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Abstract The binary indium–thallium (In–Tl) alloy is a

classic type of shape memory alloy with a low melting

temperature. In–Tl nanowires (NWs) were prepared by a

simple mechanical injection of liquid metal method using

anodized aluminum oxide (AAO) as a template. Sample

preparation procedures are given in detail, including the

AAO fabrication and mechanical injection techniques.

Transmission electron microscopy (TEM) was utilized to

characterize the NWs. It was revealed that the NWs were

composed of polycrystals with high crystallinity. By in situ

heating the NWs in the TEM, reversible transformations

between the parent and the martensite phases were

observed in both large and small NWs.

Keywords Electron microscopy � Indium–thallium

(In–Tl) � Microstructure � Nanowire � Shape memory alloy

Introduction

Shape memory alloys (SMAs) have been widely studied in

the field of metallurgy in the past, due to their wide range

of practical applications [1]. Common classical examples

of the SMA alloys include Ni–Ti [2], Ni–Al [3], Cu–Zn [4],

Cu–Al–Ni [5], as well as the In–Tl system [6–10];

although, there are fewer studies on this alloy as compared

with others. As early as 1972, Wayman and Shimizu [1]

suggested the prerequisites for the shape memory behavior

as that the (1) martensitic transformation is thermoelastic;

(2) parent and martensitic phases are ordered; and (3) that

the martensite is internally twinned. In the In–Tl system

with (15–30) at.% Tl, the crystal structure of the parent

phase is face-centered cubic (fcc), while upon cooling these

alloys undergo a martensitic transformation to a face-cen-

tered tetragonal (fct) structure with c/a = 1.03, where

a and c are the lattice parameters. The crystallographic

relationship between these phases is shown in Fig. 1. In

order to understand the shape memory behavior, the fcc–fct

transformation and the twinning crystallography of the

bulk samples were explored in detail [6, 7], as they are the

key factors to link with their shape memory effect.

Nagasawa [9] demonstrated the shape memory effect of

a narrow sheet sample with about 0.2 mm thickness in the

composition of In–21 at.% Tl. The sheet was bent into a

ring shape at 130 �C when it was in the austenite state, and

after it cooled down to room temperature (RT), it was

deformed to flat. Upon heating back to 100 �C, its shape

turned to be curved, although not to a complete ring due to

the limit of martensitic shears.

In recent years, nanostructures in metallic materials

have attracted great attention because of the size effects on

their properties [11–13]. In an early work, an open and

fully connected Au ligament network structure was fabri-

cated by electrochemical dissolution of Ag component

from a miscible Au–Ag alloy [11]. It was found that the

yield strength of the 15 nm diameter ligaments was esti-

mated to be 1.5 GPa, which was close to the theoretical

strength of Au. Later, Dou and Derby [13] prepared iso-

lated single gold nanowires (NWs), with wire diameters in

the range 30–80 nm, by electrodeposition into porous

alumina templates and tested their mechanical properties.

The maximum yield strength of the 30 nm diameter NWs

was measured as approximately 1.4 GPa, which is signif-

icantly higher than polycrystalline gold specimens. To

date, a number of metal NWs have been produced by
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electrodeposition [14, 15] or mechanical injection of liquid

metals [16–19].

In the In–Tl system, the alloy melting point is very low

(lower than 304 �C for pure Tl). Therefore, it is feasible to

prepare the In–Tl NWs using the mechanical injection

method. Recently, In–Tl NWs have been successfully

fabricated [20, 21]. This article presents an overview of the

recent research on novel In–Tl-based SMA NWs.

Experimental

The experimental material was In–21 at.% Tl, made by

melting pure In and Tl in vacuum. In order to fabricate NWs,

it is necessary to prepare the anodized aluminum oxide

(AAO) template first. The schematic apparatus designed to

prepare the AAO is shown in Fig. 2. A piece of aluminum

plate with commercial purity (Al, 99.7%, 0.3 mm) was

connected to the anode side, while the counter electrode

cathode material could be a piece of Pt, carbon graphite, or

even the same sample metal Al. Upon applying voltage to

this circuit, Al dissolves into the acid solution which become

Al3?, while H? ions were absorbed on the cathode side,

which gain electrons to release H2 gas. Several major

parameters, like voltage, the acid solution, temperature and

time, all control the diameter and length of the yielded

nanopores. To prepare small pores with diameters in the

range of 10–25 nm, 15 vol.% H2SO4 acid was used at 19 V;

for medium pores in the range of 30–90 nm, 3 wt.% C2H2O4

was used at 40 V; and for large pores in the range of

180–500 nm, 1 wt.% H3PO4 was used at 195 V. Additional

details about the preparation conditions are reviewed else-

where [19]. Figure 3(a) shows a schematic structure of the

as-prepared AAO. Highly ordered nanopores in a near-

hexagonal pattern are formed on the top surface of Al foil. A

barrier layer is formed on the walls of the AAO pores. Fig-

ure 3(b) and (c) are scanning electron microscope (SEM)

images of two AAO samples, with pore size of 70 and

220 nm in diameter, respectively.

The In–Tl NWs were prepared by a mechanical injection

method of liquid metal, as shown in Fig. 4. The AAO template

was placed inside the piston vacuum chamber; a piece of In–Tl

metal was placed on top of the AAO template. The tempera-

ture of the bottom portion of the device was increased using an

external heater. When the sample metal was completely

molten, force was applied to the piston so that the melt could

be injected into the AAO nanopores. The required pressure for

the injection is discussed in Ref. [19]. On the upper side of the

chamber near the rubber O-rings area, cooling water was

supplied to protect the O-rings. The piston chamber is under

vacuum to avoid the sample oxidation at high temperatures.

In order to release the NWs, the AAO template was dis-

solved in a basic NaOH solution. For the transmission

electron microscopy (TEM) study, NWs were deposited on

Cu grids that were coated with a pure carbon support film,

and then observed at 200 kV; in situ heating was accom-

plished using a heating stage. The heating rate was approx-

imately 10 �C/min, with a dwell time of approximately

5 min or longer to ensure the sample stability at each tem-

perature. In order to minimize the electron beam damage, the

areas to be viewed were moved away from the electron beam

during the heating process. The pure carbon support film can

withstand heating up to 600 �C without breaking.

Fig. 2 Schematic of the apparatus to used prepare AAO template

Fig. 1 Structure of the austenite (fcc) and martensite (fct) crystal

phases
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Results and Discussion

X-ray diffraction analysis of the bulk experimental alloy was

performed to identify the lattice parameters for this compo-

sition: afcc = 0.47460 nm for the parent phase at a high

temperature, and afct = 0.47000 nm and cfct = 0.48343 nm

(cfct/afct = 1.029) for the fct phase at RT. As shown in Fig. 1,

the Bravais lattice of the martensite fct phase is a body-cen-

tered tetragonal (bct, space group I4/mmm) structure, with

abct ¼ ð
ffiffiffi

2
p

=2Þ afct ¼ 0:33234 nm and cbct ¼ cfct ¼ 0:48

343 nm: In this article, for simplification, the martensite

structure is described as the fct structure to highlight its near

fcc symmetry. The twinning plane in the In–Tl alloy is iden-

tified as {101} type of the fct structure, which is consistent

with the literature report on the pure indium sample [22].

In a previous study on pure indium nanoparticles (NPs),

Oshima et al. [23] found that its structure is size dependent.

When the NP size is above 5 nm, the NPs exhibited a

tetragonal structure that is similar to the bulk form; when

the size is reduced below 5 nm, the structure transformed

to fcc. A similar fct–fcc transition was also found by

Balamurugan et al. [24] in small indium NPs. However, in

the case of 1D In–Tl NWs, the structure is found to be fct at

RT, and no size-induced phase transition is found ranging

from 10 to 650 nm in diameter. The fact that the NWs

retain the tetragonal martensitic structure in the NW is

promising for future studies, as it is one of the prerequisites

of the shape memory effect [1] on the nanoscale.

Figure 5 shows the selected-area diffraction (SAD)

analysis of the prepared single NWs. In Fig. 5(a), there are

two large NWs with diameters of *280 and 220 nm. The

Fig. 3 a Schematic of the

structure of AAO; b, c SEM

images of as-fabricated AAO

Fig. 4 Schematic of the apparatus used to prepare NWs by mechan-

ical injection of liquid metal
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SAD patterns from the circled spots on these two NWs,

labeled as 1 and 2, are shown on the right side of the image.

Both of them exhibit the same geometry along [111] zone

axes. Calculations show that the angle between ð022Þ and

ð202Þ is 61�, while the angle between ð�220Þ and ð�202Þ and

or between ð�220Þand ð022Þ is 59.5�; therefore, the SAD

patterns can be indexed according to the angle measure-

ment, although their difference in lattice spacing is too

small to measure from the SAD patterns. Note that g�220 is

parallel to the wire axis, which means the wire growth

direction is ½110� rather than others like ½011� or ½101�. A

smaller NW with a diameter of 25 nm is shown in

Fig. 5(b), whose upper-right part as shown in the framed

area is further magnified in Fig. 5(c). Four different spots

along its length are chosen for the SAD analysis, as labeled

as 1–4, respectively. Spot 1 reveals a [110] zone axis

pattern, with g�220 near parallel to the wire axis, indicating

that the wire growth direction is along ½110�. However, the

SAD pattern from spot 2 exhibits a [001] zone axis pattern,

indicating that the NW is polycrystalline rather than a

single crystal. Furthermore, spot 3 shows a compound

pattern from two crystals, and spot 4 shows a pattern along

[121] zone axis. All the NWs exhibit high crystallinity as

shown from their SAD patterns.

Figure 6(a) shows NWs with a diameter of approximately

70 nm. Also, note that these NWs are aggregated, which

necessitated the use of a larger selective aperture, shown as

the circle in the image. The SAD pattern for these wires at RT

is shown in Fig. 6(b); the pattern contains polycrystalline

rings from crystals along different orientations. However, a

careful inspection reveals double rings; for example, (202)

and (220) are indeed not in the same ring although their

lattice spacings are very closing. This fact indicates that the

structure is fct rather than fcc. When this area is heated to

Fig. 5 SAD analysis of large NWs (a) and a small NW (b, c). The labeled SAD patterns are collected from the corresponding circled areas in the

image
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101 �C, the double rings are replaced with single rings, as

shown in Fig. 6(c), which implies that the structure is

changed to fcc at this temperature. However, when this area

is cooled down to RT, double rings reappear as indicated in

the circled spots in Fig. 6(d). Therefore, the fct–fcc trans-

formation is found to be reversible.

An in situ heating experiment was also performed on the

aggregated NWs with a diameter of approximately 15 nm,

as shown in Fig. 7. The low-magnification image in

(a) indicates that some of these NWs have attached the Cu

grid bar at the topside of the image, so that they can

achieve better thermal conduction with a smaller temper-

ature gradient than is normally observed for these experi-

ments. Figure 7(b) is a magnified region of the circled area

in (a), taken in the bright-field imaging mode. This area

was selected for the in situ heating experiment, which is

depicted at different temperatures in dark-field (DF) ima-

ges in (c–f). The DF imaging mode highlights the internal

nanocrystals along different orientations. At RT, as shown

in Fig. 7(c), the DF image exhibits dense martensite

internal twins. The SAD pattern from this area is shown in

the inset, and depicts polycrystalline rings. The first ring is

from (111), followed by double rings of (002) and (200),

which is similar to Fig. 6. A quantitative processing of the

SAD data using the procedures described in Ref. [25]

clearly depicts double peaks [21]. Hence, the structure at

RT is fct. However at 140 �C, as shown in (d), the NWs

exhibits almost uniform contrast without the contrast of

twins, although some diffraction contrast is still visible due

to the local orientation variations. From the associated

SAD pattern, the location of the previous (002) and (200)

double rings merges into a single (200) ring, indicating the

fcc structure exists at this temperature. Due to the disap-

pearance of twins in the NWs, the number of crystallites is

significantly reduced, and thus fewer reflections appear in

the pattern; the contribution from the amorphous carbon

support film becomes more apparent. A similar image and

associated SAD pattern are obtained at 160 �C, as shown in

(e). After cooling down to RT, the twins reappear in the

NWs, as shown in (f). The SAD pattern indicates the fct

martensitic structure, as shown in the inset in (f). This

suggests that the fct–fcc transformation in the small NWs is

also reversible.

Conclusions

By taking advantage of the low melting point of the In–Tl

alloy, NWs were fabricated by the simple mechanical

injection method of the liquid metal using AAO as tem-

plates. Detailed TEM studies indicated that the NWs are

polycrystalline but with high crystallinity and defined

crystallographic orientations. In either larger or small

NWs, reversible transformations between the parent fcc

and martensite fct were observed.

Fig. 6 In situ heating of

aggregated NWs (70 nm in

diameter). The SAD pattern is

collected from the circled area

in (a) at RT (b),which was

heated up to 101 �C (c) and then

cool down to RT (d)
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