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ABSTRACT

Elastic constants of TisyNizCuyg alloy prior to the martensitic transformation
B2 — B19 was measured for the first time by using the rectangular parallelepiped
resonance method. The softening in both shear modulus ¢ and ¢4 was found
with approaching transformation temperature. As a result of soft cs, the
anisotropy factor shows a low value of 2.8 in the vicinity of the transformation
temperature. ¢1;, ci2, and bulk modulus were found to show little temperature
dependence in the vicinity of the transformation temperature. Compared with the
binary TisoNisy alloy, TisoNizCuy alloy exhibits a 40% higher and increasing
anisotropy with approaching transformation temperature. Based on the
experimental results, we explained why Tis)Ni3Cuy transforms into BI19
martensite, while Tis)Nis, transforms into a strange monoclinic B19’
martensite.

§1. INTRODUCTION

Despite the fact that Ti—Ni is the most important shape memory alloy for
various technological applications (for example, Otsuka and Shimizu (1986)), its
martensitic transformation (MT) mechanism, which governs its properties, has
remained poorly understood for many years compared with other shape memory
alloys. The central problem is how to explain the abnormal structure of TiNi mar-
tensite B19'.

In contrast to other martensites of B (B2) phase alloys which are invariably
formed by different ways of basal plane stacking (see Nishiyama (1978) for a review),
B19' martensite exhibits a large and strange non-basal distortion ({001}(110)g,
shear) to the well-known basal plane structure B19 (Heheman and Sandrock 1971,
Kudoh et al. 1985). This non-basal shear gives a monoclinic distortion to B19
structure and lowers the orthorhomblc symmetry of B19 to monoclinic, thus the
distorted martensite is named as B19'. The reason for such a non-basal distortion is
unclear. On the other hand, the addition of 20at.% Cu into TisyNisp alloy changes
the transformation product into common B19 martensite for TisoNizCuyg
alloy (Nam et al. 1990b), although the parent phase for both alloys has the same
B2 (CsCl) structure. Accompanying such a change of transformation product, the
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transformation hysteresis shows a dramatic change, being about 4K for the B2-B19
transformation (Nam ez al. 1990b), in contrast to about 30 K for B2- B19' transfor-
mation. Furthermore, an intermediate alloy TisoNispCujo shows an intermediate
transformation behaviour: it transforms into B19 martensite first and then the B19
transforms into B19” at a lower temperature (Nam et al. 1990a). We expect that the
orlgm of the non-basal distortion in TiNi, which is responsible for the monoclinicity
in B19' martensite, can be found if we can understand why such a distortion dis-
appears in the TisoNizpCuyg alloy.

Unlike diffusional transformations which are mainly controlled by configura-
tional energies, a martensitic transformation involves only cooperative atomic dis-
placement or lattice distortions without atom exchange or diffusion, and thus lattice
dynamics play a key role in MT, as manifested by recent neutron scattering experi-
ments (Shapiro et al. 1989, Mandsa et al. 1993, Ohba et al. 1994), elastic constant
measurements (Mercier et al. 1980, Khachin et al. 1987, Brill et al. 1991), and
theoretical studies (Barsch and Krumhansl 1984, Krumhansl and Gooding 1989).
Therefore, the influence of alloying element and lattice defect on MT should stem
from their influence on lattice dynamics. For example, a 2.5at.% decrease in Cd
content for AuspCdsy alloy leads to a 30% decrease in shear modulus ¢
(= (e — ¢12)/2) (Zirinski 1956) and an appreciable modification to phonon disper-
sion relation (see relevant data of Ohba et al. (1994, 1998)), and consequently results
in a completely different martensite structure with a ~40 K increase in transforma-
tion temperature (Sakamoto et al. 1990). Quenching which creates point defects was
also found to have a similar effect which changes elastic constants as much as 30%
and may lead to a different martensite (Zirinski 1956). These facts are in sharp
contrast to the insensitivity of elastic constants to alloying and defects for non-
transforming alloys. In table 1 we compiled some available experimental data
(Zirinski 1956, Gray 1972, Verlinden and Delaey 1986) of the composition depen-
dence of elastic constants for non-transforming and transforming alloys. It is notable
that transforming alloys generally have a much stronger composition dependence of
elastic constants, especially for ¢ compared with non-transforming alloys. This
strongly suggests that MT is controlled by lattice dynamics, thus the effect of alloy-
ing and defects is due to their influence on lattice dynamics.

Elastic constant measurement is an effective and easy way to obtain information
about the lattice dynamics, especially on the harmonic part of the lattice energy.
However, there have been only a few elastic constant measurements on TiNi to date
(Mercier et al. 1980, Khachin et al. 1987, Brill et al. 1991), and no elastic constants
are known for the ternary alloy TiNiCu. This is mainly due to the difficulty in
growing single crystals of these alloys.

There have been numerous experimental data showing that prior to MT a (par-
tial) softening in ¢ occurs, which signals a reduced resistance to {110}(1 10)132 basal
shear that is responsible for forming basal-plane based martensites, such as BI9(2H),
3R, 6R, 7R, 9R, and 18R. However, as mentioned above, this shear alone is insuffi-
cient to_create the monoclinic B19 structure of TiNi, which requires an additional
{001}(110), non-basal shear to distort the basal structure B19. The shear modulus
corresponding to this additional shear can be simply proved to be cas for cubic
crystals (which is also {001}(100)p, shear modulus by definition). Therefore, we
can anticipate that cs4 is important to understand MT in TiNi and its ternary alloys.

The purpose of the present paper is to measure the elastic constants of
TisoNizCuy alloy by rectangular parallelepiped resonance (RPR) method, and to
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Table 1. Sensitivity of elastic constants to compositionbvariation for non-transforming and
transforming alloys.”

Alloy | de’ | dew | deyy | | dep |
!
Category (composition: x at.%) l'dxl ledel endad  lep dx] Reference
Non- Ag-0-75%Au 02-04 0204 03-0.5 03-0.6 Gray (1972)
transforming
alloy

Cu-0-4.17%Si ~18  ~02 ~01  ~0.6 Gray(1972)
(o-)Ag-0-24%Zn ~18 ~03  ~05 ~08 Gray(1972)
(0-)Cu-0-9.98%Al1 ~1.1  ~01  ~05  ~03 Gray(1972)
(0-)Cu-0-22.7%Zn  ~1.0  ~03  ~07  ~0.6 Gray (1972)

Transforming (B-)Cu—44.9-50%Zn  4-20 ~2.9 ~23 ~2.0  Verlinden and
alloy Delacy
(1986)
(B-)Au-47.5-50%Cd  ~10 ~1.1 ~2.0 ~3.0 Zirinski
(1956)

(b-)Ag-45-50%7Zn  1.7-18 — — —  Verlinden and
Delacy
(1986)

“|dc Je dx| represents the change in percentage of a certain elastic constant ¢ by 1at.%
composition x change, and is a measure of the sensitivity of elastic constants to composition
change. Because of the nonlinear composition dependence of elastic constants, |de/cdx| is
dependent on composition, thus an approximate value or a range of the value is given.

In certain composition ranges of some transforming alloys (e.g. Cu—Zn), the transforma-
tion temperature is lowered below 0 K so the alloys appear to be non-transforming. However,
they are inherently transforming alloys because the transformation may occur if additional
energy is provided, such as stress or hydrostatic pressure.

compare them with the available data of TispNisp in order to understand how mar-
tensite structure and transformation hysteresis is changed by Cu addition. This work
will be complemented by an ongoing neutron inelastic study of the same alloy
(Taniwaki 1998), and other elastic constant measurements on the intermediate
alloy TisoNisCujo (Miura 1998).

§2. EXPERIMENTAL

2.1. Alloy preparation and heat treatment

TispNizgCuyg single crystal was grown by using a modified Bridgman method in a
graphite crucible. After spark cutting into proper sizes, the crystal was solution
treated at 1173K for 1h in Ar atmosphere, and then quenched into ice water.
After the heat-treatment, surface layer was removed by sand-paper polishing and
chemical etching. By chemical analysis the true composition of the alloy was found
to be Tisg.54Nizg24Cup22, being essentially the same as the nominal composition.
The nominal transformation temperatures were determined by electrical resistivity
measurement in figure 1 to be: My = 318K, M; = 309K, 45 = 314K, 4; = 321 K.
Here M, and M; are martensite start and finish temperatures, while A; and Ay are
reverse transformation start and finish temperatures, respectively. It is interesting to
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Figure 1. Transformation temperature and hysteresis of martensitic transformation in
TisoNizoCuyg alloy single crystal determined by electrical resistance measurement.

note that this alloy shows a remarkably small transformation hysteresis (~ 3 K), in
contrast to ~ 30 K for Ti—Ni binary alloys.

2.2. Specimen size, density, and orientation accuracy

A sample for elastic constant measurements was cut into a rectangular paralle-
lepiped shape with a size of 4.257 mm < 2.680 mm * 2.290 mm, Its surface normals
are in three (100) directions with an uncertainty less than 1.5 . The density of the
alloy in the parent state (around 373 K) was measured to be 6.28 gem °, and no
correction for thermal expansion was applied due to the large change in elastic
constants. With the RPR method, this sample alone was enough to obtain all the
elastic constants of TisNizCuyg alloy prior to MT. Measurement was carried out in
the temperature range 323 K — 583 K for the parent phase.

2.3. Elastic constants measured by rectangular parallelepiped resonance

The principle of the RPR method in measuring elastic constants of single crystals
was established by Demarest (1971) and further developed by Ohno (1976). The
RPR method has found increasing and successful applications in recent years
(Migliori et al. 1993, Inohara and Suzuki 1993, Tanaka et al. 1996a, b). Here we
give only a brief description of the basic principle and experimental setting.
Interested readers may refer to Tanaka et al. (1996b) for more details.

When a sample is allowed to vibrate freely, it exhibits a spectrum of resonance
frequencies which corresponds to all the deformation modes and depends on all the
elastic constants. If the resonance spectrum is experimentally measured, all the elas-
tic constants can be obtained by best-fitting the theoretical spectrum calculated from
Demarest-Ohno theory to the experimental one. Experimentally, the resonance
spectrum is measured by lightly holding a rectangular parallelepiped sample body-
diagonally between a driving transducer and a receiving transducer such that the
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sample can vibrate nearly freely. (In the present experiment we used PZT transdu-
cers). By sweeping the frequency of a sinusoidal electrical signal input into the
driving transducer, the sample was forced to vibrate with the sweeping frequencies.
When the sweeping frequency comes into coincidence with a resonance frequency of
the sample, a large vibration occurs and this signal is detected by the receiving
transducer and converted into electrical signal and then recorded by a computer.
With a complete sweeping from low to high frequencies, a spectrum of resonance
frequencies is obtained, and elastic constants can then be calculated from the spec-
trum.

There are two advantages of the RPR method over the conventional pulse-echo
method. Firstly, it allows one to use very small single crystals (may be as small as
2mm in edge length). This is important because it is not easy to grow large single
crystals for most materials, especially for Ti- Ni based alloys. Secondly, this method
can be easily extended to measure elastic constants at high temperature if buffer rods
are used to separate the high temperature specimen and the transducers. This is
indispensable for pre-transformation study because the change of elastic constant
over a wide temperature range is more important than the absolute value.

An example of the comparison between the calculated spectrum obtained from
the optimized elastic constants and experimental spectrum for TisoNizCuyo alloy is
shown in figure 2. Over 60 resonance frequencies are used during the optimization.
Instead of using ¢y, ¢1» and ¢y during the optimization, we used v(= ci2/(c11+ ¢12)),
A= ey /c/) and cus to make the calculation easier. With the optimized elastic con-
stants we found the average difference between calculated and experimental frequen-
cies for all temperatures is less than 0.55%. Some missing resonance frequencies
arises from the fact that not all resonance vibrations are excited to a detectable
magnitude by the driving transducer. During the best-fitting, we plotted the tem-
perature dependence of frequencies of all deformation modes to eliminate incorrect
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Figure 2. Comparison between (a) experimental resonance spectrum and (b) calculated one
from the optimized elastic constants at 343 K.
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mode-identification, because in the case of an incorrect mode identification the
corresponding mode frequencies would show an unnatural temperature dependence.
Considering the error in orienting the sample surface and the scattering of the data
we estimate that in the present measurement the maximum errors are 1% for ¢, 2%
for c44, and 5% for ¢y; and ¢y, respectlvely It should be noted that the uncertainty
of RPR method is smaller for ¢ and c44 than for ¢;; and ¢2. This is due to the fact
that ¢’ and cs4 are mainly related to low frequency resonance which can be deter-
mined more accurately (Inohara and Suzuki 1993) This is also an advantage for MT
study because ¢ is of the closest relevance.

§3. EXPERIMENTAL RESULTS
For cubic crystals there exist only three independent elastic moduli, usually taken
as ci1, 12, and cq, and the rest can be calculated from these three. However, for
martensitic transformation ¢ = (¢;;— ¢12)/2 is important because it is related to
{110}(110)132 basal shear mode. Anisotropy factor 4 = caslc’ is also known to be
important for martensitic transformatlon Thus in the following we give all elastic
constants, including ci1, ¢i2, caa, ¢, and bulk modulus B = (e + 2¢12)/3, as well as
anisotropy factor 4. We also include the corresponding data of equi-atomic TispNisg
(after Mercier et al. (1980), the nominal composition of their alloy is Tiso.; Nisg o) for
comparison.
The measured elastic constants c c44, anisotropy factor A4, ¢y, c¢p, and B as a
function of temperature in the parent B2 phase above M, temperature are tabulated
in table 2, and these data are shown in figures 3 (a)~(d).

Table 2. Elastic constant data of TisyNiz Cuy alloy in the parent phdse prior to martensitic
transformation. Uncertainty of the data: T:<0.5K, ¢ :1%, cas:2%, ¢;1 and

Cl12. 5%.
’

T c=len—en 2 cu , ci 12 B={cy +2e10) /3
(K) (GPa) (GPa) A= cyfc (GPa) (GPa) (GPa)
323 12.9 36.4 2.813 209 183 192
328 12.2 36.6 2.770 211 184 193
333 13.3 37.0 2.779 206 179 188
338 13.5 37.3 2.756 208 181 190
343 13.6 37.5 2.749 214 187 196
348 13.7 37.8 2.752 214 186 195
353 13.9 38.1 2.748 205 178 187
358 14.0 38.3 2.731 207 178 188
363 14.1 38.6 2.731 207 179 188
368 14.3 38.8 2.722 231 182 192
373 14.4 38.9 2.707 211 183 192
383 14.6 39.4 2.700 213 184 194
403 15.2 39.9 2.629 208 177 187
423 15.7 40.2 2.568 204 173 183
443 16.0 40.8 2.545 210 178 189
463 16.3 41.5 2.543 208 176 186
483 16.6 419 2.524 204 171 182
503 17.0 41.6 2.453 203 169 181
523 17.1 423 2.481 205 171 183
543 17.4 2.4 2.444 202 167 179

563 17.6 42.6 2.421 203 168 180
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Figure 3. Temperature dependence of (a) ¢, (b) caa, (c) anisotropy factor and (d) ci1, c12, B
for Ti50Ni30Cu20 and Ti5()Ni5() alloys.

3.1. ¢, cus and anisotropy factor

From figure 3 (a), we can see that ¢ " shows a partial softening prior to MT. This
behaviour is similar to all other alloys showing MT, and is an indication that the
parent lattice is becoming unstable to a {110}{110) shear which deforms the parent
B2 structure into layered martensite structures with {110}g, stacking. Compared
with TisoNisp binary alloy, TisoNizCuy alloy shows a 30% lower ¢ in the vicinity
of the M; temperature. This explams the higher transformation temperature of the
ternary alloy, because a lower ¢ " indicates a smaller resistance to the shear transfor-
mation.
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Figure 3 () shows a notable result that css exhibits a softening prior to MT. This
behaviour is similar to that of binary TisoNiso. An ongoing experiment (Miura 1998)
indicates that a different ternary alloy TisoNisCujo also exhibits a softening in ca.
Therefore, the softening of ¢4 may be common for all the TiNi binary and ternary
alloys. Because no softening in ¢44 was found in other alloys with basal stacking
martensite structure it is natural to consider c44 to play an important role in creatlng
the strange B19' marten51te structure. Obviously, the softening in c44 alone is not
sufficient to create B19' martensite, because TisoNizoCuzo alloy shows a very similar
softening in ¢4, but it transforms into common B19 martensite. A detailed discus-
sion will be given later.

Another notable result is the anisotropy factor 4 and its temperature depen-
dence, as shown in figure 3(c). Compared with the high anisotropic factors (10-20)
of 3 phase alloys, both TisyNi3Cuy alloy and TisNisy alloy show remarkably low
values (2.8 and 2.0 at MT temperature) of elastic anisotropy. Since anisotropy factor
is the ratlo of cu to ¢, alow value of anisotropy indicates that re51stance to c44 shear
and to ¢ shear is slmllar in other words, cu shear and ¢’ shear become more
correlated. On the other hand, there are two important differences between
TisoNisCuy and TisoNisp alloy. Firstly, TisoNiso alloy has a 40% lower anisotropy
than that of TisoNizCuyp in the vicinity of M. Secondly, TisyNiso exhibits a decreas-
ing anisotropy with approaching MT while TisoNizoCuyg shows an opposite beha-
viour. The decreasing anlsotropy for Tis)Nisy indicates an increasing correlation
between c44 shear and ¢ shear towards MT. As will be dlscussed later, this correla-
tion is crucial to understand why TisoNiso transforms into B19' martensite, while
TisoNizCuy transforms into B19 martensite.

3.2. ci1, c12 and bulk modulus

Elastic constants ¢, ¢j2 and bulk modulus B for TisyNizCuy alloy are shown in
figure 3(d), together with those of TisoNiso. It is found that TisoNizCuyg alloy has
~20% higher ci1, ¢12 and B than those of TisoNiso. In the vicinity of transformation
temperature (~ 60 K above M), these elastic constants versus temperature curves
appear to become flat (within experimental uncertainty), similar to the behaviour of
TisoNisp. The flat curves for both TisyNizCuy and TisoNisp indicate a weak soft-
ening which just balances the normal effect (increases elastic constants with lowering
temperature). Since this softening behaviour was also found in another ternary alloy
TisoNigCujp (Miura 1998), it seems to be a common feature of Ti-Ni based alloys.
Under suitable thermal treatment or deformation, TiNi binary and ternary alloys are
known to form a special martensite called R phase, which was recently identified to
possess the same trigonal structure as @ martensite of Au-Cd alloy (Hara et al.
1997). It is interesting to note that Au- Cd alloy also shows a softening in ¢1; and ¢1»
(Zirinski 1956), similar to that of TiNi based alloys. Therefore, it seems that the
softening in ¢;; and c¢j» (or the related bulk modulus B) may be related to the
formation of the trigonal martensite. However, a clear relation has not been estab-
lished yet.

§4. DiscussioN
It is not surpr1s1ng that a softening of the shear modulus ¢’ occurs in
TisoNizCuy prior to MT as shown in figure 3 (a), because similar behaviour has
been observed for all 3 phase alloys. The softening in ¢ slgnals the decrease in the
resistance to {1 10}(110)132 basal shear, which brings the closed packed planes {110}g,
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of the B2 parent phase into martensite basal planes. It has been known that BI9(2H),
3R, 6R, 7R, 9R, and 18R martensites are formed by different stacking of the basal
planes (Nishiyama 1978).

One of the most notable feature of elastic constants of Ti—-Ni and Ti-Ni—Cu
alloys is that ¢4 shows a softening prior to MT, as concluded from TisyNisy binary
alloy (Mercier et al. 1980), TisoNizCuz (present study) and TisoNigCujo (Miura
1998). This feature just coincides with a long-standing /unknown fact that some of the
binary and ternary Ti—Ni alloys transform into a B19 martensite, which exhibits an
unexpected non-basal plane (or non-close-packed plane) shear to the basal plane
stacking structure (B19). Such a non-basal shear is a challenge to the well-accepted
basal shear picture of martens1tlc transformation that relies on the softening of the
basal shear modulus ¢’ and the related phonon. It is reasonable to consider that the
B19' has some relation with the softening in cua.

Since a detailed analysis and modelling of the important role of c44 in determin-
ing the non-basal shear in B19 will appear elsewhere (Ren and Otsuka 1998) here
we only briefly discuss the essential points. Martensitic transformation is a strain
transformation which in principle allows all different strain components to be incor-
porated into the transformation. If one strain mode (usually ¢ shear) becomes very
soft, it dominates the MT and leads to a martensite structure characterized by this
strain mode. If another strain mode (say cq4 shear) becomes soft enough and com-
parable with ¢’ mode, a correlation of this mode with ¢ mode is produced, then the
resultant martensite structure is characterlzed by both ¢ shear and the css shear,
such a structure is what we called B19' martensite. It is easy to prove that the non-
basal c44 shear is responsible for the non-basal {001}{1 10)132 shear for B19' marten-
site, because cy4q represents the resistance to {001 }(110) g2 shear. (It 1s also the
{OOl}(lOO)BZ shear modulus.) It is natural that the coupling between ¢ and cu
determines the occurrence of non-basal shear or the B19 structure. Since the cou-
pling is dependent on the difference between ¢ and ci or anlsotropy factor
A= Caa /c a low anisotropy factor is a necessary condition to form the B19’ struc-
ture. Binary TisoNiso has a low and decreasing 4 (~ 2.0), thus it transforms into B19’
martensite. With the addition of 20% Cu to substltute Ni, the resultant TisoNizgCuy
alloy has a 40% increase in anisotropy, thus the coupling between ¢ shear and ca4
shear becomes much weakened and this leads to the formation of B19 martensite
without non-basal ca shear. The weakening of the coupling in TisoNizCuyo can also
be understood from the increasing anisotropy with decreasing temperature.
Therefore, we can clearly see that the effect of alloying on martensite structure is
to change the lattice dynamics through changing elastic constants (and phonon
energies in general).

Based on the above reasoning we can make a predlctlon about the stress-induced
MT behaviour of TisyNizCuy alloy. We predict that B19' martensite can be formed
in TisoNizCuy alloy if we exert {001}(110), shear to the parent phase, although
only B2-B19 transformation occurs during cooling. This is based on the observed
softening in ca4, which indicates a potential ability to transform into B19 martensite.
If we assist the transformation by adding {001 }(110)132 shear, B19’ may be formed
after a prior transformation to B19, then the stress-strain curve wﬂl show two stages,
one corresponds to B2-B19, and another corresponds to B19- B19'. This prediction
awaits experimental verification, and is also a test to the above explanation.

Based on the present study, we are also able to understand why TisoNizgCuzg
exhibits smaller transformation hysteresis compared with that of TisoNisp. As is well
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known, transformation hysteresis is due to the existence of nucleation barrier in first
order transformation (Rao and Rao 1978). For martensitic transformations the
barrier is mainly due to strain energy, which is closely related to the magnitude of
lattice deformation for the transformation and the shear modulus of the parent
phase (because martensmc transformation is of shear character). Because
TisoNizoCuz has a lower ¢’ compared with that of TisoNisy, and it has been
known that the former has smaller lattice deformation during transformation than
the latter (Chumlyakov et al. 1997), thus it is a natural result that TisoNizpCung
shows much smaller hysteresis than TisyNis.

§5. CoNcCLUSIONS

In this study, we measured the elastic constants of ternary TisoNizCuyp alloy for
the first time. We found that ¢4 shows some softening along with a softening in ¢,
while ¢;; and c¢1 (and B) are nearly temperature-independent in the vicinity of
transformation temperature. Compared with the elastlc data of TisoNis,
TisoNi3gCuyg shows a similar ¢y but a 30% lower c leading to a 40% higher
anisotropy in the vicinity of transformation temperature M. More importantly,
with approaching transformation temperature, TisoNizpCuy exhibits an increasing
anisotropy, while TisoNisy shows a decreasing anisotropy. These results give some
important insight into a long-standlng unknown problem why TiNi binary alloy
adopts a strange martensite B19’ which is created by a monoclinic {001}{110)g,
shear to the common orthorhombic B19 martensite.
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