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Abstract. A series of AlCrFeCoNiCu High-entropy Alloys added Al-5Ti-B-RE grain refiner were 
prepared by vacuum arc furnace. The microstructures of the series of as-cast AlCrFeCoNiCu alloys 
are typical dendrites and are constituted by two kinds of solid solution (αphase andβphase). αphase is 
body-centered cubic (bcc) structure composed of Al, Cr, Co, Fe, Ni and a few Cu, and βphase is 
face-centered cubic (fcc) which enriches Cu. With the increase of Al-5Ti-B-RE, the region ofαphase 
becomes larger. When the content of Al-5Ti-B-RE is 0.4%(wt), the volume ratio values of α phase 
increases, moreover, α phase and β phase evenly distribute, and either the compressive strength 
(2.28GPa) or the compressive ratio (20.95%) is maximized. Fan pattern appears in the fracture 
morphologies of these alloys, and it is cleavage fracture. These alloys belong to brittle materials. 

Introduction 

High-entropy Alloys (HEAs) [1] (namely, high-entropy alloy with multi-principal elements [2~4], 
or the Multi-component Alloys with High Entropy of Mixing [5, 6]) possess simple crystal structures, 
ease of nanoprecipitation and amorphous structure, and predominant properties in high hardness and 
compressive strength, superior resistance to temper softening, wear, oxidization and corrosion[7~10]. 
HEAs have been studied by many scholars in recent years, and a lot of research results have been 
reported. However, there are a few studies related to refine the microstructure of HEAs. As we know, 
the microstructures of HEAs appear typical coarse dendrites [4], and HEAs belong to brittle 
materials. It is essential to improve the toughness of HEAs. This paper studies the effect of 
Al-5Ti-B-RE  grain refiner on the microstructures and properties of the AlCrFeCoNiCu HEA. This 
has important reference value to study the microstructure and properties of HEAs. 

Materials and Experimental Details  

Materials 
Raw materials are pure Al, Cr, Fe, Co, Ni,Cu and Al-5Ti-B-RE grain refiner. Their purities are as 

follows: 99.99%, 99.98%, 99.99%, 99.97%, 99.999%, 99.999% and 99.9%. Al-5Ti-B-RE 
grain refiner was produced by XuZhou HuaZhong Aluminum Co. Ltd. and the component of it is 
shown as Table 1. 

                     Table1 The component of Al-5Ti-B-RE (wt%)              
Element Ti B RE Fe Si Cu Al 
Percentag
e 

5.01 0.99 0.9 0.18 0.13 0.01 Margin 

Table 2 The number of spamples 
Sample number 0 1 2 3 4 5 

Al-5Ti-B-RE (wt%) 0 0.1 0.2 0.3 0.4 0.5 
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AlCrFeCoNiCu HEAs added different content of Al-5Ti-B-RE were prepared by Electric Arc 
Furnace with a water-colded copper crucible. The operations were conducted in a vacuum of 0.01 atm 
after the crucible had been purged 3 times with argon. Melting was performed at least 5 times to 
ensure that the alloys were highly homogeneous. The solidified samples were about Φ20mm×10mm. 
Their numbers are shown in Table 3, and the content of Al-5Ti-B-RE is the percentage of the total 
weight of the sample. An X-ray diffractometer (XRD, D/Max2500V, Japan) was used for the phase 
identification with the 2θ scan ranging from 30° to 80° at a speed of 8°min-1. The microstructures 
were studied by a Hitachi S-3400N scanning electron microscope (SEM) and energy dispersive 
spectrum analysis (EDS) (EDAX PV8200) and typical radiation condition was 20 kV and 200 mA 
with a copper target, and SU-8020/X-MAX 80 field emission SEM. Room temperature compressive 
properties were tested on an Instron 8801 testing machine with a loading speed of 1.0 mm/min. The 
test specimens were cylindrical, Φ5mm×10mm. Three compression tests were performed to obtain 
the average value. 

Results and discussion 

SEM analysis  

 
 

Fig.1.SEM electron images of the series of AlCrFeCoNiCu alloys 

 
Fig. 2  High multiple microstructure of AlCrFeCoNiCu alloy 

(α:dendrite phase; β:inter-dendrite phase) 
Tab.3 Distributions of elements in dendrite and interdendrite of the AlCrFeCoNiCu alloy                                                          

(atom,%) 
location Al Cr Fe Co Ni Cu 

dendrite(α) 22.43 16.89 15.96 17.79 17.31 9.61 
Interdendrite(β) 14.96 4.59 6.11 7.09 14.73 52.52 

2354



 

The SEM backscattered electron images of the series of as-cast AlCrFeCoNiCu alloys are shown in 
Fig.1 and Fig.2. They are typical dendrites. Acoording to Distributions of elements in dendrite and 
interdendrite are shown in Table 1. Cu element segregates in the interdendrite. With the increase of 
Al-5Ti-B-RE, the region of dendrite becomes larger. 
XRD analysis 

 
Fig. 2  XRD patterns of the series of AlCrFeCoNiCu alloys 

 Acoording to the results of XRD analysis,  the as-cast microstructure is constituted by two kinds 
of solid solution. One is body-centered cubic (bcc) structure solid solution, the  other is face-centered 
cubic (fcc) solid solution. Combined the results of EDS, inter-dendrite phase (αphase) is fcc, which 
enriches Cu whose crystal structure is fcc with solution element Al, Cr, Co, Fe and Ni. Dendrite phase 
(βphase) is bcc composed of Al, Cr, Co, Fe, Ni and a few Cu. According to Jade software, the volume 
fractions of αand βphases were calculated, and the results are shown in Table 4. 

Table 4 Volume ratio of phases and properties of the series of AlCrFeCoNiCu alloys  

Sample 
Volume ratio of 
phases（%） 

compressive  
properties 

α β σmax(GPa) ε(%) 
0 88.73 11.22 2.01 17.19 
1 91.42 8.58 1.82 13.34 
2 90.09 9.91 1.99 13.47 
3 93.01 6.99 1.94 16.06 
4 93.16 6.84 2.28 20.95 
5 94.21 5.79 1.93 13.95 

Properties of the series of AlCrFeCoNiCu alloys 
Room temperature compressive stress–strain curves and compressive properties of the series of 

AlCrFeCoNiCu alloys are shown in Fig.3 and Table 2. Al-5Ti-B-RE affects compressive properties 
of alloys,  and the compressive strength values of most of the alloys decrease than that of alloy 
unadded Al-5Ti-B-RE except the No.4 sample. Furthermore, compared to the relation of volume ratio 
of phases and compressive properties, when the volume ratio values of α phase increases, moreover, α 
phase and β phase evenly distribute (such as No.4 in table 2 and Fig.1.), either the compressive 
strength or the compressive ratio is maximized. More α phase is useful to improve the strength of 
alloy because the structure of α phase is bcc whose solid solution strengthening is more than that of 
fcc[11-13].  Because β phase enriched Cu distributes in the grain boundary, and it plays a role 
of solder flux to reduce the brittleness of the alloys[14]. This result confirms the effect of Cu 
in HEAs in document [15]. 
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Fig.3. Compressive stress–strain curves of the series of AlCrFeCoNiCu alloys 

  

   
Fig.4. Scanning electron micrograph of compressive fracture surface of the alloys 

Fracture morphologies of some samples are shown in Fig.4. The fan pattern appears (as the region 
of red circles in Fig.4) that is the feature of cleavage fracture, and it indicates that these alloys belong 
to brittle materials. 

Conclusions 

A series of AlCrFeCoNiCu added Al-5Ti-B-RE grain refiner High-entropy Alloys were prepared 
by vacuum arc furnace. The microstructures of the series of as-cast AlCrFeCoNiCu alloys are typical 
dendrites and are constituted by two kinds of solid solution (αphase andβphase). αphase is 
body-centered cubic (bcc) structure composed of Al, Cr, Co, Fe, Ni and a few Cu, and βphase is 
face-centered cubic (fcc) which enriches Cu. With the increase of Al-5Ti-B-RE, the region ofαphase 
becomes larger. When the content of Al-5Ti-B-RE is 0.4%(wt), the volume ratio values of α phase 
increases, moreover, α phase and β phase evenly distribute, and either the compressive strength 
(2.28GPa) or the compressive ratio (20.95%) is maximized. Fan pattern appears in the fracture 
morphologies of these alloys, and it is cleavage fracture. These alloys belong to brittle materials. 
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