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Abstract: Shape memory alloys are a unique class of materials that are capable of large
reversible deformations under external stimuli such as stress or temperature. The present
study examines the phase transformations and mechanical responses of NiTi and NiTiHf shape
memory alloys under the loading of a spherical indenter by using a finite element model. It
is found that the indentation unloading curves exhibit distinct changes in slopes due to the
reversible phase transformations in the SMAs. The normalized contact stiffness (F/ S?) of the
SMAss varies with the indentation load (depth) as opposed to being constant for conventional
single-phase materials. The load-induced phase transformation that occurred under the spherical
indenter was simulated numerically. It is observed that the phase transformation phenomenon in
the SMA induced by an indentation load is distinctly different from that induced by a uniaxial
load. A pointed indenter produces a localized deformation, resulting in a stress (load) gradient
in the specimen. As a result, the transformation of phases in SMAs induced by an indenter
can only be partially completed. The overall modulus of the SMAs varies continuously with
the indentation load (depth) as the average volumetric fraction of the martensite phase varies.
For NiTi (E, > E,,), the modulus decreases with the depth, while for NiTiHf (E, < E,,), the
modulus increases with the depth. The predicted young modules during indentation modeling
agree well with experimental results. Finally, the phase transformation of the SMAs under the
indenter is not affected by the post-yield behavior of the materials.

Keywords: shape memory alloys, nanoindentation, spherical indenter, phase transformation,
finite element method

1 Introduction

Nanoindentation has become the standard method for studying the mechanics and deformation
of materials at small scales. In this test, an indenter tip is pushed into the surface of the material
under precise load or displacement control (the load and displacement resolutions are typically
in the magnitudes of micro-Newton (uN) and nanometer (nm), respectively). The extremely
small loads and displacements can be recorded continuously throughout the loading-unloading
cycle, resulting in the quantitative indentation load-depth responses from which the properties
of the material may be extrapolated [1,2]. The indenter can be of various shapes, including
a three-faced pyramid (Berkvoich), sphere, cone, and flat. The proper selection of indenter
geometry allows for examining various mechanical deformation modes in the materials, such
as elastic, elastic-plastic, visco-elastic, fracture, and fatigue. So far, nanoindentation has been
successfully used for testing various single-phase materials (metals, ceramics, polymers, thin
films, and advanced materials, including nanomaterials) [1-9].

Shape memory alloys (SMAs) are a unique class of metal alloys capable of reversible phase
transformations under external stimuli. The solid-to-solid phase transformation in an SMA
involves the ordered motion of the atoms in their crystal structure in a way that the structure
transforms from one lattice type to another. Nickel-Titanium (i.e., NiTi or Nitinol) is the
most common shape memory alloy (SMA) that demonstrates stable shape-memory effect and
superelasticity behaviors and has excellent erosion, corrosion and wear resistance, and good
biocompatibility [10-15]. In NiTi, the austenite phase is a highly symmetric, cubic crystal
structure, while the martensite is monoclinic [16, 17]. Due to the microstructural differences,
these two phases exhibit different properties (e.g., elastic modulus, strength, and ductility).
There is a growing interest in probing the mechanical properties and deformation of SMAs
using the nanoindentation technique since these alloys have been increasingly used as micro-
surgery devices, thin films, MEMS, etc. [16-22]. However, compared to conventional materials
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(i.e., single phase materials), the indentation responses of SMAs are more complicated due
to the phase transformation and shape memory effect (SME). In a broad sense, an SMA may
be considered a composite that is consisted of two phases: austenite and martensite. The
volume fractions of these phases are not fixed and highly depend on the stress, which would
continuously alter during the loading/unloading of the indenter. Furthermore, martensite can be
in self-accommodating or reoriented forms under the applied load from an indenter.

Nanoindentation experiments have been reported to study the mechanical responses of
various shape memory alloys, mainly by examining the shape memory behaviors [23-25]. The
high performance of superelasticity with the large recoverable depth on NiTi alloys has been
reported [24]. Additionally, a novel technique of using Vickers indenter to induce a two-way
shape memory effect (TWSME) on a NiTi alloy has been proposed [25,26]. It is observed that
spherical indent in austenite NiTi specimen can fully recover upon unloading, while indent in
martensite can only partially recover. Numerical simulations on the nanoindentation of SMAs
have also been performed [27-29]. The studies are mainly focused on the phenomenological
aspects of the indentation, i.e., the variations of contact depth, contact width, hardness, etc. It has
been suggested that the nanoindentation technique may be used to extract the material properties
of the SMA constituents (austenite modulus (E,) and the martensite modulus (E,,)) [29].
However, the analysis was only tested on one individual SMA that has a higher austenite
modulus (E,/E,, > 1). In addition, most simulations have assumed that the SMAs exhibit
elastic deformation only, and the effects of plastic deformation have been ignored.

Therefore, the present work examines the elastic-plastic indentation behaviors of two distinct
SMAs using a finite element model for spherical indenters. The advantage of using a blunt
indenter (spherical or flat-ended indenter) is that an indenter of such shape can induce large loads
beneath the indenter surface, which allows for the study of stress- induced phase transformation
in the SMAs. The other advantage of using a spherical indenter (in comparison with sharp
indenters) is that the indentation strain can be directly associated with the uniaxial strain through
the well-known Tabor’s relation [30]. The materials studied are NiTi and NiTiHf SMAs that
exhibit distinct elastic properties [29,31]. NiTi is one of the most commonly used SMAs that
typically exhibit low transformation temperatures and strength and has been employed in various
applications such as aerospace, automotive, medical, and oil industries [32-35]. However, with
the addition of a ternary element Hf (partially replacing Ti content), the NiTiHf alloys present
higher transformation temperatures and strength [36,37]. Thus this alloy is functional at elevated
temperatures and harsh environments and is currently moving to commercial production.

2 Numerical procedures
2.1 Finite element model for spherical indentation

The indentation behavior of SMAs under a spherical indenter was studied by the finite element
method using commercial software ABAQUS [38]. Due to the symmetries of both geometry
and loading conditions, the spherical indentation problem can be reduced to a two-dimensional,
axisymmetric model (Figure 1). Since the indenter was much stiffer than the SMAs, the indenter
was considered to be perfectly rigid and modeled as a rigid analytical surface. The size (radius,
R) of the indenter was 50 pm. Four-node, axisymmetric, linear, quadrilateral elements, CAX4R,
were used to model the SMA solids. The overall size of the finite element model was large
enough to ensure the characteristic of a half space. The finer mesh was created around the
indenter tip to ensure accurate modeling of the contact between the sample and the indenter. A
frictionless contact was assumed at the interface of the indenter and specimen.

F

Figure 1 The geometry and mesh utilized in the finite element model for the indentation of
SMAs by a spherical indenter

As shown in Figure 1, a rigid, spherical indenter is pressed onto the surface of a semi-infinite
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SMA specimen. The contact boundary conditions in a cylindrical coordinate («, 6, z) are

orz(r,0) =0 forr <a (1a)
orz(r,0) = 0,.(r,0) =0 forr >a (1b)
uz(r,0) = f(r)—h forr<a (1c)

where o, and o are respectively the shear and normal components of the stress tensor, z
u is the displacement component along the loading direction, f(r) is the surface profile of the
indenter tip, h is the displacement of the indenter, and a is the radius of the contact between the
indenter and the SMA. The far-field condition requires, o,.(r, z) = 0, 0..(r, z) = 0, u, (1, z)
— 0, and u; (r, z) — 0 asr — oo or z — -co. The indentation load applied to the indenter can
be calculated as

F = —27r/ 02:(r,0)rdr 2)
0

2.2 Material model for SMAs

In the present study, the SMAs are assumed to exhibit superelastic-plastic behavior, as
sketched by the idealized stress-strain curve shown in Figure 2 [38]. o5 and o' are the start
and end stresses for the forward transformation, respectively; o5} and o are the start and end
stresses for the reverse transformation, respectively; E, and E,,, are the elastic modulus of the
austenite and the martensite, respectively; €, is the transformation strain.

N ©P.e)
c

(oF.)

Figure 2  Sketch of the idealized stress-strain curve for the SMAs

The plastic behavior of the SMAs was described by the power law work-hardening model
[39]:

o=or (Es/af)n 3)

where E is the elastic modulus, Jf is the stress at the onset of plastic deformation, n is the
work hardening exponent. In the present study, n varied from 0.1-0.5. Two materials were
selected for studying the indentation behavior of the SMAs: a binary NiTi SMA and a ternary
NiTiHf SMA. The present NiTi (Nis5.9Tiaa.1) and NiTiHf (Niso.3Tizg.7Hf20) have reference
temperatures of 296 K [29] and 517 K [31], respectively. One distinct characteristic between
these two SMAs is the elastic modulus: for NiTi, the austenite phase has a greater modulus
than the martensite (E, > E,,); for NiTiHf, the austenite phase has a smaller modulus than the
martensite (E, < E;,). Table 1 summarizes the detailed properties of these two SMAs, which
were used as inputs in ABAQUS.

Table 1 Summary of material properties for the two SMAs

Properties NiTi [29] NiTiHf [31]
Austenitic Young’s Modulus, E, 40800 MPa 48767 MPa
Martensitic Young’s Modulus, E, 24200 MPa 69636 Mpa
Austenite Poisson’s Ratio, vq 0.3 0.3
Martensite Poisson’s Ratio, vy, 0.3 0.3
Transformation Strain, £, 0.0447 0.0285
Austenitic Start Stress, Uf 390 Mpa 374 Mpa
Austenitic Finish Stress, o & 479 MPa 211 Mpa
Martensitic Start Stress, o 106 MPa 535 Mpa
Martensitic Finish Stress, 05 50 MPa 645 Mpa
Reference Temperature, T (Austenitic end temperature) 296 K 517K
Plastic Yield Strength, o’ 643 MPa 816 MPa
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3 Results and discussion

3.1 Indentation loading-unloading responses of SMAs

Figure 3 shows the progressive indentation loading-unloading curves for NiTi and NiTiHf
SMAs with a strain hardening index of 0.5. The indentation results have been normalized by
using the parameters of F/7R? and h/R for the indentation load and the indentation depth,
respectively.

As shown in Figure 3(a) and Figure 3(c), at low indentation depths (h/R;0.1%), the defor-
mations under the indenter are purely elastic, and the loading curves follow the classic Hertz
theory [31]:

__4E 1/2,3/2

F73(1—v)2R h 4

where E is the elastic modulus of the material at the initial state (which is the austenite phase

for both SMAs). The agreements between FEM and Hertz’s analytical solutions also serve as

validations for the finite element model (element sizes, boundary conditions, etc.). As the load

increases, the indentation loading curves begin to deviate from the Hertz predictions, indicating

that phase transformation and/or plastic deformation have occurred in the SMAs beneath the
indenter.

At small indentation forces, the indentation loading-unloading curves are seen to form
closed loops for both SMAs (Figure 3), indicating that the SMAs have recovered to their
original positions after the withdrawal of the indenter and that the deformation in the SMAs is
predominately superelastic. However, as the indentation load increases, the loadingunloading
curves exhibit residual indentations, indicating that permanent plastic deformation occurred
after unloading the indent.

3 3
(a) NiTi SMA (c) NiTiHf SMA
251 —FEm 25 — FEM
——Hertz Equati
2 ertz Squation 2 Hertz equation
o
Zis s
£ £
= =
1 1
0.5 0.5
0 0
0 0.0005  0.001 0.0015 0.002 0.0025 0.003 0 0.0005  0.001  0.0015 0.002 0.0025 0.003
h/R h/R
120 120
(b) NiTi SMA (d) NiTiHf SMA
100 1 ——h/R=0.0025 100 —h/R=0.0025
——h/R=0.005 ——h/R=0.005
80 1 —pR=0.01 80 { ~—WR=0.015 y
E —WR=0.02 “ ~——h/R=0.01 / Elastic-plastic
E 60 - % 60 ——h/R=0.02 / unloading
S —h/R=0.03 ) = —h/R=0.03 /
40 h/R=0.04 / /Elastic-plastic 40 h/R=0.04
unloading
20 20
- oA Reverse transformation
== Reverse transformation 0
R ~

0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05
h/R h/R

Figure 3 The indentation loading-unloading curves for (a, b) NiTi (left figures), and (c, d)

NiTiHf (right figures) with n=0.5: Top row: validations for the finite element model

by comparing the FEM and Hertz’s analytical solutions at small indentation depth,

and Bottom row: FEM results at larger indentation depth.

It is noted that the indentation unloading responses of the SMAs show distinct differences
from those of conventional materials. For conventional single-phase materials, the indentation
unloading curves are continuous and well approximated by a power law function [1]. In contrast,
the unloading curves for the SMAs are clearly bifunctional (Figure 3(b) and Figure 3(d)). The
initial portion of the unloading curve is a response to typical elastic or elastic-plastic deformation
and can be approximated by the power law function. The second portion of the unloading
curve, as indicated by a sharp change in slope, is a result of reverse phase transformation
(martensite—austenite) due to the change in indentation load. By curve-fitting the initial
portions of unloading curves shown in Figure 3, the elastic contact stiffness can be obtained for

the SMAs [1]:
oF
S = (%>h = himaz ®
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Following Joslin and Oliver [26], the normalized contact stiffness, the ratio of load to the
square of stiffness (E/S?), is calculated
F T H

CERNCTI ey ©

where [ is a geometric constant depending upon the profile of the indenter tip. For spherical
indenter, 5 = 0.75. H and E are the hardness and modulus of the testing material, respectively.

This normalized contact stiffness (F/S?) has been known as an essential parameter in the
analysis of the indentation experiment [1,40]. As shown in Equation 6, F/S? is constant since it
is dependent only on the material properties (E, H) and independent of the indentation depth
and contact area. Further, it does not depend on the pile-up or sink-in behavior and thus is
irrelevant to the deformation that occurred in the materials. Due to these unique characteristics,
F/S? has been deemed to be a valuable quantity in calibrating the nanoindentation experiments
(both physical and numerical experiments). The normalized contact stiffness (F/S?) for both
SMA:s is calculated and shown in Figure 4. The contact stiffness is not constant; rather, they
increase with the indentation depth. This phenomenon confirms that the indentation response of
the shape memory alloys is drastically different from that of conventional materials. For the
phase transformable materials, the microstructure and, thus, the material properties (E and H)
change continuously as the load changes during the indentation.

6.00E-07 1.50E-06
—e— Niso.3Tizo7Hbo —
4.00E-07 A 1.00E-06
o o
g g
2.00E-07 5.00E-07
-~ Niss.oTis —o—
0.00E+00 0.00E+00
0 0.01 0.02 0.03 0.04 0.05

Indentation Depth h/R

Figure 4 Variations of the normalized contact stiffness as a function of indentation depth for
SMAs

3.2 Load-induced phase transformation during indentation

The phase transformation in the SMA specimen during the indentation process can be
simulated quantitatively using the finite element method [38]. Figure 5 shows the evaluations of
austenite and martensite phases in the SMAs under a spherical indenter for NiTi and NiTiHf
at the left and right of the figure, respectively. The volume fraction of martensite phase (0,,)
has been implemented as a user-defined output in ABAQUS through the material user sub-
routine [38]. The value of 6., is calculated at every integration point of each element for every
load step, whose magnitude ranges from 0 to 1. When 6,,, = 0, the material is entirely austenite,
and when 6,,, = 1 the material is fully martensite. At the initial stage of the indentation, where
the load is small, the material is fully austenite (6., = 0, Figure 5(a) and Figure 5(b)). As the
load increases, the austenite starts to transform partially into martensite. The transformation
begins right beneath the indenter face, where the stress is at its highest [39,41,42]. Upon
continuous loading, a fully transformed martensite zone (labeled as “M” in the figures) is
developed and expanded (6, = 1), which is in the form of a hemispherical disk. The fully
transformed martensite zone is enclosed by a martensiteaustenite transition zone where 0 < 6,
< 1. Outside this transition zone is the austenite phase (6., = 0) since there is no acting load in
the material in the far field (Figure 5).

By manually selecting all “transformed” elements, the “average” volume fraction of the
martensite phase (f,,) in the SMA may be calculated. Figure 6 show the variations of the
averaged volume fraction of martensite of the SMA specimen as a function of indentation
depth (load) for NiTi and NiTiHf, respectively. It is observed that there is no presence of
martensite (6, = 0) at small depths since the material is in a complete austenite phase. As the
load increases, the transformation begins, and the fraction of the martensite phase (8,,) starts to
increase. However, the rate of increase in ,,, decreases with the increase of indentation depth
(h). The overall response of the volume fraction of martensite follows a power law relation.

According to the idealized stress-strain response of an SMA under uniaxial loading (Figure
2), the austenite phase (6,,, = 0) starts transforming partially into the martensite phase and
eventually becomes full martensite (8., = 1) under sufficient load (o > o+}). However, such
an ideal transformation may not occur during the indentation loading since the indentation is
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Martensite
Martensite +1.000e+00
<~> +8.167e-01
+8.3330-01
+7.500e-01

‘ +6.667e-01

Austenite el
+0.000e+0

Figure 5 Contours showing the phase transformation of (a) Niss.9Tiss.1 (Left) and (b)
Nisg.3Ti2g.7Hf20 (Right) SMAs under the loading of a spherical indenter. M: marten-
site zone, M— A: martensite-austenite transition zone, A: austenite zone.

a localized mechanical test. During the indentation, it is known that the specimen is highly
stressed right beneath the indenter face and is stress-free at regions far away from the indenter.
Between these two regions is the transition zone, where the stress diminishes gradually. Due
to this stress gradient, the load from a pointed indenter can only induce a localized phase
transformation, i.e., the transformation of the martensite phase under the indentation load will
be gradient. Therefore, the magnitude of 8, in an indentation specimen might never reach to
the unity (Figure 6).

0.8 0.8
(a) NissoTiss1 SMA (b) Niso.3Tize7Hf20 SMA
0.7 0.7
0.6 0.6
0.5 0.5
S 04 <04
03 —n=().5
e 03 —n=0.5
02 —n=03 02 —n=().3
—n=(.1 _

0.1 01 n=0.1

0 0.0
0 0.01 0.02 0.03 0.04 0.05 0 001 0.02 003 0.04 0.05
h/R /R

Figure 6 Variation of average volume fraction of martensite phase in (a) NiTi and (b) NiTiHf
as a function of indentation depth

3.3 Indentation modulus of SMAs

Based on the contact stiffness (S) computed from Equation 5, two important contact parame-
ters between the indenter and the solid, the actual contact depth (h.) and the contact area (A.)
can be calculated [1]:

he = h — ﬂg (7a)

Ac =7 (2heR — 1Y) (7b)

Following the standard Oliver-Pharr method [1], the reduced modulus (E;) is calculated,
which is subsequently used to compute the modulus (E) of the SMA that is in contact with the
indenter by using:

S
E, = gﬁ (82)
1 _ 2
E=——717 " (8b)
Er Eil

where F; and v; are the elastic modulus and Poisson’s ratio of the diamond indenter (E; =
1140 GPa and v; = 0.07).

Figure 7 shows the variation of elastic modulus (E) of the SMA as a function of indentation
depth for NiTi and NiTiHf. The modulus would remain constant for conventional single-
phase materials regardless of the indentation depth (load) [1]. It is clear that the modulus of
SMAs changes continuously with the indentation depth (load). An SMA may be considered
a composite consisting of austenite and martensite phases. Thus, the overall modulus of the
composite may be estimated once the volume fractions of the two constituents are known. As
the load increases, the fraction of the martensite phase (A) in the material increases and the
fraction of austenite phase (éa) in the material decreases. For NiTi SMA where E,, is lower
than E,, the total modulus of the composite is seen to decrease with the depth; for NiTiHf SMA
where E,, is greater than E,, the total modulus of the composite is seen to increase with the
depth.
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Figure 7 Variation of indentation modulus as a function of indentation depth for (a) NiTi and
(b) NiTiHf SMAs

The indentation test also allows for direct prediction of the modulus of the austenite phase,
E.. As shown in Figure 3, the SMAs are predominately elastic under low loads and the loading
curves follow the Hertz theory. Therefore, rearranging Equation 4 would directly yield the
modulus of the austenite phase (E, = E). Figure 8 displays the values of E, calculated from
Equation 4 by using the initial portions of the load-depth curves obtained at various indentation
loads. It is seen that the predictions are in excellent agreement with the input values obtained
from the uniaxial test (Table 1).

80,000 80,000
(a) NissoTisua SMA (b) Niso.sTizsHfz0 SMA
70,000 70,000
60,000 60,000
50,000 50000 1 gm om —gm = = = = —— - — — — -— - -
s = Freee -
S 40,000 L'....... .......... ===t 54000
4 -
P )
730,000 o n=05 430,000 * n=05
20,000 + n=03 20,000 * n=03
* n=0.1 * =01
10,000 ; 10,000
= = Input Value = = Input Value
0 0 T T T
0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04
h/R h/R

Figure 8 The elastic modulus prediction for the austenite phase in (a) NiTi and (b) NiTiHf
SMAs computed directly from indentation load-depth curves obtained at various
indentation loads

However, estimating the modulus of the martensite phase (E,,) from the indentation test
may not be straightforward. A methodology has been suggested to compute Em by assuming
the Kelvin arrangement of the two constituent phases in the SMA: % = g—: + %’; [29].
This method has been tried in the present study, but the results show that the percentage of
discrepancy in E,, is rather significant, as high as over 40%. The primary reason for such
significant errors is due to the stress gradient under the indenter. Unlike conventional uniaxial
tests, indentation is a localized test; thus, the stress (load) beneath the indenter face is not
uniform. As a result, the phase transformation beneath the indenter face shows a gradient, as
shown in Figure 5. Therefore, the fractions of each phase, martensite phase ,,, and austenite
phase @, are simply the volumetric average of each material at a finite region under the indenter.
There will never be a complete transformation of martensite phase under the indentation load
and thus, the rules of the mixture-based Kelvin model may not be valid for estimating the
properties of two-phase SMA under the indentation test. Furthermore, it should also be noted
that the modulus of martensite depends on whether it forms self-accommodating or reoriented
(detwinned) structures.

4 Conclusion

The present study uses the finite element method to comprehensively examine the indentation
load-induced mechanical behaviors of NiTi and NiTiHf shape memory alloys. The phase
transformations are clearly evidenced in the indentation load-depth responses of the SMAs. It
is observed that the unloading curves of the SMAs show sharp slope changes as the reverse
transformations (martensite—austenite) begin. The phase transformation phenomena induced
by the indentation load are found to be different from that induced by a uniaxial load on a
tensile/compression specimen. Since the load under an indenter shows a gradient, the phase
transformation in SMA beneath the indenter face can not be fully completed. The evaluation
of the average volume fraction of martensite induced by indentation load generally follows a
power-law function. The overall modulus of the SMAs obtained from the indentation test varies
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continuously with the indentation depth (load). For NiTi, the modulus decreases with the depth
due to a lower modulus of martensite phase. In contrast, for NiTiHf, the modulus increases with
the depth due to a higher modulus of martensite phase. The predicted young modulus during
indentation simulation agrees well with experimental results. Lastly, the phase transformation
process under a spherical indenter has not been significantly affected by the plastic properties of
the SMAs.
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