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NiTi-based shape memory alloys are metallic materials exhibiting remarkable response to mechanical and/or
thermal loading, e.g. superelasticity, pseudoplasticity or one-way shape memory effect. They can be engineered
into structures of micro-size dimensions, hence, they appear promising for application in micro-electromechanical
systems. For their efficient utilization, appropriate characterization is important. Due to relative simplicity,
indentation represents a very standard and popular technique for basic characterization of metallic materials
providing information about stiffness and hardness. Moreover, it can be used for identification of other events in
the material. This study aims to verify applicability of the recently developed constitutive model for NiTi-based
shape memory alloy in simulations of nanoindentation tests. The model is fitted to a particular sample material
using experimental data, and a series of simulations mimicking tests at various temperatures is performed. Since
the model also captures two-stage martensitic transformation via the intermediate R-phase, its influence on the
simulations is investigated as well. It is confirmed that spherical indentation is a suitable method for simple and

fast detection whether the material is in superelastic or pseudoplastic regime.
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1. Introduction

Instrumented indentation has been widely applied to
characterize the mechanical behavior of materials at
small scale. The well-known example is the Oliver—Pharr
method [1, 2] frequently adopted to determine elastic (in-
dentation) modulus of elasto-plastic materials, basically
from a couple of characteristics of the measured indenta-
tion response and known material and geometrical prop-
erties of the indenter. However, the shape of the load-
displacement curve provides a rich source of information
allowing also for identification of non-linear events such
as phase transformations, cracking or delamination of
films [3].

Shape memory alloys (SMAs) are intermetallic materi-
als exhibiting solid-to-solid phase transformation which
is reversible. The phase change between austenite and
martensite may be induced by temperature changes
and/or deformation. If the material is deformed at a
temperature higher than a certain limit (Ay), it recovers
original shape after unloading even if deformation reaches
several percent; this effect is called superelasticity (SE).
If deformed under this temperature, the deformation is
mostly retained after unloading, which is called pseudo-
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plasticity (PP), and the alloy must be heated over Ay
to fully recover its original shape. The different behav-
ior is due to different phase composition. Above Ay the
only stable phase of material is austenite and martensite
is stable only due to applied mechanical loading. With
decreasing temperature, martensite becomes thermody-
namically preferred. Martensitic phase features several
(non-elastic) structural mechanisms which allow for re-
coverable accommodation of imposed strains; they are
collectively termed reorientation (processes) hereinafter.
As common in metals, however, if the mechanical load-
ing is too severe, processes linked with plasticity are ini-
tiated and the original shape is fully recovered in neither
situation.

Having found application in medicine, civil engineering
or aerospace industry, NiTi-based alloys are a prominent
class within SMAs usually utilized in form of a polly-
crystalline bulk or film. Some material characteristics
related to the phase transformation are quite sensitive to
alloy composition, manufacturing and processing of final
or semi-finished (wires, plates, films) products, e.g. [4, 5].
For instance, changes of composition and processing in-
fluence presence/absence of the intermediate phase, so-
called R-phase, in NiTi alloys [6].

At least since the last decade, NiTi-based SMAs are
intensively investigated also by means of (nano-) inden-
tation techniques. For instance, it was observed in [7]
that indentation induced SE is much more pronounced
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under spherical indentation conditions than that under
pyramidal indentation. The quantitative stress analysis
of nanoindentation on NiTi samples performed in [8] sug-
gests that the stress required to induce the martensitic
phase transformation at nanometer scales is on a par with
macroscopic stresses required to induce it. Purely SE be-
havior (without any induced plasticity) was successfully
observed in spherical indentation tests performed in [9].
Recently, work [10] studied dependence of nanoindenta-
tion behavior on the crystallographic loading direction on
a coarse-grained NiTi sample. However, as pointed up by
the authors, due to mutual interaction of microstructural
processes in SMA, the mere load-displacement data are
insufficient when it comes to identification of individual
contributions to the net response. One option is to em-
ploy additional experimental investigations, the other is
to rely on computational modeling.

There is an abundance of constitutive models of SMAs
in the literature, originating at different scales of descrip-
tion and simplification, see reviews [11, 12] for further
details. Recently, Sedlak et. al. developed a three-
dimensional constitutive model tailored for NiTi-based
SMA exhibiting martensitic transformation via the inter-
mediate R-phase [13]. So far, the model was extensively
tested on simulations of thermomechanical response of
products manufactured from NiTi SMA wires [14, 15].
Excellent correspondence between simulations and exper-
iments has confirmed suitability of the underlying physi-
cal description of material processes and the apt choice of
material parameters used as input for the model. How-
ever, indentation tests represent a very specific type of
mechanical loading. Applicability of the model on simu-
lations of these tests and sensitivity to a variation of the
parameters should be explored prior to a routine use.

Hence, the aims of this contribution may be formu-
lated as follows: (1) to prove functionality of the model
in case of simulations of indentation tests performed on
NiTi SMAs and to assess its present capabilities with re-
spect to the experimental data, (2) to study differences
in “idealized” material response at various temperatures
by conducting a series of “virtual indentation tests”, (3)
to investigate how the occurrence of R-phase influences
the simulations.

2. Materials and experiments

NiTi plate with composition 52.2 at.% Ti, 47.8 at.% Ni
received from Johnson Matties Company were subjected
to two types of indentation tests at room temperature.
Samples were made by molding the plate into epoxy
holder and mechanically polishing and finishing with
50 nm Al;O3 suspension to the final roughness of 10 nm
determined by the atomic force microscopy (AFM).

Spherical nanoindentation was performed on Hysitron
P/N: TI-0043 indenter at room temperature, whereas
CSM Ultra Nanoindentation Tester with Berkovich tip
was utilized in a cyclic indentation test with the maxi-
mum force of 2 mN.

3. Constitutive model

Numerical simulations within this work have been per-
formed by own-developed User MATerial subroutine in
the numerical software tool Abaqus. It is based on the re-
cent constitutive model for NiTi-based SMAs formulated
within the thermomechanical framework of Generalized
Standard Materials [16]. It allows effective description
for situations in which martensite forms from austenite
through intermediate R-phase. Two main characteristic
features of R-phase from the viewpoint of the model are
its distinctly low shear modulus and the entropy change
connected with the austenite—R-phase transition.

For description of a thermodynamic state of the ma-
terial, two external state variables — total strain, ¢, and
temperature, T'— are complemented by two scalar inter-
nal variables — volume fraction of martensite, £, volume
fraction of R-phase, n and one tensorial internal variable
— traceless inelastic strain related to transformation, ™.
The Helmholtz free energy is formulated in a rather stan-
dard form [11]:

F(T.e.™m) = SK(& n)tr(e)”
+G(&,n) [|dev(e) — sinH2 + AsAM(T — Ty)¢

+A¢R<T—Rs—nﬂ7_ﬁg>n+Qum
1-¢ 2

where Q(T) is a term depending on temperature only,
hence not relevant under isothermal conditions studied
in this work. Parameter K represents bulk modulus of
the material and, with respect to results in [17], it is sup-
posed to be independent of phase composition. G(&,7)
represents the net shear modulus and it is determined
from shear moduli of respective phases by the inverse
rule of mixtures also known as the Reuss model. AsAM
and As?® denote the (positive) change of entropy related
to the transitions austenite-martensite and austenite—
R-phase, respectively. Tj is a material parameter re-
lated to thermodynamic equilibrium between austenite
and martensite, whereas s and Ry are temperatures ad-
justing initiation and termination of transformation be-
tween austenite and R-phase under stress-free condition.
More details on assumptions leading to this form can
be found in [13]. The rate-independent dissipation func-
tion, which is directly related to so-called “transformation
domain” common in phenomenological plasticity-inspired
SMA models, takes the following form:

AsMM [Ty — M + (My—M;)] €
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Here, A, Ay, My, My and 0"°°(T') are material param-
eters influencing the hysteretic behavior of the model.
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The model incorporates the natural constraints on vol-
ume fractions of phases, i.e. they are restrained within
interval [0, 1]. Moreover, through a convex bound,
(™) < k¢, dependence of the maximal strain due to
transformation (to martensite) on the applied loading
mode is captured; the bounding function having the form

IQ (DEin)

(emy =22

cos (% arccos (1 — a [I5(De™) +1]))

cos (3 arccos(1 — 2a))

X

where I (x) = \/2x : @ and I3(z) = 4% for a ten-
sor . Here k is a material parameter representing the
maximum transformation strain which can be attained in
pure tension. Parameter a captures the experimentally
observed reduction of k when pure compression is applied
(the phenomenon is known as tension-compression asym-
metry in the literature, see [18, 19] for details). Matrix D
allows for the refined description of transformation strain
anisotropy (e.g. because of texture) if experimental data
are available. Since it is not the case of the present study,
D equals the unitary matrix hereinafter.

Based on prescribed strain and temperature, values of
internal variables are obtained as the solution of a con-
strained minimization problem, in which sum of the free
energy and the dissipation function is minimized with
respect to the internal variables. Because of improved
performance of the model, the inequality constraints are
“smoothened” (through parameters E™ and ¢'*8) when
the solution is searched computationally. For more de-
tails on numerical treatment and implementation of the
model to the finite element software package Abaqus
see [13, 20].

4. Numerical simulations

Profiting from the axial symmetry of spherical inden-
tation, the situation was modeled as a 2D axisymmet-
ric problem using 6400 four-node linear axisymmetric el-
ements (coded as CAX4 in Abaqus) in a square mesh
whose lateral size represented 2400 nm. Hence, the size
of the sample is almost 40 times larger than the maxi-
mum indentation depth applied in this study (65 nm).
The size of elements was spatially variable, decreasing in
a geometrical sequence towards the corner directly un-
der the tip, so that the mesh was most dense there, see
Fig. la. Roller boundary condition was imposed on the
axis of symmetry of the sample, bottom line was con-
strained in both radial and axial directions. This setting
is common in such a type of simulations [21, 22]. Pre-
liminary mesh sensitivity analysis was also performed to
ensure the results are basically insensitive to the mesh
size. Due to more than order of magnitude higher stiff-
ness of the diamond indenter in comparison to the inves-
tigated alloy, the tip can be plausibly modeled as a rigid
body [22-24], in the present situation a sphere with the

a)
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Fig. 1. a) finite element model of the sample, b) dis-
tribution of minimum of principal component of loga-
rithmic strain, ¢) volume fraction of martensite, and d)
volume fraction of R-phase for spherical indentation at
42 nm depth and 0°C.

radius of 2700 nm. Moreover, due to the very low tangen-
tial angle between the sample and the spherical tip (up
to 10° and 13° for indentation depths up to 42 nm and
65 nm, respectively), the contact between the indenter
and the mesh can be assumed frictionless [23]. Large ro-
tations of material elements are dealt with by activation
of the non-linear geometry mode in Abaqus software [25].

TABLE

Parameters of the constitutive model used in the
simulations.

K =150 GPa E* =71 GPa
EM =171 GPa ET =42 GPa
M, = —42°C My = —44°C
A, = —39°C Ap = —33°C
Ry =19°C Ry =-15°C
To = —40°C ¢ = 0.01 MPa
E™ =30 MPa As™™ = 0.364 MPa/°C
As*t =0.121 MPa/°C k = 0.065
a=0.9 o5e° = 160 MPa
2T = —(0.9 MPa/ °C

Values of material parameters used in present simula-
tions are summarized in the Table. Elastic properties as
well as parameters A,, Ay, My, My, Ry, Ry were adjusted
based on preliminary measurements of temperature de-
pendence of elastic properties on temperature on NiTi
samples by resonant ultrasound spectroscopy. Moreover,
the Young modulus of martensite corresponds well to
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Fig. 2. Comparison of measured and simulated force—

indentation depth dependence for indentation with
spherical tip (left side) and Berkovich tip (right side)
at 25°C.

values determined from performed Berkovich indentation
test using the Oliver-Pharr method. Values of parame-
ters related to entropy change and to reorientation func-
tion ¢7°(T) as well as numerical parameters £ and
c**® were adopted from previous studies [14, 15]. Param-
eters a and k strongly influence simulations, but their ex-
perimental analogies may substantially depend on man-
ufacturing and processing of NiTi SMA products [4, 18].
Their values were thus determined by fitting the model
to available experimental data, see Fig. 2. Let us note
that the fitted values match well with data commonly
presented in the literature [26].

The left part of Fig. 2 presents the best fit of two simu-
lations of spherical indentation together with experimen-
tal data. As can be seen from the measurements, inden-
tation to maximum depth of 42 nm clearly exhibit SE
behavior with zero residual depth, whereas indentation
to 65 nm is not fully recovered after unloading. This
indicates the initiation of irreversible processes in the
material, most likely plasticity. They seem to be initi-
ated during loading after the penetration depth exceeds
50 nm, where the experimental response in loading de-
parts from values predicted by simulation. Although the
residual depth is only a2 1/6 of the maximum indentation
depth, it cannot be reflected in the simulation since the
used constitutive model does not capture plasticity. For
this reason, further simulations of spherical indentation
will be conducted with indentation depths confined to
42 nm.

Just for illustrative purposes, in the same figure, ex-
perimental data measured by the Berkovich indenter are
compared to a simulation in which the pyramidal tip
was approximated by a cone with equivalent half-angle
70.3° [22, 27, 28]; material data are the same. Its worth
noting that the simulation again corresponds well to mea-
surement in the initial part of loading which further val-
idates the choice of material parameters and that the

character of the experimental cyclic loading/unloading
response confirms reversible transformation in the mate-
rial [9]. One can conclude that the present model is able
to realistically reproduce experimental indentation tests
performed on NiTi SMA if irreversible processes are not
involved.

Figure 3 presents a series of simulations performed
at various temperatures with the same material data.
As clearly seen, the force-indentation depth response
strongly depends on temperature both in qualitative and
quantitative sense. With decreasing temperature load
needed to reach a given penetration depth decreases while
the total dissipated energy manifested by the area of
hysteresis increases. Moreover, for the lowest temper-
atures, a non-zero residual depth appears and its magni-
tude increases.

- 50°C
1200H _ _ _ 5o E
0°C
1000f — 7 0°° 1
== —60 °C
_ goolLm = =HerzA ]
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=
[
2 600 ]
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w
400 1
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Indentation Depth [nm]
Fig. 3. Force-indentation depth dependence for a se-

ries of simulations of spherical indentation at various
temperatures. The leftmost dashed line shows the cor-
responding analytical Hertzian solution for the purely
elastic medium with elastic properties of austenite.

These phenomena are obviously related to phase tran-
sitions. For temperatures above 19°C, sample is fully
in austenite before loading and transition to R-phase is
initiated first. Comparison with the corresponding an-
alytical Hertzian solution for the purely elastic medium
with elastic properties of austenite (dashed line) suggests
that the process is initiated before 10 nm indentation
depth is reached. With progression of loading, material
in the most loaded region under the tip transforms fur-
ther to martensite. At 25°C, martensite is formed at
lower stresses (due to temperature—stress coupling) than
at 50°C, hence, the hysteresis loop after unloading is
more pronounced in that case, see the figure.

At 0°C, the sample is more than 50% composed from
R-phase prior to loading. Figure 1b—d provides informa-
tion on spatial distribution of the minimum (i.e. nega-
tive) principal component of strain and volume fractions
of phases at the end of loading, i.e. at penetration depth
42 nm. The most strained region is fully in martensite
as expected. However, in the region in which the strain
component reaches about 0.02 a “crescent” of full R-phase
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occurs, effectively “softening” the force—indentation depth
response in Fig. 3.

Martensite is the stable phase after unloading only
when the indentation test is performed below —20°C.
Then, the residual depth is non-zero as observed in Fig. 3
and the residual compressive stress just beneath the in-
dented surface of the sample reach values corresponding
to reorientation stress (i.e. o™°(T)). At —60°C, mainly
martensite reorientation is under way during loading;
hence, the unloading part of the curve is predominantly
elastic.

Finally, due to the coupling of stress and tempera-
ture in “driving force” for phase transformations, the load
needed to reach the prescribed penetration depth gradu-
ally decreases with decreasing indentation temperature.
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| 25°C ]
800 = = = 25°C, no R-phase
Z 700 i
=
g 600 1
£ 500 i
400 b
300 b
200 b
100 b
. . . .
0 5 10 15 20 25 30 35 40
Indentation Depth [nm]
Fig. 4. Comparison of force-indentation depth depen-

dence for direct martensite—austenite transformation
and for the same transformation proceeding via inter-
mediate R-phase.

The influence of R-phase to force-indentation depth
curves can be investigated in Fig. 4. Three simulations
from Fig. 3 are replotted there together with hypothetic
response of the same material if transformation to R-
phase would be suppressed (e.g. by different processing).
To this end, we set As*® =0 and Ggr = G4 (ie. Eg =
E4) in the model. Differences are most pronounced at
—40°C, where the residual depth is roughly twice higher.
The reason is that if the R-phase transition is suppressed,
more martensite (contributing by transformation strain
to the residual depth) is formed in the sample at the
same temperature. In the figure it is also worth to note
different slopes of the initial part of the unloading curve
related to the different elasticity of austenite and R-phase
(best visible at 0°C).

5. Conclusions

The recently developed constitutive model for NiTi-
based SMA including intermediate R-phase transforma-
tion was applied in simulations of indentation tests with
the spherical tip. Employing experimental data the

model was fitted to a particular sample material and
a series of simulations mimicking indentation at various
temperatures were performed. The results confirmed the
good applicability of the utilized approach to such a kind
of simulations and highlighted some features related to
indentation of materials in which martensitic transforma-
tion proceed via intermediate R-phase. Simulations show
that even in such case, spherical indentation to moder-
ate depths can be used for a simple and fast detection
whether the material is in superelastic or pseudoplas-
tic regime. Viewed from the other side, “virtual experi-
ments” allow for a qualified estimate of strain, stress and
phase distribution before real experiments are performed,;
hence, they may provide guidelines for tailored experi-
ments, e.g. avoiding initiation of irrecoverable processes.
Extension of the constitutive model to capture irrecover-
able processes is under development.
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