. This reveals the influence of
anisotropy on the calculation of critical forces.

Critical forces were calculated in the case of a bulk polycrystalline
CuAlBe specimen under tensile loading path. Internal stress tensors for
a [111] and a [001] oriented grains were taken from Kaouache [44]
and inserted in Eq. (15). Resulting critical forces for a bulk CuAlBe
specimen under tensile loading path were respectively about 62 MPa
and 63 MPa. Values of the critical force obtained by nanoindentation
are about 240MPa, which is significantly higher than in bulk material.
According to San Juan et al. [43] the density of microstructural
defects for preferential martensite activation in bulk materials are
grain boundaries, dislocations and stress-concentrated surface defects.

However in this study, parameters were set to limit all of these effects
because:

(i) nanoindentation experiments were located at the center of
the grains to avoid any interaction with grain boundaries,

(ii) specimens were carefully polished and electropolished prior
to any nanoindentation experiment in order to avoid surface
defect effects,

(iii) the affected studied volume is very small.

Then the density of preferential microstructural points for
martensite activation was likely very low, leading to a higher critical
force. This explains the significant difference between the critical
forces obtained by nanoindentation and the critical forces of a bulk
material under tensile test.

5. Conclusion

A theoretical study and nanoindentation experiments at small
loads were performed on superelastic CuAlBe SMA to determine
the crystallographic orientation dependence of stress-induced
martensitic transformation activation revealed by pop-in and
pop-out events. The main conclusions are the following:

� The relevance of the nanoindentation procedure for pop-in
events detection was first studied. The validation of the stress
analysis was performed on the indentation Schmid factors.
Experimental and modeling validations were made on Ni with
successful comparison with an earlier study [27] regarding the
obtained distribution of indentation Schmid factors. The theo-
retical shear strength of Ni was estimated considering both
isotropic and anisotropic assumptions. Good agreement was
found between the isotropic calculated value and the literature
[38]. A dependence of the theoretical shear stress with crystal-
lographic orientation (and with the indentation Schmid factor)
was observed like in [27].

� A new criterion called “indentation Patel–Cohen factor”, and
based on continuum thermo-micromechanics associated with
Hertzian elastic contact theory is investigated to predict the
activation of the first martensite variant beneath the indenter
as a function of austenite crystal orientation. It is also shown
that this criterion can be applied to the prediction of the last
pop-out load corresponding to the reverse phase transforma-
tion from martensite back to (elastic) austenite.

� Evidence of discrete stress-induced martensite variants activation
is observed on nanoindentation curves of a CuAlBe superelastic
SMA according to complete strain recovery and displacement
bursts during both loading and unloading. Each pop-in is
interpreted as the activation of one martensite variant and the

[111] 

[101] [001] 

PC PC

Max: 0.5

Min: 0.1

Max: 0.5

Min: 0.08

[111] 

[101] [001] 

Fig. 3. Inverse pole figure of the Patel–Cohen factors (PC) for a CuAlBe single crystal under (a) tensile (b) compressive loading paths.

[001] [101] 

[111] 

Max: 0.31

Min: 0.22

SPC

Fig. 4. Inverse pole figure representing the indentation Patel–Cohen factor SPC
plotted for CuAlBe single crystal.

Table 4
Indentation Patel–Cohen factor for grains B1, B2 and B3 of the superelastic CuAlBe
specimen.

Grain B1 B2 B3

SPC 0.309 0.310 0.233
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corresponding pop-out as the reverse transformation of this
variant, showing the spatiotemporal discontinuity of phase
transformation propagation.

� The measured pop-in load for martensitic transformation activa-
tion was found to depend on crystal orientation. Tests performed
on a [111] oriented CuAlBe grain showed a higher pop-in load
than tests led on [001] oriented crystals, showing a good agree-
ment with the theoretical prediction of the indentation Patel–
Cohen factor.

� The critical force for stress-induced martensite activation
was found to be significantly higher when deduced from

Table 5
Pop-in and pop-out loads (in mN) and hysteresis loads for grains B1, B2 (orientation close to [001]) and B3 (orientation close to [111]) determined for a superelastic
CuAlBe SMA.

Pop-in loads (mN) Pop-out loads (mN) Hysteresis loads (mN)

B1 (75 mN) B2 (75 mN) B3 (710 mN) B1 (75 mN) B2 (75 mN) B3 (710 mN) B1 (73 mN) B2 (73 mN) B3 (710 mN)

1 25 20 55 15 15 25 10 5 20
2 45 35 125 40 30 80 5 5 45
3 65 45 175 65 35 130 5 10 40
4 80 75 290 70 65 235 10 10 55
5 – – 350 – – 320 – – 25
6 – – 400 – – 380 – – 20
7 – – 420 – – 390 – – 30

Table 6
Average measured first pop-in load, estimated indentation Patel–Cohen factor from
Eq. (17), estimated critical force from Eq. (21) and load hysteresis for the three
CuAlBe indented grains.

Grain
Average first
pop-in load (mN)

Indentation Patel–Cohen
factor SPC (Eq. (17))

Fc (MPa)
(Eq. (21))

ΔF (MPa)
(Eq. (19))

B1 2575 0.309 233765 4657130
B2 2075 0.310 217765 4337130
B3 55710 0.233 273763 5467126
Isotropic 3377 0.31 290765 5807129

1

2

3

4

B1

2

3

4

1

B
2

1 

2

3

4

5

6

7

B
3

Fig. 5. Resulting load-displacement curves of nanoindentation tests performed on the superelastic CuAlBe specimen on grains (a) B1, (b) B2 and (c) B3 and Hertzian solution
with anisotropic elasticity (dashed line). (d) Hertzian solution with anisotropic elasticity for ideal [001] and [111] orientations.
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nanoindentation measurements than from tensile tests on a
bulk material due to the paucity of microstructural points for
preferential martensite activation.

As perspectives of this work, it is envisaged to compute the stress
field using full anisotropic elasticity hypothesis for the prediction of
the first activated martensite variant beneath the indenter. Further-
more, finite element analyses will be performed to study the
influence of the stress field due to the first variant on the subsequent
activation of other variants.
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Appendix

Stress components at some arbitrary position (x, y, z) due to a
concentrated normal point force p0 acting on the surface of an
elastic half-space (Johnson [33]):

~sxx ¼
1
2π

ð1�2νsÞ
r2

1�z
ρ

� �
x2�y2

r2
þzy2

ρ3

� 	
�3zx2

ρ5
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ðA:1� 1Þ

~syy ¼ 1
2π
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1�z
ρ
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2π
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xy
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ðA:1� 4Þ

~sxz ¼� 3
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xz2
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ðA:1� 5Þ

~syz ¼� 3
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ðA:1� 6Þ

where νs is the isotropic Poisson ratio, ρ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2þy2þz2

p
and

r¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2þy2

p
.
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