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The effect of Fe on the martensitic transformation of TaRu high-temperature shape memory alloys has been

investigated using first-principles calculations. The site preference of Fe in TaRu alloys has been clarified for the first

time, and the results show that Fe is predicted to occupy Ru sites. The addition of Fe increases the stability of the

Ta50Ru50−xFex β phase, leading to a significant decrease in the β to β′ martensitic transformation temperature. In

addition, the mechanism of the Fe alloying effect is explained on the basis of the electronic structure.
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1. Introduction

Shape memory alloys (SMAs) have attracted

much attention due to their shape memory effect and

superplasticity, which are displayed during marten-

sitic transformations.[1−4] Many kinds of alloys ex-

hibit shape memory effects. The most well-known and

commercially developed material is TiNi SMA,[5−8]

which has been widely used in the fields of engi-

neering and medicine. The operating temperatures

of SMAs depend on their martensitic transformation

temperatures. However, the martensitic transforma-

tion temperature of TiNi and other commercial Cu-

based SMAs are below 150 ◦C, so they are not suitable

for potential high-temperature SMA applications such

as automotive engine, gas turbine and nuclear-reactor

environments.[7,8] Therefore, there is a technological

need to develop high-temperature SMAs.

Nowadays, TaRu alloys demonstrate both

martensitic transformation temperatures above

1000 ◦C and shape memory effects, which makes

them a very promising option for high-temperature

SMAs.[9] The phase transformations in this com-

pound have been investigated.[10−12] Above 1100 ◦C,

the crystal structure is of ordered cubic CsCl-type

(Pm3̄m), and called the β phase. Below 1100 ◦C, the

crystal transforms to a tetragonal structure, called

the β′ phase. This β to β′ phase transformation is

demonstrated to be responsible for the shape mem-

ory effects.[9] In addition, some research into the mi-

crostructures, shape memory effects and mechanical

behaviors have been conducted in recent years.[13,14]

However, it was found that TaRu alloys show poor

toughness at room temperature, which limits their

application.[14] On the other hand, previous studies

have indicated that the addition of the third ele-

ment, Fe, commonly improves the mechanical prop-

erties of shape memory alloys, and significantly in-

fluences the martensitic transformation behavior of

TaRu alloys.[15−17] To our knowledge, theoretical in-

vestigations on the addition of Fe in TaRu alloys have

not been reported yet.

In this study, we investigate the effect of Fe on the

martensitic transformation of TaRu high-temperature

shape memory alloys by first-principles methods. The

site preference of Fe in TaRu alloys has been clari-

fied for the first time. Furthermore, the mechanism

of the phase stability and transformation behavior of

Ta50Ru50−xFex alloys are studied on the basis of the

electronic structure.
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2. Calculation methods

The calculations presented in this study are per-

formed with the CASTEP code,[18] based on den-

sity functional theory, using Vanderbilt-type ultrasoft

pseudopotentials[19] and a plane-wave expansion of the

wave functions. We use the generalized gradient ap-

proximation (GGA) to describe the exchange and cor-

relation potential. The structure is optimized with the

Broyden–Fletcher–Goldfarb–Shanno (BFGS) method,

and convergence is assumed when the forces on atoms

are less than 0.03 eV/Å. A plane-wave cutoff energy

of 300 eV is employed, and the calculations are car-

ried out using a (8, 8, 8) Monkhorst–Pack grid. In

order to study the site preference of Fe in TaRu, cal-

culations are performed for the Ta50Ru50−xFex and

Ta50−xRu50Fex (x = 0, 6.25, 12.5) β phases, respec-

tively. The crystal structures of the Ta50Ru50−xFex β

phases are taken as a 2×2×2 CsCl-type TaRu super-

cell, in which appropriate Ru is replaced by Fe. The

supercells for the Ta50−xRu50Fex β phases are similar

to these, but with Ta replaced by Fe. The lattice pa-

rameters of CsCl-type TaRu are taken from Ref. [9].

In every case, geometrical optimization is performed,

based upon which the formation heats, lattice param-

eters and electronic structures are then calculated.

3. Results and discussion

In order to investigate the site preference of

Fe, the formation heats for the β phases of the

Ta50Ru50−xFex and Ta50−xRu50Fex (x = 0, 6.25,

12.5) alloys are calculated, respectively, and shown in

Fig. 1. For the Ta50Ru50−xFex alloys with Fe occu-

pying Ru sites, the formation heats decrease with in-

creasing Fe content. On the other hand, the formation

heats of the Ta50−xRu50Fex alloys with Fe occupying

Ta sites increase with increasing Fe content. Accord-

ing to the correlation between phase stability and for-

mation heat, the result clearly shows that Fe prefers

to occupy the Ru sites.

Figure 2 shows the lattice constants as a func-

tion of Fe content for the Ta50Ru50−xFex β phases.

It can be seen that the lattice constants decrease al-

most linearly with increasing Fe content. This trend

is attributed to the fact that the atomic size of Fe is

smaller than that of Ru. Moreover, the decrease in

lattice constants is closely related to the change in the

phase stability of the Ta50Ru50−xFex β phases. In ad-

dition, we find that the error in the calculated lattice

constant compared with the experimental data for the

TaRu β phase is less than 1%,[9] demonstrating that

the pseudopotentials used here and the geometry are

reliable.
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Fig. 1. The formation heats of the Ta50Ru50−xFex

and Ta50−xRu50Fex (x = 0, 6.25, 12.5) β phases.
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Fig. 2. The dependence of lattice constant a on Fe con-

tent for the Ta50Ru50−xFex β phases.

To study the effect of Fe content on the

phase stability and martensitic transformation be-

havior, the difference in formation heat between the

Ta50Ru50−xFex and TaRu β phases are calculated

based on the results of Fig. 1. It is found that the

difference in formation heat decreases with increas-

ing Fe content. This suggests that the phase sta-

bility of the Ta50Ru50−xFex β phases increase with

the increase in Fe content. For the TaRu alloys, a

greater stability of the β phase would imply a lower

β to β′ martensitic transformation temperature. For

the Ni–Mn–Ga shape memory alloys, this is indeed

found to be the case.[20] Therefore, our results indi-

cate that the addition of Fe brings a decrease in the β

to β′ martensitic transformation temperature, which

is in agreement with the experimental data.[17] Both

our results and the previous studies demonstrate that

the martensitic transformation temperature of TaRu

alloys can be adjusted by the addition of Fe, which

greatly benefits their application.

The effect of Fe content on phase stability can be

deeply understood on the basis of the density of states
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(DOS). Figure 3 shows the total and partial DOS of

the Ta50Ru50−xFex (x = 0, 6.25, 12.5) β phases. For

the β phase of TaRu, the total DOS resembles that

of a bcc metal, in that it consists of two sets of peaks

separated by a dip with a width of 1.6 eV. 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 Ta50Ru50−xFex β phase, the general shape

of the total DOS is similar to that of TaRu. This is un-

derstandable because the shape of the DOS is mainly

determined by the crystal structure. In particular, it

is found that the dip of total DOS for Ta50Ru50−xFex
decreases with increasing Fe content. At 12.5% Fe,

the dip lies exactly at the minimum, giving the largest

heat formation magnitude, and therefore the largest

stabilizing effect for the β phase. This is actually a

typical pseudogap effect,[21] and suggests that the β

phase becomes more stable with increasing Fe con-

tent, in accordance with the heat formation results.

Furthermore, the stability effect of the pseudogap can
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Fig. 3. Total and partial DOS of the Ta50Ru50−xFex

(x = 0, 6.25, 12.5) β phases: (a) Ta50Ru37.5Fe12.5, (b)

Ta50Ru43.75Fe6.25, and (c) Ta50Ru50.

be explained in more details in the partial DOS. Com-

paring the partial DOS with the atoms, we can find

that the change is mainly due to Fe. The dip in partial

DOS for Fe is located at the same position of the dip

of the total DOS. This contributes to the decreases in

the dip in total DOS.

To further study the mechanism of the site pref-

erence of Fe, the charge densities in the (110) plane of

the Ta50Ru43.75Fe6.25 and Ta43.75Ru50Fe6.25 β phases

are calculated and shown in Fig. 4. In general, high

charge accumulation between neighboring atoms indi-

cates a strong hybridization between the orbital of the

atoms and thus a strong bonding interaction. From

Fig. 4, we can see that when Fe occupies the Ru sites,

there is a high charge accumulation in the interatomic

areas, indicating a strong bonding interaction. In con-

trast, the charge accumulation between atoms is much

less when Fe occupies the Ta sites, suggesting a weaker

bonding interaction, which explains why Fe has a ten-

dency to occupy the Ru sites.
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Fig. 4. The charge density of the β phases in the (110)

plane: (a) Ta50Ru43.75Fe6.25, (b) Ta43.75Ru50Fe6.25.

4. Conclusions

We used first-principles calculations to study the

effect of Fe on the martensitic transformation of TaRu

high-temperature shape memory alloys. The results

show that the electronic states of Fe hybrid with those

of Ta more than those of Ru, giving the site prefer-

ences of Fe on the Ru sites. Moreover, it is found
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that the addition of Fe increases the stability of the

Ta50Ru50−xFex β phase, leading to a decrease in the

β to β′ martensitic transformation temperature. In

addition, the calculated DOS shows that the Fe par-

tial DOS plays an important role on the stability of

the Ta50Ru50−xFex β phase.
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