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Abstract

A complete set of second and third order elastic constants of the cubic austenite phase in CuAINi shape memory alloy was determined b
ultrasonic pulse-echo method. Because of the very high elastic anisotropy of the austenitedpkak2@2), a negative Poisson ratis
obtained for loading the crystal in certain directions, ;.= v,; = —0.62 in the coordinate system [1 1 0],1D], [00 1]. Measurements
of the third order elastic constants were carried out in nine selected specimen geometries (acoustic modes). The wave velocity was highl
sensitive to the applied stress only in two shear modes. The onset of the stress-induced martensitic transformation (MT) was detected k
acoustic emission (AE), ultrasonic wave velocity and attenuation measurements in given order. The acoustic emission was thus the mos
sensitive acoustic method for detection of early stages of the transformation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ity of SMAs [2]. A complete set of TOECs of the cubic
austenite phase of Cu-based SMAs single crystals near and
Shape memory alloys (SMA) are intermetallic ordered far above the transformation temperature was reported ear-
alloys (Cu—Al-Ni, Cu—Zn-Al, Ni-Ti, Ni-Mn—Ga, etc.), of- lier by Gonzales-Comas and Mand&j who applied only
ten strongly elastically anisotropic. When the stress-induced very small compression stresses of the order of 10 MPa to
martensitic transformation (MT) proceeds in a SMA single the cube specimens. In the present work, similar alloy and
crystal, it transforms into a metastable two phase compos-the same cube sample geometry is used. The aim of this
ite consisting of plate-like particles of the martensite phase work was to check their results and extend the measurements
within the parent austenite phase. The phases are separateof the wave propagation towards larger applied stresses in
by highly mobile phase interfaces and have different elastic austenitic state as well as investigate additional acoustic
constants. Knowledge of the constants describing the linearproperties (ultrasonic attenuation and acoustic emission, AE)
elastic behavior (second order elastic constants, SOEC) ofin situ during the stress-induced martensitic transformation.
both phases in SMAs is essential to describe reliably the
mechanical behaviors of SMAs.
The nonlinear elasticity of solids can be described in first 2. Experimental
approximation using third order elastic constants (TOEC).
The macroscopic nonlinear elasticity is associated with lat- 2.1. The specimen
tice vibrations anharmonicity and with asymmetry of the
atomic binding energy we(ll]. Therefore, investigation of Oriented single crystals of Cu—14.3AI-4.1Ni (wt.%)
the TOECs is a key to understanding of the lattice stabil- alloy were grown by seeded Bridgman technique. The
specimens were heat treated by annealing at°@0€or
+ Corresponding author. Tek+420-266-052-778: 2h in argon a}tmosphere and quenched in ice Watgr to
fax: +420-286-890-527. bring the specimens into L2(B-phase) ordered austenite
E-mail address:cernoch@fzu.cz (TCernoch). crystal structure at room temperature with transformation
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Table 1 compression using Thurston—-Brugger’s equafkjn Initial

Measured velocities of acoustic waves in austenite slope of the stress dependence of the ultrasonic wave ve-

Directions Co measured (mode type) locity is used. The maximal reached compression stress of
L T qL qTa 200 MPa was still much lower than the stresses triggering

the onset of the stress-induced MT (400 MPa (modes 1-3)

{S}:ELT;’?S;E’: [[gg 11]] ([8 8 11)] [[i ig]] [[]11%)]0] and 800 MPa (modes 4-9)). All measurements were carried
¢ [NJ[U] (mm/ps) 4.50 3.69 5.72 1.06 out at room temperaturgé = 297 K.
Std (o) (mmius) — 0.006 0.001 0.004
2.3. Further acoustic measurements
Table 2

An immersion two-channel pulser/receiver ultrasonic sys-
tem was employed for a more detailed study of hysteresis
of longitudinal waves velocity. It was motivated by the facts
that: (i) the immersion system is non-contact (surface defor-

Orientation of cubes for TOEC measurement.

Mode Mode [M]-loading [N]-propagation [U]-polarization
number  type

@) qL [0o01] [110] [110] ; C . )
@ T [001] [110] [110] mation pf the sample otherwise mfluenges acoustlc.coupllng
(3) qTy [001] [110] [001] of the direct contact transducers), and (ii) enables simultane-
@) L [110] [001] [001] ous measurement of the specimen thickness and the related
(5) T [110] [001] [110] time of flight allowing more precise evaluation of the wave
ES; TL Eig} {223} Eig} velocity in the deforming specime6]. This somewhat un-

®) gTa [L10] [110] [110] usual configuration is described in detail[8]. Martensitic

©) qTo [110] [110] [001] transformations in SMAs are accompanied by an intensive

acoustic emission, which can be beneficially utilized for de-
tection and kinetic characterization of the transformation
temperatures/s(y;) = 193K, A (y;) = 228 K. Cube spec-  processes. The AE was monitored during the test focussing
imens 10 mmx 10 mmx 10 mm for compression tests were on the identification of the start of the MT (for details, see
spark cut with the faces parallel to the (1 APY—110) [7D).

and (00 1) planes.

2.2. SOEC and TOEC measurement and calculation 3. Results and discussion

We have measured all independent SOEC and TOEC of3.1. Elastic constants
austenite. There are only three independent SOEG, (
C1o Cyy) and six independent TOEQ (11, C112 Cio3 The wave velocities measured by the standard pulse-
Ciaa Cipe Case) for cubic crystalg11]. Both SOEC and  echo method in the stress-free specimen are summarized
TOEC were evaluated from ultrasonic wave velocity and in Table 1 The determined values of SOECS%able 3
density measurements determined by the Archimedes techindicate, that the Cu-Al-Ni austenite phase has a very
nigue. The standard pulse-echo meth8fl was used for high anisotropy (anisotropy factoh = 12.02). In cer-
measurement of the velocity of longitudinal (L, gL) and tain geometry, e.g for loading alongaxis in a coordinate
transverse (T, gd) acoustic waves propagating in the crys- system [110], [1L0], [001] even negative Poisson ratio
tal directions listed inTable 1 Elastic constant€;1, Ci2 v12 = v21 = —0.62 is obtained. Negative Poisson ratio has
andCy4 were evaluated from the wave velocitig®]. The also been reported fotr2martensite phase in the Cu—Al-Ni
wave velocities during loading were related to the actual and alloy [9] indicating that the large anisotropy is inherited
original specimen dimension in the direction of wave prop- (though in lower extent) by the product martensite phase.

agationHp and denotea andvg, respectivelycy stands for Relative change of velocities upon loading, measured by
the wave velocity in the stress-free specimen agds the the standard pulse-echo method is depicte#ign 1 Def-
density. inition of modes is inTable 2while the fitted TOECs are

The TOECs can be evaluated from the known SOECs listed inTable 3 The TOEC's values differ up to about 50%
and measurements of the wave velocities in nine directional from the values reported by Gonzales-Comas and Manosa
configurations of the single crystaldble 2 under uniaxial [2] for a similar alloy @ = 13.1) at temperatur& = 293K.

Table 3
Second and third order elastic constants of austenite

Ci1 (Gpa) Ci2(GPa) Cy4(GPa) A(1) Cpa(TPa) Ciip(TPa) Cipz (TPa)  Ciaq (TPa)  Cies (TPa)  Cyse (TPa)

Value 142.80 126.84 95.90 12.02 -1.65 —0.62 —0.48 —0.60 —0.69 —0.56
S.D. 0.15 0.30 0.17 0.13 0.08 0.08 0.01 0.06
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i ,_g@:@;@:@§0 ® Fig. 2. Relative changes of natural wave velocity in L and gL modes
) 8:8;8_'8%38’8' during loading in compression using immersion technique. The partial
0 b ,@:@f@:@’@’ unloads in mode number (4) indicate that the unusual hysteresis occurs
. 3 %%:g:&&&%&g;& 08 8RE @o ) also at very low stresses.
¥ E3R
o % . L
> ol %&&&8 mode showsKig. 19 an unusual hysteresis in dependence
< <>~<x® %&8 B of stress. However, the transverse wave modes numbers (6,
\0‘@@\ ‘Q\o(e) 5 and 9) also show a similar hysteresis although less pro-
al L3 3 nounced. It thus seems that the hysteresis is more related
) to the load axis orientation (the hysteresis was observed for
s I s L s L s loading along0 1 1) direction) than to the type of ultrasonic
0 50 100 150 200 wave.
(b) Stress [MPa] In order to exclude possible experimental artefacts lead-
ing to the hysteresis, modes L and gL were measured also
2 by the immersion techniqud-ig. 2). Taking advantage of
. the simultaneously measured transverse strain, the changes
0 W@@@O@@@@®®WO @) of instantaneous velocithv/co may be corrected for the
SO8aa" OGO, dimensional changes taking place due to the transverse de-
= ol By 'O’OQTQ‘Q(I) formation. The peculiar mode number (4) with hysteresis
b \<§>\\<§>\ was measured with partial unloadsid. 2) during the test
L \<<>>;<<§\<> starting from very small stresses. Since the hysteresis was
: 4r \<>\\<<>>\<>\ clearly observed even for the smallest stresses, the phe-
\o\g\o\o nomenon shall not be related directly to the MT. No plausi-
6 - O\o\g\é\\ ble explanation is available yet, but a dissipative mechanism
\0\&‘&0 4 based on a presence of non-stochiometric vacancies allow-
8 ‘ . . l . ! . ing for short range elastic dipole reorientation processes in
0 50 100 150 200 stressed austenite with very fast kinetics is a potential candi-
(© Stress [MPa] date. Similar mechanisms has been considered by Pelegrina

Fig. 1. Relative changes of natural wave velocity during loading in E_md Ahlerg11] Or_OtSUKa and Re[12] to explain Stab_lllza'
compression measured by pulse-echo ultrasonic technique in (a) all modest!ON phe_nomena in stressed austenite and martensite phases,
(curves with marks belong to gTmodes), (b) g and (c) L, gL modes. respectively.

Nevertheless, the measured values of TOECs fulfil the con-3.2. Start of the MT

ditions Cjx < 0 andC111 < C112 < Cy23 arising from

the atomic binding force relatiojd]. The qT,-modes num- The martensitic transformations in SMA'’s are accompa-
bers (8 and 2) are the most sensitive ones to the appliednied by intensive acoustic emission, which can be benefi-
stress Fig. 19. This can be ascribed to the intrinsic shear cially utilized for detection and kinetic characterization of
instability associated with the martensitic transformation, the transformation processgq. The AE activity measured
which is being approached upon stressing. The longitudinal during stress-induced martensitic transformation in com-
wave mode number (4) is the next most sensitive one. This pression test is plotted in dependence on straiRign 3a
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Fig. 4. Development of the attenuation of amplitude of longitudinal wave
10 2.0 along the pseudoelastic stress—strain curve in compression (mode number
_ ()
= 5 AH/H, s
£ Atten ' é imen volume, the macroscopic stress and transverse strain
% ' g are related to the volume fraction of the transformed phase.
— 0 g
= g 3.3. Course of the MT
& g
> = . . . .
a - < Finally, ultrasound attenuation during the stress-induced
transformation was measured using the longitudinal wave
10 ) , (Fig. 4. It follows from simultaneous optical observations
0 5 10 15 20 25 of the specimen surface that forward MT starts by forma-
(b) Strain [107] tion of thin bands of8; martensite. The sudden stress drop

corresponds to the formation of relatively big particle of

Fig. 3. Identification of the start of the martensitic transformation in the v/ martensite and further deformation is due to motion
mode number (1) by different methods. Changes of (a) stress and acoustic V1

emission cumulative count rate and (b) relative change of natural veloc- of the maCI’OSCOpI¢%1/yi interface. _At maximum S_tresses’

ity, specimen transverse dimension and attenuation of the amplitude of the ¥4 (2H) martensite was nearly single crystal with only a

longitudinal wave during the compression straining. few twinning interfaces inside, as indicated by the very low
value of attenuation (point 6 iRig. 4). The reverse transfor-
mation back to the austenite seems to proceed in a different

The start of the austenite to martensite transformation is way—a complex microstructure suggesting twinning in

clearly identified as a sudden increase of the cumulative AE martensite bands appears first and a mixture of austenite

count rate occurring in the elastic range much earlier before and twinned martensite bands is dominant near the end

any nonlinearity on the stress—strain curve is detected. of the reverse transition. The evolution of the attenuation
The relative changes of other measured quantities—wavecorresponds well to this optical observations, indicating
velocity Av/co, transverse strainH/Hg and attenuation—  different processes and structures in forward and reverse

are plotted in dependence on the compression stress irtransitions.

Fig. 3h Each of the five mentioned quantities can be used

to detect the start of the transformation process. The eval-

uated threshold strains (stresses), however, significantly4. Conclusions

differ. The AE signal starts to grow first (at= 300 MPa),

than the wave speed and attenuation start to change due to Elastic properties and martensitic transformations in sin-
the sufficient number of already triggered transformation gle crystals of Cu—Al-Ni shape memory alloys were inves-
events (although still in the apparently elastic range) and, tigated by acoustic methods. Complete set of second and
finally, the transverse strain and macroscopic stress evi-third order elastic constants of cubic austenite phase was
dence the onset of the macroscopic transformation processdetermined. Five different quantities—acoustic emission,
The reason for these differences comes from the fact thatultrasonic attenuation and wave velocity, transverse strain
various signals are sensitive to different changes in materialand macroscopic stress were measured during the stress-
state associated with MT. While the acoustic emission is induced martensitic transformation. The threshold strains
generated by local and dynamic changes, the wave speedstresses), evaluated using each quantity increases in given
and attenuation characterize average quantity over the specerder since various signals are sensitive to different changes
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