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Abstract In this study, the effects of rare earth Gd and Fe elements on the microstructure, the mechanical properties and

the shape memory effect of Cu–11.9Al–3.8Ni high-temperature shape memory alloy were investigated by optical

microscopy, scanning electron microscopy, X-ray diffraction and compression test. The microstructure observation results

showed that both Cu–11.9Al–3.8Ni–0.2Gd and Cu–11.9Al–3.8Ni–2.0Fe–0.2Gd alloys displayed the fine grain and single-

phase b01 martensite, and their grain size was about several hundred microns, one order of the magnitude smaller than that

of Cu–11.9Al–3.8Ni alloy. The compression test results proved that the mechanical properties of Cu–11.9Al–3.8Ni alloy

were dramatically improved by alloying element additions due to grain refinement and solid solution strengthening, and the

compressive fracture strains of Cu–11.9Al–3.8Ni–0.2Gd and Cu–11.9Al–3.8Ni–2.0Fe–0.2Gd were 12.0% and 17.8%,

respectively. When the pre-strain was 10%, the reversible strains of 5.4% and 5.9% were obtained for Cu–11.9Al–3.8Ni–

0.2Gd and Cu–11.9Al–3.8Ni–2.0Fe–0.2Gd alloys after being heated to 500 �C for 1 min, and the obvious two-way shape

memory effect was also observed.
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1 Introduction

Nowadays, high-temperature shape memory alloys

(HTSMAs), such as Ti–Ni–Pd, Ti–Ta, Ta–Ru and Ni–Mn–

Ga [1–12], have attracted worldwide attentions. Cu–Al–Ni

HTSMAs are particularly interesting because of their low

producing cost in comparison with above well-studied

HTSMAs. However, polycrystalline Cu–Al–Ni alloys suf-

fer from high brittleness, which is associated with large

elastic anisotropy, intergranular cracking and large grain

size [13–17]. Some methods were adopted to improve the

mechanical properties of polycrystalline Cu–Al–Ni,

including grain refinement [18] and fourth element addition

[13, 19–21]. However, most of the grain refinement

methods such as powder metallurgy and spark plasma

sintering are complicated and expensive. Meanwhile, the

second phase formation induced by fourth element addition

is harmful to the shape memory effect (SME).

It is well known that rare earth doping significantly

enhances the mechanical properties of the shape memory

alloys [22–24]. For example, proper rare earth Gd addition

can refine the grain of Ni–Mn–Ga HTSMA without second

phase formation and enhances the mechanical properties

[23], and this mono-phase Ni–Mn–Ga alloy with fine grain

displays outstanding SME. Therefore, Cu element of Cu–

Al–Ni HTSMA is substituted by a small amount of Gd to

refine grain in the present work. In addition, Fe element is
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used to further toughen the Cu–Al–Ni–Gd alloy. The

effects of alloying elements on the microstructure,

mechanical properties and SME of Cu–Al–Ni HTSMA are

investigated.

2 Experimental

The nominal compositions of the studied alloys were Cu–

11.9Al–3.8Ni, Cu–11.9Al–3.8Ni–0.2Gd and Cu–11.9Al–

3.8Ni–2.0Fe–0.2Gd (wt%), which were marked as Cu1,

Cu2 and Cu3, respectively. High purity copper, aluminum,

nickel, gadolinium and iron (C99.97 wt%) were melted in

a non-consumed vacuum arc furnace. The ingots were

remelted six times to ensure homogeneity. The samples

were annealed in a vacuum quartz tubes at 850 �C for 24 h

and subsequently quenched into ice water.

The microstructures were studied using optical micro-

scopy, X-ray diffraction (XRD, Rigaku D/max-rB with Cu

Ka radiation) and scanning electron microscopy (SEM,

Quanta 200FEG with EDS equipment). The transformation

temperatures were determined by PerkinElmer Diamond

differential scanning calorimetry with heating and cooling

rate of 20 �C/min. The martensitic transformation starting

temperatures (Ms) of Cu1, Cu2 and Cu3 are 224, 223 and

227 �C, respectively. The compression and SME tests were

performed at room temperature on Instron 5569 testing

system at a crosshead displacement speed of 0.2 mm/min,

and the size of the samples was A 3 mm 9 5 mm. The

heights of the samples were measured before loading (L0),

after loading (L1), after unloading (L2), after heating to

500 �C for 1 min (L3) and after cooling to room tempera-

ture (L4) by a micrometer with an accuracy of 0.01 mm.

The pre-strain during compression was defined as

epre = (L0-L1)/L0 9 100%. The SME, recovery ratio and

TWSME were obtained as (L3-L2)/L0 9 100, (L3-L1)/

(L0-L1) 9 100 and (L3-L4)/L0 9 100%, respectively.

3 Results and discussion

Figure 1 shows the optical micrograph and XRD pattern of

solution-treated Cu1 alloy at room temperature. It can be

seen that the grain size reaches millimeter level, and two

kinds of martensites with different morphologies are

observed. According to the reported martensitic morphol-

ogy of Cu–Al–Ni alloy, the martensite with self-accom-

modating zigzag groups of variants can be concluded as b01
(18 R), and the coarse martensitic variants is c01 (2 H)

[25, 26]. The various planes corresponding to the different

martensites are obtained by XRD pattern of Cu1 alloy. The

peak of (122) is c01 phase, while (122), (0018), (128), (208)

and (040) belong to b01 phase. The grain size, phase com-

position and martensitic morphology are similar to those of

reported Cu–11.92Al–3.78Ni alloy [27].

Figure 2 shows the optical micrographs, backscattered

electron images and XRD patterns of solution-treated Cu2

and Cu3 alloy at room temperature. The grain size of Cu2

alloy is about 200 lm as shown in Fig. 2a, one order of the

magnitude smaller than that of Cu1 alloy. When the Fe

element is added, the grain size of Cu3 alloy remains

unchanged as shown in Fig. 2b. In summary, proper Gd

doping makes the grain size dramatically decrease, while

Fe element doping has no effect on the grain size.

It can be seen from the backscattered electron images

(Fig. 2c, d) that both Cu2 and Cu3 alloy display single

phase of b01 martensite with typical zigzag morphology,

and no second phase is observed even if the Fe content is

2 wt%. These results are consistent with the XRD results as

shown in Fig. 2e, f. The compositions are measured by

EDS and listed in Table 1. The results indicate that Gd and

Fe are completely dissolved in the matrix.

In order to investigate the effect of alloying elements

addition on the mechanical properties, compression tests

are carried out at room temperature. Figure 3 represents the

compressive stress–strain curves of Cu1, Cu2 and Cu3. The

compressive fracture strength is significantly enhanced

from 680 to 910 MPa by Gd and Fe additions due to the

refinement strengthening and solid solution strengthening.

Furthermore, it should be noted that Gd and Fe additions

improve compressive ductility also. The compressive

fracture strains are only 7.1% for Cu1 alloy and 12.0% for

Fig. 1 Optical micrographs and X-ray diffraction pattern of Cu1 alloy
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Cu2 alloy due to the grain refinement. Fe addition further

increases the compressive fracture strain to 17.8%. Pub-

lished results showed that the proper alloying element can

improve the ductility without c phase formation, and this

phenomenon is attributed to the alloying elements addition

enhancing the grain boundary [28]. As a result, it can be

inferred that the compressive fracture strain of Cu3 alloy is

Fig. 2 Optical micrographs, backscattered electron images and X-ray diffraction pattern of Cu2 a, c and e and Cu3 b, d, f

Table 1 Results of the compositions examinations (wt%)

Sample Cu Al Ni Gd Fe

Cu1 83.82 12.21 3.97 – –

Cu2 83.67 12.18 3.92 0.23 –

Cu3 81.5 12.27 4.01 0.19 2.03

Fig. 3 Stress–strain curves of Cu1, Cu2, Cu3

886 X. Zhang, Q.-S. Liu: Acta Metall. Sin. (Engl. Lett.), 2016, 29(9), 884–888

123



effectively improved by Fe addition via strengthening the

grain boundaries.

It is known that the stress–strain curve of traditional

HTSMAs consists of three stages, including elastic defor-

mation of the martensite, martensitic variant reorientation

and elastic–plastic deformation of fully reoriented

martensite [8]. It is difficult to distinguish the deformation

stages of Cu1 due to the small changes in the slope of

stress–strain curve. However, the stress–strain curves of

Cu2 and Cu3 can be easily divided into three obvious stages

(I, II, III) according to various slopes. In addition, the yield

strength is decreased by Gd and Fe doping, indicating that

the critical stress of variant reorientation is reduced.

It is found that the SME of Cu1 is \1.5%. In fact, the

poor SME is not the intrinsic characteristic of polycrys-

talline Cu–Al–Ni alloys. However, the severe brittleness

makes the irreversible deform or fracture occur before

completing the pre-strain. Therefore, the SME of Cu2 and

Cu3 is significantly enhanced owe to the improvement in

the mechanical properties. Figure 4 shows the strain

recovery characteristic curves of Cu2 and Cu3 alloys under

pre-strain of 10%, and the red arrow dotted line represents

recovery strain after being heated to 500 �C for 1 min. It

can be seen that the Cu2 exhibits large reversible strain

(SME) of 5.4% and recovery ratio of 86% after being

heated, and the residual strain is only 1.4% as shown in

Fig. 4a. The reversible strain, recovery ratio and residual

strain of Cu3 alloy are 5.9%, 78% and 2.2%, respectively

(Fig. 4b). Fe doping improves the reversible strain, but

reduces the recovery ratio. Under the same pre-strain

condition, Cu3 alloy has a larger residual strain.

It is worth noticing that the samples were contracted

again when the temperature dropped to room temperature

as shown by the blue arrow line. Obviously, this is the two-

way shape memory effect (TWSME), and the two-way

reversible strains of Cu2 and Cu3 alloys are about 1.5% and

1.8%, respectively. To date, the TWSME of some reported

polycrystalline Cu–Al–Ni HTSMAs is only about 1.0%

[18, 29, 30], evidently smaller than that of our work.

4 Conclusion

A small number of Gd and Fe elements were added into

Cu–11.9Al–3.8Ni HTSMA to enhance the mechanical

properties and SME. Both Cu–11.9Al–3.8Ni–0.2Gd alloy

and Cu–11.9Al–3.8Ni–2.0Fe–0.2Gd alloy displayed the

fine grain and single-phase b01 martensite at room temper-

ature, and their compressive fracture strains reached 12.0%

and 17.8%, respectively. When the pre-strain was 10%, the

SME of Cu–11.9Al–3.8Ni–0.2Gd alloy and Cu–11.9Al–

3.8Ni–2.0Fe–0.2Gd alloy after being heated was 5.4% and

5.8%, respectively. The obvious TWSME was observed in

the samples after cooling again.
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