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Ductile Braze Repairs for Ni-Based Superalloys Using 
Novel MPEA Filler Metal

A novel multiprincipal-element alloy filler metal provides comparable strength to 
and enhanced ductility over conventional fillers for superalloy repair

BY B. SCHNEIDERMAN, O. DENONNO, J. KLEMM-TOOLE, AND Z. YU

Abstract

The performance of a newly developed multiprincipal-
element alloy (MPEA) filler metal for brazing of nickel-
based superalloys was directly compared to a 
conventional boron- and silicon-suppressed filler 
(BSSF) metal. The comparison was demonstrated on 
an Alloy 600 substrate with a brazing temperature of 
1200°C. Single-phase solidification behavior and the 
absence of boron and silicon in the MPEA led to a joint 
microstructure devoid of eutectic constituents or brittle 
phases in brazes employing this filler metal. In the 
brazes using the conventional BSSF metal, incomplete 
isothermal solidification and subsequent athermal 
solidification of the residual liquid resulted in large 
particles of a chromium-rich boride phase distributed 
throughout the microstructure. Tensile testing of brazed 
butt joints at both room temperature and 600°C testing 
conditions demonstrated that the MPEA joints exhibited 
total ductility values at least one order of magnitude 
greater than that of BSSF joints, but they showed 
comparable yield strengths in both testing conditions. 
Fractographic assessment confirmed that boride phases 
nucleated cracks and resulted in brittle failure in the 
BSSF joints, while the MPEA joints exhibited extensive 
ductile microvoid coalescence. Fine-scale porosity and 
oxide inclusions may be the dominant factors limiting 
the overall ductility observed in the MPEA brazes.
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Introduction
Nickel (Ni)-based superalloys are widely employed in elevated-

temperature applications in the power generation and aerospace 
industries due to their desirable mechanical properties at high 
temperatures. Despite their exceptional properties, damage 
mechanisms such as fatigue, creep, and surface degradation 
cause cracking in Ni-based components during service (Ref. 1). 
Braze repair processes have been developed over the past sev-
eral decades in the attempt to prolong component service life. 
Conventional brazing, in which a molten filler material is briefly 
flowed into the damage-induced gap or crack, typically employs 
Ni-based filler materials with boron (B) and/or silicon (Si) added 
as melting-point depressants (MPDs). Solidification upon cooling 
leaves behind significant volume fractions of boride or silicide 
phases within eutectic constituents, which are brittle and degrade 
joint ductility (Refs. 1, 2).

Transient liquid phase (TLP) brazing, using either a  braze filler 
metal only (Refs. 3–8) or a mixture of filler metal and substrate 
powder (also called wide-gap  brazing or transient liquid phase 
infiltration [TLI]) (Refs. 1, 9–12), can theoretically eliminate borides 
and silicides from the microstructure. These processes rely on the 
rapid diffusion of MPD elements into the substrate material, as 
shown from stages i to ii in Fig. 1A, causing a local composition 
change that drives isothermal solidification at a holding tem-
perature. In the case of TLI, substrate powder particles serve as 
additional diffusion sinks to enable isothermal solidification to 

https://doi.org/10.29391/2022.101.007

MARCH 2022 | 85-s



occur with wider joint clearances by shortening necessary diffu-
sion distances (Refs. 1, 9–12). Ideally, TLP and TLI are expected to 
result in a homogeneous microstructure with no second phases 
and high-strength brazes with appreciable ductility (Refs. 1, 9). 
However, homogeneous microstructures are rarely achieved in 
industrial braze repairs. Full isothermal solidification requires 
long hold times for MPD diffusion to reduce the solute content 
to the solidus composition (≤ xS in the phase diagram shown in 
Fig. 1A), often on the order of hours for a narrow joint clearance 
of approximately 25 μm (Refs. 1, 3). Incomplete isothermal solid-
ification may occur if the hold time is insufficient, leaving behind 
residual liquid that subsequently solidifies athermally as a eutectic 
mixture during cooling (Refs. 1, 4, 7, 8), as illustrated by stages 
iii and iv in Fig. 1A.

Furthermore, if the brazing temperature is below the binary 
eutectic temperature of a pair of elements in the system,  
diffusion-induced saturation of B or Si beyond the solubility limit 
(Refs. 4–8) may occur, causing precipitation of borides or sili-
cides in the solid state, as illustrated by stages iii and iv in Fig. 
1A. These second phases usually do not redissolve without an 
additional elevated-temperature heat treatment (Refs. 3, 6). The 

role of diffusion-induced boride or silicide phases in the brazed 
microstructure is important to consider. Literature reports do 
not isolate the impact of the diffusion-induced boride or silicide 
precipitates upon mechanical properties; instead, they usually 
discuss athermally solidified borides and silicides as the primary 
ductility inhibitors. However, it is noteworthy that poor ductility is 
often demonstrated even at long process durations. For example, 
a comprehensive review of mechanical properties in wide joint 
clearance Ni-based superalloy brazes performed by TLI indicated 
that the highest room-temperature elongation achieved was 2.3% 
in a process employing a hold duration of up to 20 h (Ref. 1).

Boron- and Si-free braze filler metals can be employed using 
conventional brazing cycles of shorter duration, but these are 
usually based in expensive noble metals, such as Au or Ag (Refs. 
13, 14). Miglietti and Du Toit reported studies on Ni-based fill-
ers for conventional brazing in which the MPD elements were 
replaced by either Hf or Zr (Refs. 15, 16). Most of the resulting 
microstructures contained eutectic constituents with phases 
rich in these new MPDs (Refs. 15, 16). Although these eutectics 
were not as detrimental to ductility as borides or silicides and the 
joints exhibited a strength approximately 65% of that of the base 
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Fig. 1 — Schematic illustrations of the phase diagram and microstructure evolution during brazing using the following:  
A — Conventional TLP braze filler with formation of secondary phases in the eutectic constituents (modeled after Ref. 
6); B — the new MPEA filler metal.
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material over a range of testing temperatures, the total tensile 
elongation did not exceed 5% (Refs. 15, 16). Hence, there is a need 
for superalloy braze repair filler metals that offer a combination 
of high ductility and strength, short processing durations, and 
inexpensive constituent elements.

Filler Metal Design Strategy
The authors’ research group recently developed a new multi-

principal-element alloy (MPEA) filler metal of the approximate 
composition Mn35Fe5Co20Ni20Cu20 (Refs. 17, 18) to address this 
challenge. Early theory pertaining to MPEAs predicted several 
properties that render them attractive candidates for a novel class 
of filler alloys, including vast design space, single-phase stability 
(Refs. 19–21), severe lattice distortion (Ref. 22) within a random 
solid-solution structure, and the potential for sluggish diffusion 

(Refs. 23, 24). Lattice distortion may lend itself to desirable high 
strain-hardening rates and corresponding toughness. Sluggish 
diffusion may delay undesirable interactions with superalloy 
substrates during service at elevated temperatures, inhibiting 
detrimental secondary phases by limiting interdiffusion across 
the joint interface. Nonetheless, a flexible design space to tune 
the solidification range and a stable single phase with appreciable 
ductility are the most important characteristics of MPEAs, giving 
them the potential to avoid formation of brittle second phases 
that plague superalloy repair with conventional filler metals. This 
scenario is illustrated in Fig. 1B, which shows very limited isother-
mal solidification occurs during the braze holding step, and no 
second phases precipitate during subsequent solidification of 
the remaining liquid during cooling.

While more recent studies have questioned the universality of 
the entropy-stabilized single-phase behavior among MPEAs (Ref. 

Table 1 — Nominal Composition (wt-%) of the BSSF Filler Metal (Ref. 33), MPEA Filler Metal, and Alloy 600 Base 
Material (Ref. 32)

Ni Cr Fe B Si C Mn S Cu Co

BSSF 
filler 

metal
Bal. 7.0 3.0 3.1 4.5 — — — — —

MPEA 
filler 

metal
20.2 — 4.8 — — — 33.0 — 21.8 20.2

Alloy 
600 base 
material

72.0  
min.

14 0– 
17.0

6.0– 
10.0 — 0.50 

max.
0.15  
max.

1.00  
max.

0.50 
max.

0.50 
max. —

*Note: The MPEA nominal composition has been converted to wt-% for comparison with the other alloys.

Fig. 2 — A — A subset of the solidification curves output from high-throughput Scheil solidification simulations 
for the MnFeCoNiCu system in Phase II of the down-selection process; B, C — isopleth phase diagrams in Phase III 
demonstrating the tolerance of the single-phase behavior of Mn35Fe5Co20Ni20Cu20 to Ni (B) and Cr (C) diffused from the 
substrate.
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25), there is a general acknowledgment that ductile face-centered 
cubic (FCC) crystal structures are prevalent among 3d- 
transition metal MPEAs (Ref. 26). Exploiting this, the specific 
filler metal composition was down-selected from a set of nine 3d- 
transition metal elements via a multistep computational approach 
to filter a large candidate pool. The design criteria governing 
candidate down-selection were to generate a single-phase FCC 
microstructure and a sufficiently low liquidus temperature to braze 
at least 100°C below the solidus temperature of the Alloy 600 
substrate (Ref. 17). The down-selection process was subdivided 
into three phases as described below.

Phase I targeted the selection of an appropriate alloy system 
or a group of five elements with a high likelihood of exhibiting a  
single-phase FCC crystal structure over a wide composition 
space. In MPEA literature, the traditional Hume-Rothery rules 
(Refs. 27–29) were extended (Refs. 26, 30, 31) to define appro-
priate ranges for atomic size mismatch, average valence electron 
concentration, ΔSmix (entropy of mixing), and ΔHmix (enthalpy 
of mixing) that would favor the stability of disordered solid- 
solution FCC phases. Of the five-element systems considered, the 
MnFeCoNiCu system displayed the largest fraction of composi-
tions that lie within the specified ranges for all criteria. 

Phase II of the selection process aimed to probe the composition 
space within an alloy system to seek compositions with an appro-
priate melting range. This was accomplished by high-throughput 
Scheil solidification simulations in the Thermo-Calc software 
performed through the TC-Python™ interface. Figure 2A shows a 
subset of the solidification curves output from the simulation set 
on the MnFeCoNiCu system, indicating the variability of the solid-
ification temperature range for compositions within the system. 
Based on this analysis, Mn35Fe5Co20Ni20Cu20, with the Scheil curve 
identified in Fig. 2A, was identified as a specific candidate com-
position. Subsequent equilibrium thermodynamic calculations 
were employed to estimate the solidification temperature range 
for this composition under slow furnace-cooled conditions. These 
calculations predicted a liquidus temperature of 1150°C and a 
solidus temperature of 1090°C, which were confirmed to match 
experimental differential thermal analysis results to within 10°C 
(Ref. 17). This solidification range renders the composition appro-
priate for brazing at 1200°C, which is approximately 150°C below 
the solidus temperature of Alloy 600 (Ref. 32). Note that predic-
tions of phases that form upon solidification were also employed 
in Phase II to corroborate the Phase I filtration outputs.

Finally, Phase III examined whether selected compositions are 
robust in their single-phase stability after interactions with the 

Fig. 3 — A — Schematic illustration of the fixturing assembly employed during brazing; B — drawing of the ASTM E8M 
specimen machined from each butt joint, where the dimensions are in mm; C, D — thermal profiles employed for 
brazing with the MPEA filler (C) (Ref. 17) and BSSF filler metal (D) (Ref. 34).
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superalloy substrate during brazing. As indicated by the isopleth 
phase diagrams in Fig. 2B and C, Mn35Fe5Co20Ni20Cu20 possesses 
a high tolerance to dilution in Ni and appreciable tolerance to 
dilution in Cr without forming second phases. Although as- 
solidified MPEA microstructures do not represent an equilibrium 
thermodynamic condition (Ref. 18), the calculated phase dia-
grams can nonetheless offer insight regarding the robustness 
of single-phase stability. The initial feasibility study confirmed 
that this overall strategy was successful in selecting a viable 
filler metal composition (Ref. 17). For the Mn35Fe5Co20Ni20Cu20 
MPEA, the phase diagram is isomorphous with a narrow solid-

ification range, and all the constituent MPEA elements diffuse 
into the substrate at similar rates (Ref. 17), which prevents local 
supersaturation of a particular element. Neither postmortem 
microstructural characterizations nor in-situ examination of 
the MPEA solidification behavior (Ref. 18) showed intermetallic 
phases under the optimum brazing conditions (Ref. 17). For joints 
brazed using optimized parameters, room temperature shear 
strengths of up to 530 MPa were reported for brazed lap joints in 
the original study (Ref. 17). However, cracked Ni-based superalloy 
components that are repaired and returned to service are more 
likely to exert tensile stresses on the filler metal and operate at 

Fig. 4 — Optical micrographs of the braze cross section of the MPEA joint (A) and BSSF joint (B) along with SEM 
micrographs and EDS element maps of representative braze cross sections of the MPEA (C–D) and BSSF joints (E–F).
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elevated temperatures. The objective of this study was to identify 
both room- and high-temperature tensile properties of the MPEA 
braze and compare them directly to those of a conventional braze.

Experimental Methods
As illustrated in Fig. 3A, cylindrical rods of Ni-based Alloy 600 

3/8 in. in diameter and 2 in. long were stacked vertically end to 
end and brazed to form a butt joint. Stainless steel fixturing was 
engineered to ensure good alignment, and a Continental Braze 
Supply LLC Pro-Stop Braze 700V was employed to prevent bonding 
to the fixture. Specimens were brazed using one of two types of 

filler metals: a 300-μm-thick MPEA filler metal foil manufactured 
as detailed in Gao et al. (Ref. 17) or a commercially available B- and 
Si-suppressed filler (BSSF) paste. The BSSF paste was formed by 
mixing powder with the nominal composition, as listed in Table 
1 (Ref. 33), with Vitta-Braz Binder Gel-Grade ST in a ratio of 10 
wt-% gel and 90 wt-% powder. For comparison, Table 1 also lists 
the nominal composition of the Alloy 600 base material (Ref. 32). 
No means of joint clearance control was employed, as the rods 
were permitted to move freely in their axial direction by virtue 
of a 0.005-in.-radius difference with respect to the holes in the 
fixture plates. Brazing was performed in a high-vacuum furnace 
with a mechanically backed diffusion pump operating at a pressure 
no greater than 10–5 torr.
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Fig. 5 — A, B — Engineering stress-strain data for room-temperature and 600°C tests for joints brazed using the MPEA 
filler metal (A) and BSSF filler metal (B). Note the difference in the x-axis scaling. The insets show strain-partitioning 
maps generated from digital image correlation, which was taken at the loading conditions indicated on the stress-
strain curves. The adjoining plots in the insets qualitatively show the fractional distribution of the assessed area that 
experiences particular strain values; C — comparison of cross-sectional strain profiles at the locations indicated by 
the dashed lines in the insets in A and B; D — summary of mechanical properties, with error bars representing one 
standard deviation.
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Because the MPEA has a reported melting range of 1080–
1150°C (Ref. 17), and the melting range of the BSSF filler metal is 
971–999°C (Ref. 33), both are viable for brazing Alloy 600 (melting 
range 1354–1413°C) (Ref. 32). The optimum brazing temperature 
of 1200°C reported for the MPEA (Ref. 17) was selected for both 
filler metals to make a direct comparison. The MPEA joints were 
heated to 1200°C at a rate of 15°C/min and held for 90 min fol-
lowed by a furnace cool in accordance with the reported optimal 
thermal profile (Ref. 17, Fig. 3C). To highlight the differences in 
filler metal performance under similar processing requirements, 
the BSSF metal brazing procedure outlined in Hawk’s work (Ref. 
34) was selected because it closely mirrors the overall process
time necessary for the MPEA brazing process. The thermal cycle 
for the BSSF metal joints (Fig. 3D) involved intermediate hold-
ing stages during heating at 200°C to remove excess moisture
in the paste (at 583°C for binder decomposition and at 900°C 
for temperature equilibration). The heating rate was 15°C/min 
between each hold. The final brazing temperature was 1200°C, 
with a 10-min hold time followed by a furnace cool.

Specimens were either prepared for metallographic examina-
tion by diametrically cross sectioning the joint and polishing to a 
final step of 0.05 μm or machined into ASTM E8M round tensile 
specimens with a 6-mm gauge diameter and a surface finish of 
32 μin — Fig. 3B. Analysis of the microstructure and elemental 
distribution in the cross section of the joints was performed with a 
JEOL 7000F field-emission scanning electron microscope (SEM) 
with an energy dispersive spectrometer (EDS) operating at 20 kV 
and a 10-mm working distance.

Room temperature and 600°C elevated temperature tensile 
tests were performed at a strain rate of 1 × 10-3 s-1 on an MTS 
Landmark 22.5 kip load frame equipped with a pyrometer- 
controlled induction furnace, water-cooled grips, and an elevated- 
temperature extensometer. Three tensile tests were performed 
for each condition. For the room temperature tests, digital image 
correlation (DIC) was used to generate strain-partitioning maps. 
Prior to testing at 600°C, the pyrometer emissivity was calibrated 
against a K-type thermocouple contacting base material at the 
same surface finish as the tensile specimens. Specimens were 
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Fig. 6 — SEM micrographs of fracture surfaces following mechanical testing of the MPEA braze: A, B — Low-
magnification images highlighting the presence of dispersed contaminant particles on the fracture surfaces. C, D — 
higher-magnification images displaying ductile MVC. A, C — room temperature tests; B, D — 600°C tests.
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held at 600°C for 3 min prior to initiating the tensile test. After 
testing, fracture surfaces were examined using an FEI Helios 
Nanolab 600i SEM.

Results and Discussion

Braze Microstructure and Composition

Figure 4A and B illustrate macroscopic views of the MPEA and 
BSSF metal braze joints captured from optical microscopy. Sec-
ondary electron images and corresponding EDS element maps 
of representative areas of joint cross sections are provided in Fig. 
4C–F. Large circular pores in the BSSF metal joint can be observed 
in Fig. 4B. The pores in the MPEA joint were considerably smaller 
and only observable in the SEM micrograph, as shown in Fig. 4C. 

As shown in Fig. 4E and F, a Cr-rich boride phase was observed 
in eutectic constituents that populated the centerline of the BSSF 
metal joint. Boron was excluded from the EDS element map in Fig. 
4F due to the low signal-to-noise ratio when detecting elements 

below carbon in atomic number using EDS. However, the estimated 
composition of the boride, determined using point-based EDS 
measurement with a higher signal-to-noise ratio, is provided in 
Table 2. The extent of the boride phase, limited to within approx-
imately 20 μm of the joint centerline, indicated that isothermal 
solidification likely occurred during the 10-min holding cycle. 
However, isothermal solidification was incomplete, and the resid-
ual liquid solidified as a eutectic mixture at the joint centerline, 
as discussed in Fig. 1A. As indicated in Fig. 4C–D, the MPEA braze 
exhibited no harmful second-phase formation in the solidification 
microstructure, although Mn and Cu segregation were observed 
at the centerline of the joint, as detailed in Refs. 17 and 18.

Chromium-rich oxide was observed to discontinuously populate 
grain boundaries, as shown in Fig. 4D. Of the constituent metallic 
elements, Cr and Mn have the greatest affinity for oxygen (Ref. 35), 
which could explain why Cr preferentially oxidizes. The estimated 
composition of this oxide from point-based EDS is provided in 
Table 2. While the point-based data indicated more Ni than Cr 
in the assessed region, the particles were small enough that the 
EDS interaction volume likely encompassed both the particle and 

Fig. 7 — SEM micrographs of fracture surfaces following mechanical testing of the BSSF braze: A, B — Low-magnification 
images displaying boride phase clusters and pore remnants; C, D — higher-magnification images indicating cracking 
through boride particles and brittle cleavage fracture. A, C — room temperature tests; B, D — 600°C tests.
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92-s | WELDING JOURNAL



some of the surrounding matrix. Local Cr and oxygen enrichment 
in the particle is conclusively demonstrated in the EDS map insets 
provided in Fig. 4D.

Mechanical Performance

Figure 5 summarizes the mechanical testing results for joints 
brazed with the MPEA and BSSF filler metals. Figure 5A and B 
provide the individual engineering stress-strain curves for each 
specimen tested. The contour maps in the insets, along with 
Fig. 5C, directly compare strain partitioning behavior measured 
through room-temperature DIC. Figure 5D summarizes the sta-
tistical distribution of the mechanical properties for the two 
joints under both testing conditions. As indicated, the average 
total elongation for the MPEA braze was 15.2 and 9.9% for room- 
temperature and 600°C testing, respectively, while elongation 
was limited to less than 1% for the BSSF braze under both testing 
conditions. The DIC strain data demonstrated that the MPEA-
brazed specimens underwent extensive yielding throughout the 
gauge length of the specimen, achieving a uniform elongation 
of approximately 8%, as shown by the legend in the inset of Fig. 
5A. In contrast, the BSSF braze only yielded in highly localized 
deformation within the joint — Fig. 5B. Both specimens ultimately 
experienced interfacial failure.

Figures 6 and 7 provide a fractographic assessment of the 
mechanical behavior of the MPEA filler and BSSF braze metals, 
respectively. As illustrated in Fig. 6A and B, dispersed contami-
nant inclusions with an irregular morphology up to 50 μm in size 
were observed on the MPEA braze fracture surface. The average 
composition of five of these particles is provided in Table 2. The 
composition indicated that the particles were mixed carbides 
and oxides of several contaminant elements, including Mg, Si, Al, 
Ca, and Ti, with low concentrations of any of the MPEA or Alloy 
600 primary constituents. The presence of these contaminant 

elements indicated room for improvement in avoiding contami-
nation of the manufacturing process described in Gao et al. (Ref. 
17). Despite the contamination particles, the fracture surfaces of 
the MPEA braze were dominated by extensive regions of ductile 
microvoid coalescence (MVC) — Fig. 6C, D. In contrast, no MVC 
was identified in the BSSF fractographs displayed in Fig. 7A and B. 
Two features on these fracture surfaces can be correlated with the 
cross-sectional micrographs displayed in Fig. 4. Circular features 
ranging from 20 to 50 μm in diameter (Fig. 7A) were identified as 
the remnants of preexisting pores at the braze interface visible 
in Fig. 4B. Clusters of second phase that possessed a flower-like 
morphology, shown in Fig 7A andB, were identified as the Cr-rich 
boride seen in Fig. 4E and F. The identity of these second phases 
was confirmed through EDS analysis on the fracture surfaces.

Figure 7C and D shows the BSSF metal fracture surfaces at 
higher magnification. Cracks were clearly observed adjacent to 
flat, planar features that possessed branching “river” markings 
around the borides. This set of features is consistent with crack 
nucleation and brittle cleavage fracture at the interface between a 
boride particle and matrix. Cracks were not observed to nucleate 
from the pore remnants shown in Fig. 7A and B. Therefore, the 
microstructural feature dominating the failure mechanism of 
the BSSF metal braze was the Cr-rich boride phase, despite the 
porosity observed in Fig. 4B. 

The BSSF metal brazing process employed in this work can 
be considered sufficiently representative of the brazes that fail 
by the same mechanism commonly reported in literature (Refs. 
7, 8), although the amount of athermally solidified eutectics in 
this work may be more than the optimal or desirable level. It is 
acknowledged that substantially longer braze hold times would 
likely reduce the extent of the eutectic microconstituent con-
taining the boride phase by promoting additional isothermal 
solidification. However, as detailed previously, it is difficult to 
completely eliminate boride phases, as evidenced by the reten-

Table 2 — Compositions (at.-%) of Nonsolid-Solution Particles Appearing in the MPEA or BSSF Metal Braze*

Element (at.-%) B C O Mg Al Si Ca Ti Cr Mn Fe Co Ni Cu

Cr-rich oxide particles at 
grain boundaries in the
MPEA filler metal braze

— 9.1 56.6 — — — — — 5.1 4.8 3.0 2.6 17.5 1.2

Cr-rich boride particles 
in the BSSF metal cross

section
69.3 — — — — — — — 28.9 0.6 — — 1.2 —

Contaminant particles 
on the MPEA fracture 

surface
— 33.5 35.0 2.5 1.3 3.2 3.4 6.6 — 0.1 0.03 — 0.2 —

*Note: Compositions represent an average of point-based EDS analyses taken over five distinct particles.
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tion of diffusion-induced borides in the microstructure of a TLP 
bond, even after complete isothermal solidification was achieved 
(Ref. 3). It is also notable that the elongation of the MPEA braze 
reported in Fig. 5 was greater than almost all reported values for 
brazes employing conventional filler metals (Ref. 1).

No crack inititation sites could be easily identified via fractog-
raphy on the MPEA braze fracture surface due to the extensive 
ductile MVC. The elongation data in Fig. 5D (green bars) and the 
individual stress-strain curves in Fig. 5A and B indicate that the 
ductility of the MPEA braze, while always superior to that of the 
BSSF metal, exhibited considerable variation for both room- 
temperature and elevated-temperature tests. The inconsistent 
elongation demonstrated by the MPEA braze suggests inconsis-
tency in the nature of stress concentrators and fracture nucleation 
sites contained within the braze. The irregular morphology of the 
porosity visible in the cross section (Fig. 4C), along with the broad 
distribution in size, suggest that this porosity may cause variable 
stress concentration and contribute to the scatter in the ductility. 

Alternatively, the presence of Cr-rich oxides along grain 
boundaries (Fig. 4D) and the larger, dispersed oxide and carbide 
inclusions on the fracture surfaces of the MPEA braze (Fig. 6A, B) 
could play a role in nucleating fracture and ultimate failure. If the 
large inclusions govern failure, it is likely that further improvement 
in performance could be achieved by developing a cleaner means 
of filler metal production. The current production method by arc 
casting and cold rolling (Ref. 17) is not yet optimized to mitigate 
contaminants and oxidation, as emphasized by the presence of 
several contaminant elements (Table 2) in the fracture-surface 
particles. Regardless of which feature is primarily involved, the 
ductility data demonstrated that the MPEA filler metal possessed 
substantial tolerance to defects in the braze microstructure before 
failure was initiated.

The average yield strengths (red bars in Fig. 5D) exhibited by 
the two braze specimens were comparable to within one standard 
deviation at both room temperature and 600°C, as indicated by 
the error bars. The ultimate tensile strength (blue bars in Fig. 
5D) was greater for the MPEA than the BSSF metal, due to the 
significant work hardening experienced during plastic deforma-
tion (Fig. 5A). Thus, it was concluded that the MPEA braze offers 
superior ductility over the BSSF braze and comparable strength 
at both room temperature and 600°C, which together represent 
a marked improvement in the fracture toughness.

The room-temperature yield strengths measured were 218 
MPa for the MPEA braze and 230 MPa for the BSSF braze. These 
values were 33.4 and 35.2% of the measured value of 653 MPa for 
the Alloy 600 base material tested in the as-received condition. 
However, metallographic assessment performed on as-received 
Alloy 600 and material that was subjected to the MPEA brazing 
thermal cycle indicated that the majority of this reduction in yield 
strength could be attributed to grain growth in the base mate-
rial. The grain size in the as-received condition was found to be 
9 μm ± 1 μm, and the grain size in the material that underwent 
the thermal cycle was found to be 301 μm ± 83 μm. These data 
were analyzed in conjunction with a reported Hall-Petch-type 
relationship for Alloy 600 (Ref. 36), and it was found that this 
grain growth alone could account for 84% of the observed yield 
strength debit in the brazes. Considering the empirical nature 
of the Hall-Petch relationship and the DIC data that indicated 
uniform initial yielding throughout the specimen gauge length, it 

is reasonable to propose that observed yield strength reduction 
is fully accounted for by grain growth in the base material. This 
suggests there is no inherent weakness in the MPEA filler metal, 
and higher joint yield strengths could be achieved when using 
alternative brazing methods that limit the heat input into base 
materials or brazing other Ni-based superalloy materials that are 
more resistant to grain growth. 

Hence, applying this MPEA filler metal or further fine-tuned 
compositions to braze precipitation-strengthened superalloys 
is an area of promising future research. Additionally, the high- 
temperature testing matrix should be expanded in future studies 
to include higher operating temperatures (e.g., 800°C) that mimic 
the harsh operating conditions of the superalloy substrate. Creep 
and fatigue testing should also be performed in future studies 
to evaluate the endurance of the MPEA filler metal’s beneficial 
mechanical properties in a working environment.

Conclusions
In summary, this study confirms that the metallurgical benefits 

of the new MPEA filler metal, as originally reported in Gao et al. 
(Ref. 17), extend to tensile deformation at both room temperature 
and elevated temperature. The single-phase solidification behav-
ior of the filler metal and the absence of brittle phases introduced 
by conventional MPD elements offer vastly improved ductility over 
B- and Si-suppressed fillers metals and comparable strength. The 
extent of isothermal solidification is unimportant for the MPEA
filler metal offering ductile performance after relatively short
process durations. Fractography on the specimens indicated that 
boride phases, not pores, were the primary factor limiting the
ductility of the BSSF brazes. The superior tensile ductility exhibited 
by the MPEA braze is due to a single-phase FCC microstructure 
and fracture dominated by MVC. The ductility could be further
improved by a cleaner filler metal production process with less
oxides and better controlled porosity in the MPEA braze. While
joints brazed with both filler metals exhibited yield strengths that 
were only fractions of that of the as-received base material, this 
discrepancy could be nearly wholly accounted for by grain growth 
in the base material during the brazing thermal cycle.
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