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Abstract: The effect of ternary alloying element Al and quaternary alloying element Co on the martensitic transformation of 
ZrCu-based shape memory alloy was investigated. The results show that the addition of Al and Co in ZrCu alloy decreases both the 
martensitic transformation temperature and the martensitic transformation temperature hysteresis. Transmission electron microscope 
(TEM) observations reveal that the Cm martensite structure is the preferential formation phase. The intervariant structures in 
ZrCuAlCo alloy are (021) type I twins, while the dominant substructures inside the martensite variant are the (001) compound twins. 
With the increase of Co content, tensile fracture strength and strain are improved obviously. 
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1 Introduction 
 

ZrCu-based shape memory alloys (SEA) have 
attracted considerable attention in recent years due to 
their potentialities for high temperature shape memory 
alloys as well as for metallic glasses with high ductility 
properties [1−4]. Recent advancements in ZrCu-based 
alloys come at the intersection between shape memory 
alloys and metallic glasses [5−7]. For Zr48Cu47.5Al4Co0.5 
bulk metallic glass composites, the strain hardening rate 
was enhanced and plastic instability was suppressed due 
to a martensitic transformation (MT) of B2 to B19′ which 
is associated with shape memory effect [8]. However, 
there are some reports about how to improve the 
glass-forming ability and the mechanical properties [9]. 
Few reports about the MT behavior in ZrCu intermetallic 
compound are given. In fact, the SME in ZrCu 
intermetallic (only about 3%) is associated with a MT 
from a B2 type structure to two monoclinic martensitic 
structures: one with a base structure (B19′) with P2/m 
symmetry and the other with a superstructure with Cm 
symmetry [10,11]. In addition, the transformation 
temperature hysteresis of ZrCu-based SMA is large and 
the thermal stability of ZrCu-based SMA is poor [12]. 

However, it is not clear that how the addition of different 
alloying elements to ZrCu is linked with the martensitic 
transformation and the microstructure [13−18]. 

In the present work, the influences of Al and Co 
addition of the ZrCuAlCo quaternary high temperature 
SMAs on the microstructure, the phase transformation 
behaviors and mechanical properties were investigated 
by X-ray diffraction (XRD), transmission electron 
microscopy (TEM) observation, differential scanning 
calorimeter (DSC) measurement, tensile tests and 
scanning electron microscopy (SEM). The further 
explanations from microstructure on martensite 
transformation temperature and mechanical properties 
were discussed. 
 
2 Experimental 
 

The Zr48Cu47.5Al4Co0.5, Zr47.5Cu46.5Al5Co1 and 
Zr47.5Cu45.5Al5Co2 alloys were prepared by arc-melting 
using high-purity metals (99.99%) of Cu, Zr, Al and Co 
in an induction furnace under argon atmosphere. The 
ingots were then remelted six times to ensure the 
composition homogeneity (each time turning the button 
180°). The samples were annealed in vacuum quartz 
tubes at 800 °C for 4 h, followed by water-quenching.  
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The plates with 1 mm in thickness were cut from the 
ingot by wire-electrode cutting, then ground and polished. 
Samples for transmission electron microscopy (TEM) 
observations were obtained by punching 3 mm-diameter 
samples from the plates and mechanically polishing them 
to a thickness of 20 μm. The TEM samples were 
prepared by double-jet electro-polishing in an electrolyte 
solution consisting of 70% (volume fraction) methanol 
and 30% (volume fraction) nitri cacid at 253 K. TEM 
observations were performed with a Philips Tecnai-G2 
F30 electron microscope operated at 300 kV. XRD 
measurements were carried out at room temperature with 
Cu Kα radiation. The phase transformation temperatures 
of the alloy were determined by a differential scanning 
calorimeter (DSC) with a PERKINELMER DSC8000 
calorimeter. Heating/cooling scans were undertaken in 
the temperatures range of −100 to 600 K with a rate of  
20 K/min. The tensile tests were performed at room 
temperature on an Instron 5569 testing system at a 
crosshead displacement speed of 0.2 mm/min. The 
microstructure of the alloys was examined with a Quanta 
200FEG scanning electron microscope (SEM). 
 
3 Results and discussion 
 

Figure 1 shows the optical micrographs of as-cast 
ZrCuAlCo alloys, and the sampling position of every 
ingot is the same. It can be observed from Fig. 1 that 
with the increase of Co content the grain size becomes 
small. The average grain sizes of Zr48Cu47.5Al4Co0.5, 
Zr47.5Cu46.5Al5Co1, and Zr47.5Cu45.5Al5Co2 alloys are 
about 10, 8 and 6 μm, respectively. The decomposed 
phases appear along the grain boundary. Figure 2 shows 
the XRD patterns of ZrCuAlCo alloys. The analysis of 
the diffraction patterns reveals that the patterns of the 
alloys are different. The reflections in patterns for 
Zr48Cu47.5Al4Co0.5 and Zr47.5Cu46.5Al5Co1 alloys are 
indexed with the co-existence of B19′ and Cm martensite, 
the low-temperature equilibrium phases Cu10Zr7 and 
CuZr2. The reflections in patterns for Zr47.5Cu45.5Al5Co2 
alloy are indexed with Co2Zr3 and B2 phases. The XRD 
results indicate that the small Co alloying variation in the 
Zr/Cu ratio changes the crystal structure of the phases 
from martensite to austenite at room temperature in this 
alloy series. 

Figure 3 shows the TEM bright-field (BF) 
micrographs and selected area electron diffraction 
(SAED) patterns of ZrCuAlCo alloys. The thermal 
martensite variants exhibit self-accommodation 
morphology. The typical bright field image exhibits large 
spear-like and plate-like variants with 400 nm in width, 
and the hair-like stripes can be seen in big plate, as 
shown in Fig. 3(a). The martensite variants are found to  

 

 
Fig. 1 Optical micrographs of as-cast ZrCuAlCo alloys:     
(a) Zr48Cu47.5Al4Co0.5; (b) Zr47.5Cu46.5Al5Co1; (c) Zr47.5Cu45.5- 
Al5Co2 
 
be (021) type I twin related, as clearly indicated by the 
corresponding electron diffraction patterns (EDPs) as 
shown in Fig. 3(b). The substructure is (001) compound 
twin by indexing the corresponding EDPs, as shown in 
Fig. 3(c). The morphologies of Zr47.5Cu46.5Al5Co1 alloy 
shown in Fig. 3(d) do not change obviously except for 
the width of the plate narrower. It is found that very fine 
microtwins with the thickness of several nanometers 
exist in the interior of the martensite variant, while they 
start and end in the interior of a martensite variant. The 
relationship between the martensite variants does not 
change, as shown in Fig. 3(e). Figure 3(f) shows the 
TEM image of the Zr47.5Cu45.5Al5Co2 alloy. The 
microstructures are different obviously. It is found that 
both of the austenite and the martensite coexist as 
marked by A and M with the corresponding EDPs shown 
in Figs. 3(g) and (h), respectively. This means that    
the austenite is stable in a wider temperature range by  
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Fig. 2 XRD patterns of as-cast ZrCuAlCo alloys: (a) Zr48Cu47.5- 
Al4Co0.5; (b) Zr47.5Cu46.5Al5Co1; (c) Zr47.5Cu45.5Al5Co2 
 
increasing the content of Co. Thus, it can be seen that the 
martensitic transformation temperatures become low. 
These results are consistent with the previous 
investigations [19]. Although the amount of the 
martensite becomes small, all of them in the three alloys 
belong to Cm martensite. Rietveld refinement shows that 
at normal conditions in the intermetallic compound 
Zr50Cu50, B19′ and Cm martensite phases have 27% and 
73% of the volume fraction correspondingly [11]. When 
the content of Al atom substituting for Zr atom is smaller 
than 9.375% (mole fraction), the austenite phase could 
form a martensite base structure during quenching or 

 

 
Fig. 3 TEM images of ZrCuAlCo alloys and corresponding 
SAED patterns: (a) Bright field image of Zr48Cu47.5Al4Co0.5 
alloy; (b, c) SAED patterns taken from intervariant and 
substructures inside martensite variant in (a); (d) Bright field 
image of Zr47.5Cu46.5Al5Co1 alloy; (e) SAED pattern taken from 
intervariant in (d); (f) Bright field image of Zr47.5Cu45.5Al5Co2 
alloy; (g, h) SAED patterns taken from zones M and A in (f), 
respectively 
 
straining. While Al content is larger than 9.375% (mole 
fraction), it forms a superstructure [20]. In addition, the 
volume fraction of B19′ martensite becomes small due to 
the co-doping of Al and Co. So, it is more difficult to 
find B19′ martensite. 

Martensitic transformation behavior of the 
ZrCuAlCo alloys is shown in Fig. 4. Only one-step 
transformation behaviors happen except for 
Zr47.5Cu46.5Al5Co1 alloy. It can be seen that two-step 
transformation behaviors are present in 
Zr47.5Cu46.5Al5Co1 alloy during reverse martensitic 
transformation (indicated by arrows). The results are 
occasionally found in forward martensitic transformation 
which attributed them to the transformation from B2 to 
B19′ and then to Cm phases on cooling progress [9]. The 
martensitic transformation temperatures of ZrCuAlCo 
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alloys are shown in Table 1. As seen in Table 1, 
Zr48Cu47.5Al4Co0.5 alloy shows As=461 K and Ms=388 K, 
and transformation hysteresis (∆H) is 73 K. With the 
addition of Co, the martensitic transformation 
temperature rapidly decreases. Increasing Al content 
induced a decrease in the martensitic transformation 
temperature until the Al content over 6% Ms remained 
almost constant [14]. The DSC results are fitted to the 
TEM results. When the addition of Co increases to 2%, 
the martensitic transformation temperature and the 
transformation hysteresis vary unobviously. This is likely 
to be resulted from the variation in the intrinsic factors, 
i.e. the increase in the unit-cell volume and the decrease 
in the electron concentration with increasing Co content 
because Co possesses small atomic radius and high 
electron concentration. The dependence of 
transformation temperature of ZrCu-based shape 
memory alloys on the number and concentration of 
valence electrons is analyzed. 
 

 
Fig. 4 DSC curves of ZrCuAlCo alloys 
 
Table 1 Martensitic transformation temperatures of ZrCuAlCo 
alloys 

Alloy As/K Af/K Ms/K Mf/K ΔH/K

Zr48Cu47.5Al4Co0.5 461 523 388 346 73 

Zr47.5Cu46.5Al5Co1 376 432 305 238 71 

Zr47.5Cu45.5Al5Co2 378 422 309 275 69 

 
Figure 5 shows the tensile stress−strain curves of 

ZrCuAlCo alloys at room temperature. The elastic and 
plastic properties of ZrCuAlCo alloys by tensile tests are 
shown in Table 2. It can be seen that the compressive 
strength of ZrCuAlCo alloy is obviously enhanced by the 
addition of Co. Furthermore, the fracture strain is 
increased from 0.73% to 1.76%. The increase of the 
strength is mainly due to stress-induced martensitic 
transformation from a cubic B2 phase to a monoclinic 
martensite phase, which imparts an appreciable work-  

 

 
Fig. 5 Stress−strain curves of ZrCuAlCo alloys 
 
Table 2 Elastic and plastic properties of ZrCuAlCo alloys by 
tensile tests 

Alloy 
Yield stress, 
σ0.2/MPa 

Maximum 
stress, 
σb/MPa 

Fracture 
strain, 
δ/% 

Zr48Cu47.5Al4Co0.5 136.25 181.08 0.73 

Zr47.5Cu46.5Al5Co1 275.84 311.82 0.75 

Zr47.5Cu45.5Al5Co2 367.95 392.59 1.76 

 
hardening capability (the alloy becomes strong as it 
deforms). In order to clarify the fracture mechanism, the 
fracture morphologies of ZrCuAlCo alloys after tensile 
are observed, as shown in Fig. 6. The fracture type of 
Figs. 6(a) and (b) is similar to intergranular fracture. 
With the further increase of the Co content, the degree of 
ductile fracture accompanied with tearing ridges of 
Zr47.5Cu45.5Al5Co2 is increased. The fracture morphology 
with lots of brittle crystal particles is presented. In 
particular, lots of faults with tearing ridges appear, 
indicating that the ductile deformation is largely 
developed before fracture. 
 
4 Conclusions 
 

1) Compared with equiatomic binary ZrCu alloy, 
the co-doping of Al and Co in ZrCu alloy decreases both 
the martensitic transformation temperature and the 
martensitic transformation temperature hysteresis. 
Furthermore, the volume fraction of B19′ martensite 
becomes so little that it is rarely observed. 

2) The Al and Co addition significantly refines the 
grains. The martensite plates become fine. The 
substructure of the ZrCuAlCo quaternary alloy is mainly 
(001) compound twin and the martensitic variants are 
(021) type I twins related. 

3) The tensile fracture strength and strain obviously 
increase with the increase of Co content. 
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Fig. 6 SEM images of fracture surface of ZrCuAlCo alloys 
after tensile tests: (a) Zr48Cu47.5Al4Co0.5; (b) Zr47.5Cu46.5Al5Co1; 
(c) Zr47.5Cu45.5Al5Co2 
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Al 和 Co 的添加对 ZrCu 基形状记忆合金的 
马氏体相变和显微结构的影响 

 
高卫红，孟祥龙，蔡 伟，赵连城 

 
哈尔滨工业大学 材料科学与工程学院，哈尔滨 150001 

 
摘  要：研究 Al 和 Co 元素掺杂的 ZrCu 基形状记忆合金的马氏体相变。结果表明，Al 和 Co 的添加降低了马氏

体相变温度，同时降低了马氏体相变温度滞后。TEM 结果显示，Cm 结构的马氏体为优先形成相。在 ZrCuAlCo

合金中内部马氏体变体呈(021) I 型孪晶关系，然而主要的亚结构呈(001)复合孪晶关系。随着 Co 含量的增加，拉

伸断裂强度和应变显著提高。 

关键词：ZrCu 基合金；形状记忆合金；马氏体相变；显微结构 
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