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Abstract

Elastic constants of austenite and martensite phases in shape memory alloys reflect fundamental thermodynamic properties of these materials—i.e.
important physical information can be deduced not just from the values of the constants but, mainly from their temperature and stress dependencies.
As regards to the parent austenite phase, such information is available in the literature for most of the known shape memory alloys. For the martensitic
phases, however, only few reliable experimental data exist, due to the experimental difficulties with the preparation of martensite single crystals as
well as due to the difficulties with the ultrasonic measurement of elastic properties of strongly anisotropic media with low symmetry. In this work,
the temperature dependence of all elastic constants of cubic austenite and orthorhombic 2H martensite phases in Cu—Al-Ni alloy determined by
resonance ultrasound spectroscopy (RUS) is reported. Experimental and theoretical improvements of the RUS method which had to be made to

perform the successful measurements on strongly anisotropic and martensitic phases are discussed.

© 2007 Published by Elsevier B.V.
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1. Introduction

The elastic constants of austenitic and martensitic phases
in shape memory alloys (SMAs) have been subject to contin-
uous research for two basic reasons: (i) essential information
on the phase stability can be deduced from their temperature
and stress dependencies; (ii) knowledge of elastic constants is
very important for modeling the SMA functional behaviors,
since the martensite crystal domains in activated SMAs interact
elastically. However, due to the experimental difficulties with
preparation of martensite single crystals, only few reliable com-
plete sets of the elastic constants of the low symmetry martensitic
phases in SMAs have been reported in the literature. Another
specific problem for the resonance ultrasound spectroscopy
(RUS) method is that the phases in SMAs are commonly strongly
elastically anisotropic (martensitic phases posses additionally
low crystal and elastic symmetry). Hence, we needed to improve
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the conventional RUS experimental technique and method to be
able to evaluate reliably and efficiently the elastic constants of
SMAs including their temperature and stress dependencies. We
have developed a comprehensive methodology consisting of: (i)
the preparation of single variant martensite specimens of general
crystallographic orientation, (ii) determination of the crystallo-
graphic orientation, and (iii) pulse-echo [1] and RUS methods
(modified experiment and evaluation procedures) for determina-
tion of elastic constants of phases in SMAs. Elastic constants of
austenite and 2H martensite phases in Cu—Al-Ni evaluated by
modified pulse-echo technique were reported in [1]. The present
work focuses the work done to optimize the RUS method for
measurement of temperature dependence of elastic constants of
phases in the same Cu—AI-Ni single crystal.

2. Cu-Al-Ni single crystal

A single crystal of Cu-13.8A1-4.1%Ni (wt.%) alloy was
grown by the Bridgman method. The transformation tem-
peratures were determined by DSC as Mg (2H)=288K
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and Ag=313K and the mass density was evaluated as
p=7.055 x 103 kg m~3 [1]. Due to the thermal hysteresis, this
crystal may exist at room temperature either in the bcc austenite
or in the 2H martensite phase. The specimen was spark cut in the
austenite phase in a cuboid shape. Care was taken to assure very
good parallelism of the opposite sample faces. The martensite
single crystals were prepared from the parent austenite speci-
men by the compression technique described in [1]. Due to the
fact that orientation of the crystal axes of martensite lattice with
respect to sample coordination system can be modified by apply-
ing compression deformation, this method enables us to obtain
repeatedly several single crystal variants of the 2H martensite
phase from a single austenite specimen. The originally cuboid
austenite sample can exist as six different prism shaped marten-
site samples [1]. The dimensions of the samples as well as the
orientation of crystal lattices were measured by back-reflection
Laue X-ray method with an average accuracy better than 0.5°.
The prism shapes and crystal lattice orientations are described
by distances d; of the opposite faces (1 pm in precision) and
face normals n; = [cos wi, cos (pé, cos (pé]T pointing outwards.
The geometrical parameters of the sample used in the evaluation
procedure thus combine partial information on the sample shape
and crystal lattice orientation [1].

In contrast to the pulse-echo method [1], only one marten-
site variant crystal is needed to evaluate all martensite elastic
constants by the RUS technique in a single measurement.
This makes it very effective for evaluation of temperature
dependence of martensite elastic constants. Fortunately, it is
not a problem that the martensite crystals commonly possess
highly non-rectangular prism shapes with arbitrary crystallo-
graphic orientation of face normals. The measured values of
the geometrical parameters are compared with those calculated
theoretically (from the lattice parameters; bee: ap =0.5835 nm;
2H orthorhombic martensite: a=0.4389nm, »=0.5342nm,
¢c=0.4224nm, [8]), shape strain due to bcc—2H martensitic
transformation, orientation and dimensions of the austenite
prism and lattice correspondence between austenite and marten-
site) in earlier work [1]. A very good agreement between the
measurement and calculation was achieved indicating that true
martensite variant single crystals were indeed obtained.

3. Modified ultrasonic techniques for measurement of
elastic constants in SMAs

3.1. Pulse-echo method

The fact that the Cu—AI-Ni crystal may exist at room tem-
perature as cubic austenite in cuboid shape or as a martensite
single crystal in prism shape, depending on thermomechani-
cal history, and that multiple prism shaped martensite single
variants (needed for the pulse-echo method to evaluate all elas-
tic constants) can be prepared from a single austenite crystal,
is essential for the modified pulse-echo method proposed in
[1]. This provides the advantage that propagation velocities of
acoustic waves in various martensite crystal directions can be
measured on a single piece of material (in a form of various prism

shaped specimens). Complete set of martensite elastic constants
is determined by optimization based inverse method [1] from
measurement on several samples. The main advantage is that one
obtains the elastic constants of austenite and martensite phases
from measurements on the same piece of material at the same
temperature. The results allow to discuss [1], for example, the
inheritance of the soft acoustic modes and elastic properties from
the austenite to the 2H martensite phase. One can use efficiently
the modified pulse-echo method to measure stress dependence
of elastic constants or to evaluate the change of elastic constants
in situ during stress induced martensitic transformation.

3.2. RUS method

The pulse-echo ultrasonic method is however quite laborious
and inconvenient for evaluation of temperature dependence of
all elastic constants. Because of this, significant effort has been
made in the literature to develop the RUS method convenient for
evaluation of temperature dependence of elastic constants using
single crystal samples. Temperature dependence of elastic con-
stants of series of NiTi alloys prior to martensite transformation
was recently investigated systematically by resonant ultrasound
spectroscopy (RUS) method in [2]. It was found that both C’ and
Cy4 elastic constants of the austenite phase soften upon cooling.
Elastic constants of the monoclinic B19’ martensite phase are
not known yet, although partial results including temperature
dependence are available.

In case of strongly elastically anisotropic Cu based SMAs
such as Cu-AIl-Ni, however, it is experimentally difficult to
employ the standard RUS method for reliable determination of
all elastic constants. Because of this, only few references on elas-
tic constants of phases in Cu—Al-Ni measured by RUS can be
found in the literature (austenite [3], 2H martensite [4]). Temper-
ature dependencies of elastic constants of Cu—Al-Ni austenite
published in the literature (Table 4 in [1]) suggest that only the
C’ constant softens upon cooling, in contrast to NiTi where both
C’ and Cy4 soften. No data are available in the literature con-
cerning the temperature dependencies of elastic constants of 2H
martensite.

In our earlier paper [5], we employed the conventional RUS
method (Fig. 1) for the measurement of temperature dependence
of elastic constants of both austenite and martensite phases in
Cu-Al-Ni near the transformation temperature range. Natural
frequencies of free-elastic vibrations of a small single crys-
tal specimen were measured for a number of sample’s normal
modes. Elastic constants were calculated in two steps. First, the
natural frequencies were calculated from the estimated elastic
constants, and then nonlinear inversion procedure was employed
to find the required elastic constants from the measured natural
frequencies. In the conventional RUS method [6], a prism single
crystal specimen is supported by two transducers at its oppo-
site corners. One serves for an excitation and the second for a
detection of the sample response. When applied to relatively
weakly anisotropic crystals (such as Si, Fe, Cu, cubic NiTi),
this experimental setup ensures quite reliable detection of the
first 20-30 resonances which are sufficient for stable determi-
nation of all elastic constants. In case of strongly anisotropic
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Fig. 1. Schematic depiction of resonant ultrasound spectroscopy method.

crystals, however, the frequency band in which large number
of resonances must be evaluated (60 and more) significantly
widens [5]. The excitation and identification of the complete
proper sequence of resonance frequencies in such wide fre-
quency bands is extremely difficult. In addition, the standard
RUS measuring procedure based on the frequency sweeping
of harmonic excitation and lock-in detection of received signal
is time consuming, and computation demands increase rapidly
with growing number of resonance frequencies needed, as
well.

This is why we have proposed and employed the following
experimental and theoretical improvements of the RUS method
(Fig. 2):

(i) The chirp signal technology was used instead of sweeping
harmonic excitation. In this way, the complete frequency
spectrum is expressed instantly as a transfer function
between the received and excitation signals.

LASER VIBROMETER
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CONTROLLER
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MIRRORS with MOTORIZED
TRANSLATION STAGE

_~7= _~7 PZT TRANSDUCER
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(i) The point-to-point noninvasive measurement of vibrational
sample response was carried out by laser interferometry
technique first introduced in [7]. Main advantage of this
is that we avoid omitting of some resonances in detected
signal near node points (zero-valued points of vibrational
modes (see Fig. 3)) by averaging the magnitudes of mea-
sured spectra from different points on the sample surface.
In addition, the information on the amplitude and phase
variations (Fig. 3) over the specimen surface provided by
the laser interferometer can be used to evaluate the shape
of vibrational eigenmodes (Fig. 1) which improves signifi-
cantly the identification of the resonance frequencies in the
spectra and facilitates the regularization of the inversion
procedure.

The efficiency of the inverse computation of the elastic
constants is improved by the derivation of the first and
second derivatives (Hessian) of the error function charac-
terizing a measure of the distance between the measured
and calculated resonant frequencies.

(iii)

HIGH-SPEED
DIGITAL IfO SYSTEM

GEN: CHIRP SIGNAL

i

VIBRATICN RESPONSE

Fig. 2. RUS-laser measurement setup.
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Fig. 3. Part of multipoint measured spectra.

The modified experimental setup (Fig. 2) is based on the high-
speed digital I/O system National Instruments. The broadband
chirp signal is generated by the high frequency D/A converter.
After amplification, the signal is transferred to the sample by a
miniature piezoelectric transducer placed on the sample corner
which excites ultrasonic vibrations. The displacement responses
are detected in multiple points on one of the sample surfaces by
means of the laser interferometer (Polytec OFV-2570) equipped
with a self-made scanning unit consisting of two dielectric mir-
rors placed on motorized positional stages (precision up to
1.25 pum).

The elastic constants of both austenite and martenite phases
were evaluated from the measured resonant frequencies and res-
onant modes by the inversion procedure. For the calculation
of resonance spectra of a parallelepiped sample, the standard
Ritz method was adopted. Legendre orthogonal polynomials as
basic functions ensure good numerical stability and accuracy of
the calculation. Novel hybrid architecture of the inverse prob-
lem solution was proposed. It combines gradient and simplex
method. Furthermore, the efficiency of the inverse computation
was improved by deriving the analytical expression of the gra-
dient and the Hessian of the objective function. More then 100
resonances of the specimen in the frequency range 0.15-1 MHz
were identified in the spectra measured at each preselected tem-
peratures during cooling of the austenite and during heating of
the 2H martensite crystals. The frequency resolution was better
than 50 Hz.

The obtained values of elastic constants of cubic austenite
(at T=32°C) agree quite well with the values measured on
the same material in our earlier papers [1,5]. The elastic con-
stants of 2H martensite phases (at 7'=25 °C) are compared with
previous measurement [1,4,5] in Table 1. The differences in
elastic constants C33, Ca44, C23, C12 and Cj3 are not negligi-
ble. They may possibly be attributed to the imperfectness of the
martensite single variant crystals that are rather difficult to avoid.
Frequently, during the compression loadings used to bring the
martensite crystal into the single variant form, we obtained a
very fine twinned structure (compound twins). It is rather dif-
ficult to distinguish such structural state from a single variant
case. Frequently, we have therefore measured the elastic con-
stants erroneously. Elastic constants of such twinned sample
related to the (0 10)p plane (i.e. C22, C13, Css) have indeed
similar values to that of the single variant sample but other
constants differ significantly. Thus, measurement on uncom-
pletely detwined martensite can lead to the error in evaluation
of these elastic constants. The problem is that it is rather diffi-
cult to completely drive the compound twin interfaces out from
the sample and particularly to verify that the sample is com-
pletely detwinned. Dedicated diffraction techniques [9] were
applied to check whether the sample is really an interface-free
martensite variant single crystal. Other error sources, such as
experimental uncertainty or chemical composition inhomogene-
ity, etc., are much less likely. The modification of the standard
RUS method facilitates precise evaluation of temperature depen-
dence of elastic properties of arbitrary anisotropic crystals
with general crystallographic orientation. This is demonstrated
below for the case of austenite and 2H martensite phases in
Cu-AI-Ni.

4. Results

The elastic anisotropy of both investigated phases may be
expressed in a form of acoustic wave phase velocity dia-
grams, plotted in Fig. 4a and b, where important directions
and related elastic constants are marked. The subscripts A, M
denote austenite and martensite, respectively, wherever they
can be mistaken. The slow quasi-shear wave velocity surface
(qT2, colored in Fig. 4) is important for characterization of
premartensitic changes [2,3,5]. The relative decrease of the qT-
wave velocity is shown in Fig. 4c and d as a positive part of
[Vref(n) — v(n)]/Veer(m), where vier(n), and v(n) are phase veloc-
ities of qT2 wave mode evaluated in the same wave vector
direction n from the measurement at temperatures: far (7ief)
and the nearest (7) to the transition temperature, respectively.

Table 1
Elastic constants (GPa) of 2H martensite Cu—Al-Ni at room temperature

Ci Cn Cs3 Cas Css Ce6 Cx3 Ci3 Ciz
This work 180.6 158.9 257.1 65.8 23.7 60.2 96.9 73.5 144.4
[1] 184.5 151.5 238.6 66.4 229 60.5 86.9 70.1 140.4
[5] 182.2 151.0 237.0 64.5 23.8 60.0 87.2 67.9 140.5
[4] 189 141 205 54.9 19.7 62.6 124 455 115

See [1] for crystallographic details-coordinate systems in which the elastic tensor of martensite is expressed.
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towards to the phase transition temperature: (c) austenite and (d) martensite.

For the study of pre-transformation softening of elasticity, the
parts with increasing velocities near to the transition tempera-
ture, i.e. [Vrer(m) — v(N)]/vVrer(n) < 0, are unimportant, and they
are ignored in the plots. The absolute value of temperature dif-
ference Tyr — T was the same (approximately 30 °C) for cooling
of the austenite as well as for heating of the martensite. It may
be seen, that qT2 shear wave velocity relative decrease in the
austenite is localized around directions corresponding with C’,
whereas in the case of martensite, the decrease is distributed
more broadly.

Temperature dependences of the important elastic coef-
ficients of the austenite (measured upon cooling) and 2H
martensite (measured upon heating) phases are shown in Fig. 5.

-~
o
-
o
(=)

(a)

-
(=]
w

M ~M
Martensite: C,,.Cge [GPa]
(o2}
o
bﬁ
|
,l |
¥
A
@ ]
w
o
A
Austenite: C;, [GPa]

.
fla}
o

o2
(=]
Z
=
[os}
o

Martensite:C [GPa]

66 - - A
=
550 20 40 60 el
(©)
14 33
[ -

o M e
o S ©
[G] o
% 132 ©
= 2]
&) &)
g 2
g 31 &
t 3
. 4

30

0 20 40 60
Temperature [°C]

Table 2
The correspondence between specific elastic constants of bee austenite and 2H
martensite at specific directions introduced in [1]

Austenite (A) ... martensite (M)

A M M
C4/14"'M44’C66
C'...Cs5
Cs...Cwums

The combination of austenite elastic coefficients C’ = (C4} —
C ‘?2) /2 corresponds to the global minima on the velocity surface
[1] of the qT2 transverse acoustic wave representing pure shear
in (110)4 direction with {1 —10}a polarization. The saddle
point on the qT2 austenite surface [1] is characterized by the
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Fig. 5. Temperature dependence of elastic coefficients of the austenite and 2H martensite phase in Cu—Al-Ni alloy, coupled together according to Table 2: (a) Cf4

and C}} , CM (b) C' and CM

550 (€) Cs and Cyis, and (d) the elastic anisotropy factor of austenite (A) and 2H orthorhombic martensite (A°™).
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Table 3

Slopes of temperature dependencies of elastic constants and anisotropy factors {log[X(7)]}/dT

Austenite —d{log[X(T)1}/dT (%/°C), X

Cya c Cs A
0.041 —0.053 0.020 0.095

Martensite d{log[X(7)]1}/dT (%/K), wX

Cys4 Ces Css Cwms Ao
0.030

—0.014 —0.166 —-0.219 0.249

X denotes the corresponding elastic constant or anisotropy factor.

constant Cg introduced earlier in the literature. Its definition in
terms of combination of elastic coefficients can be found e.g. in
[1]. As we can see, with decreasing temperature, the austenite
elastic coefficient Cf?4 increases (Fig. 5a), C’ decreases (Fig. 5b),
Cs slightly increases (Fig. 5¢) and the anisotropy factor A sig-
nificantly increases (Fig. 5d) in agreement with earlier literature
data. It was observed, as regards the martensite phase, the diag-
onal elastic coefficients of Cl]vll, C%, C%g, CM, and Clﬁvé as well
as the coefficient Cll\g practically do not change with the tem-
perature (these constants can be regarded as constants within
2% range), the Cll\g and Clz\% coefficients show a somewhat stiff-
ening trend, whereas the low valued Clsvé coefficient exhibits
very strong softening with increasing temperature. In addition
to this, however, the martensite elastic tensor reveals most sig-
nificant softening in crystal directions characterized by elastic
coefficient Cyis. This coefficient corresponds to symmetrical
position (on the martensitic basal plane) between two local min-
ima on the velocity surface transverse acoustic wave qT2 in the
martensite phase and characterizes a kind of valley on this sur-
face introduced in detail in [1] including its definition in terms of
combination of elastic coefficients. This valley on the martensite
velocity surface becomes significantly deeper with increasing
temperature upon heating. Softening of the elastic coefficients in
the crystal directions Cg‘/ls and Cys thus dominates the behavior
of the martensite elasticity upon heating.

The behavior of the martensite elasticity upon heating (soft-
ening of Cslvé and Cys coefficients) may be compared with the
austenite softening in the following way: when the bcc <> 2H
martensitic transformation in Cu—Al-Ni takes place, the crystal
structure changes. There is an obvious discontinuity in elastic
properties accompanying the martensitic transformation. Based
on the analysis of the velocity surfaces for the austenite and
lattice correspondent 2H martensite variant, the correspondence
between specific elastic constants of austenite and martensite in
specific crystal directions (Table 2) was suggested in [1].

Fig. 5 was arranged in such a way that the mutually corre-
sponding coupled elastic coefficients are plotted together in each
subfigure. It should be pointed out that:

(i) while the C%, increases upon cooling, the martensite
constants C}} , CM coupled to C4, remain practically
independent on the temperature (Fig. 5a) upon heating,

(ii) both the coupled C' and CISVI5 constants decrease when
approaching the stability limits, but the softening of the
martensite constant is by far much stronger (Fig. 5b),

(iii) Cs increases only slightly upon heating, but Cyis decreases
strongly (Fig. 5¢) upon heating,

(iv) the elastic anisotropy of both austenite and 2H martensite
phases (characterized by the anisotropy factor A = C f4 /C’

for cubic crystals and A" = CM / Cwms for 2H martensite)
strongly increases as temperature approaches the stabil-
ity limits (Fig. 5d) of austenite and martensite structures,
respectively.

There is not enough space to discuss the physical mean-
ing of the softening of elastic constant in this paper. Let us
only compare the softening of austenite and martensite phases
quantitatively. For this purpose, the normalized slopes of the
temperature dependencies of the elastic constants were calcu-
lated as summarized in Table 3. One may conclude that, when the
crystal approaches its stability limits due to temperature change,
the elastic properties of the 2H martensite change by far more
strongly than those of the austenite.

5. Conclusions

A modification of resonance ultrasound spectroscopy method
facilitating precise evaluation of elastic constants of arbitrary
elastically anisotropic materials (as common for SMAs) was
proposed. Since samples in the shape of prisms with general
crystallographic orientation of faces can be used, the modified
RUS method is applicable and very convenient for measurement
of elastic constants of both austenite and martensite phases in
SMAs.

The temperature dependencies of all elastic constants of
the cubic austenite and orthorhombic 2H martensite phases in
Cu-Al-Ni shape memory alloy is reported. The measurements
were performed on the same single crystal piece, existing first
as a martensite single crystal (during heating) and, after the
transformation took place, as the austenite single crystal (during
cooling).

It was found that the heated martensite crystal softens in two
different crystal directions (corresponding to the two low val-
ued elastic coefficients CsNé and Cys). The elastic properties
of the 2H martensite change by far more strongly than those of
the austenite. The elastic anisotropy of the both phases increases
when approaching stability limits of the crystal lattices by chang-
ing temperature.
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