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Abstract: Cu-Sn shape-memory microwires were fabricated by a glass-coated melt spinning 
method. Effects of Sn content on the microstructure and mechanical property of microwires were 
investigated. The phase transforms from martensite to austenite with Sn content increasing from 
14.0 atomic percent (at.%) to 16.5 at.%, and highly ordered intermetallic phase, δ, formed with higher 
Sn content. The fracture stress, σf, and the critical stress for martensitic transformation, σMs, increases 
with Sn content increasing. The mechanical property as well as superelasticity were improved 
greatly by high cooling rate of the glass-coated melt spinning method. A bamboo-grained structure 
was formed in the Cu-Sn microwire with Sn content of 16 at.% by annealing at 750˚C for 5 hours 
before quenching in water. The results indicate that the two opposite strategies of refining the grain 
size to micrometer level or increasing the grain size to one dimensional size of specimen, e.g., the 
diameter of the wire, are both effective to improve superelasticity of Cu-Sn alloy. 

Keywords: shape memory alloy; glass-coated microwire; Cu-Sn alloy; superelastic effect; bamboo-
like grained structure 

 

1. Introduction 

Shape memory alloys (SMAs) are a unique class of functional materials that exhibit shape 
recovery upon heating, as well as superelasticity upon loading. Both properties result from a 
reversible solid state phase transformation, called thermoelastic martensite transformation. Many 
shape memory alloys [1–5] have been used for specialized commercial applications and have shown 
great potential in emerging fields, such as elastocaloric solid-state refrigerators [6–8] or flexible 
electronics [9,10]. Within the most important SMA systems, Cu-based shape-memory alloys are of 
particular interest because of their large range of transformation temperatures and high electrical 
conductivity [11]. Single crystals of these Cu-based SMAs exhibit excellent shape-memory and 
superelastic effects [12,13]. However, due to the stress concentration or incompatibility at grain 
boundary and triple junction, the bulk polycrystals of Cu-based SMAs usually undergo brittle 
intergranular fracture during deformation [14,15], which severely prevents its widespread 
applications. 

Two opposite strategies were applied to improve the mechanical property of Cu-based SMAs: 
increasing or refining the grain size. The first strategy aims to improve deformation compatibility by 
reducing the total grain boundary area and removal of triple junctions. The development of bamboo-
like grained (BLG) Cu-based SMAs is a typical representative. Omori et al. [16,17] prepared BLG Cu-
Al-Mn SMAs by cyclic heat treatment process. Schuh et al. [18–20] produced BLG Cu-Al-Ni and Cu-
Zn-Al SMAs microwires with superelasticity of over 7 %. Another strategy attempts to suppress 
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intergranular fracture by refining the grain size. For example, Font et al. [21] reported Cu-Al-Ni-based 
ribbon by a single roll melt-spinning technique. Ochin et al. [22] reported the Cu-Al-Ni wire by an in-
rotating-water spinning method. However, mechanical properties of such ribbon and wire were not 
improved greatly, because the grain size is still in the scale of tens of micrometer. 

Amongst the Cu-based SMAs, the Cu-Sn system has been least investigated, possibly due to the 
poor shape-memory and superelastic effect of bulk polycrystals [23–26]. Li et al reported good shape 
memory effect of rapidly quenched ribbons of Cu-Sn polycrystalline alloys with a grain size of about 
1.5 µm. However, the superelastic effect was not further investigated in these ribbons. In the present 
study, Cu-Sn microwires with a diameter of 10 ~ 200 µm were prepared by a glass-coated melt 
spinning method. Due to the rapid cooling rate, the grain size of the as-cast microwires was refined 
down to micrometer scale. Significant superelastic effect were found in these microwires, and effects 
of Sn content on the microstructure and superelastic behavior of Cu-Sn microwires were investigated 
systematically. Interestingly, by annealing at 750°C for 5 hours before quenching in water, a bamboo-
like grain structure was obtained in the Cu-Sn microwire, which also shows excellent superelasticity. 
The results indicate that the two opposite strategies of refining the grain size to micrometer level or 
increasing the grain size to one dimensional size of specimen, e.g., the diameter of the wire, are both 
effective to improve superelasticity of Cu-Sn alloy. 

2. Experimental 

Cu-Sn ingots with variable Sn content were prepared by inductively melting the mixture of high 
pure Cu and Sn (>99.9%) in a quartz glass tube under argon atmosphere. They are named as A1~A6, 
and their atomic composition is given in Table 1. Microwires with different composition were 
fabricated by rapid solidification using a glass-coated melt spinning method [27,28]. The schematic 
illustration of the glass-coated melt spinning is shown in Figure 1. Firstly, the ingot was cut into small 
pieces of approximately 1-2 grams, which was placed into a Pyrex glass tube. Then we placed the 
bottom of the glass tube in a high-frequency induction heater and introduced argon gas from the top 
of the glass tube. Afterwards, the alloy was heated to the melting point through the inductor heater, 
forming a droplet. When the alloy melts, the bottom of the glass tube adjacent to the molten alloy 
softens and surrounds the droplet. When we used a glass rod with an ultra-fine tip to contact the 
bottom of the glass tube and pulled the glass bar, a glass capillary with the molten alloy as its core 
was drawn down. The molten alloy solidifified rapidly through water cooling. Therefore, a microwire 
is formed where the metal core is completely covered by a glass shell. The microwire is wound 
around the receiving coil, and the rotational speed determines the wire diameter and glass thickness. 

Table 1. Nominal composition of Cu-Sn microwires, which are named as A1~A6. 

Composition A1 A2 A3 A4 A5 A6 

Cu (at.%) 86 85 84 83.5 82.5 81.5 
Sn (at.%) 14 14.5 16 16.5 17.5 18.5 

In order to obtain Cu-Sn microwires with different diameter, we annealed the glass-coated 
microwires at 750˚C for 5 hours, and then quenched it in water. Finally, the glassy cover was carefully 
removed. The surface morphology was examined by the scanning electron microscopy (SEM). In 
order to observe the microstructure, the longitudinal section of wires was polished and then etched 
by solution of 5 g (FeCl3) + 15 ml (HCl) + 100 ml (C2H5OH). Pieces of wires were closely arrayed on a 
glass slide, and the structure was examined by X-ray diffraction (XRD) with Cu Kα radiation. Tensile 
test of microwires was performed using an Instron 5969 Micro-Tester, and the loading-unloading 
tensile test was done to study the superelastic effect. The wires were bonded to a specially designed 
paper frame with Aron-Alpha adhesive. All the tensile test was performed at room temperature. 
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Figure 1. Schematic illustration of the glass-coated melt spinning process. The alloy is under argon 
protection during preparation. 

3. Results 

3.1. Effect of Sn content on the microstructure of Cu-Sn microwires 

Figure 1 shows SEM images of the surface morphology of microwires with different 
composition. Martensites, which close to each other and go through the cross section, could be seen 
clearly on the surface of A1 as shown in Figure 1(a). Figure 1(b) shows that some banded martensites, 
which are not as dense as A1, go through cross section of A2. Figure 1(c), (d), (e) and (f) correspond 
to A3, A4, A5 and A6, respectively. It is clear that the wires are almost flawless and precisely circular. 
The length of microwires could reach up to hundreds of meters, implying that the glass-coated melt 
spinning method is a very effective technique to produce high-quality Cu-Sn microwires. 
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Figure 1. SEM images of the surface morphology of Cu-Sn microwires with different Sn content: (a) 
A1, (b) A2, (c) A3, (d) A4, (e) A5, (f) A6. 

Microstructure of the longitudinal cross-section of A1 is shown in Figure 2(a) and (b). A large 
number of wedge-shaped martensites with different width go through the cross-section of the 
microwire, and amount of lamellar martensites could also be observed. Sparse banded martensites, 
which have different micrograph compared with A1, could be seen in the longitudinal cross-section 
of A2 as shown in Figure 2(c) and (d). In Figure 2(d), a banded martensite was corroded severely, and 
the boundary between the martensite and the austenite is very clear, which is indicated by an arrow. 
The longitudinal cross-section of A3 is shown in Figure 2(e) and (f). No martensite could be found, 
and amounts of grains with size of sub-micrometer scale could be seen in Figure 2(f). 
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Figure 2. SEM images of longitudinal cross-sections of Cu-Sn microwires with different Sn content: 
(a)(b): A1, (c)(d): A2, (e)(f): A3. 

Figure 3 shows X-ray diffraction patterns of microwires with different composition. All 
identified peaks of A3 and A4 are indexed with a BCC cubic structure of the austenite phase. While 
all peaks of A1 are indexed with martensite. For A2 microwire, the phase is mainly austenite, with 
partial martensite as indicated by diffraction peaks from 29̊ to 42̊. The XRD pattern of A6 present 
complex structure of highly ordered intermetallic δ phase. The results manifest that with the increase 
of Sn content, the phase transforms from martensite to austenite, and highly ordered intermetallic 
phase, δ, formed in microwires with higher Sn content. The results are consistent with morphology 
and microstructure observation by SEM. 

 
Figure 3. X-ray diffraction patterns of Cu-Sn microwires with different Sn content. 
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Saunders et al. [29] summarized martensite structures formed on quenching from high-
temperature β or γ solid phases in the Cu-Sn alloy system. With Sn content increasing, three types of 
martensite structure are usually observed: β1ʹ, β1ʹʹ, and γ1ʹ. The β1ʹ (18R) martensite has an ordered 
orthorhombic structure and is found between 13 and 13.8 at.%Sn. β1ʹʹ (18R/2H) martensite, found 
between 13.8 and 15 at.%Sn, is a lamellar composites of orthorhombic β1ʹ and hexagonal γ1ʹ 
martensites. The γ1ʹ martensite, formed between 15 and 15.8 at.%Sn, is a twinned cph structure. The 
β1ʹ and β1ʹʹ martensites formed by water quenching from the high-temperature β phase to room 
temperature. The γ1ʹ martensite formed by two steps [30]: specimens with composition between 15 
and 15.8 at.%Sn transformed to β1 phase with an ordered D03 structure by water quenching from the 
high-temperature β phase, and then this ordered β1 phase transformed to γ1ʹ martensite by the 
following cooling to - 196 °C in liquid nitrogen.  

For the as-cast A1 and A2 microwires with Sn content between 13.8 and 15.0 at.%, the martensite 
structure manifests the martensitic transformation temperature is above room temperature, and the 
phase may be β1ʹʹ martensite in A1 and A2. With Sn content higher than 15 at.%, the martensitic 
transformation temperature is lower than room temperature, so the phase of the as-cast A3 and A4 is 
austenite. When the Sn content reaches up to 17.5 at.%, some highly ordered intermetallic phase δ 
formed in A5. For A6, the δ phase becomes the main phase. It means the eutectic transformation was 
not suppressed even by rapid cooling from melt when Sn content reaches up to above 17.5 at.%. The 
δ phase was also reported to form by quenching Cu-18.5 at.%Sn alloy into water after annealing at 
700 °C [31]. 

Figure 4(a) and (b) show TEM micrographs of the as-cast A1 microwire. Complicated 
microstructure, containing wedge-shaped martensite as shown in Figure 4(a), and many 
nanocrystalline with size of about 5 nm in HRTEM image as shown in Figure 4(b), could be observed. 
Morphology of the martensite in the as-cast A2 microwire is shown in Figure 4(c). It is similar to the 
banded β1ʹ martensite reported by literature [32,33]. Moreover, micro-twin structure of martensites 
could be observed. The corresponding selected-area electron diffraction (SAED) pattern is shown in 
Figure 4(d), it presents three sets of diffraction spots, namely β1 with D03 structure and mutual twins 
of martensitic variants.  
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Figure 4. Bright-field image (a) and HRTEM image (b) for A1 microwire; HRTEM image (c) and 
corresponding selected-area electron diffraction (SAED) pattern (d) for A2 microwire. 

3.2. Effect of Sn content on the superelasticity of Cu-Sn microwires 

Figure 5 shows stress-strain curves of microwires with diameter of 40 ~ 60 µm. The gauge length 
is fixed at 25 mm, and the strain rate is 1.33 × 10-3s-1. It shows that partial strain recovered after 
unloading for A1 and A2, while nearly total strain recovered for A3 and A4. The stress-strain curves 
of A3 and A4 show typical superelastic effect, exhibiting a reversible strain of several percent. This 
strain relies on the occurrence of a thermoelastic martensitic transformation and arises from a 
combination of transformation of stress-induced martensitic transformation upon loading and its 
reverse transformation upon unloading [34–36]. Different from the stress-strain curve with two 
plateaus in Cu-Sn bulk single crystals [37], which are associated with the successive martensitic 
transformation, there is only one plateau on stress-strain curve for all superelastic microwire. The 
microwires fractured only after elastic deformation for A5 and A6, because of highly ordered brittle 
δ phase. 
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Figure 5. Loading-unloading tensile stress-strain curves of Cu-Sn microwires with different Sn 
content at different unloading strains : (a) A1, (b) A2, (c) A3, (d) A4, (e) A5, (f) A6. 

It’s interesting that serration behavior appeared immediately after yield on the stress-strain 
curve of A1 microwire, and it also appeared during unloading. While for A2 microwire, serration 
behavior happened after yield with more than 2 % strain upon loading, and it did not appear during 
unloading. No serration flow appeared for A3 and A4. Serration phenomenon was also reported in 
other materials [38–40]. This serration behavior may be related with the accumulated formation of 
micro-twins of martensite during loading, which was also observed in stress-strain curves of Cu-Al 
wires produced by a horizontal in-rotating-liquid-spinning method [41]. 

Figure 6 shows the relationship between the recovery ratio and the total strain. The recovery 
ratio of A1 is minimal. It decreases rapidly with total strain increasing for A2, while it does not change 
remarkably for A3 and A4. When the total strain is 6 %, the recovery ratios for A3 and A4 reach up 
to 95 % and 92 %, respectively. These results are in accordance with microstructure, as only austenite 
phase exhibits superelastic effect. A1 mainly contains martensite, so little superelastic effect was 
observed. A2 shows partial superelastic recovery as it is a mixture of austenite and martensite. A3 
and A4 mainly contains austenite, which results in significant superelastic effect. 
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Figure 6. The relationship between the recovery strain ratio and the total strain for A1, A2, A3 and A4 
microwires. 

Different from the reported experiments related to the martensitic transformation in Cu-Sn 
system [30,42], where bulk specimens are always quenched from a high-temperature β or γ solid 
phase, Cu-Sn microwires were directly prepared from the melt by rapid solidification using the 
method of glass-coated melt spinning in this work. The mechanical and superelastic effect for A3 and 
A4 was improved greatly, due to the high cooling rate, which suppressed precipitation of unwanted 
equilibrium phases and refined grains to the scale of micrometer or sub-micrometer. 

The Sn content dependence of the fracture stress is shown in Figure 7(a). It is clear that the 
fracture stress, σf, increases with Sn content increasing. Figure 7(b) shows the critical stress for 
martensitic transformation, σMs, which corresponds to an effective yield stress in superelastic 
behavior, increases with Sn content increasing. Since the martensitic transformation temperature 
decreases with Sn content increasing in Cu-Sn alloy [30], and it is lower than room temperature with 
Sn content higher than 15 at.%, the austenite phase becomes more stable at room temperature with 
Sn content increasing from 15 at.% to 16.5 at.%, so it leads to higher critical stress to induce the 
martensitic transformation. The relationship between the critical stress for stress-induced martensitic 
transformation, σMs, and the temperature, T, is usually in agreement with the Clausius-Clapeyron 
relation [36] for a certain component of shape memory alloy: ⅆ𝜎 = (− 𝛥𝑆𝜀 ⋅ 𝑣𝑚) · ⅆ𝑇 

where ∆S is the molar entropy difference between the parent and martensite phases, ε is the strain 
caused by the phase transformation, and Vm is the molar volume. Since σMs equals to zero at 

martensitic transformation start temperature, the relationship could be described as σMs = (− 𝛥𝑆𝜀⋅𝑣𝑚) ·𝛥𝑇, where 𝛥𝑇 is the temperature difference between test temperature and Ms. In this study, the test 
temperature is room temperature. As Ms decreases with Sn content increasing, 𝛥𝑇 will increase, and 
it leads to higher critical stress for stress-induced martensitic transformation. 
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Figure 7. The fracture stress, σf, (a), and the critical stress for martensitic transformation, σMs (b), versus 
Sn content. 

3.3. Effect of strain rate on the superelasticity of Cu-Sn microwires 

The tensile stress-strain curves at various strain rate for A2 microwire are shown in Figure 8. 
The residual strains at strain rate of 6.67 × 10-5, 3.33 × 10-4 and 1.33 × 10-3 are 2.91 %, 2.91 % and 0.75 %, 
respectively. It manifests that the strain rate becomes larger, the superelastic effect becomes 
dominant. The critical stress for martensitic transformations, σMs, increases with strain rate increasing. 
This phenomenon was also reported in Cu-15.0 at.%Sn single crystal [43]. 

 
Figure 8. Loading-unloading tensile stress-strain curves at various strain rate for A2 microwire. 

The shape memory effect and superelasticity are characterized by the reversible motion of an 
interface between the autensite and martensite. The origin of the strain rate dependence could be 
attributed to the thermally activated motion of the interface. Kato [43] thought that when the velocity 
of an interface is slow, Sn atoms would be trapped at the interface through the interaction between 
them, and the mobility of an interface will decrease. It implies that for higher strain rates, the interface 
moves easier, and the stress-strain behavior becomes superelastic. 
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3.4. Superelastic effect of bamboo-like grain structured Cu-Sn microwires 

In Cu-based SMAs, the grain size has great influence on the superelastic properties. Sutou [44,45] 
found that with the increase of grain size, the recoverable strain gradually increased in Cu-Al-Mn 
shape memory alloy wires and sheets. Ueland [18,19] obtained bamboo-like grained Cu-Al-Ni and 
Cu-Zn-Al microfibers with great superelastic and two-way shape memory effect. Schuh [19] referred 
to this type of microfiber with a bamboo-like structure as an oligocrystalline shape memory alloy. 
Here, a bamboo-like grain structure was obtained in microwires with Sn content of 16 at.% (A3) via 
heat treatment by annealing at 750˚C for 5 hours before quenching in water. Figure 9 shows the 
metallograph photos of the surface morphology of microwires with different diameters. It could be 
seen that the grains of microwire with a diameter of 56 µm span the entire cross-section of the wire, 
presenting a typical bamboo-like structure. While on the surface of the microwire with a diameter of 
179 µm, several triple junctions could be observed, with grain size smaller than the diameter of the 
microwire. 

  

Figure 9. Metallograph photos of the surface morphology of microwires with different diameters: (a) 
56 µm, (b) 179 µm. 

According to the Cu-Sn phase diagram [29,31], the equilibrium phase of the Cu-Sn alloy with Sn 
content of 16 at.% is disordered β phase at 750°C, which would transform to β1 phase with an ordered 
D03 structure by the following water quenching. At room temperature, stress-induced martensitic 
transformation would happen in ordered β1 phase. The loading-unloading stress–strain curves of the 
microwires with diameter of 56 μm and 179 μm are shown in Figure 10. It shows that after unloading 
from 3.2% strain, the residual strain of 56 μm diameter microwire is 0.11%, while that of 179 μm 
diameter microwire is 0.57%. The results indicate the 56 μm diameter microwire with bamboo-like 
structure have better superelastic properties than the 179 μm diameter microwire with triple 
junctions. This is consistent with the results observed in other Cu-based shape memory alloy wires 
and sheets [18,19,44,45]. 
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Figure 10. Loading-unloading stress-strain curves of annealed microwires. 

4. Discussion 

The above experimental results indicate that the superelastic effect of Cu-Sn microwires does 
not change monotonically with the grain size. When the grain size of the glass-coated microwires 
prepared by water cooling is refined to micrometer level, the alloy has good mechanical and 
superelastic properties. When the grain of the microwire grows to be equivalent to the one-
dimensional size of the specimen after annealing, the mechanical property could also be improved. 
However, when the grain size is between the two rules, the superelastic properties decay. Notably, 
although Schuh et al. [18,19] have concluded that bamboo-like structures have better mechanical and 
superelastic properties than coarse-grained polycrystals in Cu-Zn-Al microfibers, they have not 
reported microfibers with ultrafine grains. This is because they used the most traditional Taylor 
method to make microfibers, without the use of water-cooling device to rapidly cool the microfiber, 
so it is difficult to obtain ultrafine crystal structures. 

In this work, the Cu-Sn microwires are in austenitic state at room temperature, and there are two 
competing deformation mechanisms under applied stress, namely, irreversible dislocation slip and 
reversible stress-induced martensitic phase transition. The grain size of Cu-Sn microwires prepared 
by the glass coating method has been refined to the micrometer level, thereby improving their grain 
boundary strength. During the transformation into martensite under applied stress, the strain is 
dispersed by amounts of small grains, so the stress concentration at the grain boundary is negligible, 
and the strain can be coordinated among grains. Therefore, the fracture strength of Cu-Sn microwires 
prepared by water cooling is improved, and the microwires show excellent superelastic properties. 

With the grain size increasing, the coarse grains form triple junctions with each other. Under the 
applied external force, martensite variants formed with the same orientation in coarse grains with 
different crystal orientations. Due to the limitation of grain boundaries, it is difficult to coordinate the 
strains of adjacent grains, so it results in great stress concentration at the triple junctions and seriously 
deteriorate superelasticity. When the grain size increases to match the one-dimensional size of the 
specimen, bamboo-grained microwires formed where triple junctions are eliminated and grain 
boundaries are sparse. In these microwires, the surface area is larger than the total grain boundary 
area, meaning that grains are coordinated mostly by unconfifined free surfaces rather than rigid 
boundaries. Due to the reduction of grain boundary restriction in space, the free surface can 
effectively relieve the transformation stresses and reduce the transformation incompatibilities. As a 
result, each individual grain can undergo transformation like a single crystal and shows excellent 
superelasticity. 
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In the present study, by controlling the process conditions, we obtained Cu-Sn microwires with 
different grain sizes from ultrafine grains to bamboo-like grains. The relationship between 
superelasticity and grain size was studied, which indicates that two opposite strategies of refining 
the grain size to micrometer level or increasing the grain size to one dimensional size of specimen, 
e.g., the diameter of the wire, are both effective to improve superelasticity of Cu-Sn alloy. 

5. Conclusions 

To summarize, Cu-Sn shape-memory microwires were fabricated by a glass-coated melt 
spinning method. Effects of Sn content on the microstructure and mechanical properties of Cu-Sn 
microwires were investigated, and the relationship between superelasticity and grain size was 
studied. The main findings can be summarized as follows: 

(1) Cu-Sn microwires with diameter of 10 ~ 200 µm were fabricated successfully by glass-coated 
melt spinning method. For the high cooling rate, the grain size of as-cast Cu-Sn microwires could be 
refined to the scale of micrometer. The phase in the as-cast microwires transforms from martensite to 
austenite with Sn content increasing from 14.0 at.% to 16.5 at.%. When the Sn content is more than 
16.5 at.%, highly ordered intermetallic phase, δ, formed.  

(2) Microwires with Sn content of 16 at.% (A3) and 16.5 at.% (A4) show excellent superelasticity. 
The fracture stress, σf, and the critical stress for stress-induced martensitic transformation, σMs, 
increases with Sn content increasing. Strain rate has a significant influence on the superelasticity of 
microwires that at high strain rate, the microwire shows excellent superelastic, while at low strain 
rate, the superelasticity deteriorate. 

(3) A bamboo-grained structure was formed in the Cu-Sn microwire with Sn content of 16 at.% 
(A3) by annealing at 750°C for 5 hours before quenching in water. Due to the unconfifined free 
surfaces and absence of triple junctions, the bamboo-grained microwires also show excellent 
superelasticity. The results manifest that those two opposite strategies of refining the grain size to 
micrometer level or increasing the grain size to one dimensional size of specimen are both effective 
to improve superelasticity of Cu-Sn alloy. 
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