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A B S T R A C T   

Diffusion bonding of Zr-2.5Nb zirconium alloy and 304L stainless steel with Nb and Ni hybrid interlayer was 
performed at 850–1050 ℃ under 4 MPa for 30 min. From 304L side to Zr-2.5Nb side, the typical interfacial 
structure of the 304L/Ni/Nb/Zr-2.5Nb joints was. 

(Ni, Cr, Fe) solid solution/Ni/Ni3Nb IMCs/Nb/(Zr, Nb) solid solution. Of the five layers, the nano-hardness of 
Ni3Nb IMCs layer was the highest, reaching ~9.22 GPa for the joint bonded at 1000 ℃. With the increase of 
bonding temperature, the shear strength of the joint increased first and then decreased, and the maximum 
strength of 84.4 MPa was obtained at 1000 ℃. For the joint bonded at 1000 ℃, the fracture location was between 
the residual Ni layer and Ni3Nb IMCs layer, and the fracture type was a mixture of brittle fracture and ductile 
fracture.   

1. Introduction 

Zr-2.5Nb zirconium (Zr) alloy is an indispensable material in the 
field of nuclear power due to its excellent high-temperature mechanical 
properties, good corrosion resistance, and is used for pressure tubes in 
the nuclear reactor [1]. As a rare metal, Zr alloy is expensive and is only 
used for in-core of reactor, while stainless steel (SS) with low price is 
used for out-of-core of reactor [2]. Therefore, the effective joining be-
tween Zr alloy and SS is of great significance for the safe run of nuclear 
reactors. When Zr alloy was directly joined to SS by fusion welding or by 
diffusion bonding, brittle Zr-Fe, Zr-Cr and Zr-Ni intermetallic com-
pounds (IMCs) were easily formed, which weakened the mechanical 
properties of the joints [3,4]. Diffusion bonding with interlayer is an 
excellent method to join dissimilar materials which is easy to form 
brittle IMCs. Various interlayer metals such as Ti [5], Ta [6], Cu [7], Fe 
[8], Ni [9], Ni/Ti [10], Ag/Ti [11] had been used in diffusion bonding of 
Zr alloy and SS. Nb and Ni is the main alloying element of Zr-2.5Nb Zr 
alloy and 304L SS, respectively, and has good metallurgical compati-
bility with Zr and Fe, respectively. When using Nb and Ni as the in-
terlayers, only Ni-Nb IMCs were formed at the Nb/Ni interface, while no 

IMCs were formed at the Ni/304L and Nb/Zr-2.5Nb interfaces with a 
result of reducing IMCs type of the bonded joint. In the present work, 
diffusion bonding of Zr-2.5Nb Zr alloy and 304L SS with Nb/Ni hybrid 
interlayer was carried out, and the research was focused on character-
ization of the microstructure and the mechanical properties of the 
bonded joints. 

2. Experimental methods 

Zr-2.5Nb Zr alloy and 304L SS with the dimensions of 10 × 10 × 5 
mm3 were used as the substrates, and 30 μm thickness of Nb foil and 45 
μm thickness of Ni foil were used as the diffusion interlayers. All the 
faying surfaces were grinded and polished, and finally ultrasonic 
cleaned. The diffusion couple was assembled as the order of 304L/Ni/ 
Nb/Zr-2.5Nb. The bonding conditions were the bonding temperature 
of 850–1050 ℃ under the bonding pressure of 4 MPa for the bonding 
time of 30 min. During bonding, the assembly specimen was heated to 
the bonding temperature at a heating rate of 20 ℃/min. After bonding, 
the bonded sample was furnace cooled to room temperature. In addition, 
the material compositions and the characterization methods were 
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detailed in the Supplementary Information. 

3. Results and discussion 

The joints bonded at the different bonding temperature had identical 
microscopic morphology and layered structure. Therefore, the joint 
bonded at 1000 ℃ was selected as an example to investigate the 
microstructure of the joint. Fig. 1 shows the microstructure and the EDS 
line scanning results of the joint bonded at 1000 ℃. As Fig. 1 showed, 
the diffusion reaction region of the joint was divided into five layers, 
marked as I, II, III, IV and V. The EDS point analysis of each layer in 
Fig. 1(a) was listed in Table 1. The contents of Cr and Fe elements in the 
layer I were gradually decreased, while that of the Ni element was 
gradually increased, indicating this layer as a transition region of 304L 
SS and Ni interlayer. Next to layer I, layer II had continuous composition 
of Ni (99.8 at.%), Fe (0.2 at.%), which indicated that it was the 

unreacted Ni. The layer III was observed to contain Ni (74.4 at.%), Nb 
(25.4 at.%) and Zr (0.2 at.%) and the stoichiometric proportion of Ni to 
Nb was approximately 3:1. Combined with the Ni-Nb binary phase di-
agram [12], the layer III could be judged as a Ni3Nb IMCs layer. Close to 
the layer III, layer IV had a constant composition of Nb and Zr. Ac-
cording to the EDS results of point D (Nb 99.58 at.% and Zr 0.42 at.%), 
the layer IV was identified as residual Nb. Adjacent to layer IV, the layer 
Ⅴ had a continuous concentration gradient distribution of Nb and Zr, 
which could be judged as a Nb-Zr solid solution layer. 

The nano-hardness of the joint bonded at 1000 ℃ is shown in Fig. 2 
(a). The average nano-hardness of 304L SS, Ni interlayer (layer II), Nb 
interlayer (layer Ⅳ) and Zr alloy were ~3.37 GPa, ~2.62 GPa, ~1.80 
GPa and ~3.13 GPa, respectively. It can be seen from Fig. 2(a) that the 
hardness of layer I (~2.81 GPa) showed a slightly increase compared to 
layer II, which could be attributed to the solution strengthening caused 
by the interdiffusion of Cr, Ni, and Fe atoms in this region. Similarly, the 
hardness of layer Ⅴ (~3.51 GPa) was higher than that of layer IV with 
the interdiffusion of Nb and Zr atoms in this region. Due to the formation 
of Ni3Nb IMCs, the hardness of layer III was the highest with a hardness 
of ~ 9.22 GPa, which was higher than that of layer II and layer IV. The 
shear strength of the joints bonded at the different bonding temperatures 
is shown in Fig. 2(b). It can be known from Fig. 2(b) that the shear 
strength increased with the bonding temperature increasing until 1000 
℃, and then decreased above 1000 ℃. The shear strength of the joint 
bonded at 850 ℃ was the lowest with a value of 20.2 MPa, which could 
be attributed to the insufficient diffusion reaction at the low tempera-
ture, while the highest shear strength value of 84.4 MPa was obtained 
for the joint bonded at 1000 ℃. 

Fig. 1. (a) SEM image and (b) EDS line scanning of the joint bonded at 1000 ℃.  

Table 1 
EDS analysis of points A-F in Fig. 1(a).  

Points Elements (at. %) Possible phases 

Fe Ni Nb Zr Cr 

A  41.64  50.92  –  –  7.44 (Fe, Ni, Cr) solid-solution 
B  0.20  99.80  –  –  – α-Ni 
C  –  74.40  25.40  0.20  – Ni3Nb 
D  –  –  99.58  0.42  – α-Nb 
E  1.10  –  17.40  81.50  – Zr (Nb) solid-solution 
F  –  –  8.40  91.60  – Zr (Nb) solid-solution  
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The SEM micrographs and the XRD results of the fractured surfaces of 
the joint bonded at 1000 ℃ are presented in Fig. 3. The shear fractured 
surface of the Zr-2.5Nb side (Fig. 3(a)) was found to has the charac-
teristics of tearing fracture and transgranular fracture at the same time. 
It can be also seen from the fractography of the 304L side (Fig. 3(b)) that 
there were a small number of cleavage steps and scattered shear 
toughening nests of different sizes on the fractured surface. Therefore, 
the fracture type of the joint was the mixed fracture of brittle fracture 
and ductile fracture. XRD results showed (Fig. 3(c)) that Ni, Nb, Ni3Nb 
were detected on the fractured surface of Zr-2.5Nb side while Ni and Fe 
(Ni) were detected on the fractured surface of 304L side. Therefore, it 
can be concluded that the shear fracture of the joint obtained at 1000 ℃ 
was located between the residual Ni layer and Ni3Nb IMCs layer. 

4. Conclusions 

In this paper, Zr-2.5Nb Zr alloy and 304L SS were joined by vacuum 
diffusion bonding with Nb/Ni as the hybrid interlayer. The research 
results showed that the typical interfacial structure of the 304L/Ni/Nb/ 
Zr-2.5Nb joints was (Ni, Cr, Fe) solid solution/Ni/Ni3Nb IMCs/Nb/. 

(Zr, Nb) solid solution from 304L SS side to Zr-2.5Nb Zr alloy side. In 
the joint bonded at 1000 ℃, the nano-hardness of Ni3Nb IMCs layer was 
the highest, reaching ~9.22 GPa. With the increase of the bonding 
temperature, the shear strength of the joint increased gradually, 
reaching the maximum strength of 84.4 MPa at 1000 ℃, and then 
decreased above 1000 ℃. The shear fractured surface of the joint 
bonded at 1000 ℃ was located between the residual Ni layer and Ni3Nb 
IMCs layer. The fracture type was a mixture of brittle fracture and 
ductile fracture. 
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Fig. 2. (a) Nano-hardness of the joint bonded at 1000 ℃ and (b) shear strength of the joints bonded at different bonding temperatures.  

Fig. 3. (a) SEM image at Zr-2.5Nb side, (b) SEM image at 304L side and (c) XRD results on the fractured surface of the joint bonded at 1000 ℃.  
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