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Microstructure and Fracture of 50Mo-50Re Vacuum Brazed with Fe-Si-B Filler Metal
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Microstructural evolution, interfacial reaction and fracture during vacuum brazing of 50Mo-50Re
alloys using amorphous alloy Fe-5.6Si-2.6B(wt%) were investigated. A binary intermetallic compound,
o(Mo,Re,) formed as parallel contiguous layers in the diffusion zone. In addition, Fe from the braze alloy,
in combination with dissolved Mo from the substrate, formed two layers of binary compounds p-Mo Fe,
and A-MoFe,, adjacent to diffusion zone. The unreacted Fe-based filler metal solidified as a-Fe solid
solution. Fracture analysis showed that the mode of failure was mainly transgranular cleavage with partly
intergranular and the fracture located on the interface of 50Mo-50Re alloy and the central area of brazing seam.
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1. Introduction

Molybdenum and its alloys are promising candidates for
high-temperature application. The strength, creep resistance,
and low-temperature ductility of Mo-Re alloys is superior
to those of unalloyed molybdenum, which is described as
the “rhenium effect”'. Mo-Re alloys have been widely used
in the field of aerospace, nuclear energy and electronics.
Developing appropriate joining process for these unique
metals is always crucial for many applications. Joint’s
reliability and phase stability are the key factors for the
successful application of Mo-Re alloys.

Extremely low solubility of oxygen, nitrogen and carbon?,
which caused intensive segregation of impurities to grain
boundaries or other defects, and the high melting point made the
fusion welding of Mo-Re alloys difficult. There were some works
emphasizing the application of different joining techniques such
as electron beam welding?, laser beam welding*?, resistance spot
welding® and friction welding, but most of the joints revealed
poor characteristics due to the formation of porosity or brittle
intermetallic compounds. Reducing the oxygen content in the
welds and proper welding conditions made it possible to produce
sound Mo-Re welds in electron beam welding”™. Furthermore,
intergranular embrittlement of weld metal can be improved by
pre-weld and/or post-weld heat treatments, which were effective
in recovering the strength and plasticity'’. The joining of the
Mo-Re alloys performed in a high—vacuum environments can
well avoid the influence of the impurity elements. Vacuum
brazing process is widely accepted as one of effective methods
in bonding assemblies made from refractory metals, due to its
lower effect on the properties of base metal''"'2.
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Selection of the filler metal used in brazing 50Mo-50Re
alloys always plays a crucial role in order to form robust
joints. Ni-based alloys were used for joining Mo-Re alloys,
primarily due to their good wetting characteristics and high
strength coupled with adequate ductility in the brazed joints™.
Compared to Ni-based filler metal, Fe-based filler metal'4
had the advantage of a relatively low diffusion brazing
temperature. Moreover, the addition of Si and B to the filler
metal could increase the spreading of the filler metal on the
substrate and decreased the melting point.

In particular, the brazing possess with high vacuum
and excellent formation on bonding interface is superior to
general fusion welding methods in joining Mo-Re alloys.
In this paper, Fe-5.6Si-2.6B (wt%) amorphous alloy was
employed as the brazing filler metal to braze 50Mo-50Re
alloy, and the microstructure and fracture of the obtained
joint were studied by SEM, EDS and XRD.

2. Experimental

The 50Mo-50Re alloys (wt%) produced by powder
metallurgy were adopted in this research and the Fe-5.6Si-
2.6B amorphous alloy was prepared in the form of foil.
The microstructure of the substrate was exhibited in
Fig.1. The test material used was the 50Mo-50Re alloy
with dimensions of 100 mmx25 mmx0.06 mm in the
fully recrystallized condition. It was found that rhenium
was mostly dissolved in the 50Mo-50Re alloy, formed
a-Mo(Re) solid solution'* . As shown in Fig.1, the
grain structure of the as-processed 50Mo-50Re alloy
was equiaxed with an average grain size of 38 pm.
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Before being brazed, the surface of the samples
was polished and then unltrasonic cleaned in alcohol.
Because of the small size, the substrates and filler
metal were put into the special fixture, as shown in
Fig.2, with a sequence of 50Mo-50Re, brazing foil and
50Mo-50Re to prevent relative displacement while
these experimental samples being brazed. Meanwhile, a
suitable pressure applied on the samples could promote
the brazing filler to spread out and wet adequately on
the substrate. Such a set of piled-up samples was put
into a vacuum furnace, heated to a brazing temperature
of 1150°C with a holding time for 45 min under a
vacuum of 6x10~*Pa.

Suitable Pressure

Mo-Re

Filler Metal
Fe-Si-B

Figure 2. The schematic of assembly drawing
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3. Results and Discussion

3.1 Microstructure

A typical microstructure of the cross section of the brazed
seam region of the 50Mo-50Re joint, brazed at 1150°C for 45
minutes was shown in Fig. 3. It was noted that the interfaces
between the brazing alloy and the substrate, on either side, were
free from pores, cracks, or discontinuities. The entire brazed seam
region, as shown in Fig. 3(a), can be divided into five zones,
marked as A through E. At the interface between 50Mo-50Re
alloy and braze alloy, a layer with a uniform thickness of about
5 um formed parallel to the original interface. Due to solid-
liquid interaction on the 50Mo-50Re side of the brazed seam
region, parallel layers of intermetallic compounds with planar
morphology, collectively marked as zone B in Fig. 3(a), were
formed. Layer C, adjacent to the zone B, consisted of irregular,
block-like precipitate phase. The chemical compositions of
various phases formed in the brazed seam, marked as A through
E in Fig. 3(a) were listed in Table 1.

Table 1. Elements content of different regions in Fig. 3 (at%)
Element Mo Re Fe Si

Location at%  at% at% at% possible phase
A 59.63 30.01 1036 — c-Mo,Re,
B 5242 430 4271 0.58 p-MoFe, \-MoFe,
C 22.14 782 57.60 1245 A-MoFe,
D 2097 17.04 50.87 11.13 A-MoFe,
E 131 486 8578 8.06 a-Fe

On the interface, shown in Fig. 3(b), a stable concentration
gradient resulted in closely arranged columnar grains growing
into brazing seam from the substrate during directional
solidification. According to the binary phase diagram of
Mo-Re'”, the main microstructure of diffusion layer (region
A) with a width of about Sum consisted of 6(Mo,Re,) phases
in form of columnar crystal, which dissolved a small amount
of Fe element.

Line Scan Location’

Figure 3. Microstructure of the 50Mo-50Re/ Fe-Si-B brazed joint: (a) Microstructure of the brazed joint and feature regions; (b) Micro

morphology of the interface of the brazed joint
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Fig. 4 showed the phase diagram of Fe-Mo binary alloy
system, where the dotted line and the actual line are the
metastable coherent binodal and spinodal lines, respectively.
The lines are biasymmetric against composition, because
of proportional increment of elastic constants with Mo
contents. The continuous two-phase layer, marked as B
in Figure 3(a), primarily consisted of Mo and Fe. The
chemical composition of the region B was performed at
the chain line in the diagram.
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Figure 4. Equilibrium phase diagram of the Fe-Mo system

According to the equilibrium phase diagram of the
Fe-Mo system, the supersaturated solid solution forms
Mo-rich zone and Fe-rich zone as a result of spinodal
decomposition during cooling stage. Eventually, phases
of zone B were intermetallic compounds of pu-Mo Fe, and
A-MoFe,. The A-MoFe, phase appeared as off-white phase
surrounded by the dark phase u-Mo Fe.. It was deduced that
the region B with the smooth interface, which promoted a
good metallurgical combination, was probably caused by
solid-state interdiffusion between p-Mo Fe and A-MoFe,.

From the substrate to the brazing seam, the Mo content
decreases with the diffusion distance increasing (seen in Fig.5).
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Figure 5. Element distribution across the interface of 50Mo-50Re/
Fe-Si-B
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Therefore, an irregular single-phase layer, marked as C,
consisting of A-MoFe, with lower Mo content formed
along with the region B. There was a partial white phase
(marked by D) with almost identical chemical composition
with region C except for higher Re content in the braze
seam. The white phase considered the A-MoFe, phase
with high Re content. Among the Fe-Mo-based binary
intermetallic layers in the brazed seam, u-Mo Fe_ had the
highest melting point and can be assumed the first phase
to form. The intermetallic compound layer obstructed the
diffusion between filler metal and the 50Mo-50Re substrate.
There was abundant residual filler metal liquid in brazed
seam center. During solidification, a-Fe solid solution
formed in the brazed seam, which was the key to obtain a
favorable connection.

3.2 Element distribution

Elements distribution plays an important role in
determining the microstructure feature and performance
of the brazed joint. Element distribution of Fe, Mo, Re
and Si that cross the interface of 50Mo-50Re/Fe-Si-B joint
was measured by INCA Energy Diffraction Spectrum, as
shown in Fig.5. The test location was shown in Fig.3(a)
by the arrow.

When the filler metal melted, since the liquid phase
and solid base metal were not in equilibrium, the 50Mo-
50Re began to dissolve. The dissolution increased Mo
and Re content in the liquid phase and decreased Si and B
content to adjust its equilibrium chemical composition to
the equilibrium liquid. Participation of alloying elements
in brazed seam into the liquid phase and diffusion of Si
and B into substrate resulted in increasing the liquidus
temperature of the melt. When the brazing temperature
reached the liquidus temperature, the solidification started
from liquid/solid interface towards the joint centerline.
Because of transportation, Si elements diffused into the
subtrate. During the solidification stage of the brazing, the
intermetallic compound layers formed firstly and along with
the diffusion zone, which obstructed the transportation.
Most of Fe element remained in brazed seam center,
meanwhile, some Fe reacting with Mo formed p-Mo Fe,
and A-MoFe,. As can been seen from the Fig.5, Mo and Fe
element concentration on the substrates side agreed well
with the microstructure analysis of reaction layers, which
consisted of Mo-Fe phases. According to EDS results and
element distribution, Fe formed intermetallic preferentially
with the Mo component of the 50Mo-50Re alloy, not with
Re. Therefore, Re elements uniform distributed in the
brazed seam and the consumption of Mo from the substrate
during brazing resulted in depletion of Mo content in the
other feature region.
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3.3 Phase analysis

To further clarify phase constitution near the interface
of the brazed joint, XRD analysis was carried out in the
fracture of 50Mo-50Re/Fe-Si-B joint. The obtained result
was compared with data from the Joint Committee on Power
Diffraction Stands (JCPDS) to determine the existed phase,
as shown in Fig.6.
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Figure 6. XRD patterns of the 50Mo-50Re/Fe-Si-B brazed joint
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o-Fe(Si, Re) was the main component in the brazed
seam of the joint of 50Mo-50Re/Fe-Si-B joint. Meanwhile,
IMC phase of w(Mo,Fe.), M(MoFe,) and 6(Mo,Re,) formed
on the interface of substrates. Due to the diffusion, some
Fe element infiltrated in substrates and formed Mo (Fe, Re)
solid solution.

3.4 Fracture morphology

The feature of plasticity and toughness on the 50Mo-
50Re/Fe-Si-B joint was greatly affected by interfacial
bonding strength. The SEM fracture morphology with
different zones, marked as 1, 2 and 3, were shown in
Fig. 7(a). A higher magnification image of a location that
was circled by the red line in Fig. 7(a) showed fractured
in a brittle mode with a mixture of cleavage and grain
boundary facets (Fig. 7¢). Fracture mode in the joint was
mainly transgranular cleavage with partly intergranular. The
cleavage fracture corresponded to the hard intermetallic
compounds formed in the reaction layer. Indeed, the grain
boundary of a-Fe acted as the connecting ligaments of the
microstructure, are sufficiently large.

Most of the identified failure initiation sites were transgranular
facets, although steps cleavage facets were observed indicating that
crack propagation took place intergranularly or transgranualrly.

Signal A = SE2

K Signal A = SE2

Figure 7. Micrograph of the fracture of the 50Mo-50Re/Fe-Si-B brazed joint: (a) Fracture morphology at low magnification;

(b) Fracture morphology; (¢) Micro fracture morphology
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According to the EDS result, the chemical composition of the
feature regions were conducted: 1 (Fe46.15at%, Mo035.47at%,
Rel5.17at%, Si3.21at%), 2 (Fe88.59at%, Mo0.87at%,
Re4.18at%, Si6.36at%), 3(Fe38.20at%, Mo41.78at%,
Re20.02at%, Si0at%). In accordance with the result of EDS
analysis results of regions in Table 1, the fracture positions
were located at the interface near the 50Mo-50Re alloys
and the center of brazed seam region. Therefore, it could
be concluded that the fracture occurred in layer A near the
columnar crystals in Fig. 3. The p-(Mo Fe.), A.-(MoFe,) and
c-(Mo,Re,) intermetallic compounds, which distributed
continuously in the interface of Mo-Re stud and filler metal,
led to the fracture for its brittle property.

4. Conclusions

(1) Reliable brazing of 50Mo-50Re alloy was achieved
by using Fe-5.6Si-2.6B amorphous alloy with process
parameters, brazing temperature 1150°C, holding
time 45 min and vacuum level superior to 6x10- Pa.

(2) The typical interfacial microstructure of 50Mo-50Re/
Fe-5.6Si-2.6B joint was a-Fe and intermetallic
compound layers of p-(MoFe ), A-(MoFe,) and
c-(Mo,Re,).

(3) Fracture morphology was identified as mainly
transgranular cleavage fracture with partly intergranular
and located on the interface of 50Mo-50Re alloy
and the central area of brazing seam.
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