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Introduction

Motivation

     The present work is a continuation
of an initially imposed engineering
task — altering an excessive wettabili-
ty of Mo0.4Ni0.6 brazing filler metal
(BFM) used for bonding refractory
metals, e.g., molybdenum, rhenium,
and/or porous tungsten (Ref. 1). New
BFMs were made by adding nanoscale
SiC particles to the microsized
Mo0.4Ni0.6 powder. The Mo0.4Ni0.6 wet-
tability change was achieved by adding
nanoparticles of the same material
(Mo-Ni) or a distinct material, such as
SiC (Ref. 2). 
     In the latter case, a marked differ-
ence in the joint microstructure was
noticed after solidification of the BFM
liquid phase (Ref. 3). However, these

microstructural changes were not ana-
lyzed at the time of discovery. This led
to the hypothesis that refinement of
the microstructures of solidified Mo-
Ni-SiC using nano-micro powder com-
posite brazes may lead to a better me-
chanical integrity of the brazements
(Refs. 4, 5). Hence, a more detailed
study of this phenomenon would be
warranted.
     This paper offers a detailed account
of these observations. More specifical-
ly, it addresses a shear stress improve-
ment upon doping due to microstruc-
tural modifications, and offers a de-
tailed discussion of the reasons for the
microstructural changes induced by
adding SiC nanoparticles to the eutec-
tic Mo-Ni powder.

State of the Art

     Brazing is used in many molybde-

num applications (Refs. 6–8). Unfortu-
nately, low-melting brazing filler met-
als, such as BAg-series alloys, cannot
be used at high temperatures when
Mo is predominantly utilized. As a re-
sponse to Mo service conditions, high-
temperature BFM such as V-35Nb, V-
Mo (Ref. 9), Ni-14Cr-6Fe (wt-%) (Ref.
7), Ti-based alloys (Refs. 6, 8), Fe-
15Mo-5Ge-4C-1B (Ref. 10), and Ni-Mo
eutectic alloys (Ref. 7) were developed
and have been used. The Ni-14Cr-6Fe
(wt-%) filler metal yields joints with a
rather low, 132-MPa, shear strength
(Ref. 8). 
     Transient liquid phase (TLP) pro-
cessing, in which a thin layer of Ni is
used for diffusion bonding, requires a
long temperature dwell that could
cause undesirable molybdenum em-
brittlement due to the recrystalliza-
tion process (Ref. 9). The binary Mo-
Ni BFM has been used for a long time
in refractory metal bonding (Ref. 7). 
     Recently, Mo-Ni BFM with eutectic
composition was exploited in joining
molybdenum to porous tungsten for
microwave technology applications
(Ref. 11). The filler metal powder was
produced using elemental powder
milling. Brazing was carried out at
1400°C for 15 min. The resulting joint
tensile strength was rather low, about
88 MPa. No detailed description of the
joint microstructure was presented. 
     In our study, we decided to explore
the behavior of Ni-Mo eutectic BFM
doped by SiC. We aimed at examining
the mechanical integrity of the doped

Microstructure Refining of a MoNi Brazing Filler by
Nanoparticles Doping

Doping a binary eutectic MoNi brazing filler metal with SiC nanoparticles leads to 
enhanced mechanical integrity of the joint

BY D. P. SEKULIC, H. FU, A. RABINKIN, D. BUSBAHER, E. LEONE, AND T. PREUSS

ABSTRACT
     A hypothesis has been introduced that a doping by SiC nanoparticles of a binary eu
tectic MoNi brazing filler metal may impact the mechanical properties of the formed
brazed joint. It was conjectured that the microstructure of the solidified brazement
would be refined via doping, thus leading to the enhancement in mechanical integrity of
the joint vs. a nondoped material system. The paper provides evidence of a marked
shear stress improvement with doping vs. a nondoped system. The changes in the joint’s
mechanical properties are attributed to this newly discovered dramatic microstructure
refinement of the solidified fillers doped with SiC. 

KEYWORDS
     • Brazing • Nanoparticles • SiC • MoNi • Microstructure

D. P. SEKULIC (sekulicd@engr.uky.edu) and H. FU are with the College of Engineering, University of Kentucky, Lexington, Ky. SEKULIC is also with the State Key
Laboratory of Advanced Welding and Joining, Harbin Institute of Technology, Harbin, China. A. RABINKIN is with Brazing and Joining Consultant, LLC, Water
town, Mass. D. BUSBAHER is with Ceradyne, Inc., Lexington, Ky. E. LEONE and T. PREUSS are with Excel Laboratory Services, Dover, N.J.

Sekulic201638_Layout 1  12/9/16  9:24 AM  Page 11



WELDING RESEARCH

WELDING JOURNAL / JANUARY 2017, VOL. 9612-s

joints. To achieve that objective, we
performed two distinct sets of experi-
ments with the same set of filler metal
systems (Mo-Ni + x% SiC). The first
was a shear stress testing of the brazed
Mo-Mo lap joint samples of a distinct
geometry. The second was a detailed
microstructural study of a semi-
infinite brazed joint involving molyb-
denum as the base metal substrate.

Experimental
Materials and Procedures

     Brazing filler metal prepara-
tion. All BFM used in this work were
manufactured from a binary Mo-Ni
micron-scale powder as their major
base component. The powder had
34.71 at.-% Mo and 65.28 at.-% Ni
(46.5/53.5 wt-%) composition and
<350 mesh dimensions (40–150 μm
particle size). The first specimen mate-
rial designated as 4-2a (Table 1) con-
sisted only of Mo-Ni powder and
served as the baseline for the consider-
ation of metallurgical effects on joint
properties via additions of SiC powder
to the binary Mo-Ni powder. The SiC
powder particle dimensions were in

the nano range,
i.e., <50 nm. Three
doped powder
mixtures were pre-
pared via addi-
tions of 1, 3, and 5
wt-% (2.44, 6.96,
and 10.88 at.-%) of SiC to Mo-Ni mi-
croscale size powder.
     Differential thermal analysis
and alloy melting characteristics.
Differential thermal analysis (DTA)
was carried out on a NETZSCH STA
449 C instrument. The alloys’ melting
temperatures were determined from
cooling segments of DTA of Mo-Ni +
SiC alloys. The considered alloys were
heated up to 1460°C. It was observed
that the crystallization temperature
(Tcr) monotonously decreased with
the SiC addition, from 1310°C for bi-
nary base Mo-Ni alloys containing no
SiC addition to 1285°C for alloys con-
taining 5 wt-% SiC. This was expected
from the well-known impact of metal-
loids on transition metals, i.e., de-
creasing transition metals’ melting
temperatures (observed in our DTA
measurements) and decreasing sur-
face tensions of these alloys in the
liquid state (Ref. 12).

Joint Integrity Testing
Procedures

     Shear stress testing. Mechanical
evaluation was made using the two-
dimensional pure shear-mode testing
method developed by Rabinkin and
Pounds (Ref. 13). In our case, we pre-
pared specimens consisting of two rec-
tangular molybdenum blocks with 10 x
10  50 mm linear dimensions, which
were machined from solid Mo rods.
The blocks were placed in a fixture in
which they were tack welded to the
supporting plates in the lap-type con-
figuration in which a 50 μm brazing
gap between molybdenum blocks was
secured — Fig. 1A.
     After the brazing operation, the
tack-welded plates (i.e., fixers) and an
excessive amount of the solidified
filler metal in the fillets were ma-
chined off the brazed samples to cre-
ate a well-defined rectangular cross-
section geometry of both the speci-
mens and brazements. Figure 1B
shows samples after brazing and ma-
chining operations together with the
appearance of brazed samples after
mechanical testing.
     To compare the strength of the
joint with virgin Mo base metal, the
step-like specimens (Fig. 1C), so-called
Z-specimens, were machined from the
solid Mo block to make their geometry
similar to that of the brazed ones.
These Z-specimens were placed in the
furnace together with specimens to be
brazed during brazing operation to get

Fig. 1 — Shear stress specimens: A —Geometry; B — brazed Mo sub
strates before/after testing; C — pure Mo solid specimen, Z block.

Table 1 — Concentration at.%, of Mo, Ni, and SiC in Each Tested Specimen Material
and Their Designations

       Specimen                        Formula for Powder Loading                    Powder Mixture 
     Designation                              (1:1 atomic fraction)                       Composition* (at.%)
                                                                                                                Mo         Ni          Si         C

            42a                                        Mo/Ni without SiC                 34.71    65.28      –          –
            72a                                        Mo/Ni + 1 wt% SiC                33.86    63.69    1.22    1.22
            83a                                        Mo/Ni + 3 wt% SiC                32.29    60.73    3.48    3.48
            92a                                        Mo/Ni + 5 wt% SiC                30.94    58.19    5.44    5.44

*Calculated relative to the real powder composition. It is slightly off, to the Ni side, of the eutectic
composition indicated on the MoNi binary alloy phase diagram.

A B

C
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the same state of the virgin Mo as in
the brazed samples.
     Semi-infinite Mo/BFM joint
configuration for metallography.
Mo/BFM joints convenient for metal-
lographic studies were manufactured
from caps made of pure molybdenum,
and each was loaded by BFM powders
with different compositions. These
loaded specimens were subjected to
the same heat treating cycle as those
made for shear testing. Namely, the
loaded caps were placed together in a
controlled atmosphere furnace (75%
H2 + 25% N2) and heated until the
powders within the caps melted. Dur-
ing heating, the specimens were at
temperatures above 1319°C for about
1 min with the temperature peak
achieving 1362°C. A fast cooling to
room temperature followed.
     All four specimen materials were
then used to study metallurgical reac-
tions between Mo and Mo-Ni + SiC at
the joint interface and the microstruc-
ture of a brazing filler metal in the in-
terface vicinity and beyond. They were
cut in half, imbedded in the standard
31-mm-diameter resin cylinders, and
subjected to the following multistage
polishing procedure.
     First, specimens were polished using
different silica sandpapers followed by
diamond suspension polishing. Lastly,
Struers OPU paste was applied to finish
the preparation of samples.
     Joint mechanical integrity test-
ing. Two types of mechanical integrity
testing procedures followed. These in-

cluded shear tests as well as nano-
indentation tests. Due to space limita-
tion, only the former will be discussed,
with the latter addressed briefly and
elaborated elsewhere.
     The shear testing specimen guide
fixture was placed on the Instron 5582
machine table to provide lateral sup-
port to specimens in the lap-type con-
figuration, thus avoiding formation of
the three-dimensional stress field dur-
ing vertical loading (Ref. 13). The load-
ing of all tested specimens was applied
with 1.25 mm/min rate. 
     Nano-indentation experiments
were performed using atomic force mi-
croscopy (AFM) to characterize the rel-
ative hardness of phases in the
Mo/Mo-Ni brazed joints that were
modified by the addition of SiC
nanoparticles. 
     AFM has been used so far not only
for the specimen’s surface characteriza-
tion but also for assessment of the elas-
tic modulus of some polymer fibers and
creep evaluation (Ref. 14). Traditionally,
AFM utilizes a fine tip probe mounted
at the end of a cantilever to measure the
surface morphology. In our case, for
hardness assessment, we used Veeco
(Digital Instruments) Dimension 3100
AFM instrumentation. For this instru-
ment, a special diamond tip was mount-
ed to a stainless steel cantilever. This di-
amond tip was pressed into the surface
of a sample with a known force to create
a nano indentation. The cantilever force
used in this study was 1.73 x 10-5 N.
     For each indent, a plot of the can-

tilever deflection versus the Z dis-
placement (called a force plot) was cre-
ated. An image of the indent was
recorded by SEM. Afterward, the
depth of the indent was determined by
performing a cross-section scanning
analysis through the center of the in-
dent with the diamond tip movement
used to perform this scanning. It was
proven by the same method of meas-
urements on standard gold and molyb-
denum specimens that the phase hard-
ness on the nano scale is inversely pro-
portional to the depth of the imprint.
Therefore, the comparative hardness
of our alloy phases can be expressed
well via corresponding indent depth.
     Because silicon and carbon were
found to be nonuniformly distributed
among the Mo/Ni phases, the AFM
nano-indentation measurements char-
acterize the role of the silicon and car-
bon as active factors changing the
joint microstructure morphology, and
as potentially hardening components
in the joints’ phases.
     Metallographic studies were made
using optical microscopy (OM) and
SEM performed on a JEOL JXA 840
electron microprobe. Both secondary
electron imaging (SEI) and backscat-
tered electron imaging (BEI) tech-
niques were used. Part of the SEM
analysis was performed with both en-
ergy dispersive x-ray (EDX) spec-
troscopy and wavelength dispersive 
x-ray (WDX) spectroscopy analytical
methods.
     WDX analysis was used to provide
additional information not obtainable
from the EDX analysis, such as the va-
lence band transitions of silicon in the
alloy compared to that in pure refer-
ence Si standards (Ref. 15). Specifical-
ly, the chemical state of silicon in the
Mo-Ni + SiC alloy was determined to-
gether with the carbon content in dif-
ferent phases identified in the alloy.
The Si K and Si K analysis was per-
formed using a polyethylene tereph-
thalate (PET) crystal at 10 kV and with
a beam current of 200 nA. 
     The C K analysis was performed
using a LDEC crystal. Pure standards
of silicon, silicon carbide, and carbon
were used for calibration purposes.
The average of a two-point back-
ground was subtracted from the meas-
ured peak intensities, and the posi-
tions were counted for 10 s. Estimates
of the C K-ratios were determined sim-

Fig. 2 — Stress/strain curves of tested brazed samples and the solid Mo block.

Mo solid z block 436.3
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ply from the following ratio: wt-% C =
(Iunk)/(Istd)  100, where Iunk is the in-
tensity of the unknown, and Istd is the
intensity of pure C. The values report-
ed in this study are not absolute; they
represent ratios of the unknown to the
standard.

Results

Joint Shear Strength

     The load/displacement curves of all
brazed and virgin Mo specimens upon
testing are shown in Fig. 2. As seen in
Fig. 2, all doped specimens are
stronger than the undoped one. The
best result, shear strength increase of
about 26%, was obtained in the braze-
ment with 3% SiC. The nonlinear
shear strength concentration depend-
ence with maximum value at 3% SiC
doping, we hypothesize, was because
this alloy had the finest mixture of
the joint eutectic phases and advanta-
geous morphology in the joint

interface zone (see later for the justifi-
cation). The failure of all brazed speci-
mens occurred in the brazement zone
and proceeded in a brittle mode. No
plastic deformation stage is present on
the loading curves in Fig. 2.
     In the case of the molybdenum Z-
specimen, failure occurred at about
436 MPa, which is close to the data on
upper shear strength under torsion
testing (Ref. 16). An agreement of the
results for pure Mo, strain rate 1.25
mm/min, with that of the ASM stan-
dard data proves that the implement-
ed measurements method is reliable to
apply in brazement testing for charac-
terizing the joint strength. The pure
Mo specimen failure was also initiated
in the ends of the overlap neck area
(i.e., simulating brazement), with fail-
ure cracks propagating in the speci-
men body at about 45 deg upon fail-
ure.The strength of brazements manu-
factured in the current work is equal
to, or even exceeds, 50% of that of
pure Mo (i.e., twice as high as that ob-
tained in Ref. 11). 

Joint Phase Microhardness

     The relative nano hardness of
brazement phases was assessed via in-
dent depth. The smaller the imprint,
the higher the nano hardness. It can
be ranked in the following order (from
soft to hard): [Mo crucible, 5.5 nm] <
[control 4-2A (0% SiC – Ni-rich phase,
6.8 nm] < [Control 4-2A – Mo-rich
phase, 5.1 nm] < [5% SiC 9-2A – Ni-
rich phase, 4.0 nm] < [5% SiC 9-2A –
Mo-rich phase, 2.0 nm].
     The AFM nano hardness analysis
correlates with the EDX and WDX mi-
croprobe analysis results on silicon
and carbon concentration in joint
phases (Ref. 4). Both of these analyses
revealed that silicon and carbon are
dissolved as solutes in basic Mo-Ni
and Ni(Mo) joint phases without
changes in their crystal structure. It
was also found that silicon and carbon
concentrations are higher in the Mo-
rich phases in the samples with nano
SiC additions. 
     The observed increase of hardness

Fig. 3 — SEM micrographs of Mo/MoNi specimens containing: A — 0 wt%; B — 1 wt%; C — 3 wt%; D — 5 wt% of SiC additions.

A B

C D
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in both Ni- and Mo-rich phases was
consistent with the increase of carbon
and silicon concentrations. The
strengthening effect relative to the
nondoped sample was the most pro-
nounced (about three times the in-
crease) in the Mo-based phase of the
alloy with 5% SiC. It can be assigned to
the solid-solution strengthening effect
in both phases (Ref. 17).

Joint Microstructure

     Figure 3 represents joint

microstructures of the interface
domain for Mo/binary MoxNiy

specimens with 0, 1, 3, and 5 wt-% of
SiC additions (see Table 1 for the sam-
ples’ designations and compositions).
In all cases, alloys reacted well with

pure Mo, forming a good joint.
     For example, in the case of 0 wt-%
(Sample material 4-2a, Table 1)(Fig.
3A), the interface between Mo and
Mo-Ni, was well developed, showing a
strong bonding of the crystallized Mo-

Fig. 4 — A — Microstructure of MoNi 42a (Table 1) control specimen without SiC (see Tables 2 and 3 for the phase composition at the lo
cations A and B); B — microstructure of MoNi specimen containing 1 wt% SiC (72A).  Note that there are two types of Morich phases
containing different concentrations of Mo and having different morphology; C — Microstructure of Morich phase observed in MoNi 72a
specimen containing 1 wt.% SiC; D — EDX spot composition analysis of Morich phase observed in a specimen containing 1 wt.% of SiC.

Table 2 — Phase Composition at Location A (Fig. 4A)

 Elements           Wt%          At.%         K_A         K_F         K_Z            Intensity      P/bk g

     MoL               65.09          53.29       0.916          1          0.955          3037.409          0
      NiK                34.91          46.71       0.974          1          1.079          1945.676          0

A

C D

B
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Ni with Mo. No apparent defects at
the interface (e.g., pores, etc.) are seen
(Fig. 3A, inset). Joint crystallizations
started at the interface with formation
of a thin layer of the high-melting
phase, namely Mo0.34 Ni0.65 (Fig. 3A).
This continuous, 5-10-μm thick layer
consisted of rounded crystals of Mo-
rich phase. The area in the vicinity of
the Mo base metal surface, outlined by
a dashed line in Fig. 4A, is enriched in
Mo as a result of its dissolution in the
liquid filler metal, and not sufficient
compositional equilibration of the
filler metal liquid phase during brazing
(Tables 2 and 3). The excessive,
relative to the pure eutectic composi-
tion, amount of Mo was present in

Mo-Ni dendrites formed in the inter-
face area.
     In addition, the excessive Mo
amount yielded formation of large den-
drites of hypoeutectic NiMo crystals
grown in the eutectic mixture, which
had the equilibrium eutectic composi-
tion (Fig. 4A, circle A). Because the aver-
age alloy composition is close to the eu-
tectic one, no Mo-Ni dendrite should
form. Thus, the presence of these hypo-
Mo-Ni crystals confirmed nonequilibri-
um distribution of Mo and Ni in the
joint interface vicinity. 
     A more or less uniformed typical
eutectic mixture was formed in the
rest of the specimen (Fig. 4A, circle B).
All crystals formed in this specimen

had rounded morphology. No faceted
crystals typical for Mo-Ni intermetallic
crystals and Mo-based carbides and
silicides were observed. In the area
200–300 μm from the joint interface,
the microstructure consisted of only a
very fine mixture of Mo-Ni and
Ni(Mo) eutectic phases. Their compo-
sition was close to an eutectic one,
which can be found in the Mo-Ni
phase paternal diagram.
     A SEM image of the Mo-Ni filler
metal + 1.22 at.-% SiC joint (Sample
material 7-2a, 1 wt-% SiC) is given in
Fig. 4B. A substantial number of well-
faceted, Mo-enriched crystals were
present in the eutectic crystal mixture
(Fig. 4B, point 1, and Fig. 4C, D) be-
yond the interface area. Optical analy-
sis revealed that these large, dozens-
micron-sized Mo-rich crystals ap-
peared to be much harder than the
other phase structures based on varia-
tions in polishing edge retentions (see
inset in Fig. 4C). Their composition
(Table 4) was very close to that of the
major Mo-Ni intermetallic phase exist-
ing in the Mo-Ni alloy system accord-
ing to the Mo-Ni binary phase diagram
(Ref. 18). They also contained 5.8 at.-
% Si. This silicon concentration was
higher than the average concentration
of Si in the specimen. Therefore, it is
obvious that Si preferred associating
with the Mo-rich phase.

Fig. 5 — A — SEM micrograph of the Mo/MoNi + 3 wt%
SiC interface; B — areas in the joint interface of the alloy
with 5 wt% SiC in which WDX intensity was measured.

Table 3 — Phase Composition at Location B (Fig. 4A)

Elements        Wt%              At.%           K_A           K_F           K_Z           Intensity       P/bk g

  MoL              45.16             33.51         0.872            1            0.932         1863.818           0
   NiK               54.84             66.49         0.982            1            1.053         2862.735           0

Table 4 — SEM/EDX Composition of the MoRich Phase (Fig. 4B, point 1) 

Elements        Wt%         At%            K_A             K_F              K_Z           Intensity       P/bk g

      SiK               2.11           5.81           0.588         1.016           1.165           377.906          0
    MoL           67.71         54.5             0.919             1               0.955        3188.172          0
     NiK            30.17         39.69           0.972             1               1.079        1690.323          0

A B
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     A large fraction of Mo-Ni crystals
was present in this sample. These
crystals did not have strong faceting
(Fig. 4B inset, points 2 and 3). These
areas were similar to eutectic areas in
nondoped alloys. They also contained
less of both Mo and Si. Still, variations
of Mo, Ni, and Si concentrations in
various MoNi crystals observed in this
alloy were insubstantial. Some Mo-
NiSi crystals had well-distinguished
small spherical particles located in
their centers.
     The 3 wt-% SiC sample (Mo-Ni
filler metal + 3.48 at.-% SiC joint, Sam-
ple material 8-3a) had a substantially
different microstructure compared to
the 1 wt-% sample. Its SEM micro-
graph is given in Fig. 5A. As seen in
Fig. 5A, a narrow, Mo-enriched layer is
attached to Mo in a similar way as in a
sample with 0 and 1 wt-% SiC (ar-
rows). The interface region between
the Mo crucible and the bulk of the
brazing filler metal has a number of

bands of Mo- and Ni-rich phases —
Fig. 5A. These bands are alternating
layers of large, fine, and intermediate
sized Mo/Ni phases. The bulk of the
joint material has a relatively fine Mo-
Ni phase located in the Ni-rich matrix
Fig. 5A. EDX analysis clearly indicates
that the Si content is much higher in
the bright Mo-rich phases. 
     An interesting result of the study is
that the Ni is higher in the large Mo-
rich phases in Band 1 adjacent to the
Mo interface, compared to the finer
Mo-rich structures in Band 2. Also, Si
was lower in the large phase structures
in Band 1, adjacent to the Mo crucible.
Again, the concentration differences
were not great enough to pay special
attention to these variations. 
     The microstructure of the Mo-Ni
filler metal + 5.44 at.-% SiC joint
(Sample material 8-3a, 5 wt-% SiC)
shown in Fig. 5B consists of two dis-
tinct zones. First is the narrow inter-
face zone seen in a SEM image and

presented in Fig. 5B. This zone is lo-
cated between the Mo base metal and
the white dash outline, and it contains
Bands 1, 2, and 3 — Fig. 5B. Second is
the wide band of Mo-enriched crystals
(point 2) separating the interface zone
from the rest of the joints and is at-
tached to the latter. The rest of the
joint microstructure outside of the
dashed line (Fig. 5B) consists of a fine,
uniform mixture of two Mo-rich
(point 3) and Ni-based (point 4) phas-
es, which constitute the bulk of the eu-
tectic. The phase dimensions in this
area are smaller than 10 μm. Neither
large Mo-Ni crystals, similar to those
observed in the 1 wt-% SiC specimen,
nor carbide or silicide crystals are
found there.
     As follows from the interface obser-
vations depicted in Fig. 5B, the interface
zone is more or less similar in appear-
ance, phase locations, and composition
to that of the specimen containing only
1 wt-% SiC. Indeed, a narrow Mo-

Fig. 6 — WDX Si K region in WDX spectra of the following: A — Pure elemental silicon standard; B — SiC reference compound; C — brazed
Sample 92a with 5 wt% of SiC.

Sekulic201638_Layout 1  12/9/16  9:24 AM  Page 17



WELDING RESEARCH

WELDING JOURNAL / JANUARY 2017, VOL. 9618-s

enriched layer (arrows) is attached to
Mo, followed by thin Ni-rich (point 1).
     It is important to underline a dras-
tic difference in morphology of the
eutectic in the bulk of the joints hav-
ing 0 vs. 3 and 5 wt-% Si. In the first
case, the microstructure was a classi-
cal eutectic build of dendrite-like net-
works with rounded shapes. In joints
containing 3 and 5 wt-% of SiC, it was
an assembly of very fine cuboidal and
trapezoidal particles of Mo-rich phase
segregated in the Ni-rich matrix. All
these particles had flat facets out-
lined by straight lines. The particle
sizes were in order of a few microme-
ters. On the other hand, the morphol-
ogy of the alloy with 1 wt-% SiC was
transitional. It was a mixture of the
classical, plate-like eutectic structure
observed in the binary Mo-Ni alloy
and newly observed combination of
faceted crystals of the Mo-rich phase
distributed evenly in the Ni-rich ma-
trix in the alloy with 5 wt-% SiC. 
     Figures 4 and 5 clearly demonstrate
an evolution of joint microstructural
changes in the Mo/Mo-Ni + SiC braze-
ments due to an increase in SiC 
doping.

State of Silicon and Carbon in
Joint Phases
     To prove that Si and C exist only as
solid-solution components, the WDX
analysis was used as an independent
analytical method. Preliminary EDX
analysis was performed on a lighter-

contrasting Mo-rich phase, revealing
that this phase contained the highest
Si content (Fig. 5B, point 2). WDX Si
analysis was performed on Sample 9-
2a, which nominally had the highest
level, 10.88 at.-% (5 wt-%) of SiC 
addition.
     WDX analysis can probe valence
band transitions of silicon in the alloy,
and compare those to pure silicon, and
SiC reference spectra. A comparison of
the spectra in Fig. 6 clearly shows the
disappearance of Si-C peak in this
specimen. This proved that Si-C bond-
ing was absent in the Mo-Ni alloy with
5 wt-% SiC. There is also a small, but
systematic, shift in the wavelength po-
sition between elemental Si, SiC, and
Si in the alloy.
     The WDX results prove that the Si
and C were not in the form of SiC. Dis-
solution reaction of the SiC in the liquid
Mo-NiSiC phase appeared to be com-
plete. Both of these metalloids contin-
ued to exist as solid-solution compo-
nents in both solid Mo- and Ni-rich
phases upon crystallization. Again, it is
obvious from the EDX and WDX data
that Si was dissolved mostly in the Mo-
Ni phase as a solid-solution component.
The WDX data presented in Fig. 6 also
showed that a small part of Si is dis-
solved in Ni(Mo) solid-solution phase.
Indeed, the amount of Si in the Ni(Mo)
solid solution is for an order of magni-
tude smaller (0.32 vs. 2.31%) than that
in the Mo-rich phase.
     In addition, a separate silicon pro-
filing was made across the complete

interface area, including a few dozen
microns deep in Mo to determine both
the silicon distribution in each eutectic
phase crystal and the depth of Si diffu-
sion penetration in molybdenum. The
average silicon concentration across
the interface decreased until it became
equal 0% at about a dozen micron
within the molybdenum base metal —
Fig. 7. At the same time, it varied
strongly between the Mo-base phase
crystals, where it was in the range of
4.4 to ~2.3 wt-%, and Ni-based crys-
tals, where Si concentration is about
0.2–0.3 wt-%. The Mo, Ni, and Si pro-
files showed that Si associated mostly
with Mo, not with Ni — Fig. 8.
     Such data showed that no notice-
able Si penetration in Mo substrate
(i.e., the base metal) was observed.
The Si and C contents were relatively
higher in the large Mo-rich phase,
which is also consistent with the
found hardness increase due to higher
Si concentration in the solid-solution
phase in accordance with the pertinent
phase diagrams data for concentration
ranges associated with the studied al-
loys given in Ref. 18.
     It is important to outline that Mo-
rich phases in alloy containing 1 wt-%
of SiC had substantial elemental con-
centration variations of all three com-
ponents. These variations are much
smaller in alloys containing 3 and 5
wt-% of SiC. Within the middle of the
joint with 5 wt-% of SiC, the distribu-
tion of silicon was more or less uni-
form among Mo- and Ni-based crystal.

Fig. 7 — Silicon distribution in the 5% of SiC sample
phases according to WDX intensity data.

Fig. 8 — Line scan analysis of the MoNi + 5 wt% SiC joint interface area.
Note correspondence of Si high concentration areas with Morich crystals.
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The difference between Si concentra-
tions in these phases is about 2% or
only about two times. It may indicate
that the crystallization of joints starts
in the Mo base metal vicinity with suf-
ficient time for elemental, particularly
Si, redistribution followed by instant
mass eutectic formation during the
crystallization progress where this dif-
ference is not that substantial.
     Consideration of the parental phase
diagram of C-Mo, C-Ni, C-Si, Mo-Ni,
Mo-Si, Ni-Si binary systems (Ref. 18)
and C-Mo-Ni, C-Ni-Si, as well as Mo-
Ni-Si ternary alloy systems (Ref. 19),
shows what kinds of probable changes
in composition of the liquid Mo-Ni-C-
Si phase as well as eutectic Mo-Ni and
Ni(Mo) phases can be expected as a re-
sult of SiC alloy doping. The large body
of experimental data acquired in our
work confirms the following trends:
•    SiC should dissolve in liquid Mo-Ni
on separate elemental components,
which exist as such in forming solid
phases upon crystallization. This dis-
solution was confirmed via application
of both EDX and WDX spectroscopy
analytical methods (Ref. 15). Melting
and crystallization temperatures of
Mo-Ni alloys should be lower with the
addition of SiC. The DTA data during
crystallization proved this hypothesis.
•    Both Mo-Ni and Ni(Mo) eutectic
phases may contain Si and C as solid-
solution components without changes
in the crystal structure of these phases
in Si and C concentration ranges stud-
ied in the present work.
     Addition of Si and C seemed to
move the liquid composition closer to
the quaternal eutectic point. This de-
creases the likelihood for segregation
of prime hypo-eutectic dendrites in
the middle of solidifying alloys. No
dendrites were observed in the mi-
crostructures of doped compositions
in contrast to what was observed in
the nondoped alloy.
     The change in Mo-Ni morphology
from spherical to faceted is consistent
with the decrease of the surface energy
of liquid and solid phases when Si is
added. This is the consequence of the
well-known effect of Si additions on
transition metal surface tensions (Ref.
12). The decrease in surface tension, in
turn, leads to a lower driving force for
crystal rounding in lamellae formation.
The latter phenomenon is always an ex-
pression of high surface energy contri-

bution to the total crystal-free energy
and thus its substantial effect on phase
morphology. The dramatic increase of
the number of crystals formed in the
bulk of Mo-Ni + SiC alloy upon crystal-
lization yielded more and more finer eu-
tectic mixture. This phenomenon is also
the result of a very strong decrease in
surface tension of Mo-Ni liquid and sol-
id phases due to the addition of Si.
     It is well established in theory and
proven experimentally that the critical
diameter of solid nuclei in a crystalliz-
ing liquid decreases with the decrease
in surface tension S/L at the solid/liq-
uid interface. For the nucleation rate
N, this dependence is much stronger
— N~exp(-A/(S/L)3/T, where N is the
number of critical-sized nuclei form-
ing in the volume unit; A is a complex
constant that is weakly dependent on
composition; and T is temperature
supercooling (Ref. 20). 
     For all our samples, undoped and
doped, the supercooling was the same
during crystallization. It is no wonder
that Si, which has liq =865 dyn/cm vs.
liq=1778 for Ni and liq =2250 for Mo
(Ref. 12), refines eutectic microstruc-
ture due to decreasing the nuclei size
and increasing the nucleation rate. As
our observations demonstrate, the
more Si is added to Mo-Ni alloy, the
larger the number of nucleating eutec-
tic crystals and the smaller their size.

Conclusions
     The shear strength of the brazed
Mo-Mo joint with the Mo-Ni eutectic
SiC doped filler was equal to, or even
exceeded, 50% of that of pure Mo. It
was twice as high as that reported for
nondoped filler. The major beneficial
changes of the brazed joint’s morphol-
ogy due to alloying of Mo + Ni alloy
with SiC moderate additions take place
in the joint microstructure. These
changes are expressed in a transforma-
tion, a replacement of typical eutectic
morphology consisting of dendrites
imbedded within a mixture of lamellae
into a new type of refined microstruc-
ture consisting of a mixture of very
small, evenly distributed eutectic crys-
tals having cuboidal and trapezoidal
forms. This transition expressed itself
with changes in the forms and dimen-
sions of crystallized eutectic phase
components from rounded lamellae
crystals to faceted ones.
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Table A1 — Silicon KRatio in MoNiBased Nano Composite Fillers According to
SEM/WDX Analysis

Table A2 — Carbon KRatio in Various Phases of MoNibased Nano Composite Fillers
According to SEM/WDX Carbon Analysis 
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