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A B S T R A C T   

It is stringent to develop welding techniques for refractory high entropy alloys (RHEAs) to fabricate large-sized 
components, since it is difficult to fabricate large-sized RHEA castings because of their poor fluidity and severe 
element segregation. Here, we first time utilize electron beam welding (EBW) to join TiZrNbTa RHEA, and a 
defect-free joint is successfully achieved. After EBW, a coarse casting microstructure is largely refined with the 
reduction of casting porosities. The average hardness in the entire joint is almost uniform, which is the 
comprehensive effect between the weakening of solution strengthening and the grain refinement strengthening. 
The tensile strength of the joint achieves 940 MPa, with a high strength efficiency of 90%. This study provides a 
way to fabricate large-sized RHEA components.   

1. Introduction 

The refractory high entropy alloys (RHEAs) are a type of new ma
terials containing refractory metals such as Ti, Zr, Nb, Ta, W, V, Mo, Hf, 
etc, which are developed on the basis of HEAs generally consisting of 
five or more elements with near-equiatomic concentrations [1,2]. The 
RHEAs exhibit high room temperature strength, excellent high tem
perature properties and corrosion resistance over the traditional 
Ni-based superalloys at an even higher service temperature [3–10]. 
Therefore, RHEAs show a great potential to apply in the aerospace field 
with extremely high servicing temperature requirement, since there are 
very little space on further improvement of the service temperature for 
the traditional aero engine materials, such as Ni-based superalloys [6]. 
Besides, RHEAs also show great potential application in nuclear fields 
since RHEAs also exhibit a very good irradiation property [11–14]. 

Although the RHEAs exhibit great potential of applying in aerospace 
and nuclear fields, the large-sized castings are still very difficult to 
fabricate. This is mainly limited by their poor fluidity and the tending of 
easily producing shrinkage porosities. Besides, the element segregation 

especially easily occurs as the result of the effects of the mixing entropy, 
mixing enthalpy, electronegativity, valence electron concentration etc, 
which makes it more difficult to fabricate large-sized RHEA castings, and 
thus the application of RHEAs is largely limited [15–17]. 

Welding is a fast and often a reliable way to produce permanent and 
continuous joints. Therefore, welding technologies become unques
tionably competitive for industrial sectors, such as infrastructure con
struction and transportation. It is well-known that large-sized 
components could be fabricated via the welding of several segments or 
parts together. In addition, most RHEAs have quite low ductility at room 
temperature, even under compression, so they can only be processed at 
high temperatures, but the processing is still rather difficult [9]. 
Therefore, it is very necessary and stringent to develop welding tech
niques for the RHEAs to fabricate large-sized RHEA components. 

At present, the research on the welding for the RHEAs is very limited, 
because of its high melting point, poor fluidity and low thermal con
ductivity. Until now, only Panina et al. [18] reported the laser beam 
welding of Ti1.89NbCrV0.56 RHEA. They found that the defect-free joint 
of the Ti1.89NbCrV0.56 RHEA could not be achieved via the normal laser 
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beam welding. The sound butt joints without cracks for the RHEA were 
achieved until using the preheating assisting system and by adjusting 
preheating temperature to over 600 ◦C before laser beam welding. 
However, the preheating welding process largely increases the 
complexity and difficulty of welding. Therefore, it is of great significance 
to further explore different welding techniques of RHEAs. 

Among different welding methods, electron beam welding (EBW) has 
been widely used in the traditional materials [19,20], and high entropy 
alloys [21] because of its high energy density, fast welding speed, good 
controllability and low oxidation resistance under vacuum condition, 
and the great advantage on the joining quality has been proved [22–25]. 
For example, an autogenously dissimilar Al0.1CoCrFeNi HEA / stainless 
steel weld joint was produced by EBW, and the equal strength welding 
was achieved [21]. Therefore, it might be a good way to develop EBW on 
the RHEAs in order to further expand the application of the RHEAs. 

In this study, the TiZrNbTa RHEA was selected as the typical RHEA 
material since it has great potential to be used as high temperature 
materials due to its superior high temperature properties (e.g. its 
compression yield strength of 813 MPa at 600 ◦C, and 410 MPa even at 
1000 ◦C) [26–29]. The TiZrNbTa RHEA was joined by EBW, and the 
microstructure and mechanical properties were investigated. While the 
microstructure mechanism of the electron beam welded joint were dis
cussed, and the feasibility of the RHEA welding was proved. 

2. Materials and experimental methods 

The raw materials were 20 mm × 20 mm× 3 mm as-cast TiZrNbTa 
RHEA plates prepared by arc melting. The EBW equipment with EB4C- 
150–15-W of the PACAC was used to weld the TiZrNbTa RHEA plates. 
Referring to our EBW welding experience, and the welding parameters 
of titanium alloys [30,31] and HEAs [32,33], the welding parameter of 
the TiZrNbTa RHEA was set as follows: the plates were joined by EBW in 
vacuum conditions of 1 × 10− 4 Pa, with the welding parameters of the 
voltage of 120 kV, the electron beam of 13 mA, and the welding speed of 
800 mm/min. After welding, the sample was kept in vacuum for 15 min 
and then air-cooled. The microstructure of the base material (BM), the 

heat-affected zone (HAZ) and the fusion zone (FZ) was analyzed by x-ray 
diffraction (XRD), with the scanning angle of XRD of 20–80◦. 

Metallographic samples were taken from the joint vertical to welding 
direction. The samples were etched with a mixture of hydrofluoric acid, 
nitric acid and water before metallographic observation. The phase 
composition, microporosity and the fracture samples were characterized 
by scanning electron microscopy (SEM) with energy dispersive spec
troscopy (EDS). The grain size, grain boundary and orientation differ
ence were analyzed by electron backscatter diffraction (EBSD). FM-700 
microhardness tester was used to measure Vickers hardness with the 
load of 500 g and the holding time of 15 s. The gauge length, width and 
thickness of the tensile specimens were 10 mm, 1.5 mm and 1 mm, 
respectively. To ensure the experimental accuracy, three tensile speci
mens were prepared, and the strain rate for tension was 1 × 10− 3 s− 1. 
The sample size of the SEM and EBSD was 20 × 3 × 2 mm3. 

3. Results and discussion 

3.1. Microstructure analysis 

Fig. 1 shows the macroscopic surface topography of the EBW 
TiZrNbTa RHEA. It is found that the surface of the FZ is well formed 
without macroscopic defects such as pores and cracks (Fig. 1a). At the 
bottom of the weld, there are some bulges, which are mainly caused by a 
small amount of collapse of the molten metal under gravity with the 
high-speed impact of the electron beam during the welding process. The 
silvery white area about 3 mm wide on either side of the FZ should be the 
metallic vapor, which is the result of the metal evaporation of the FZ 
during the EBW process. The metal vapor might mainly consist of Ti and 
Zr elements. The melting point of the Ti is the lowest among the four 
elements, only 1668 ◦C, while the Zr shows slightly higher melting point 
than the Ti, but Zr element has higher mixing enthalpy and diffusion rate 
[28]. Therefore, the Ti element and the Zr element should evaporate 
more easily. 

Fig. 2 shows the metallographic structure of the cross-sectional joint. 
The width of the FZ is about 1.4 mm, and the width of the upper part of 

Fig. 1. Macroscopic surface morphologies of EBW at: (a) upper surface, (b) bottom.  
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the FZ is slightly larger than that of the bottom part (Fig. 2a). It results 
from the high energy density of the EBW, where the weld seam with 
large aspect ratio is generally obtained [34]. Besides, it is found that the 
joint can be divided into three zones, i.e. the FZ, the zone undergoing 
melting and subsequent solidification; the HAZ, the zone experiencing 
thermal cycling but not melting; and BM, the zone unaffected by heat. 

A welding undercut with a depth of about 200 µm is found on the 
upper surface of the joint, and this is caused by excessive welding heat 
input, which can be eliminated by reducing the heat input. For a 3 mm 
thick plate, only 200 µm undercut is found after welding, which is 
almost negligible in engineering applications. A small surplus height of 
seam is found at the bottom, and the main reason is that the melted 
metal collapses due to the influence of gravity, as the result of the 
absence of a backing plate at the bottom. 

The magnified image in Fig. 2b shows that the FZ, HAZ and BM can 
be more clearly distinguished. Compared with the BM and HAZ, the 
grain size of the FZ is obviously refined. This is because the rapid cooling 
of the FZ causes no enough time for the grains in the FZ to grow. It can 
also be seen from Fig. 2b that the width of the HAZ is about 200 µm. It is 
mainly due to the high speed of EBW and high energy density, which 
leads to small or even no HAZ. For example, Sokkalingam et al. [21] 
performed EBW on HEA and stainless steel, and no HAZ was found at the 
welded joint. This is different from traditional fusion welding with a low 
energy density and a large width of HAZ. For example, the width of 
about 1 mm for the HAZ was found after GTAW Ti alloy [35]. Besides, 
No cracks and other defects are found in the FZ after EBW. Therefore, it 
is proved to be feasible for the EBW applied for the TiZrNbTa RHEA. 

As is mentioned in the Section 1, it is not easy to welding the RHEAs. 
In this study, the weldability of the TiZrNbTa RHEA should be mainly 
attributed to two aspects. On one hand, although the TiZrNbTa RHEA 
has poor fluidity, the flow of the welding pool can be improved by EBW 
with high energy density. On the other hand, the vacuum environment 
for EBW is very benefit for the success of welding, since it is not only 
conducive to expel the initial pores in the casting, but also can effec
tively avoid the reaction of elements in the TiZrNbTa RHEA (especially 
for the elements which are very sensitive to atmosphere, such as Ti and 
Nb) with hydrogen, oxygen and nitrogen elements in the atmosphere. 

Fig. 3 shows the XRD results of the BM, HAZ and FZ. It is found that 
the BM, HAZ and FZ all consist of a single BCC structure. The lattice 
constant of all different zones is 0.3296 nm, which is close to the lattice 
constant of pure Ta with BCC structure (a=0.3330 nm). Nguyen et al. 
[28] performed XRD analysis on the as-cast TiZrNbTa RHEA and found 
that the as-cast TiZrNbTa RHEA also exhibited a single BCC structure, 
but the segregation of Zr element was found by EDS of both SEM and 
transmission election microscopy (TEM). Therefore, although the XRD 
results showed that the BM, HAZ and FZ consist of a single BCC struc
ture, the segregation of Zr element is also found in the subsequent EDS 

experiments, which will be analyzed later. Actually, Liu et al. [26] found 
the existence of the second phase by Lorentz function fitting of the XRD 
results of the as-cast TiZrNbTa RHEA. 

In order to further explore the microstructure of the BM, HAZ and FZ, 
the elemental distribution in the dendrite (DR) and inter-dendrite (ID) of 
the different regions was examined by EDS, and the typical chemical 
compositions with the atomic percentage in the different regions are 
listed in Table 1. The most distributed elements in the DR are Ta and Nb 
elements, while the Zr element is mostly distributed in the ID (>35%). In 
addition, the distribution of the Ti element is relatively uniform. 

Fig. 4 shows the SEM and EDS mapping images in the different zones 
of the joint. It is obvious that the segregation of the Zr element occurs in 
different zones of the joint. There are two main reasons for this. On one 
hand, the higher mixing enthalpy between Zr and Nb or Ta tends to 
cause the increase of Gibbs free energy (Table 2). In order to reduce the 
free energy of the material and obtain a relatively stable alloy system, 
the Zr element is segregated. This phenomenon is consistent with the 
reason for Cu segregation at grain boundaries in CoCrFeNiCu HEA re
ported by our previous study [36]. 

Fig. 2. Metallographic structure of welded joint: (a) cross-sectional macrostructure, (b) magnified image of zone B in (a).  

Fig. 3. XRD patterns of BM, HAZ and FZ in joint.  

Table 1 
Typical chemical composition of different regions of the joint in atomic 
percentage.  

Region Ti Zr Nb Ta 

BM DR  21.35  20.65  29.77  28.22 
ID  26.13  35.33  22.13  15.36 

HAZ DR  20.61  19.69  29.94  29.76 
ID  27.33  38.74  21.08  12.85 

FZ DR  18.93  16.14  32.07  32.86 
ID  26.33  36.27  22.33  15.08  
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Fig. 4. SEM images and element distribution in different zones of joint: (a) BM, (b) HAZ, (c) FZ.  
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On the other hand, the diffusion rate of Zr element is 3–4 orders of 
magnitude higher than that of Ti, Nb and Ta [28], which means that Zr 
element is able to segregate faster at the grain boundary during the 
process of the melting and solidification of HEA materials. This experi
mental result has been confirmed by Nguyen et al. [28] through the 
combination of simulation and experiment results. According to the 
overall morphology of the FZ (Fig. 4c), based on the different contrast 
degree between the matrix phase and the Zr-rich phase, the morphology 
of the FZ is a typical dendritic morphology, and the Zr-rich phases locate 
at dendritic boundaries. 

The dendritic structure formed in the FZ is quite different from those 
in the BM and HAZ. The FZ re-melts during EBW and has a large cooling 
rate. The large negative temperature gradient leads to the formation of 
dendritic structure in the FZ. In this process, the different diffusion rates 
of the elements lead to the redistribution of the elements in phases, 
while the Zr element diffuses rapidly at high temperature. Therefore, the 
matrix phase and the Zr-rich phase are formed in the DR and ID, 
respectively. 

By comparing the microstructure in the BM and HAZ (Fig. 4a and b), 

it can be found that the grain size in the two zones is similar, and only 
the morphology of the phase is slightly different. This is because the 
thermal influence of the HAZ leads to the secondary diffusion of the Zr 
element in the welding process. This is also confirmed by the point and 
line appearance of the Zr-rich phase in Fig. 4b. The heat in the HAZ is 
low and the cooling rate is fast, and thus the Zr element has not been 
fully diffused enough. As a result, the Zr-rich phase with a special point 
and line morphology is formed in the HAZ. 

The segregation phenomenon of the Zr-rich phase can be analyzed by 
the Table 1. The content of Zr in the matrix phase in the FZ is the lowest. 
On one hand, it might be attributed to that the metal in the FZ is re- 
melted, and the Zr element is re-distributed in the matrix. On the 
other hand, Zr element of the FZ evaporates on the surface to form 
metallic vapors (Fig. 1). Therefore, the Zr element in the matrix phase of 
the BM is slightly higher than that in the FZ. The difference of Zr content 
also explains the difference of the corrosion contrast in the BM and HAZ 
in Fig. 2b. 

Besides, a number of black points are found in the BM, HAZ and FZ 
(Fig. 5). These black points (indicated by the arrows) should be pores. 
Such kind of pores exists for as-cast RHEAs in this study and also in other 
RHEAs reported in the previous studies, such as MoNbHfZrTi [39] and 
AlMoTaTiZr [40]. The reason should be attributed to two aspects. On 
one hand, the different melting points of the elements in the RHEAs lead 
to the different solidification sequence of the elements, and thus it is 
easy to form pores. On the other hand, oxygen and nitrogen absorbed 
during alloy dissolution are released during solidification, resulting in 
casting shrinkage. In addition, compared to traditional alloys, RHEAs 
are more likely to form pores during solidification due to its poor 

Table 2 
Mixing enthalpy of each pair in TiZrNbTa HEA [28,37,38].  

Mixing enthalpy (kJ/mol) Ti Zr Nb Ta 

Ti / 0 2 1 
Zr 0 / 4 3 
Nb 2 4 / 0 
Ta 1 3 0 /  

Fig. 5. SEM images of different zones in joint: (a) BM, (b) HAZ, (c) FZ.  
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fluidity. The pore causes local stress concentration in the material and 
becomes the source of cracks. Especially in the form of small pore ag
gregation, it not only increases the sensitivity of notch and reduces the 
strength, but also easily reduces the fatigue property of the material. 

From Fig. 5a, the pore size in the BM is about 5.5 µm and the small 
pores aggregation can be found in the BM. After EBW, the pore size 
decreases significantly (about 3.1 µm) and the small pore aggregation 
disappears in the FZ. According to the statistical results, the micropo
rosity of the BM, HEA and FZ is 0.61%, 0.67% and 0.36%, respectively. 
This is because of the re-melting of the material during welding, and the 
faster cooling in the FZ making the pores not easy to form and grow. 
Besides, EBW under the vacuum environment is more conductive to 
expel pores. Compared with the pore aggregation of the BM, the uniform 
distribution of the pores of the FZ is more conductive to reducing stress 
concentration. 

Fig. 6 shows an EBSD diagram of the entire joint. After EBW, the 
grain is largely refined in the FZ compared to that of the BM. This is the 
result of the rapid cooling of the metal in the FZ, which is consistent with 

the result in Fig. 2. Besides, most of the grains in the FZ are equiaxed 
grains. The grain size distribution diagram in Fig. 6c and d shows that 
the average grain size of the BM is 56 µm, while the grain size of the FZ is 
26 µm. Furthermore, the misorientation angle distribution in Fig. 6e and 
f shows that the proportion of high angle grain boundary in the BM and 
FZ is 44% and 69%, and that of the twin boundary is 5.6% and 5.2%, 
respectively (The black line and the green line represent the high angle 
grain boundary and the low angle grain boundary, respectively). 

3.2. Mechanical properties 

Fig. 7 shows the tensile properties of the BM and the joint, and the 
typical fracture surface of the welded joint. The yield strength (YS) and 
the ultimate tensile strength (UTS) of the BM are 911 ± 9 MPa and 
1040 ± 18.7 MPa, respectively. The average elongation of the BM is 
about 6% ± 5.1% (Fig. 7b). It is worth noting that the elongation of the 
BM fluctuates greatly, which is caused by the non-uniform structure 
with many casting pores as the result of poor fluidity of the BM. In the 

Fig. 6. EBSD diagram of joint: (a) EBSD orientation map, (b) grain boundary map, (c) (d) grain size distribution map in BM and FZ, and (e) (f) misorientation 
distribution map in BM and FZ. 
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BM, it is very easy to form casting pores, which has been shown in Fig. 6. 
When the BM contains some large casting pores, it will show the brittle 
fracture (the typical tensile curve is shown in Fig. 7a). While the BM 
containing less or even no casting pores shows a large elongation. Thus, 
the elongation of the BM fluctuates largely. In contrast, the mechanical 
property of the FZ is more uniform. The YS and the UTS of the entire 
welded joint are 905 ± 9 MPa and 940 ± 21.2 MPa, but the elongation 
increases to about 9% ± 1.6%. This indicates that the vacuum envi
ronment for EBW can improve the as-cast microstructure defects, 
thereby improving the ductility. The coefficient of the welded joint re
fers to the ratio of the welded joint strength to the BM strength. 
Therefore, the joint coefficient of TiZrNbTa RHEA welded by EBW is 
90%. 

The coefficient of the welded joint is commonly used to indicate the 
reliability of weld quality in engineering. Such a high strength coeffi
cient means that it can be used as a key part of the bearing structure in 
engineering applications. This indicates the feasibility of EBW applied 
for the TiZrNbTa RHEA. The fracture of the welded joint occurs in the 
FZ, and the typical macro morphology of the fracture position of the 
welded joint is shown at the bottom of Fig. 7a. The increase of the 
elongation for the joint should be related to that the main deformation 
occurring in the FZ rather than the BM. 

The current mechanical properties are compared with reported data 
of similar composition [8,26,27], and the related results are shown in 
the Table 3. It is obvious that the strength of RHEAs with TiZrNbTa or 
similar compositions is about 900–1200 MPa, and the relevant litera
tures are almost about the compressive properties of the RHEAs, but 
there are few reports about the tensile properties from the Table 3. As we 
know, compared with compression properties, tensile properties can 
better represent the performance properties in the engineering appli
cations, especially the materials with the poor ductility, such as RHEAs. 
Therefore, in this study, the tensile properties of the RHEAs can provide 
a good reference for the engineering application. In addition, the joint 
coefficient of 90% indicates that the EBW is an effective method of 
producing large-area RHEAs with excellent mechanical properties. 

Fig. 8 shows the overall hardness diagram of the welded joint. The 
average hardness of the BM, HAZ and FZ is 302 ± 5 HV. This result is 

consistent with the similar yield strength of the BM and the FZ. The SEM 
and EBSD results have showed that the grain size of the FZ is signifi
cantly refined. Generally, the grain refinement might improve the 
strength and hardness of the material. However, the hardness of the FZ is 
almost unchanged compared to that of the BM. It means that other 
strengthening effects for the refined grains in the FZ must be weakened. 

It is well known that the mechanical properties of materials are 
mainly affected by the following strengthening mechanisms: solid so
lution strengthening, grain boundary strengthening, dislocations 
strengthening and precipitate strengthening. In this study, the me
chanical properties of the BM and FZ should be affected by solid solution 
strengthening and grain boundary strengthening. 

The grain size in the BM and FZ is largely different. The relationship 
between the YS and the grain size could be described by Hall-Petch. 

σy = σ0 +kyd− 1/2. 
Where σy is the YS, σ0 is again the lattice friction stress, d is the 

average grain size and ky is the Hall-Petch relationship coefficient. The 
YS increase caused by grain size difference (Δσ) can be expressed as: 

Δσ= ky (dFZ
− 1/2 - dBM

− 1/2). 
Where the dFZ is the average grain size of the FZ (26 µm), and the dBM 

is the average grain size of the BM (56 µm). The ky value of the HEA is 
about 450–700 MPa mm1/2 [41–43]. Therefore, the strength enhance
ment caused by grain boundary strengthening in the FZ (compared with 
the BM) is about 28.1–43.8 MPa. This indicates that although the grain 
size of the FZ is significantly refined, the strength effect is not significant. 

According to the rule of mixture (ROM) of the RHEA, the calculated 
values (294 MPa) are much smaller than the measured values (911/ 
940 MPa) of the TiZrNbTa RHEA. This result has been confirmed in the 
TiNbTaV, NbTaVW and TiNbTaVW [44,45]. This indicates that the solid 
solution strengthening plays a more important role in the TiZrNbTa 
RHEA than the simple rule of mixture [46–48]. In this study, compared 
with the BM, the Zr element in the DR of the FZ decreases to some extent, 

Fig. 7. Tensile properties of BM and welded joint; (a) the typical tensile curve and (b) the average tensile properties.  

Table 3 
Compressive/tensile strength of RHEAs with similar composition [8,26,27].  

Alloy Condition YS (MPa) Property Ref. 

NbTiZr As-cast  975 Compressive strength [8] 
NbTiZrV As-cast  1110 Compressive strength [8] 
TiZrNbTa As-cast  957 Compressive strength [26] 
TiZrNbTa As-homogenized  1220 Compressive strength [26] 
TiZrNbTa As-cast  1100 Compressive strength [27] 
TiZrNbTa As-cast  940 Tensile strength This study 
TiZrNbTa welded  905 Tensile strength This study  

Fig. 8. Vickers hardness distribution through welded joint.  
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while the Zr element in the ID of the FZ increases slightly (Table 1). This 
means that the secondary diffusion and evaporation of the Zr elements 
result in the weakening of solid solution strengthening in the FZ. 
However, the evaporation and diffusion of the elements are difficult to 
quantify, the degree of the FZ weakening cannot be calculated. But, the 
hardness is evenly distributed under the comprehensive effect of two 
strengthening mechanisms. Therefore, the strength of the FZ might be 
reduced with a small extent (with the similar extent with the grain 
refinement strengthening) via the loss of the solution strengthening. The 
analysis results are similar to those reported by Sokkalingam et al. [49]. 
They found that after welding, the grain size in the FZ of Al0.5CoCrFeNi 
HEA was significantly refined, but the strength and hardness were 
reduced. It was attributed to that the decrease of beta phase and twin 
fraction weakened the strengthen effect. 

Fig. 9 shows the fracture morphology of the BM and the joint. The 
BM mainly exhibits an intergranular fracture mode, and some cracks are 
found at grain boundaries (Fig. 9a and b), which explains the cause of 
the low elongation for the BM. Different from the BM, the joint exhibits 
an obvious necking characteristic during the tensile process, and a large 
number of dimples can be found (Fig. 9c and d). Therefore, the joint 
shows the obviously ductile fracture mode. It suggests that ductile 
fracture takes place in the FZ with a finer microstructure, totally 
different from the brittle fracture mode in the BM. That is why the 
elongation of the joint even increases compared to that of the BM. 

Therefore, in this study, the weldability of TiZrNbTa HEA is explored 
using the EBW. A defect-free welded joint is obtained successfully for the 
first time, and the elongation of the joint is improved while the high 
strength is maintained. The high joint coefficient of 90% suggests that 

the EBW is of great potential to fabricate large sized RHEA component. 
However, for the engineering application, more systematic and deep 
investigations should be made on the EBW of RHEAs in the future. 

4. Conclusions  

1) For the first time, the EBW technology is used for TiZrNbTa RHEA to 
achieve the defect-free welded joint, and the welding joint coeffi
cient reaches 90%.  

2) After EBW, the grain is largely refined, and the casting pores are 
largely reduced in the FZ compared to those of the BM.  

3) Compared with that of the BM, the grain size of the FZ is significantly 
refined, but the hardness in the FZ shows no obvious change. The 
main reason comes from the comprehensive effect between the 
weakening of solution strengthening of Zr element and the grain 
refinement strengthening in the FZ. 
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