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Abstract: Al0.3CrFe1.5MnNi0.5 high entropy alloys (HEA) have special properties. The microstructures and shear strengths of 
HEA/HEA and HEA/6061-Al joints were determined after direct active soldering (DAS) in air with Sn3.5Ag4Ti active filler at 
250 °C for 60 s. The results showed that the diffusion of all alloying elements of the HEA alloy was sluggish in the joint area. The 
joint strengths of HEA/HEA and HEA/6061-Al samples, as analyzed by shear testing, were (14.20±1.63) and (15.70±1.35) MPa, 
respectively. Observation of the fracture section showed that the HEA/6061-Al soldered joints presented obvious semi-brittle fracture 
characteristics. 
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1 Introduction 
 

As various application fields such as energy, 
aerospace, transportation, and manufacturing advance, 
they present new demands on materials. New materials 
are able to meet new demands for high-end applications, 
such as excellent mechanical strength, creep strength, 
and thermal resistance [1,2]. 

In 1995, a breakthrough in the conventional concept 
of alloy design, called “high entropy alloys (HEAs)”, 
was developed [3]. HEAs are composed of n major 
alloying elements with an equimolar or near-equimolar 
composition ratio, independent of the “base element” 
concept [4,5]. Presently, HEAs are being increasingly 
studied and possess special properties [6−11], such as 
high strength/hardness, outstanding wear resistance, 
exceptional high-temperature strength, good structural 
stability, and good resistance to corrosion and oxidation. 
YEH et al [12,13] reported that CuCoNiCrAl0.5Fe and 
AlCoCrCuFeNi alloys exhibiting very high hardness 
vary widely depending on the contents of the 
components. These alloys display simple BCC and/or 
FCC solid solution structures. TSAO et al [6] reported 

that age hardening is apparently accompanied by the 
formation of both NiAl and σ-phase in the matrix 
dendrites during Al0.3CrFe1.5MnNi0.5 alloy aging. The 
slow kinetics in cast HEA allows a readily attainable 
supersaturated state and nano-sized precipitates [14,15], 
which contribute to the excellent performance of HEA 
coatings as diffusion barriers [16,17] and precision 
resistors [18]. 

These brittle, non-metallic materials exert poor 
wettability when Sn solder is used. Therefore, detailed 
investigations have been conducted using the newly 
developed “direct active soldering (DAS)” method for 
many applications [19−21]. KOLEŇÁK et al [21] 
reported that non-metallic materials such as Al2O3, SiO2, 
Si, and C (graphite) reduce the wetting angle when Sn 
solder is alloyed with active Ti element. CHANG      
et al [22] joined ZnS−SiO2/Cu by using Ti-active 
Sn3.5Ag4Ti filler, and the result was satisfactory.  
TSAO [23,24] reported that trace amounts of rare earth 
elements affect the interfacial reactions at Sn−Ag−Ti 
system/MAO−TiO2 interfaces, and Ag3Sn nanoparticles 
adsorb at the solder/MAO−TiO2 interfaces. QU et al [25] 
studied the mechanical property and the microstructure 
of Cu/1Cr18Ni9Ti soldered joint using SnAgTi solder. 
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TSAO et al [26] used Sn−Ag−Ti active solder to 
bond a Si/Al heat sink and an Al−Gr composite/  
6061-Al [27] at 250 °C in air. CHENG et al [28] found 
that Ti is largely segregated at the Si/active solder 
interface. However, no research has focused on low 
temperature HEA/Al bonding using the DAS method. 

The purpose of this investigation was to study the 
joining of HEA/HEA and HEA/6061-Al with SAT active 
filler by DAS method. The microstructure interfaces, 
shear strength, and fracture were discussed in detail. 

 
2 Experimental 

 
2.1 Base material 

A high entropy alloy (HEA), Al0.3CrFe1.5MnNi0.5, was 
prepared by vacuum arc melter using a current of 300 A 
in a water-cooled copper hearth under a pure Ar gas 
atmosphere, as shown in Fig. 1 [6]. The HEA alloy was 
repetitively melted and solidified with turning of the 
solidified ingots so as to obtain a completely alloyed 
state. The alloy was melted and chill cast in a copper 
mold to form square ingots of 8 mm × 10 mm × 20 mm. 
The chemical composition of the HEA alloy was 
analyzed with an inductively coupled plasma-atomic 
emission spectrometer (ICP-AES) device, and the results 
are listed in Table 1. The material used in this work was 
Sn3.5Ag4Ti (SAT) active solder plate containing trace 
amount of Ce element. Both the manufacturing process 
and the chemical composition (mass fraction, %) 
analysis are explained in a previous work [29]. The base 
metals were annealed plates of commercial 6061-Al 
alloy (Al sample, mass fraction: 0.28% Cu, 0.61% Si, 
1.02% Mg, 0.20% Cr, and the balance Al). 

 
2.2 Active soldering 

Before direct active soldering, all samples (e.g., HEA 
and Al) were polished using silicon carbide grinding 
paper to 1200 grade, degreased in acetone, and then 
cleaned with alcohol. The joining process was performed 
on an electric hotplate with thermostatic control in an 
atmosphere of air. Prior to the joining, the Al and HEA 
were preheated to 250 °C using the hotplate system. The 
hotplate system was calibrated until the temperature was 
steady. The temperature of the bond surfaces was 
measured with a K-type thermocouple. The SAT active 
filler was then set on the bond surfaces of the Al and  

 

 

Fig. 1 Schematic diagram of arc melting method [6] 

 

HEA sample (10 mm × 10 mm). After the molten active 
filler was agitated for 60 s by ultrasonic vibration so that 
the liquid filler would wet on the sample surfaces, the Al 
sample was placed on the HEA sample. After that, the 
joints were held firmly in place (pressure of 15 KPa) and 
cooled down to room temperature at a rate of 10 °C/min, 
leading to the solidification of the molten active filler. 
 
2.3 Analysis 

The geometries of the active soldered samples 
subjected to shear testing are demonstrated in Fig. 2 [24]. 
The effective joint area was about 10 mm × 10 mm. All 
shear experiments of sandwich-bonded samples were 
carried out on an MTS Tytron 250 testing machine under 
a constant strain rate of about 1.0 × 10−2 s−1. 

The microstructures of joined samples were 
examined by optical microscopy (OM, AXIO Scope A1, 
ZEISS) and scanning electron microscopy (SEM, 
S−3000H, Hitachi Co., Japan). Energy dispersive X-ray 
spectroscopy (EDS) was also used to determine the 
elemental compositions of selected sites. 
 
3 Results and discussion 
 
3.1 Characterization of base material 

Figure 3 presents the XRD pattern and the 
microstructure of as-cast HEA sample. It is found that 

 

Table 1 Chemical compositions of as-cast Al0.3CrFe1.5MnNi0.5 alloy 

Microstructure 
Mole fraction/% 

Al Cr Mn Fe Ni 

Interdendrite (β-FCC) 5.22±0.42 17.63±0.23 23.55±0.71 36.51±0.45 17.09±0.51 

Cross-like (β-FCC) 6.03±0.22 18.34±0.62 25.25±0.46 34.16±0.79 16.22±0.57 

Matrix (α-BCC) 6.34±0.43 26.47±0.37 21.81±0.45 34.92±0.52 10.46±0.33 
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Fig. 2 Schematic diagram of configuration of shear test [24] 

 

 

Fig. 3 XRD pattern (a) and microstructure (b) of HEA 

 
the formation of both the amorphous characteristic 
(broad diffraction peak, 2=25°−35°) and the low 
intensity crystalline peaks occur [3,4]. CUO et al [30] 
studied the effects of these parameters on the phase 
formation of HEA. The atomic size polydispersity () is 
the most critical parameter that distinguishes the mation 
of solid solutions and the amorphous phase. Solid 
solutions and the amorphous phase form below and 
above a critical  of ~0.065, respectively. In addition, the 
crystal structure of as-cast HEA sample consisted of  
only BCC and FCC solid-solution phases; i.e., no 
intermetallic phases were found (Fig. 3(a)). 

The XRD diffraction peaks indicated the typical 
dendritic structure of dendritic (BCC) and interdendritic 
phases (FCC). This structure is illustrated in Fig. 3(b), 
which presents an SEM image of as-cast HEA sample 
and the typical dendritic structure of dendrites (DR) and 
interdendrites (ID). According to the EDS analyses listed 

in Table 1, the light interdendrite phases were Ni-rich 
FCC phase (β-FCC), the dark dendrite phases were 
Cr-rich BCC matrix phase (α-BCC), and a small fraction 
of cross-like Ni-rich FCC phases (β-FCC) were 
distributed within the majority dendritic structure. A 
similar result was also reported in Refs. [6,31]. 
 
3.2 Microstructure of joints 

SEM cross-sectional images of HEA/HEA and 
HEA/Al soldered joints are shown in Figs. 4 and 5, 
respectively, and the EDS results taken from the testing 
positions denoted are summarized in Tables 2 and 3, 
respectively. Figure 4 presents SEM images of the 
HEA/HEA soldered joints. Figure 4(a) presents the 
microstructure of the HEA/HEA joint. To examine such 
joints clearly, it was necessary to capture high-resolution 
images of the HEA/active filler and active filler/HEA 
interfaces, as shown in Figs. 4(b) and (c), respectively. 
Because HEA contains large amounts of strong oxide-  
 

 

Fig. 4 Microstructures of HEA/HEA interface after active 

soldering: (a) HEA/HEA; (b) Higher magnification of the left 

in (a); (c) Higher magnification of the right in (a)  
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Fig. 5 Microstructures of HEA/Al interface after active 
soldering: (a) HEA/Al; (b) Higher magnification of the left   
in (a); (c) Higher magnification of the right in (a) 

forming elements such as aluminum (Al) and chromium 
(Cr), a protective oxide layer formed on the film surface. 
Consequently, the HEA exhibited poor wetting 
characteristics. It can be clearly seen that the joined 
interfaces were completely bonded, without cracks or 
delaminations. The active soldering zone included a β-Sn 
matrix (A1), black (Ti, Al)3Sn (A2), gray Ti6Sn5 (A3), 
light gray Sn−Ag−Ti (A4), white Ag3Sn (A5), and coarse 
Ti2Sn3 phase (A6). According to energy dispersive 
spectroscopy (EDS) analysis, as shown in Table 2, the 
chemical composition (mass fraction) of the black phase 
(A2) was Sn ((47.53±0.59)%), Ag ((0.55±0.30)%), Ti 
((45.47± 0.74)%), Al ((4.78±0.45)%), Cr ((0.60±0.34)%), 
and Fe ((1.07±0.30)%). A small amount of Al diffused 
from the HEA sample into the active filler area. This 
diffusion suggests that the Sn solder diffused toward the 
dissolved grain boundaries of the HEA substrate (Point 
a); the HEA grains migrated away from the base HEA 
substrate (Point b); and some HEA particles migrated 
into the solder filler area (Point c). 

However, the amounts of other alloying elements 
were very low (e.g., Cr and Fe) or nonexistent (e.g., Mn 
and Ni), suggesting that the HEA sample had a much 
lower diffusion rate. TSAI et al [32] reported that the 
sluggish diffusion kinetics is an important contributor to 
the outstanding properties of CoCrFeMn0.5Ni alloys. The 
larger lattice potential energy (LPE) fluctuation in the 
HEA sample leads to higher normalized activation 
energies and lower diffusion rate, which together cause 
the sluggish diffusion effect. This factor thus also 
reduces the diffusion of all alloying elements of the HEA 
alloy in the joint area during the direct active soldering 
process. 

 
Table 2 EDS results taken from different positions as denoted in Fig. 4 

Position 
Mass fraction/% 

Possible phase 
Sn Ag Ti Al Cr Fe 

A1 98.56±0.98 0.76±0.40 − 0.69±0.50 − − α-Sn 

A2 47.53±0.59 0.55±0.30 45.47±0.74 4.78±0.45 0.60±0.34 1.07±0.30 (Ti, Al)3Sn 

A3 68.32±1.04 0.57±0.40 31.11±0.58 − − − Ti6Sn5 

A4 72.38±0.92 12.57±0.10 15.04±0.52 − − − Sn−Ag−Ti 

A5 71.07±0.89 24.94±0.20 3.99±0.36 − − − Ag3Sn 

A6 79.77±1.18 2.96±0.45 14.85±0.48 2.42±0.15 − − Ti2Sn3 
 
Table 3 EDS results taken from different positions as denoted in Fig. 5 

Position 
Mass fraction/% 

Possible phase 
Sn Ag Ti Al 

B1 93.70±1.32 1.90±0.51 1.05±0.29 3.35±0.22 α-Sn 

B2 3.07±0.46 − 96.93±1.13 − α-Ti 

B3 54.19±1.09 3.18±0.57 42.63±0.70 − (Ti, Ag)3Sn 

B4 75.18±1.21 1.09±0.38 20.99±0.48 2.75±0.17 (Ti, Al)2Sn3 

B5 77.81±1.05 7.14±0.34 15.05±0.29 − Sn−Ag−Ti 

B6 60.54±1.80 22.22±0.63 − 17.24±0.31 Al−Ag−Sn solid solution 
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Figure 5 presents SEM images of the HEA/Al 
soldered joints. The active soldering zone included a 
β-Sn matrix (B1), black α-Ti (B2), (Ti, Ag)3Sn (B3),   
(Ti, Al)2Sn3 (B4), Sn−Ag−Ti (B5), and coarse Al−Ag−Sn 
phase (B6) [29]. The amount of Al in the active filler 
area was clearly higher in the HEA/Al sample than that 
in the HEA/HEA sample. Previous researchers have 
reported [6,27,31−33] that the formation of large 
Al−Ag−Sn particles depends on three factors: the 
dissolution of the Al plate, the varying solubility of Al in 
Sn at different temperatures (0.6%, mass fraction) at 
eutectoid 228 °C and 0.15% (mass fraction) at room 

temperature) [34], and the ability of Ag (0.144 nm)   
and Al (0.143 nm) to form a substitutional solid  
solution, which leads to an appreciable replacement 
phenomenon. The same phenomenon has been observed 
previously [6]. It can also be seen in Fig. 5 that small 
particles of Al-rich phase precipitated in the Al/active 
solder interfacial area. Therefore, the solid Al substrates 
dissolved in the melted active solder and formed a coarse 
Al−Ag−Sn solid solution around the active filler/Al 
interface [35]. 

Figures 6 and 7 respectively present the elemental 
profiles across the interfaces of HEA/HEA and HEA/Al  

 

 

Fig. 6 Line scanning maps at HEA/active solder interface in Fig. 4(a) (Point A) 
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Fig. 7 Line scanning maps at Al/active solder interface in Fig. 5(a) (Point B) 

 

soldered joints. Figure 6 shows the composition profile 
across an HEA/active filler interface following the path 
depicted in Fig. 4(a) (Point A). The profile shows a 
significantly narrow mixed zone (about 2 μm) at the 
active filler/HEA interface. In addition, the amount of the 
base alloying element of the HEA was found to be trace 
or none. The diffusion of the HEA and active filler   
into each other was very low. A slightly increased 

concentration of Ti was also found at the joint interface 
as Ti−Sn phase. Previous studies [6,19,21−24] reported 
that Ti contributed significantly to joint formation on 
ceramics such as Al2O3, ITO, and TiO2. The results are in 
good agreement with those previously reported in the 
literature. 

Figure 7 shows a composition profile across an 
Al/active filler interface following the path depicted in 
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Fig. 5(a) (Point B). As shown in that figure, Sn and Al 
had a strong mutual affinity and coexisted in the 
interfacial reaction layer, corresponding to the Al−Sn 
phase. The thickness of the interfacial Al−Sn layer was 
about 6 μm. In the active filler zone, Sn−Al−Ti phase 
formed. 
 
3.3 Shear strength and fracture surface 

Figure 8 shows the average shear strengths of the 
soldered joints. The joint strength of the HEA/HEA 
sample was (14.20±1.63) MPa, slightly lower than that 
(15.70±1.35) MPa of the HEA/Al joints. The interfacial 
microstructure of HEA/Al joints was free of defects  
(Fig. 4), so these joints demonstrated relatively high 
shear strength. Figure 9 presents SEM images taken from 
the fracture surfaces of the soldered joints. The typical 
fracture of the HEA/HEA joint soldered with SAT active 
filler at 250 °C in air is shown in Figs. 9(a) and (b). The 
fracture surfaces exhibited mostly the characteristics of 
brittle rupture (marked with a′) and some cracks (marked 
with b′) in the soldering seam. It is likely that the crack 
initiated and propagated in the brittle Ti−Sn phase 
(marked with c′) in an early stage of the shear test, 
indicating that brittle fracture occurred in the HEA/HEA 
soldered joint. Figures 9(c) and (d) show the fracture 
morphologies of the HEA/Al soldered joint on Al side. 
The fractography was composed of brittle rupture steps 
and some plastic slip planes (marked with d′), 
demonstrating that the fracture mode of the soldered 
samples was semi- brittle fracture. 

 

 
Fig. 8 Shear strengths of HEA/HEA and HEA/Al joints 

 

4 Conclusions 
 
In summary, through direct active soldering, HEA 

was successfully soldered with Al with SAT active filler 
and without flux at 250 °C in air. During the direct active 
soldering, the diffusion of all alloying elements of the 
HEA sample was sluggish in the joint area. The joint 
strengths of the HEA/HEA and HEA/Al samples, as 
analyzed by shear testing, were (14.20±1.63) and 
(15.70±1.35) MPa, respectively. The fractography of the 
HEA/HEA soldered joint exhibited obvious brittle 
fracture characteristics, and the main fracture paths 
propagated mostly through the brittle Ti−Sn phase. 
However, in the HEA/Al joints, the fracture morphology 
was composed of brittle rupture steps and plastic slip 

 

 

Fig. 9 Fractographs of joints bonded with active filler after shear strength testing: (a) HEA side of HEA/HEA joint soldered;      

(b) Higher magnification of (a); (c) Al side of HEA/Al soldered joint; (d) Higher magnification of (c) 
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planes, demonstrating that the fracture mode of the 
soldered samples was semi-brittle fracture. 
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利用 Sn−Ag−Ti 活性焊料直接活化软焊接合 
Al0.3CrFe1.5MnNi0.5高熵合金与 6061 铝合金 

 

L. C. TSAO1, S. Y. CHANG2, Y. C. YU1 

 

1. Department of Materials Engineering, National Pingtung University of Science & Technology, 

Neipu, Pingtung 91201, China; 

2. Department of Mechanical Engineering, National Yunlin University of Science & Technology, 

Touliu, Yunlin 64002, China 

 

摘  要：高熵合金 Al0.3CrFe1.5MnNi0.5(HEA)具有许多特殊性能。在大气环境、接合温度为 250 °C 保持 60 s 的条件

下，以 Sn3.5Ag4Ti 为活性焊料对 HEA/HEA 及 HEA/6061-Al 进行直接活性软焊接合，并对其进行显微组织及剪

力强度分析。实验结果显示，在接合过程中，高熵合金中所有元素缓慢扩散进入连接区域。HEA/HEA 和 HEA/ 

6061-Al 样品的剪切强度分别为 (14.20±1.63) 和 (15.70±1.35) MPa。HEA/6061-Al 样品的断裂面呈显明显的半脆

性断裂特征。 

关键词：高熵合金；Sn3.5Ag4Ti 活性填料；Al0.3CrFe1.5MnNi0.5；直接活化软焊 
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