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In principle, the shape memory effect is associated with thermoelastic martensitic transformation
and reverse transformation. The unique feature of this shape memory materials is the formation
of the high mechanical force due the thermal excitation. This specific thermal behaviour is most
interesting for examination, from aspects of thermoelasticity. Shape memory refers to the ability of
certain materials to “remember” the shape, even after rather severe deformations: once deformed
at a low temperature (in their martensitic phase), these materials will stay deformed until heated,
whereupon they will spontaneously return to their original, pre-deformation shape. The basis for
the memory effects is that the materials can easily transform to and from martensite and reverse
transformation. The incoming of thermal energy in the temperature region of the transformation
changes the feature of elasticity. For this reason the value of the velocities and attenuation of
ultrasound are changed. Using relationships from the theory of elasticity and values of the density
and velocities of ultrasound it is possible to obtain the values of the elastic moduli (E, K, G) and
Poisson’s ratio v. In this case it is possible to obtain complete information about the elastic, i. e.
thermo-elastic state.
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I. INTRODUCTION

The most widely used shape memory material is an al-
loy of Nickel and Titanium called Nitinol. This particular
alloy has excellent electrical and mechanical properties,
long fatigue life, and high corrosion resistance. As an ac-
tuator, resulting in ~1 Joule/gm of work output, Nitinol
is readily available in the form of wire, rod, and bar stock
with transformation temperature in the range of —100°
to +100° Celsius.

The type of transformation which occurs in the shape
memory alloys 1s known as a martensitic transforma-
tion and changes the material from the high tempera-
ture form, called “austenit”, to the low temperature form
called “martensite”. For a given alloy composition in a
given annealed condition, the transforamation occurs at
a very predictable, repeatable temperature. The trans-
formation occurs because either one phase or the other
1s thermodynamically more stable than the other at that
temperature. Also, because the material can change from
one phase to the other with a simple shearing motion of
the atoms within the crystal structure and no diffusion or
large movements atoms is required, the transformation
can occur virtually instantly. That is, as fast as heat en-
ergy can be put into or taken out of the material, the
transformation (and memory) will occur.

The thermodynamic driving force which causes the
materials to change to austenit upon heating 1s very
strong — stronger than the yield strength of the alloy
— and, therefore, the forces during shape recovery may
be as high as the inherent strength of the austenite ma-
terial.

Fortunately, the stress needed to deform the marten-
site 18 much less than the yield strength of the austenite

— in some case several times less. This leads to one of
the most useful aspects of the shape memory alloys, that
18, the force needed to deform a shape memory article
while 1t is cooling to martensite or after it has finished
cooling to martensite or after it has finished cooling may
be much less than the force which the article can exert
when it is heated and reverted to austenite. Thus, the
work needed to deform the article in its low temperature
form 1s much less than the work that can be extracted
from it when it is heated. One therefore has a heat en-
gine which can convert heat into useful work, either as
one cycle element or as a cyclic engine.

The influence of composition and thermo mechanical
processing on the functional properties is well under-
stood and described in the literature earlier. The basic
concept to remember 1s that in order to avoid plastic de-
formation during shape memory or pseudoelastic loading
the martensitic and the S-phase have to be strength-
ened. NiTi alloys have the significant advantage that
these techniques can be easily applied due to good ductil-
ity and a very interesting but complicated precipitation
process [1].

1I. MECHANISM

If steel in a high-temperature austenitic phase is
quenched it will be generally hardened. After polishing
and etching, observation with a microscope will show an
extremely fine structure, which was first named “marten-
site”.

It was later shown that this structure resulted from
lattice transformation wholly without atomic diffusion.
The face-centered cubic austenite transformed into lens-
shaped or plate-like regions with body-centered tetrag-
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onal lattices. The crystals created by such transforma-
tions are called “martensite” and lattice transformations
without atomic diffusion are called “martensitic trans-
formations” or simply “MTs”. Diffusionless martensitic
transformation has since been observed in many metals,
alloys, and compounds other than steel. Today the term
“martensitic transformation” i1s widely used, and signi-
fies one type of phase transition in solids.

“Martensitic transformation” can be defined simply
and precisely: a lattice transformation involving shear-
ing deformation and resulting from cooperative atomic
movement. The atoms within the lens or plate shaped
areas 1n the parent phase are not shifted independently
but undergo shearing deformation as a unit while main-
taining a domino like coordination until the parent lat-
tice transform into martensite. With this kind of coop-
erative movement of atom a 1-to-1 “lattice correspon-
dence”, persists between lattice points in parent phase
and the points in the martensite phase. When the parent
phase has a super lattice structure, this ensures that the
martensite phase obtained from transformations main-
taining such a lattice correspondence will have a specific
super lattice.

From the thermodynamic point of view in P(atern) to
M(artensitic) transformation, the chemical free energy
of the M phase must be lower than that of the P(atern)
phase. In this transformation, therefore it can be sup-
posed that the chemical driving force for transformation
is balanced without chemical energy. In other words, the
growth and shrinkage of the martensite plate occur un-
der a balance without chemical energy. In other words,
the growth and shrinkage of the martensite plates occur
under a balance between thermal and elastic effects, and
thus transformation can be reversible. Martensites that
exhibit such reversibility on cooling and heating are gen-
erally called thermo elastic martensites. Alternate pre-
requisites for their occurrence are (1) small lattice de-
formation for the transformation, (2) martensisites con-
taining internal twins that can be easily the twined, and
(3) martensites having an ordered structure that cannot
be destroyed by slip.

III. CHARACTERISTIC TEMPERATURES

Some characteristics (phase, structure, properties,
ets.) are drastically changed in the temperature region of
transformations. As a result of this, the materials some-
times showed different behaviour.

The martensitic transformation that occurs in the
shape memory alloys yields a thermoelastic martensite
and develops from a high-temperature austenite phase
with long-range order. The martensite typically occurs
as alternately sheared platelets, which are seen as a her-
ringbone structure when viewed metallographically. The
transformation, although a first-order phase change, does
not occur at a single temperature but over a range of
temperatures that varies with each alloy system. The
usual way of characterizing the transformation and nam-
ing each point in the cycle is shown in Fig. 1. The trans-
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formation also exhibits hysteresis in that the transfor-
mations on heating and on cooling do not overlap. Hys-
teretic systems are not in thermodynamic equilibrium.
In most instances they are driven very far from equilib-
rium. Their behaviour is the behaviour of systems with
rugged free energy landscape in which thermal fluctua-
tion are not sufficient to reach the absolute free energy
minimum. The energy dissipation occurs in the passage
from one minimum to another, in a sequence of repeat-
able results in large variations of the system response.

Martensite Fraction
Austenite

[
L

Mg M Ag Ay Temperature

Fig. 1. Volume fraction versus temperature.

There are four fundamental characteristic tempera-
tures defining a thermoelastic martensitic transforma-
tion; the martensite start temperature, Mg, at which
martensite first appears in the austenite. The transfor-
mation proceeds with further cooling and is complete at
the martensite finish temperature, Ms. Below My, the en-
tire body is in the martensite phase, and a specimen typ-
ically consists of many regions each containing a different
variant of martensite. The boundaries between the vari-
ants are mobile under small applied loads. With heating,
the austenite start at temperature Ag, is the temperature
at which austenite first appears in the martensite. With
further heating, more and more of the body transforms
back into austenite, and this reverse transformation is
complete at the austenite finish temperature, As . Above
Ay, the specimen is in the original undistorted state. The
evolution of the volume fraction of the martensite with
temperature is shown schematically in Fig. 1.

Most of the transformation occurs over a relatively
narrow temperature range, although the beginning and
end of the transformation during heating or cooling ac-
tually extends over a much larger temperature range.
For complete analysis of the hysteresis diagrams, usually,
other three characteristic temperatures are used: Ty, My
and Aq. By definition:

(1) Tg is the temperature of the thermodynamical equi-
librium.

(i1) Mg is the temperature below which martensite oc-
curs and exists not only as a consequence of the change
temperature, but also by the mechanical stress.

(iii) At temperature A4 the system has possibility to
form initial phase not only as a consequence of heating
but also with mechanical stress.
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The factors influencing the critical temperatures are:

— chemical fractions,

— stress and deformation,

— thermomechanical cycling,

— thermical cycling,

— condition of sintering processes for sintering mate-
rials, ets.

The cycle 1s described in the following way. At a
temperature above My, the specimen is entirely in the
austenite phase. By cooling below M; transformation
the specimen entirely 1s in the martensite phase, but the
macroscopic volume of the specimen has not changed —
a condition known as self-accommodation. With small
loads the specimen can be easily deformed, and the de-
formed shape remains after removing the loads. Heat-
ing to above Ay causes the reverse transformation to oc-
cur and the specimen returns to its original undistorted
state. TiN1 alloys possess excellent properties as regards
both mechanical strength and shape memory character-
istics. Considering this point, TiNi shape memory alloys
produced using powder materials have been a subject of
interest. The methods employed for their productions are
of two kinds, i. e., using prealloy metal powder [1], and
using elemental metal powders.

IV. STRUCTURE

All reports agree that the parent phase of TiNi has
a BCC B2 structure like that of CsCl. As for the crys-
tal structure of the martensite phase in TiNi alloys a
large number of researches have proposed different mod-
els. However the results of research which used different
methods all agree on the point that the unit cell for Ti-
49.75 at% Ni, of the martensite phase is monoclinic al-
though there are discrepancies in the absolute values of
lattice constant [2].

The reason that the shape memory effect can be used
in a cyclic device where it must exhibit the shape recov-
ery many times is that the shape memory deformation
mode in the martensite phase is non-damaging to the
crystal structure. In normal metals deformation occurs
by the motion of dislocations and atomic planes actu-
ally slide over one another and assume a new crystal
position. There is no “memory” in crystal for where the
atoms were before they moved, and increased tangles of
dislocations occur in the crystal due to the deformation.
These tangles make further deformation more difficult —
even deformation which attempts to restore the original
shape of the crystal.

The influence of composition and thermo-mechanical
processing on the functional properties is well under-
stood and described in literature earlier. The basic con-
cept to remember is that in order to avoid plastic defor-
mation during shape memory or pseudoelastic loading
the martensitic and the S-phase have to strengthen. NiTi
alloys have the significant advantage that these tech-
niques can be easily applied due to good ductility and
a very interesting but complicated precipitation process

3].

The addition of a third element opens even more pos-
sibilities for adapting binary NiTi alloys toward more
specific needs of applications. Adding a third element
implies a relative replacement of Ni and/or Ti. There-
fore 1t must be always very well indicated which atom Ni
or Ti or both replaced by the third element.

Alloying third elements will influence not only the
transformation temperatures but will also have an effect
on hysteresis, strength, ductility shape memory charac-
teristics and also on the B2 — (R) — (B19) sequence.
The influence of several elements has been already de-
scribed in [4-6]. More application oriented, one can dis-
tinguish four purposes to add third elements:

1. To decrease (Cu) or increase (Nb) hysteresis.

2. To lower the transformation temperatures (Fe, Cr,
Co, Al).

3. To increase the transformation temperatures (Hf,
Zr, Pd, Pt, Au).

4. To strengthen the matrix (Mo, W, O, C).

Some of the ternary alloys have been developed for
large-scale applications. Ternary Ti—-Ni-Cu alloys are
certainly as important as binary TilNi.

The thermoelastic martensites are characterized by
their low energy and glissile interfaces, which can be
driven by small temperature or stress changes. As a con-
sequence of this, and of the constraint due to the loss of
symmetry during transformation, thermoelastic marten-
sites are crystallographically reversible.

V. THERMOMECHANICAL BEHAVIOUR

The herringbone structure of athermal martensites
essentially consists of twin-related, self-accommodating
variants (Fig. 2b). The shape change among the variants
tends to cause them to eliminate one another. As a re-
sult, little macroscopic strain is generated. In the case
of stress-induced martensites, or when stressing a self-
accommodating structure, the variant that can trans-
form and yield the greatest shape change in the direc-
tion of the applied stress is stabilized and becomes dom-
inant in the configuration (Fig. 2c). This process creates
a macroscopic strain which is recoverable as the crystal
structure reverts to austenite during reverse transforma-
tion.

The mechanical properties of the shape memory alloys
vary greatly over the temperature range spanning their
transformation. This is seen 1n Fig. 2c,d, where simple
stress-strain curves are shown for a nickel titanium al-
loy that was tested in tension below, in the middle of,
and above its transformation temperature range. The
martensite is easily deformed to several percent strain
at quite a low stress, whereas the austenite (high tem-
perature phase) has much higher yield and flow stresses.
The dashed line on the martensite curve indicates that
upon heating after removing the stress, the sample re-
membered its unstrained shape and reverted to it as the
material transformed to austenite. No such shape recov-
ery is found in the austenite phase upon straining and
heating, because no phase change occurs.
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Fig. 2. Typical stress-strain curves at different tempera-
tures relative to the transformation showing: (a) austenite,
(b) martensite, and (c) pseudoelastic behaviour.

An interesting feature of the stress-strain behaviour is
seen in Fig. 2c, where the material is tested slightly above
its transformation temperature. At this temperature,
martensite can be stress-induced. It then immediately
strains and exhibits the increasing strain at constant
stress behaviour, seen in AB. Upon unloading, though,
the material reverts to austenite at a lower stress, as
seen in line CD, and shape recovery occurs, not upon
the application of heat but upon a reduction of stress.
This effect, which causes the material to be extremely
elastic is known as pseudo-elasticity. The pseudoelastic-
ity 1s nonlinear. The Young modulus is therefore difficult
to define in this temperature range as it exhibits both
temperature and strain dependences.

It is possible in some of the shape memory alloys to
cause two-way shape memory, that i1s the shape change
occurs upon both heating and cooling. The amount of
this shape change is always significantly less than that
obtained with one-way memory and, therefore. a very
little stress can be exerted by the alloy as it tries to
assume its low-temperature shape. The heating shape
change can still exert very high forces, as in the case of
one-way memory.

VI. CHARACTERIZATION METHODS

There are more major methods of characterizing the
transformation in SMAs and a large number of minor
methods that are only rarely used and will not be dis-
cussed.

The most direct method is by differential scanning
calorimetry (DSC). This technique measures the heat
absorbed or given off by a small sample of the material as
it 1s heated and cooled through the transformation tem-
perature range. The sample can be very small, such as
a few milligrams, and because the sample 1s unstressed,
this is not a factor in the measurement. The endotherm
and exotherm peaks, as the sample absorbs or gives off
energy due to the transformation, are easily measured
for the beginning peak, and end of the phase change in
each direction.
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The second method often used is to measure the resis-
tivity of the sample as it is heated and cooled. The al-
loys exhibit interesting changes and peaks in the resistiv-
ity (by up to 20%) over the transformation temperature
range; however, correlating these changes with measured
phase changes or mechanical properties has not always
been very successful. Also, there are often large changes
in the resistivity curves after cycling samples through the
transformation a number of times. Thus, resistivity is of-
ten measured as a phenomenon in its own right, but this
is rarely used to definitely characterize one alloy versus
another.

The most direct method of characterizing an alloy me-
chanically is to prepare an appropriate sample, then ap-
ply a constant stress to the sample and cycle it through
the transformation while measuring the strain that oc-
curs during the transformation in both directions. The
obtained curve shows is the direct information one ob-
tains from this test. Finally, the stress-strain prop-
erties can be measured in a standard tensile test at
a number of temperatures across the transformation-
temperature range, and from the change in properties
the approximate transformation-temperature values can
be interpolated.

The transparency of ultrasound is in a direct cor-
relation with the elastic state of the materials. This is
very important for an obtaining of information about
the thermo-elastic state in materials with shape memory
effect. For this purpose it is proposed to investigate the
transparency of ultrasound with warming and cooling
through interval of M/A and reverse transformation.

VII. EXPERIMENTAL PROCEDURE

The samples for examination were prepared from spe-
cially prepared powder mixtures of metals (Ni-99.8%-
pure, Cu-99.7%-pure and Ti-99.5%-pure, produced in
MERCK-Company), by two faces cold pressing and sin-
tering [7,8]. The addition of the third elements opens
even more possibilities for adapting binary NiTi alloys
towards more specific needs for applications. Adding
of the third element implies relative replacement of Ni
and/or Ti. Therefore it must be always very well in-
dicated which atom of Ni or Ti, (or both) is replaced
with the third element. In this case the volume, struc-
tural magnetic thermoelastic and other properties are
changed.

The diameter of the obtained cylindrical samples was
~17.5 and the length was about 18 mm. The maximum
value of the pressure on the mixture was 400 MPa. The
samples were sintered in argon atmosphere at the tem-
perature of 1073, 1123, 1173, 1223, and 1273 K, for the
time of 3.6 ks. The complete procedure of compaction
and sintering, starting from pure metal powders of Ti
and Ni, trough different processes of obtaining samples
for examination are presented in Fig. 3.

The market effect of the shape memory materials is
the conversion of the low temperature of thermal energy
to mechanical one. Without the elastic deformation us-
ing ultrasound, it is possible to register the elastic (i.e.



PHASE TRANSITION DETERMINED BY ULTRASOUND IN SHAPE MEMORY MATERIALS

thermo-elastic) changes through the austenit/martensit
and reverse temperature transformation. In this region
the values of velocities and attenuation showed hystere-
sis behaviour. These results are most important for the
determination of the interval of the temperature transfor-
mations, for decrease or increase of the hysteresis form,
for hysteresis shift and for more other aspects.

COMPACTION AND SINTERING OF NiTi BASED ALLOYS

Ni metal powder

Ti-99.5%-pure Ni-99.8%-pure
produced in MERCK- Company produced in MERCK- Company

_ Mixing-Blending

of
Elemental Ni/Ti
Powders

Compaction
&
Pressing

400MPa

1073K/ 3.6 Ks - Ar

Two Faces Cold Press
Moulding

Materials which require
additional treatments

FINAL SELFSTANDING
COMPONENT

Fig. 3. Block-scheme of same procedure tor prepared sam-
ples examinations.

VIII. ULTRASONIC METHOD AND
TECHNIQUES

The velocities of longitudinal (vl) and transverse (vt)
ultrasonic waves were measured by Pulse-echo overlap
method proposed by Papadakis [9], with technique and
equipment detail described earlier [10,11]. The experi-
mental values of the velocities were measured in interval
of temperature from 290 to 425 K. The functional block
diagram of the equipment with typical instrumentation
arrangement for the simultaneous measurement of the
velocities and attenuation is presented in Fig. 4. This
experimental technique was completed and adapted [10]
for measuring the velocities and attenuation of the ultra-
sonic waves in region of A/M transformation with added
mini furnace.

ELECTRONIC
COUNTER
SIGNAL E.E DECADE DIVIDERS
GENERATOR ouT & DUAL DELAY
S| OUT
— MASTER
SIN [N VIEQ OUT] |
RF. PULSE EF AGC AUTOMATIC
GENERATOR ouUT ATTENUATION
& RECEIVER RECORDER
STROBJOUT  VIDEO[IN

1 CH- CH-z .
[] I OSCILLOSCOPE
O TRIG

Fig. 4. Block-diagram for ultrasonic equipment.

Fig. 5. Selected 1 and 2 echoes (up: velocities, down: at-
tenuation).

A typically used echo patterns (up for velocities, down
for attenuation) are shown in Fig. 5. The velocities of
ultrasonic waves were measured at 10 MHz for longitu-
dinal, and 6 MHz for transversal waves for all samples,
and values of attenuation at 5 MHz. The PZT transduc-
ers were bounded to the samples with argentums grease
on either of two parallel faces of the sample. By stan-
dard relationships from the theory of elasticity [12], using
the values of the density p of the samples and velocities
of the ultrasonic waves (v), the elastic moduli (Young’s
modulus (), shear modulus (G), bulk modulus (K) and
Poisson’s ratio (¢)) were determined.

Actually, the values of velocity v were determined by
relationship v = 2//t, where [ denotes the specimen
length and ¢ denotes the round-tripe time for an ultra-
sonic pulse between two flat-and-parallel specimen faces.
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Practically ¢ was determined as a reciprocal value of fre-
quency, which was registered from electronic counter (see
Fig. 4), at the moment of realization optical overlaps and
phase-tuned echoes (Fig. 6).

Fig. 6. Some echo pattern for examined materials.

IX. EXPERIMENTAL RESULTS AND
DISCUSSION

The transparency of ultrasound is in direct correlation
with the elastic state of the examined materials. This is
most important for obtaining information about thermo-
elastic state in materials with shape memory effect.

For the purpose of this transformation it is proposed to
investigate the transparency of ultrasound with warming

TiNi-v1/1073K-1h-Ar
3970
3050
&£ 303
E
= 3910 -
1590 —m— 0 073K
—0— CHOT3K
3870 . :
280 330 TiK)} 380 430

and cooling through interval of M/A and reverse trans-
formation. The comparative presentation of experimen-
tally obtained values of velocities for longitudinal and
(V1) and transverse (Vi) ultrasonic waves for different
temperatures of sintering (1073, 1123, 1173, 1223 and
1273 K) for heating and cooling in examined interval are
given in Fig. 8 and Fig. 9, respectively. From last two
series of diagrams for both type of velocities (VI and
Vt), sintered in different temperature conditions showed
similar hysteresis behaviour. By increase of temperature
of sintering, the values of the velocities in the beginning
are increased, after that their values decrease. At first
sight all diagrams of the longitudinal and transverse ul-
trasonic waves obtained in presented examination show
similar behaviour.

The values of attenuation of longitudinal (Al) and
transverse (At) ultrasonic waves in TiNi compound, sin-
tered at 1073 K, in temperature interval from 290 to
425 K were obtained from the measurement with de-
scribed equipment. The values of attenuation (Al and
At in dB) were measured directly from attenuate. The
diagrams for attenuation (Al and At) are presented in
the Fig. 10.

With the increase of the concentration of the Cu, from
2.5, 5,10, 15 and 20% Cu, the hysteresis for both types
of velocities are shifted and decreased [7]. The velocity
values of the transverse ultrasonic waves (Fig. 6) gen-
erally increase with addition of Copper until 15% Cu.
For this behaviour of the diagrams for 20% Cu, for both
types of velocities, the velocity values are smaller than
the values for 15% Cu [13]. The diagrams of the elastic
moduli (Bulk modulus K and the Young modulus F) are
presented in Fig. 12.

TiNi Vt:1073K-1h-Ar
2260
72250 |
£
]
= 2240 -
—a— W07 3K
—O—CHOTH
2290 : :
280 s TIK) 3 430

Fig. 7. The diagrams of the longitudinal (vl), and transverse (vt) ultrasonic waves as a function of temperature in regions

of phase transition.

It is evident from the previous figures, that the dia-
grams of velocities, attenuation and elastic moduli have
a hysteresis form in the same interval of temperature,
i.e., in the same interval of transformation. The curves

374

on the right side of the hysteresis (see Figs. 7-12) curve
with the experimental points and present diagrams of
the heating, whereas the curves on the left side of the
hystereses present diagrams of the cooling.
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TiNi-VI-Sint- 1hAr
4100 4 R
@Wﬂﬁ:ﬁ
o [T
3000 + —O— CHOT3K
—— 123K
—— CH123K
.-.3700 T — 173K
I —O0— CHMTIK
=E, —a— 23K
Z3500 4 —o— 223K
—h— 1 2T
—A— CH2TH
3300 +
3100 ; : : : : :
270 300 330 360 390 420 450
T K)

Fig. 8. The diagrams of the longitudinal (v{) ultrasonic
waves for different temperatures of sintering.

TiMi- Vt-Sint-1h/Ar
2400
2300 + R ey 3 B ERYT—
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= —— Y 223K
b 2000 4 —— CH223K
—k— W 273K
—f— CHITIK
1900 +
1800 : A : :
270 300 330 3680 390 420 450
T {K)

Fig. 9. The diagrams of the transverse (vt) ultrasonic
waves for different temperatures of sintering.

TiHi-Al- 3MHzANT3-1h-Ar

—— Ay
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Al(dB)

280 330 380 430
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TiNi-At-3MHzA1073-Th-Ar
105
—— Ay
——A-c
8.5 4
&
= 6.5
T
4.5
2.5 T T
280 I TE) 380 430

Fig. 10. The diagrams for attenuation of the longitudinal (Al) and transverse (At) ultrasonic waves as a function of tem-

perature.

The values of attenuation (A in dB) were measured
directly from attenuate and the coefficient of absorp-
tion (o) was calculated. Depending on the quality of the
material, its structural conditions and its ultrasonic fre-
quency there may be several different absorption mech-
anisms

a:Zai, (1)

where the subscript ¢ = (H, R, M, ...) refers to the mech-

anism: elastic hysteresis — H, Raleigh’s scattering —
R, magneto elastic effect — M | diffraction losses — D,
porosity — P, and others.

The values of attenuation (A in dB) were measured
directly from attenuate, and the coefficient of absorption
(a) was calculated by the relation:

a=A1,/2Ln(n—-1), (2)

were L is the length of the sample and n i1s the number of
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seconds of the selected and intensified echo. The experi- lected and intensified echoes are 1 and 2). From the n
mental absorption values were corrected by the quantity  obtained values, the average value of coefficient of ab-

of absorption due to the diffraction losses. (In Fig. 5 se- sorption was found.

Ti-Ni-xCu Wt SINTA07 3/ 1h-Ar
1980 +
1950 +
1920 +
=
E
£ 1890 +
1860 +
1830 +
1800 } } } } }
280 3o Mo 370 400 430
TH
Fig. 11. The diagrams of the transverse (vt) ultrasonic waves as a function of temperature, with different concentration of
Cu.
K{GFPa) K-0/1073K E{GPa) EDAD73K
24.00
Ms | f ok 435 T
430 +
23.00 4
425 1
420 +
22.00 4 415 1
—o—
—_— 4.0 1
Mf " As
=1.00 t t 0.5 ' ;
280 330 380 T({K) 430 280 330 380 T{K) 4=
Fig. 12. The diagrams of the Bulk Modulus (K) and Young modulus (E).
Using the theory of elasticity [12], the values of the K= §(31/l2 — 47, (3)

density (p) of the sample and the longitudinal (1) and
transverse (1) velocities of the ultrasonic waves, the bulk
modulus (K) and Young modulus (F) were determined

by the following relationships: and
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I/tz (31/l2 — 41/3)

5 (4)

b= Vi — v
All presented diagrams in Figs. 7-12 give the typical
transformation curves for materials with shape memory
effect. The “critical points” of the transformation (see
Figs. 7-12) are: the martensite starting temperature dur-
ing cooling (Mg), martensite finish temperature (My),
the austenite starting temperature during heating (As),
and the austenite finish temperature (Ag). The lowest
value of the velocities, attenuation and elastic moduli at
M;-point can indicate pseudoelastic state of the exam-
ined materials.

X. SUMMARY

The phase transition in the examined shape memory
materials 1s accompanied with temperature hystersis,

1. e., the diagrams of heating and cooling do not overlap.
The examined samples were prepared from powder par-
ticle of Titanium Copper and Nickel, by the previously
described method of powder methodology. The velocities
of ultrasound were measured by the pulse echo overlap
method, and the total values of attenuation were obtained
directly from ultrasonic equipment. The elastic moduli
were calculated in compliance with the theory of elastic-
ity. The information about thermoelastic behaviour was
obtained, with thermal treatment trough the tempera-
ture of transformation.

From the analysis and the comparison of the obtained
hysteresis curves in materials with shape memory effect,
it 1s possible to determine the most important thermoe-
lastic behaviour in the interval of the temperature trans-
formation. It is noticed that the thermoelastic state and
the form of hysteresis are determined under the condition
of preparation and presence of third component.
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®A30BUN NEPEXII, AKNI BUSHAYAETHCS 3A TOIIOMOT' OO
YJIBTPA3BBYKY B MATEPIAJIAX 3 ITIAM’ATTIO ®OPMU

C. CroimenoB
Inemumym ¢izuxu, daxysvmem npupodHuMUT HAYK ¢ MATNEMAMUKY

Viieepcumem Ceo. Kupuaa ¢ Megodia, nowm. cxpunsxa, 162, 1000, Cxon’e, Maxedonin

Hasaram, edpext mam’srania popMu MoB d3aHW 3 TEPMONPYXKHAM MapTEHCUTHHM Ta 3BOPOTHHUM TIEPETBO-

peHHAM. YHIKaJIBHOIO OCOOJIMBOCTIO TaKUX MaTEPIAIIB 3 MaM’ ATTIO (POPMU € YyTBOPEHHA BEJIMKOI MeXaHIYHOI CHJIN

mig gac mil rerstoBoro 30ymkenud. [la cremmdivuna TeMmieparypHa MoBediHKa HaHWIMKaBilmia A JTOCTIKEHHA 3

TOYKH 30py TepMoIpyxkHocTH. [lam’aranis popMu 03HaUa€ 3MATHICTH HEBHUX MaTepidiliB mam’ aTaTi (popMy Ha-

BiTek micag mocuthb xKopcrkux Aedopmartii: snedpopMoBaHi Ipy HEU3BKUX TeMieparypax (y MaprencutHiil dasi),

Il MaTepidan 3aJINIATUMY ThCA TaKUMHK 0 HarpiBaHHs, IICJIA YOT0 BOHHM caMi Mo cobl MOBEPHYTHCA B MOYATKOBY,

HengedopMoBany, dopmy. OcHOBOIO HJd edeKTIB maM’sATl € Te, Mo I MaTepisii MOXKYTh JeTKO 3a3HaBaTH Map-

TEHCUTHOTO TEPETBOPEHHSA Ta MEPEXOMNTH B TotepenHiit ctan. TermmoBa eHepris, dKa HaIXOOUTh B TeMIEPATyPHY

HIJIAHKY TepeTBOPEHHH, 3MIHIOE 0COOIMBOCTI TPYKHOCTHA. Uepes Iie MBUOKICTH Ta BEJIMYNHA 3aracaHHA yIbTpa-

3BYKY 3MIHIOETHCA. BUKOPHCTOBYIOUM CIIIBBIIHONIEHHA 3 Teopii MPYKHOCTH Ta 3HAYEHHA T'YCTUHM 1 MIBHUIKOCTER

yJIbTpasByKy, MOXKHA OTPMMaTH 3HadeHHs npyxHux Mmonyuis (E, K, G) ra xoedinjenr Ilyaccorma v. B mpomy

BUIAAKY MOMXKHA OHepXKAaTH 1H(MOPMAITIO TIPOo MPYKHIA, ToOTO TePpMOIPYKHIHA, CTaH.
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