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The effect of Nb content on the martensitic transformation of NbRu high-temperature shape memory alloys is in-

vestigated by experiments and first-principles calculations. We calculate the lattice parameters, density of states, charge

density, and heats of formation of Nbso4,Ruso—z
the stability of Nbso4+oRuso—q

B phase. The results show that an increase in Nb content increases
B phase, leading to a significant decrease of the 8 to 8’ martensitic transformation

temperature. In addition, the mechanism of the effects of Nb content on phase stability and martensitic transformation

temperature is studied on the basis of electronic structure.

Keywords: high-temperature shape memory alloy, NbRu, electronic structure, martensitic transfor-

mation

PACC: 7115A, 7115M, 8130K

1. Introduction

Shape memory alloys (SMAs) have attracted in-
creasing attention due to their shape memory effect
(SME) and superelasticity, which are displayed dur-
ing martensitic transformations.!] In recent years,
SMAs have been widely used as actuators, sensors
and medical devices.?~% Although many kinds of
alloys exhibit the shape memory effect, only TiNi
and Cu-base SMAs have been used for commercial
purposes. The operating temperatures of SMAs de-
pend on their martensitic transformation temper-
atures. However, the martensitic transformation
temperatures of TiNi and Cu-base alloys are below
150°.5-7 So they are not able to satisfy the require-
ments for high-temperature SMAs applications, such
as automotive engine, gas turbine and nuclear reac-
tor environments, which require higher martensitic

6] Therefore, it is neces-

transformation temperatures.
sary to develop high-temperature SMAs. Nowadays,
NbRu alloys demonstrate both martensitic transfor-
mation temperature above 900° and the shape mem-
ory effect, which makes them attractive candidates
for SMAs used at high temperatures.®~1% The phase
transformations in this compound have been studied

for over 35 years.!'1 =15 Tt is observed that these alloys

undergo two displacive transformations both leading
to equilibrium phases. Above 900°, the crystal struc-
ture is the ordered cubic CsCl-type (Pm3m), called
the g phase. Below 900°, the crystal transforms to a
tetragonal structure, called the 5’ phase. This S-to-3’
phase transformation is demonstrated to be respon-
sible for the shape memory effects in these alloys.!'®
The second transformation gives rise to a monoclinic
B phase.

memory effect and mechanical behaviour have been

In addition, their microstructure, shape

studied in recent years.'7—2! The shape memory ef-
fect in NbRu is demonstrated on sub-sized three point
bent test specimens, and 4% recoverable strains is ob-
tained. The study on mechanical behaviour shows
that the equiatomic NbRu alloy is brittle at room
tenperature. The investigations above were mainly fo-
cused on near equiatomic NbRu alloys. On the other
hand, the previous studies indicated that the compo-
sition of shape memory alloys had significant effects
on the martensitic transformation and shape memory
effect.l!! However, to our knowledge, there are only
a few investigations on the effects of Nb content on
martenstic transformation behaviour of NbRu alloys
and its mechanism. Therefore, from the application
point of view, it is highly desirable to carry out such
investigations.
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In the present paper, we investigate the effect of
Nb content on the martenstic transformation of NbRu
high-temperature shape memory alloys by experimen-
tal and first-principles methods. Furthermore, both
the mechanism of the phase stability and the trans-
formation behaviour of Nbggy,Rusg_, alloys are re-
searched on the basis of the electronic structure. In
addition, the shape memory effect of Nbgg,Ruso_s
alloys is also studied. Experimental and calculational
methods are described in Section 2. The martenstic
transformation behaviour of Nbgsg,Rusg—, alloys and
its mechanism are analysed in Section 3. Conclusions
are given in the last section.

2. Experimental and calcula-

tional methods

Nominal compositions of the experimental mate-
rial used in this study are Nbsgy,Ruso_.(z = —3, 0,
5). Button-shape samples of several grams in weight
are prepared with high purity elements melted in an
arc-melting furnace in argon atmosphere. All alloys
are remelted several times to ensure homogeneity. The
martensitic and reverse transformation temperatures
Mg, M, Ag, Ag¢ are determined by Perkin-Elmer di-
amond differential scanning calorimetry (DSC). The
martensitic transformation temperature is calculated
as (Mg + Ag)/2. The rate of heating and cooling is
20°/min. X-ray diffraction (XRD) measurements are
performed to determine the crystal structure using a
Rigaku D/max-rB with Cu K« radiation.

The shape recovery strain is measured by the
thermal expansion method, with Shimizu TAS-100
equipment. A compression test is conducted on a
Gleeble 4500 thermal simulation machine, with a com-
pression rate of 1.6 x10% s~!. The heights of the spec-
imens are measured prior to loading, after loading and
after heating at above A¢. The pre-strain during com-
pression is defined as epre = I/lg, where Al is the dis-
placement of the crosshead. The residual strain after
unloading (e, ), permanent strain (¢;,) and strain which
recovered due to the shape memory effect (esmp) are
obtained to be (I3 —1ly)/lo x 100%, (I2 —ly)/lo x 100%
and (I1—13) /11 x100%, respectively. The recovery ratio
(R) is calculated to be R = esmg/(esmi +&p) X 100%.

The calculations presented in this study are per-
formed with the CASTEP code,? based on the den-
sity functional theory, by using Vanderbilt-type ul-
trasoft pseudopotentialsi?3land a plane-wave expan-
sion of the wave functions. We use the generalized

gradient approximation (GGA) to describe the ex-
change and correlation potential. The structure is op-
timized with the Broyden—Fletcher—-Goldfarb—Shanno
(BFGS) method, and convergence is assumed to be
achieved when the forces on atoms are less than
0.03 eV/A (1 A=0.1 nm). A plane-wave cutoff en-
ergy of 300 eV is employed. The calculations are con-
ducted by using an (8, 8, 8) Monkhorst—Pack grid. In
order to study the phase stability and electronic struc-
ture of Nbsgy.Ruso_,, calculations are performed for
NbsotzRuso_.(z = —6.25, 0, 6.25) 8 phases. The
crystal structure of the Nbys7sRuse25 [ phase is
taken as a 2 x 2 x 2 CsCl-type NbRu supercell, in
which body-centred Nb is replaced by Ru. The su-
percell for the NbsgosRuys.7s 8 phase is similar to
this, but with body-centred Ru replaced by Nb. The
lattice parameters of CsCl-type NbRu are cited from
Ref. [24].
always done, based on which the heats of formation,

In every case, geometrical optimization is

the lattice parameters and the electronic structure are
then calculated.

3. Results and discussion

Figure 1 shows the DSC curves of Nbsg;,Ruso—_,
(x = =3, 0, 5) alloys. It can be seen that the studied
alloys exhibit a two-step martensitic transformation
behaviour (8 — f'— ") both in heating and in cool-
ing. The characteristic temperatures of the marten-
sitic transformation of Nbsgy,Ruso_, alloys are listed
in Table 1. The martensitic and reverse transforma-
tion temperatures of S-to-3’ are denoted by M1, My,
Ag1, Agpi. The martensitic and reverse transformation
temperatures of ’-to-8” are denoted by Mgy, My,
Ago, Ap.

Figure 2 shows the effect of Nb content on the
B-to-" martensitic transformation temperature (7},)
of Nbsor.Ruso—z(z = —3, 0, 5) alloys.
clearly seen that the T}, decreases nearly linearly with
increasing Nb content. This indicates that the T,
of NbRu alloys can be adjusted by changing the Nb
content, which is considered to be of potential tech-

It can be

nological interest. Moreover, according to the previ-
ous study,'% the lattices of high-temperature phase,
mid-temperature phase and low-temperature phase in
NbRu alloys are identified to be of CsCl type, face-
centred tetragonal type, monoclinic type (5" marten-
site), respectively. For our studied alloys, their T}, is
above room temperature, indicating that the crystal
structure at room temperature is of 5" martensite.
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Fig. 1. DSC curves of NbsgzRus0—s (x = —3, 0, 5) alloys: (a) NbssRuas, (b) NbsgRuso, (¢) NbazRuss.

Table 1. Characteristic temperatures of the martensitic transformation of Nbso4+oRuso—g (z = —3, 0, 5) alloys.
Mg /°C My /°C As1/°C Ap /°C Ms2/°C My /°C Ag2/°C A /°C
Nbys7Rus3 1054 1037 1062 1077 863 845 870 883
NbsoRuso 887 875 890 901 741 722 725 746
NbssRuas 648 629 643 668 562 544 548 563
\
and the lattice parameters of NbRu alloys at room
1100} temperature are studied by the x-ray diffraction mea-
- surement. Our results show that the space group of
o 900f NbsoizRuso—, B” martensite is Crmmm. The mon-
< oclinic crystal remains unchanged with the content of
5 [ Nb. The lattice parameters of Nbsgi,Ruso—.(x = —3,
0or 0, 5) alloys as a function of Nb content are calculated
i with the help of high angle reflections of x-ray diffrac-
500 L L L L L L tion spectra as shown in Fig. 3. It is noted that the

Fig. 2. Effect of Nb content on Ty, of NbsoyzRuso—s
(z = -3, 0, 5) alloys.

The effects of Nb content on the crystal structure

lattice parameters a, b, ¢ and 3 increase slightly with
increasing Nb content. This trend is attributed to the
fact that the atomic radius of Nb is larger than that

of Ru.
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Fig. 3. Lattice parameters of NbsotzRuso—z (z = —3,

0, 5) 8" martensite as a function of Nb content.

In order to further investigate the effects of Nb
content on phase stability and martensitic transforma-
tion, the lattice contants and heats of formation for 3
phases of NbsgyRuso_,(x = —6.25, 0, 6.25) alloys are
calculated. Figure 4 shows the lattice constants as a
function of Nb content for NbggiRuso_, [ phases.
It can be seen that the lattice constants decrease with
increasing Nb content. However, the atomic size of
Nb is larger than that of Ru.

crease of lattice constants is related to the change of

This abnormal de-
phase stability of Nbso4,Rus0—, [ phases. In ad-
dition, we find that the error in the calculated lattice
constant compared with the experimental data for the
NbsoRuso S phase is less than 1%,1%4 demonstrating
that the pseudopotentials used here and the geometry
are reliable.
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Fig. 4. Lattice parameters of NbsotoRuso—g(z = —6.25,
0, 6.25) 3 phases as a function of Nb content.

Figure 5 clearly shows that the heat of forma-
tion of the Nbsgy,Ruso_ys
increasing Nb content. The reduction of heats of for-

B phase decreases with

mation for Nbso4,Ruso—, alloys suggests that the sta-
bility of the 8 phase increases with increasing Nb con-
tent. For NbRu alloys, greater stability of the 8 phase
would imply a lower 3-to-8’ martensitic transforma-
tion temperature. For Ni-Mn—Ga shape memory al-
loys, this is indeed found to be s0.2°! Therefore, our
results indicate that the increase of Nb content gives

rise to the decrease of Ty, which is in accordance with

our experimental data.
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Fig. 5. Heats of formation of Nbsgt.Ruso—g(z = —6.25,
0, 6.25) 8 phases.

The mechanism of the effect of Nb content on
phase stability can be deeply understood on the ba-
sis of density of states (DOS). Figures 6(a) and
6(b) show the total and the d partial DOSs of
NbsoizRuso_z(z = —6.25, 0, 6.25) 8 phases, respec-
tively. For the [ phase of NbRu, the total DOS
resembles that of a bce metal in that it consists of
two sets of peaks separated by a dip about 1.8 eV
wide. It is found that the total DOS is mainly due
to d states. There are negligible contributions from
the p states and the s states. The Fermi level lies
in a rising part of the DOS below the higher energy
peaks which are mostly unoccupied. In the case of
the Nbsgy,Ruso_, [ phase, the general shape of the
total DOS is similar to that of NbRu.
derstandable because the shape of the DOS is mainly

This is un-

determined by the crystal structure. In particular,
it can be seen that the dip of the total DOS for
Nbsg+.Rusg—, decreases with increasing Nb content.
This suggests that the 5 phase becomes more stable
with the increase of Nb content, which is in accordance
with the results of heats of formation. By comparing
the d partial DOS with the atoms, it can be found
that the difference is mainly due to Nb and Ru sub-
stitution. We use Nb 1 and Ru 1 to indicate the Nb
and Ru atoms at the normal sites, respectively. Nb
2 and Ru 2 denote the substitution of a Nb atom for
a Ru atom and the substitution of a Ru atom for a
Nb atom, respectively. For Nbys 75Ruse.25, the d par-
tial DOS for Ru 2 exhibits a clear peak near the Fermi
level, significantly increasing the dip of the total DOS.
In the case of Nbsg.o5Ru43.75, the dip of d partial DOS
for Nb 2 locates at the same position as the dip of the
total DOS. This contributes to the decrease of the dip
of the total DOS.
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Fig. 6. DOS of Nbso4+,Ruso—» (z = —6.25, 0, 6.25) 8 phases: (a) total DOS, (b) d partial DOS of Nb and Ru.

To further study the mechanism of phase stability, the charge densities in the (110) plane of Nbsgy,Ruso_s
(x = —6.25, 0, 6.25) 8 phases are calculated and shown in Fig. 7. In general, high charge accumulation between
neighbouring atoms indicates a strong hybridization between the orbitals of the atoms and thus a strong bonding
interaction. From Fig. 7, it can be seen that when Nb occupies the Ru sites in Nbsg.o5Ruy3.75, there is a high
charge accumulation in the interatomic areas, indicating a strong bonding interaction. In contrast, the charge
accumulation between atoms is much less when Ru occupies the Nb sites in Nbys 75 Ruse .25, suggesting a weaker
bonding interaction, which explains why the increase of Nb content has a tendency to increase the phase stability

of the § phase.
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(a) (b)
Fig. 7. Charge density of the 8 phase in the (110) plane: (a) Nbys.75Ruse.25, (b) Nbse.o5Ruas.7s.

Summarized in Table 2 are the shape memory behaviours of Nbso,Ruso—. (x = —3, 0, 5) alloys at different
pre-strains. It can be seen that the recovery ratio decreases with increasing pre-strain. For the studied alloys,
the maximum SME strain is 1.8%. The previous results showed that varying the Nb content could change the
phase transformation type from 8 — 3’ — 3” to f — 3’. However, from Table 1, it is found that Nb content
has a slight effect on the SME strain. Therefore, it can be demonstrated that the 5-to-3’ phase transformation
is responsible for the shape memory effect in NbRu alloys.
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Table 2. Shape memory behaviours of NbsoygRuso—g (z = —3, 0, 5) alloys at different pre-strains.

pre-strain strain after unloading strain after heating SME strain recovery ratio

epre/% er/% ep/% esmi/% R/%

2.5 0.9 0.2 0.7 7.8

NbsoRuso 5 3.2 1.4 1.8 43.8
10 8.1 6.3 1.8 22.2

2.5 0.8 0.1 0.7 87.5

NbssRugs 5 3.1 1.5 1.6 51.6
10 8.0 6.2 1.8 22.5

2.5 0.9 0.1 0.8 88.9

Nbs7Russ3 5 3.3 1.6 1.7 51.5
10 8.3 6.5 1.8 21.7

4. Conclusions

The effect of Nb content on the martenstic transformation of NbRu high-temperature shape memory alloys is

studied by experimental and first-principles methods. The results show that the increase of Nb content increases

the stability of Nbsgy,Ruso—yz

B phases, leading to the decrease of the 3-to-f’ martensitic transformation

temperature. This provides an effective way to adjust the martensitic transformation temperature for high

temperature application by varing the Nb content. The mechanism of the [ phase-stabilizing effect of Nb is

attributed to its dip of d partial DOS near the Fermi level, which is consistent with the analysis of heats of

formation. In addition, the calculated charge densites show that Nb content plays an important role in the

bonding interaction in Nbgg;,Ruso—»

[ phases.
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