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Elastic properties of shape-memory alloys are of great importance because,
among other factors, they determine movement of dislocations and thermoe-
lastic phase-equilibrium phenomenon. This paper is concerned with the con-
sideration of the elastic-modulus evolution at temperature-induced marten-
sitic transformation compared with such at the shape-memory temperature
cycle for NiTi, CuAlMn and TiZrHfCoNiCu shape-memory alloys.
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1. INTRODUCTION

NiTi and Cu-based shape-memory alloys are those that belong to the
group of industrial shape-memory alloys. They undergo thermoelastic
martensitic transformation and because of that exhibit quite good
characteristics of shape memory and related phenomena [1]. Novel
high-entropy TiZrHfCoNiCu shape-memory alloys [2—4] were devel-
oped because of the need to overcome difficulties with industrial ones
(narrow temperature interval, functional fatigue). The application of
the high-entropy concept using NiTi as a prototype resulted in a first
successful attempt in the TiZrHfCoNiCu alloy system with a martensit-
ic transformation accompanied by a shape-memory effect in a wide
temperature range with the suppression of all the fatigue effects due to
the two-fold increase in yield strength ensured by the multi-component
design. The aim of the present paper is to compare elastic modulus be-
haviour for alloys mentioned above and to show differences that are
quite important for thermoelastic phase equilibrium and dislocations
movement. The latter causes irreversibility, when full dislocations are
involved and catastrophic for shape-memory plastic deformation ac-
companies reversible martensitic deformation. On the other hand, with
respect to thermoelastic phase equilibrium phenomenon, twinning and
martensitic transformation are known to propagate with the help of
partial dislocations or so-called twinning dislocation and transfor-
mation dislocation. The concepts of twinning and transformation dislo-
cation were developed quite some time ago (see traces of that in the
work of Seeger [5] or Van Bueren monograph [6], etc.) and are still used
(for transformation dislocation with respect to martensite one might
look into [7], for example). One way or another, elastic modulus tem-
perature evolution in comparison with shape memory and internal fric-
tion might give additional information on reversible and irreversible
processes at external stress-free temperature induced martensitic
transformation and how external stress influences them with respect to
the movement of transformational and twinning dislocations.

2. EXPERIMENTAL

Ni—50 at.% Ti alloy and Ti—-16.67 at.% Zr—16.67 at.% Hf-10 at.%.
Co—20 at.% Ni—20 at.% Cu alloy were arc-melted and remelted 6 times
in a pre-gettered argon atmosphere. Cu—25 at.% Al—-4.4 at.% Mn alloy
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was induction melted and cast into room temperature ceramic mould.
After casting, Cu—-25 at.% Al-4.4 at.% Mn alloy was annealed at
1173 K for 30 minutes and quenched into water. These three alloys
compositions were chosen because of the similar martensitic transfor-
mation temperature interval. Shape-memory behaviour and internal
friction changes together with elastic modulus temperature dependen-
cies in 110440 K temperature interval were obtained in 3-point bend-
ing on 22x2x(0.4—-0.5) mm plate like specimens (setup with 20 mm dis-
tance between nodes; oscillating frequency 5 Hz; heating-cooling rate
5 K/min) using Netzsch 242C Dynamic Mechanical Analyzer (DMA)
and Proteus software. In the present case of 3 point bending the de-
formation was calculated according to the following formula
e=[4h(dL)/(I? + (dL)?)]x100, where h is plate thickness, [ is distance
between nodes (all in mm) and dL is deflection (um). To measure shape-
memory behaviour with the help of DMA, the experiment was set to
apply static load well above the temperature range of the martensitic
transformation (loaded after heating up to 440 K). Then loaded sam-
ples under the bending stress (static 40 MPa for NiTi and CuAlMn,
100 MPa dynamic and 300 MPa static for TiZrHfCoNiCu) were cooled
down to 110 K and subsequently heated up back to 440 K and the de-
flection in 3-point bending versus temperature was observed for them.
To determine elastic modulus and internal friction (loss factor) the dy-
namic load of oscillating force was applied. In the case of major static
load, the dynamic oscillating one was applied too with a value of about
10% of the static to ensure proper oscillations under the static load.
Proteus software calculates elastic modulus as | E| =E’ +iE"”, where E'
is storage modulus and E" is loss modulus. Storage modulus E’ repre-
sents the elastic, recoverable energy stored in the material, while loss
modulus E” represents the viscous, energy-dissipating portion. Loss
factor, therefore, is obtained as tgd=E'/E'~ Q' =AW /(2rW), where
AW is the energy (generally converted into heat) absorbed after loading
and unloading and W is the applied energy during loading.

3. RESULTS AND DISCUSSION

First, let us consider the functional and elastic behaviour for NiTi
shape-memory alloy. Figure 1 represents comparison of shape memory
and corresponding internal friction upon first cooling-heating cycle.
According to Figure 1, the NiTi sample accumulated 0.5% of marten-
sitic strain under the constant stress of 40 MPa in the temperature in-
terval of the forward martensitic transformation (Ms=340K,
M{f=260K). In this interval a broad peak (full width at half maximum
(FWHM) is 25 K) of the loss factor arises reaching almost 0.08 value.
After cooling to 215 K subsequent heating takes place. Upon heating,
almost complete shape recovery (Ksue=96% ) takes place in the reverse



1284 Yu. M. KOVAL, V.S. FILATOVA, V. V. ODNOSUM et al.

‘_
i r0.08
-100 0.06
. @
= 200 ;/ ; -
% / 0.04
J
—300 “—> An a
Jﬁ’\'LJLnJ\-. L_\:\-\f-ol‘]" \
MW M g V= kv 0.02

> AN v..:\,_’\}\"rf:‘t{"‘fomv”‘(f"‘\\fﬂ

250 300 350 400
Temperature, K

Fig. 1. Deflection in 3-point bending (dL is solid line) and corresponding loss
factor tgd (dashed line) vs. temperature measured in Netzsch 242C DMA un-
der constant static stress of 40 MPa for NiTi. Deflection of —410 um corre-
sponds to 0.5% of accumulated martensitic strain.

martensitic-transformation temperature  interval (As=330K,
Af=410K). In this interval (same in width to the forward one—80 K)
internal friction peak arises with the same height of almost 0.08, but
with twice narrower FWHM =13 K. Comparing with classic data on in-
ternal friction for NiTi external stress-free temperature induced mar-
tensitic transformation [8—11], which is around the value of 0.03-0.05
at peaks at 1 Hz, it can be concluded that loss factor shows just peaks
that contain two contributions, namely, ‘transient’ and ‘non-transient’;
the former exists only during cooling or heating (T = 0 K), depends up-
on the transformation kinetics and proportional to the volume fraction,
which is transformed, while the latter is related to phase transformation
mechanism, independent of the transformation rate, such as the move-
ment of parent/martensite or martensite/martensite interfaces accord-
ing to [11]. Actually, movement of the parent/martensite interface is
ensured by the movement of the transformational dislocation, while in-
ternal martensite twinning known as lattice invariant shear is related to
the movement of the twinning dislocation.

At the same time, the ‘intrinsic’ loss factor contribution (again ac-
cording to [11]), that exists in both parent B2 and B19' martensitic
phases and strongly depends upon microstructural properties, is very
small in B2 austenite (temperature interval 400-440 K, Fig. 1) and is
only slightly higher in martensite state (215-260 K, Fig. 1) indicating
that formation under external stress of the oriented martensite crys-
tals that resulted in shape memory and internal friction shown in Fig.
1 lead to the stationary martensite microstructure without any signs
of intervariant martensite boundaries mobility. Results of Refs. [8, 9]
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clearly show high internal friction in NiTi martensite state for exter-
nal stress-free experiments indicating that in this case intervariant
martensite boundaries are mobile. It should be also noted that broader
loss factor peak for forward transformation compared to reverse
(FWHM twice wider) indicates more intensive parent/martensite and
martensite/martensite interfaces movement at the formation of B19’
martensitic crystals, while their disappearance on reverse transfor-
mation is characterized by twice weaker movement of the interfaces in
NiTi shape-memory alloy.

Figure 2 shows storage modulus vs. temperature against the back-
ground of shape-memory thermal cycle. Qualitatively, the results of
Refs. [8, 9] show the elastic modulus behaviour similar to the one in
Fig. 2. Ms temperature (340 K) corresponds to the change of slope for
storage modulus temperature dependence on cooling. The same can be
observed for Mf temperature (260 K) on cooling and for Af tempera-
ture (410 K) on heating. As temperature cannot be deduced from stor-
age modulus behaviour as there is no change of its slope in the vicinity
of As from deflection temperature dependence. Storage modulus min-
ima correspond well to the peaks of the loss factor from Fig. 1. It
should be also noted that the minimum in the middle of the forward
martensitic transformation on cooling is deeper compared with the
minimum in the middle of reverse martensitic transformation on sub-
sequent heating (Fig. 2) implying that lattice softening during for-
ward martensitic transformation is more significant for NiTi.

Results shown in Figure 3 from the work [12] represent the temper-
ature dependencies of elastic constants measured by resonant ultra-
sound spectroscopy upon cooling and subsequent heating through the
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Fig. 2. Deflection in 3-point bending (dL is solid line) and storage modulus E’
(dashed line) vs. temperature measured in Netzsch 242C DMA under constant
static stress of 40 MPa for NiTi. Deflection of —410 um corresponds to 0.5%
accumulated martensitic strain.
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Fig. 3. Deflection in 3-point bending (dL is solid line) and corresponding loss
factor tgd (dashed line) vs. temperature measured in Netzsch 242C DMA un-
der constant static stress of 40 MPa for CuAlMn. Deflection of —-500 pm corre-
sponds to 1% of accumulated martensitic strain.

martensitic transformation in NiTi single crystalline specimen. Cy4
temperature behaviour (Fig. 3, b[12]) is qualitatively the same as stor-
age modulus behaviour (Fig. 2 of this work) implying that it is domi-
nated by the C44 contribution and in the present polycrystalline B2 Ni-
Ti Cy4 principal shear modulus is at play corresponding to shear on a
{001} plane, independent of the direction of shear within that plane.

Now, let us consider how the functional and elastic behaviour vs.
temperature will look like for Cu—Al-Mn shape-memory alloy, where
L2, austenite undergoes martensitic transformation into the y; ortho-
rhombic martensite. Figure 3 shows comparison of shape memory and
corresponding internal friction upon first cooling-heating cycle in-
volving L2; <> y; thermally induced martensitic transformation with
external static load equivalent to the stress of 40 MPa.

According to Figure 3, the CuAlMn sample accumulated 1% of mar-
tensitic strain under the constant stress of 40 MPa in the temperature
interval of the forward martensitic transformation (Ms=290K,
Mf=230K). In this interval a peak of the loss factor rises, reaching
0.12 value. After cooling to 115 K subsequent heating takes place. Up-
on heating, almost complete shape recovery (Ksur = 97% ) takes place in
the reverse martensitic transformation temperature interval
(As=300 K, Af =360 K). In this interval, internal-friction peak arises
with the height of 0.23. Comparing with the data on internal friction
for CuAlMn external stress-free temperature induced martensitic
transformation [8—11], which is around the value of 0.09-0.1 at peaks
at 1 Hz, it can be concluded that loss factor shows just peaks that con-
tain two contributions, similarly to NiTi (Fig. 1), ‘transient’ and ‘non-
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transient’. At the same time, the ‘intrinsic’ loss factor contribution
that exists in both parent L2; and y; martensitic phases is small (0.02—
0.03, Fig. 3) indicating that formation under external stress of the ori-
ented martensite crystals that resulted in shape memory and internal
friction shown in Fig. 3 lead to the stationary martensite microstruc-
ture without any signs of intervariant martensite boundaries mobility
similarly again to the case of NiTi shown in Fig. 1. Results of [13, 14]
for CuAlMns alloy show high internal friction in martensite state for
external stress-free experiments indicating that in this case intervari-
ant martensite boundaries are mobile. In particular [14], high internal
friction in martensite has been detected only for small grain size, while
martensite in big grains does not show any signs of the intervariant
mobility having the same small internal friction value as in austenite
state similarly to the results in Fig. 3. It should be also noted that
higher loss factor peak for reverse transformation compared to for-
ward indicates contrary to the case of NiTi that more intensive par-
ent/martensite and martensite/martensite interfaces movement takes
place at the disappearance of y; martensitic crystals, while on forward
transformation there is weaker movement of the interfaces in CuAlMn
shape-memory alloy. Comparison of the internal friction between NiTi
(Fig. 1) and CuAlMn (Fig. 3) shows that in a latter case it is much
stronger with an emphasis on the reverse martensitic transformation.
Figure 4 shows storage modulus vs. temperature against the back-
ground of shape-memory thermal cycle in CuAIMn. Qualitatively, the
results of [13, 14] show the elastic modulus behaviour similar to the
one in Fig. 4 although there are some differences as well. In particular,
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Fig. 4. Deflection in 3-point bending (dL is solid line) and storage modulus E’
(dashed line) vs. temperature measured in Netzsch 242C DMA under constant
static stress of 40 MPa for CuAlMn. Deflection of -500 pum corresponds to 1%
accumulated martensitic strain.
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M s temperature (290 K) does not correspond to the change of slope for
storage modulus temperature dependence on cooling. At 290 K on cool-
ing storage, modulus tends to grow a bit until it sharply decreases at
275 K. Other characteristic temperatures of martensitic transfor-
mation fit for change in deflection and storage modulus (Fig. 4). Stor-
age modulus minima correspond well to the peaks of the loss factor
from Fig. 3. It should be also noted that, similarly to the results of
[14], the minimum in the middle of the reverse martensitic transfor-
mation on cooling is deeper compared with the minimum in the middle
of forward martensitic transformation on subsequent heating (Fig. 4)
implying that lattice softening during reverse martensitic transfor-
mation is more significant contrary to NiTi (Fig. 2).

Results shown in Figure 1 from the work [13] represent the temper-
ature dependences of elastic modulus measured by DMA upon cooling
and subsequent heating through the martensitic transformation in
CuAlMn polycrystalline wire. Elastic modulus behaviour (Fig. 1 [13])
is qualitatively the same as storage modulus behaviour (Fig. 4 of this
work) in the sense that it represents two temperature dependencies
with minima implying that similarly to NiTi it is dominated by the Cy4
contribution. Still, the short temperature interval between 275 K and
290 K on cooling (Fig. 4) represents weak growth and, therefore, a pos-
sibility of the dominant C’' shear modulus (it is derived from a different
type of volume preserving shear strain) at this earlier stage of the for-
ward L2; — y; transformation under constant external stress. Still,
after the cooling below 275 K and upon subsequent heating in the pre-
sent polycrystalline CuAIMn C44 principal shear modulus is at play cor-
responding to shear on a {001} plane, independent of the direction of
shear within that plane.

Eventually, we arrived at the consideration of the functional and
elastic behaviour for the novel TiZrHfCoNiCu high-entropy shape-
memory alloy that, as was mentioned above, has been designed using
NiTi as a prototype. One might expect some general similarity with
NiTi behaviours. Let us check whether it is true for stress-free
B2 <> B19' type martensitic transformation in this multicomponent
intermetallic, although both B2 and B19' phases are triclinically dis-
torted, which is the origin for outstanding double increase in yield
strength, for instance.

Figure 5 shows that for (TiZrHf)50Co10NizeCuzo multicomponent B2
distorted intermetallic compound that undergoes martensitic transfor-
mation with B19’ distorted phase as a product. As the deflection in this
case is not influenced by external stress, the deflection hysteresis loop in
Fig. 5 represents the volume change, which is negative and is of 0.17%.
Loss factor peaks correspond well with deflection slope changes that
correspond to characteristic temperatures of martensitic transfor-
mation (Ms=290K, Mf=190K, As=220K, Af=360 K). It can be also
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Fig. 5. Deflection in 3-point bending (dL is solid line) and corresponding loss
factor tgd (dashed line) under dynamic stress of 100 MPa vs. temperature
measured in Netzsch 242C DMA for (TiZrHf)s50Co10NizoCuz. Deflection of
—280 um corresponds to 0.17% of volume change.

seen that internal friction is relatively high in martensite, implying that
intervariant martensite boundaries are mobile enough. Loss factor peak
upon reverse transformation is almost twice as high as for the forward
one. It means that contrary to the case of NiTi the more intensive par-
ent/martensite and martensite/martensite interfaces movement takes
place at the disappearance of B19' martensitic crystals, while on for-
ward transformation there is weaker movement of the interfaces in
(TiZrHf)50Co10Ni20Cuz multicomponent intermetallic compound.

Figure 6 represents corresponding elastic behaviour against the back-
ground of the volume change hysteresis loop in (TiZrHf);0C010NizoCuzo.

Figure 6 shows storage modulus vs. temperature against the back-
ground of stress-free volume change hysteresis loop in
(TiZrHf£)50Co10NizoCuz. On cooling storage, modulus decreases slightly
in pre-martensitic temperature interval, while, at M's temperature, it
decreases sharply and passes through a minimum in the temperature
interval of the forward transformation. Then, it significantly growing
up to a value of 76 GPa at 115 K after passing a minimum without visi-
ble critical point that might correspond to Mf. The same happens upon
subsequent heating when it is difficult to define As from storage modu-
lus. Af temperature fits the one of deflection in Fig. 6. Analogously to
NiTi, it might then be supposed that in the case of distorted cubic B2
structure C44 contribution still dominates elastic modulus temperature
dependencies and its being a one of the principal shear moduli for cubic
structure still corresponding to shear on a {001} plane, independent of
the direction of shear within that plane.

Now, let us consider how external stress will influence functional
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Fig. 6. Deflection in 3-point bending (dL is solid line) and storage modulus E’
(dashed line) under dynamic stress of 100 MPa vs. temperature measured in
Netzsch 242C DMA for (TiZrHf)s50Co10Niz0Cuz. Deflection of —280 um corre-
sponds to 0.17% of volume change.

and elastic behaviour vs. temperature for (TiZrHf)s;0C010NizCuz mul-
ticomponent intermetallic compound.

Figure 7 shows that the (TiZrHf)50Co10NizoCuz sample accumulated
0.8% of martensitic strain under the constant stress of 300 MPa in the
temperature interval of the forward martensitic transformation
(Ms=280K, Mf=170K). In this interval, a peak of the loss factor
arises reaching value 0.08. After cooling to 115 K subsequent heating
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Fig. 7. Deflection in 3-point bending (dL is solid line) and corresponding loss
factor tgd (dashed line) vs. temperature measured in Netzsch 242C DMA un-
der constant static stress of 300 MPa for (TiZrHf)50Co10NizoCuszo. Deflection of
—1056 um corresponds to 0.8% of accumulated martensitic strain.
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takes place. Upon heating, almost complete shape recovery
(Ksue=98%) takes place in the reverse martensitic transformation
temperature interval (As=250 K, Af=350 K). In this interval, inter-
nal friction peak arises with the height of 0.11. Comparing with the
data on internal friction for (TiZrHf)50Co010NizoCugo external stress-free
temperature induced martensitic transformation (Fig. 5), which is
around the value of 0.03-0.45 at peaks, it can be concluded that loss
factor shows peaks that contain two contributions, similarly to NiTi
(Fig. 1), ‘transient’ and ‘non-transient’. At the same time, the ‘intrin-
sic’ loss factor contribution that exists in parent B2 phase is relatively
small but in martensitic state it is high (0.05-0.07, Fig. 7) indicating
that formation under external stress of the oriented martensite crys-
tals that resulted in shape memory and internal friction shown in Fig.
7 lead to the martensite microstructure with definite signs of intervar-
iant martensite boundaries mobility. It should be also noted that high-
er loss factor peak for reverse transformation compared to forward in-
dicates contrary to the case of NiTi that more intensive par-
ent/martensite and martensite/martensite interfaces movement takes
place at the disappearance of B19' martensitic crystals, while on for-
ward transformation there is weaker movement of the interfaces in
(TiZrHf)50Co10NizoCuzo shape-memory alloy.

Figure 8 shows storage modulus vs. temperature against the back-
ground of shape-memory thermal cycle. It can be seen that upon cool-
ing at the earlier stage of the forward transformation storage modulus
seemed to start a decrease in 250—290 K temperature interval. Yet, af-
ter reaching 250 K on cooling situation changed drastically as storage
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Fig. 8. Deflection in 3-point bending (dL is solid line) and storage modulus E’
(dashed line) vs. temperature measured in Netzsch 242C DMA under constant
static stress of 300 MPa for (TiZrHf)s50C010Niz0Cuz. Deflection of —1056 um
corresponds to 0.8% of accumulated martensitic strain.
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modulus started to increase and reached 350 GPa at 115 K. Subsequent
heating exhibited eventual decrease in storage modulus with the tem-
perature hysteresis similar with shape-memory hysteresis loop. Slight
minimum in storage modulus prior to Af takes place with hysteresis in
respect to small minimum on cooling. Taking into account the results
of [12] obtained on single crystalline NiTi, it can thus be supposed that
small minimum appeared on cooling at first due to C44 principal shear
modulus contribution, while after that C’ contribution completely
dominated storage modulus behaviour corresponding to shear in the
(110) plane and the[110 ] direction.

4. SUMMARY

In stress free conditions elastic modulus minimum for NiTi is deeper at
forward martensitic transformation and is accompanied by corre-
sponding more significant internal friction compared with reverse one
implying that lattice softening is more pronounced at martensite for-
mation and the movement of the transformation dislocations is easier
in this case. CuAIMn shows behaviour opposite to NiTi; reverse mar-
tensitic transformation exhibits deeper elastic modulus minimum and
stronger corresponded internal friction implying that lattice softening
is more pronounced and transformation dislocations glide easier at
martensite disappearance. TiZrHfCoNiCu exhibits elastic modulus be-
haviour similar to NiTi, while internal friction is similar to CuAlMn
meaning that the lattice softening (deeper modulus minimum) is more
significant for the martensite formation, while the internal friction
associated with transformation dislocations movement is much
stronger for the martensite crystals disappearance.

As supposed, while comparing the elastic behaviour under external
stress with respect to functional properties changes for NiTi, CuAlMn
and TiZrHfCoNiCu polycrystalline shape-memory alloys, that C4 con-
tribution dominates elastic modulus behaviour for NiTi and CuAlMn
upon shape memory and internal friction and corresponds to shear on a
{001} plane, independent of the direction of shear within that plane.

As for TiZrHfCoNiCu, it was supposed that its elastic modulus behav-
iour upon shape memory and internal friction is dominated by C’ contri-
bution that corresponds to shear in the (110) plane and the[110 ] direc-
tion. Detailed analysis of the directional dependence of elastic stiffness
and shear moduli that helped us to put shear constants in correspond-
ence with two principal shear systems might be found in[15] and [16].

There is a competition between two principal shear systems at for-
ward martensitic transformation under external stress for CuAlMn
and TiZrHfCoNiCu shape-memory alloys. In CuAlMn, (110) plane and
the [110] principal shear lead at first to stiffening, while at some
point {001} plane shear system takes over. On a contrary, in
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TiZrHfCoNiCu at the initial stage there is some softening associated
with {001} plane shear system, while later on (110) plane and the[110 ]
direction shear system takes over. Consequences of such competition
need to be studied in more detail.

It is possible that supposed change in principal shear at transition
from industrial NiTi and CuAlMn to highly distorted TiZrHfCoNiCu
high-entropy shape-memory alloys might be the reason for the ad-
vanced functional properties of the novel multicomponent materials.
It also might indicate that thermoelastic behaviour can be different for
TiZrHfCoNiCu high-entropy shape-memory alloys comparing with Ni-
Ti and CuAlMn due to the noticed differences in elastic modulus and
internal friction correspondence upon forward and reverse martensitic
transformation. The more detailed pursuit of these differences will be
the subject of our future investigations.
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