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Three dimensional (3D) printing technology has been widely used in metal manufacturing 
industry. This study focused on the vacuum brazing of 3D printed Inconel 718 superalloy with 
BNi-2 amorphous filler metal. Interfacial microstructure and element distribution revealed excellent 
wettability and spreadability of the filler metal as well as favorable brazability of the base material. 
Brazed joint could be divided into two distinct zones: isothermally solidified zone (ISZ) consisting 
of γ-Ni solid solution and diffusion-affected zone (DAZ) consisting of a large amount of precipitates 
besides γ-Ni solid solution. Microhardness reached peak values in DAZ. Although borides filled the 
gaps of base material’s grains to restrict grain boundary sliding and restrain the expansion of gaps, but 
its high hardness and brittleness would cause DAZ turn into weaker region when external loads were 
very large. The complete diffusion of B indicated the completion of isothermally solidified process. 
Precipitate CrB2 with high hardness and brittleness was the key point of reducing the joint strength. 
Shear strength of the brazed joint was up to 802 MPa, and fracture morphology presented a mixed 
ductile-brittle fracture.

Keywords: Vacuum brazing, 3D printed Inconel 718 superalloy, isothermal solidification, shear 
strength, mixed ductile-brittle fracture.
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1. Introduction
Inconel 718 alloy, a precipitation-strengthened Ni-based 

superalloy, possessed a series of outstanding properties such 
as corrosion and creep resistance, high tensile and yield 
strength, favorable plasticity and service life and so on1,2. 
Turbo vane, axle, strutting piece, fastener and other essential 
parts in modern aeroengine were made by Inconel 718 alloy. 
Besides, Inconel 718 alloy also applied as pivotal parts in 
aerospace, nuclear power, oil exploitation and other fields3. 
The fabrication of Inconel 718 alloy generally forged again 
after casts blank with purpose of improving properties4-6. 
In addition, Inconel 718 had stable atomic structure and 
numerous hard-nodal compounds, which caused difficult 
machining and serious tool wear7. As a result, Inconel 718 
had high fabricating cost and could not be directly fabricated 
into complex parts8,9.

In the process of transformation of fabricating mode, 
3D printing technology has achieved extensive attention10. 
Based on the concept of calculus, 3D printing technology 
allows to fabricate more uniform and refined microstructure, 
for that 3D printing technology maybe a potential candidate 
to replace conventional fabricating mode11-14. In addition, 
3D printing technology can make the structure of parts no 
longer restricted as well as apply to the repair of damaged 
parts, which has turned out to be a significant savings15,16. 

Even though 3D printing equipments have improved a lot, 
however, dimensions of the forming parts still could not meet 
the demands on larger parts17. Under these circumstances, 
traditional welding process has attracted much attention to 
overcome this problem by joining two or more 3D printed parts 
to form larger final parts with no dimensions limitation18,19.

In the work by Hanchen Yu et al., laser welding was 
successfully used to join selective laser melted (SLMed, 
one commonly used method of 3D printing technology) 
to SLMed and SLMed to wrought Ti-6Al-4V specimens, 
showing that stress-relieved SLMed Ti-6Al-4V alloy had a 
good laser weldability20. Prashanth also studied the welding of 
SLMed Ti-6Al-4V and Al-12Si, but he used friction welding 
method. Results showed that solid-state processes like friction 
welding could be successfully used to join SLMed materials 
and might also be beneficial for improving the ductility at 
only a marginal decrease in strength21,22. Casalino et al. used 
laser-arc hybrid welding to join wrought to SLMed AISI 
316 L stainless steel, showing the flexibility to form large 
components by welding23. In addition, Nahmany et al. used 
electron beam welding to join AlSi10Mg produced by SLM 
additive manufacturing technology workpieces successfully24.

In this study, brazing method with small deformation of 
substrates and excellent formation on the bonding interface 
was used to braze SLMed Inconel 718 with BNi-2 amorphous 
filler metal25-27. The interfacial microstructure, element 
distribution, phase constituent, shear strength, and fracture 
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morphology of the brazed joint were analyzed by means 
of scanning electron microscope (SEM), X-ray diffraction 
(XRD), energy dispersive spectrum (EDS) and transmission 
electron microscope (TEM)28. The results would provide 
a favorable basis for further studies on the joining of 3D 
printed alloy and for application of compound structures.

2. Materials and Experiment Procedures

2.1 SLM process and properties of SLMed 
inconel 718 alloy.

Spherical gas-atomized Inconel 718 alloy powder was 
used in this study with a mean particle size of 45~65 µm. 
The SLM equipment was developed independently by the 
Aviation Industry Corporation of China (AVIC) Beijing 
Aeronautical Manufacturing Technology Research Institute 
and consisted mainly of an IPG fiber laser with a spot diameter 
of 60~200 µm and a wavelength of approximately 1050 nm 
in continuous mode, galvanometer scanning system (the 
maximum scanning speed was up to 7000 mm/s), an automatic 
and precise powder layering device (thickness of a single layer 
was 20~100 µm), a gas protection system and a computer 
system for process control. A stainless steel substrate plate 
was horizontally fixed on the building platform during the 
whole SLM process with dimensions of 350 mm × 350 mm 
× 30 mm. Before SLM process, alloy powder needed to be 
dried and substrate plate needed to be wiped with acetone. 
Single melt continuous style used in this fabricating process 
was that all the hatches were oriented parallel to each other 
and they were continuous, as shown in Figure 1. Based 
on some previous researches and several attempts, laser 
power and scanning speed were set at 350 W and 700 mm/s 
respectively, layer thickness and hatch distance were set at 
0.06 mm and 0.1 mm respectively29-33. In addition, Ar was 
used as the protective gas in the SLM process34.

After been etched by a mixed solution of HCl, CH3CH2OH 
and CuCl2 (100 mL: 100 mL: 5 g), microstructure of the base 
material was studied by super depth of field microscope. Shoot 
location and metallurgical structure were shown in Figure 2. 
As could be seen from the figure, each layer could be easily 
observed and refine grains distributed evenly and densely, 
which accounted for high density of the base material34-37.

XRD curve of the base material was shown in Figure 3. 
It showed that the matrix phase of the base material was 
γ-phase, which was improved by means of lattice distortion. 
The typical second-phase strengthening such as Ni3(Al,Ti,Nb) 
(γ’) and Cr-Ni-Fe-C (carbide) could be found from the XRD 
curve. Second-phase strengthening was the key point for the 
base material to obtain favorable comprehensive performance. 
Moreover, the precipitation rate of Ni3Nb (γ’’) was too slow 
to precipitate from γ-phases for that Ni3Nb could not be 
found in the XRD curve38.

2.2 Characteristics of the BNi-2 amorphous filler 
metal

During rapid cooling process, melts are too late to 
crystallize and remain the cohesive form of unordered 
atomic arrangement under the conditions of normal or 
lower temperature, which is called amorphous phase39. At 
present, amorphous alloys are primarily used to fabricate 

Figure 1. Fabricating schematic of the base material. Figure 2. Microstructure of the base material.
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amorphous filler metal with purpose of avoiding the grain 
coarsening and composition segregation of crystalline filler 
metal. By rapid cooling technology, amorphous filler metal 
could be fabricated into foils, so that they could be used 
as a preplaced preform40,41. Especially for the joints with 
small clearance, amorphous filler metal could be applied in 
an accurate and minimal amount. Amorphous filler metal 
also featured in homogeneous chemistry, strong ability of 
spreading and wetting, narrow melting temperature range and 
instantaneous melting and so on42. What’s more, amorphous 
filler metal could decrease the brazing temperature, which 
could reduce residual stress developed in the joint and then 
increase the joint strength.

For brazing Ni-based alloys, Ni-Cr-B-Si systems filler 
metals were commonly considered as the best choice due to 
its good compatibility with the base material and the resultant 
high mechanical properties and corrosion resistance of the 
joints. During cooling process, the primary phase with same 
composition of the base material was easy to grow up at the 
interface of base material, forming a firm metallurgical bond 
with base material, which would be beneficial to improve 
the joint strength43,44. Thus, BNi-2 amorphous filler metal 
with low melting temperature was perfectly suitable for the 
brazing of Ni-based alloys.

The roles of the elements played in BNi-2 amorphous 
filler metal might be summed up about like this: Cr could 
enhance the antioxidant ability of the filler metal; non-metallic 
elements Si and B were melting point depressant elements as 
well as the main elements to form brittle phases. However, 
B and Si also could improve wear ability of the joint due 
to its high hardness.

2.3 Brazing sample preparation and brazing 
process

3D printed Inconel 718 base material was cut by a 
linear cutting machine into blocks with dimensions of 20 

mm × 20 mm × 4 mm; BNi-2 amorphous filler metal was 
prepared in form of foil with a thickness of 60µm, and cut 
into rectangular shape with dimensions of 20 mm × 6 mm. 
The nominal chemical compositions of the base material 
and filler metal were given in Table 1.

Before being brazed, the oxidation film and greasy dirt on 
the surface of the base material and filler metal were eliminated 
by emery papers, and then cleaned by ultrasonication in 
alcohol for 15 min. After cleaning process, brazing samples 
were assembled in a special clamp. Moreover, a 50 KPa 
pressure was imposed on the surface of upper base material, 
with purpose of promoting the filler metal to spread out and 
wet adequately on the base material. Then, the clamp and the 
samples were placed together into a KJL-2 vacuum furnace 
for brazing under the process parameters of vacuum level 
superior to 6×10-3 Pa, brazing temperature at 1060°C and 
holding time for 30 min.

After brazing process, samples were cut by a linear cutting 
machine into blocks with dimensions of 40 mm ×3 mm ×4 
mm. Then, they were ground with a series of different types 
of emery papers, polished, and finally etched with a mixed 
solution of HCl, CH3CH2OH and CuCl2 (100 mL: 100 mL: 
5 g) for about 30 seconds.

2.4 Structural and compositional analysis

Scanning electron microscopy (SEM, model JSM-6408) 
was used to observe the microstructure of the brazed joint 
and the fracture surface. Energy dispersive spectroscopy 
(EDS, model INCA) coupled to the X-ray diffraction (XRD, 
model 6000), was performed to determine the element 
distribution and phase composition of the brazed joint. 
Moreover, transmission electron microscopy (TEM, model 
JEM-2100F) was applied to accurate judgment of the phase 
constituent in DAZ. Nano indentation (model NHT2+MST) 
was also conducted to compare the microhardness variation 
between ISZ and DAZ.

Figure 3. XRD curve of the base material before brazing process.
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2.5 Mechanical properties

The mechanical properties of the brazed joints were 
evaluated by room temperature shear strength. The test 
samples were cut into blocks of 40mm× 6mm × 5mm and 
tested on an electronic mechanical testing machine (model 
CMT5205) using a special fixture with a cross-head speed of 
0.5 mm/min. From the load-displacement curve, the maximum 
strength (σ) was calculated using the following equation:

In the equation, F is the load at the maximum displacement, 
and b (mm) and h (mm) are the width and thickness of 
samples, respectively.

3. Results and Discussion

3.1 Microstructure and microhardness of 
interface zone

Figure 4 showed the typical interfacial microstructure 
of the SLMed Inconel 718 brazed joint. It could be seen 
from Figure 4 that a smooth and clear joint interface without 
solidified defects such as microcracks and pores was formed, 
which attributed to excellent wettability and spreadability 

of filler metal and favorable brazability of base material. 
Brazing seam with width about 50 µm entirely consisted 
of solid solution, which one illustrated the completion of 
isothermally solidified process, another, it appeared perfect 
dissolution and diffusion between base material and filler 
metal. The solid solution reaction of between Ni from base 
material and Cr and Si from filler metal was the reason for 
the emergence of the diffusion layer, which improved the 
bonding strength of the joint. Preservating heat for a period 
of time at brazing temperature, concentration difference 
caused by interdiffusion between base material and filler 
metal was a major driving force of isothermal solidification. 
Under this driving force, B and Si, which were easy to form 
brittle compounds, diffused into base material and avoided 
forming brittle compounds in brazing seam centre. On both 
sides of the brazing seam, plenty of unordered precipitates 
could be easily observed, with the dimensions gradually 
growing bigger from brazing seam to base material.

Figure 5 showed the microhardness variation between 
ISZ and DAZ. In ISZ, the microhardness leveled off, which 
confirmed that isothermally solidified process had completed 
and formed uniform solid solution in ISZ. However, in DAZ, 
there was several microhardness reaching peak values. It 
could be preliminary concluded that DAZ precipitated some 
borides with higher microhardness value.

Table 1. Elements constituent of base material and filler metal (wt.%)

Chemical compositions (wt.%)

 Ni Cr Fe Si B Nb Mo Cu Mn Al Ti

Base 
material 54 20 Bal 0.3 - 4.9 3.1 0.5 0.2 0.6 0.9

Filler metal Bal 6-8 2.5-3.5 4-5 2.75-3.5 - - - - - -

Figure 4. SEM microstructure of the brazed joint.
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3.2 Element distribution by EDS

Depending on different microstructural feature, three 
typical feature regions were selected to analyze the element 
constituent, as marked in Figure 4. EDS analysis results 
of A, B and C regions were shown in Table 2. It was 
important to note that the EDS analyzer was insensitive to 
light element B, due to that the content and distribution of 
B could not be detected. In brazing seam region (region A), 
the content of Ni was up to 81.71%, together with a small 
amount of Fe, Cr and Si. Likewise, the edge of the brazing 
seam (region B) was similar to brazing seam region in the 
aspect of element constituent. It could be preliminarily 
judged that brazing seam consisted of γ-Ni solid solution, 
which dissolved a certain amount of Cr, Fe and Si. Due to 
the small dimensions of a single precipitate in DAZ, EDS 
analyzer could not measure the accurate element constituent 
of a single precipitate. The content of Ni in DAZ (region C) 
reduced to 47.85%, on the contrary, the content of Cr, Fe, 
Nb and Mo had distinct increase.

For further analysis of the elements transformation 
behavior involved in ISZ and DAZ, element distribution 
was examined by EDS, and results were shown in Figure 6. 
From the results, we could concluded that Ni was distributed 
uniformly in brazing seam region, confirming that isothermally 
solidified process of brazing seam was adequately completed 
and Ni-based solid solution were formed. On the edge of 
brazing seam, there showed an obvious change in the content 
of Cr. This was due to sufficient diffusion of B from filler 
metal to base material, which was strongly attractive to Cr. 
Obvious diffusion of Fe confirmed the dissolution reaction of 
the base material. Compared to B, Si showed good solubility 
in Ni, Cr and Fe, and that explained why Si element mostly 

existed in brazing seam region45. Mo and Nb had very high 
melting point and were hard to melt at brazing temperature 
so that Mo and Nb almost not existed in ISZ.

3.3 Phase composition by XRD and TEM

To further clarify the phase constitution near the interface 
of the brazed joint, the identification of different phases 
formed was carried out through XRD and TEM analysis, 
and analysis locations were shown in Figure 7. The obtained 
results were compared with data from the Joint Committee on 
Power Diffraction Standards to determine the existing phases.

Figure 8 showed the XRD analysis results of ISZ where 
entirely consists of γ-Ni (Cr, Fe, Si) solid solution. TEM was 
performed to observe precipitates, and analyze the structure 
by electron diffraction, as shown in Figure 9. TEM results 
illustrated that DAZ consisted of matrix γ-Ni (Cr), together 
with precipitated intermetallic compounds CrB2, Ni3Si and 
FeNi3. Intermetallic compounds could reduce the plasticity 
and toughness of DAZ as brittle phases in course of fracture. 
However, plenty of γ-Ni solid solution with good plasticity 
and toughness could ensure favorable mechanical property 
by overcoming free energy and constraining dislocation 
stress during brazing process.

3.4 Mechanical properties by shear test

3.4.1 Shear test

The mechanical property of the brazed joint was 
evaluated by shear test at room temperature. Three shear 
test samples were prepared to obtain more accurate shear 
value. By calculation, the average shear strength of the 
brazed joint was 802 MPa, about 77% shear strength of the 

Figure 5. Microhardness variation between ISZ and DAZ.

Table 2. Elements constituent of different regions (wt.%)

Region Ni Cr Fe Si Nb Mo Ti

A 81.71 6.32 8.56 3.32 0.10 - -

B 70.74 8.44 15.99 1.66 1.59 1.28 0.30

C 47.85 18.45 18.53 1.16 7.98 5.55 0.48

Figure 6. Element distribution of the brazed joint.



Xia et al.6 Materials Research

base material. Fracture schematic of the brazed joint was 
shown in Figure 10.

3.4.2 Fracture feature

Fracture morphology of the brazed joint was analyzed 
in order to further explain the high shear strength. It could 
be observed from Figure 11(a) that the fracture surface was 
rough and the color was gray. Figure 11(b) showed many 
dimples with different diameter and obvious river pattern. 
Dimple was a typical characteristic of ductile fracture, and 
river pattern represented brittle fracture. The fracture of 
the brazed joint started from DAZ contained intermetallic 
compounds, and then penetrated the ISZ and eventually ended 
up at the other side of the DAZ. Thus, fracture mode of the 
brazed joint could be judged as a mixed ductile-brittle fracture.

3.5 Brazing mechanism

Through above analysis, a clear picture of the brazing 
mechanism was achieved, as shown in Figure 12. When 
brazing temperature rose up to the melting point of BNi-2 
filler metal, BNi-2 filler metal began to melt and filled gaps 
through capillary action. Melting point depressant elements 
Si and B diffused into substrates while substrates would 
dissolve slightly into liquid filler metal to achieve a partial 
balance on the element distribution of solid-liquid interface.

In the stage of heat preservation, with the diffusion 
of melting point depressant elements Si and B, element 
composition of liquid filler metal changed dramatically, which 
caused liquidus of the filler metal near the base material 
increased. When the content of Si and B reduced to a certain 
degree (liquidus was higher than brazing temperature), 
this region began isothermal solidification and nucleated 
non-uniformly to form γ-Ni solid solution. The partition 
coefficient of Si and B in Ni-based solid solution was k 
(~0.8) and k (~0.008) respectively, hence Si and B were 
pushed aside in the process of isothermal solidification.25 
However, B still could pass through γ-Ni solid solution to 
diffuse into base material by virtue of repulsion. Due to that 
isothermally solidified process could continue and form the 
relationship of the shift between ISZ and non-isothermally 
solidified zone. ISZ formed from solid-liquid interface to 
brazing seam center, and enough holding time ensured the 
completion of isothermally solidified process.

When holding time was over, B had already diffused into 
base material. However, B had strong ability of intergranular 
permeation, which would cause the decrease of strength and 
toughness in DAZ. Cr was a strong borides forming element, 
so Cr reacted with B to form CrB2 brittle compounds in 
DAZ. The borides reduced the content of Cr in DAZ and 
then degraded the performance of oxidation and corrosion 
resistance in this region. But from another perspective, 
borides acted as a “pinning” effect on the grain boundary 
of DAZ, which could inhibit grain coarsening. Because the 
solubility of Si in Ni decreased sharply with temperature 

Figure 7. Analysis location of XRD and TEM.

Figure 8. XRD curve of ISZ.
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Figure 9. TEM results of DAZ.

Figure 10. Fracture schematic of the brazed joint.

Figure 11. Fracture morphology of the brazed joint.

declined, γ-Ni solid solution were unable to contain excessive 
Si, and Si precipitated in form of Ni3Si grains during cooling 
stage, surrounding γ-Ni solid solution and playing a role in 
precipitation strength.

Finally, Brazed joint could be divided into two distinct 
zones: ISZ and DAZ. ISZ consisted of γ-Ni solid solution 
formed by complete isothermal solidification, which were 
dissolved a large amount of Cr, Fe and Si. On the basis of 
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Figure 12. Schematic of the brazing process: (a) Temperature rising stage; (b) Thermal insulation stage; (c) Cooling stage.
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base material, DAZ was influenced by elements diffusion and 
then generated some borides and silicides at grain boundary.

4. Conclusion

1. 3D printed Inconel 718 alloys were successfully 
brazed with BNi-2 amorphous filler metal in a 
vacuum furnace with a vacuum level superior to 
6× 10-3Pa, by controlling the brazing temperature 
at 1060°C and the holding time for 30 minutes. 
High-magnification SEM showed a smooth joint 
interface without obvious gas holes, cracks and other 
microdefects, which meant excellent wettability and 
spreadability of the filler metal as well as favorable 
brazability of the base material.

2. The brazed joint consisted of ISZ and DAZ. 
Microhardness reached peak values in DAZ. The 
perfect diffusion of B indicated the completion of 
isothermally solidified process. Another melting 
point depressant element Si also had obvious 
diffusion. The content of Cr increased gradually 
from the centre of the brazing seam to both sides 
of the base material, which was affected by the 
diffusion of B.

3. XRD analysis of ISZ revealed that the phase existed 
in ISZ was γ-Ni(Cr, Fe, Si) solid solution. TEM 
analysis of DAZ showed that DAZ consisted of 
γ-Ni(Cr) solid solution, together with precipitates 
FeNi3, CrB2 and Ni3Si. Borides could reduce the 
plasticity and toughness of DAZ as brittle phases in 
course of fracture, but a large number of γ-Ni solid 
solution contained in ISZ and DAZ could release 
the residual stress by overcoming free energy and 
constraining dislocation stress.

4. Shear value of the brazed joint was up to 802MPa, 
about 77% of the base material. Fracture originated 
at DAZ where a large amount of borides existed. 
Fracture morphology of the brazed joint was 
identified as having a mixed characteristic of a 
brittle fracture of DAZ and a plastic fracture ISZ.
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