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Abstract

In this study, IN-939 high-chromium nickel-based superalloy was diffusion brazed using an
amorphous Ni-Cr-Fe-Si-B foil as an interlayer and under high vacuum conditions. A successful
joint was obtained at the applied temperature and bonding time of 1120°C and 45 min. The
microstructural evolution of the joint area was also investigated. The phases formed through
the bonding process were categorized into three distinguished zones: isothermally solidified,
athermally solidified, and diffusion-affected zones. According to the results, a gamma solid-
-solution single-phase was produced in the centerline of the joint. Also, some precipitates with
blockage and Widmanstatten morphologies were observed in the diffusion-affected area that
appears to be Cr-rich borides. Chromium depletion occurred in the gamma matrix adjacent
to these precipitates. In addition, the number of precipitates decreased, moving away from the
interface of the isothermally solidified zone towards the base metal. The highest and lowest
microhardness values were obtained for the DAZ and ISZ, respectively. The precipitation
of hard Cr-rich boride particles in the DAZ and the absence of a second phase in the ISZ
microstructure were probably responsible for this difference in the hardness.
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1. Introduction

Nickel-based superalloys are broadly utilized in
various sectors, especially in the aerospace and energy
industries, because of their outstanding resistance to
oxidation and significant creep behavior at high tem-
peratures [1-3]. Among them, cast nickel-based high-
-chromium superalloys such as Inconel 939 (IN-939)
have received much attention in different industries,
such as aircraft components, chemical plant equip-
ment, and petrochemical equipment, because of their
extraordinary resistance to hot corrosion and oxida-
tion. Considering the significant amounts of gamma-
prime (v') precipitates like aluminum and titanium
presented in their chemical composition, this super-
alloy is strengthened by the distribution of gamma-
prime precipitates gamma solid-solution matrix [3—6].

Previous studies showed that IN-939 is a strength-

ened superalloy of <’ precipitation that improved
with a change in Waspaloy [4]. At the same time,
precipitation-hardened nickel-based superalloys, like
Waspaloy, be in the problematic category for welding
due to the relatively high amounts of aluminum and ti-
tanium, which cause high susceptibility to crack in the
heat-affected zone [5, 7]. In addition, IN-939 has inad-
equate welding capability due to its high sensitivity to
microfissuring, especially in the so-called heat-affected
zone during the welding process, because its chemical
composition contains large amounts of 7y constituents
like aluminum and titanium [8, 9].

It has been found that the blades and vanes of gas
turbines are under various types of in-service damage
due to hard-working requirements, like wear, erosion,
hot corrosion, oxidation, thermal-fatigue cracking, and
so on, which cause their destruction [8]. In addition,
the cost of producing superalloy components is very

*Corresponding author: tel.: 498 21 64542978; e-mail address: mirsalehi@aut.ac.ir



mailto://mirsalehi@aut.ac.ir

224

H. Tazikeh et al. / Kovove Mater. 60 2022 223-231

Table 1. Chemical composition (in wt.%) for the base metal and the filler alloy

Ni Cr Co Ti W Al Ta Nb C Mn Zr Fe Si B Mo
Base metal (IN-939) Bal. 221 188 37 20 19 12 095 0.15 0.1 0.1 0.1 0.04 0.01 0.08
Filler metal (MBF20) Bal. 7.0 - - - - - - 006 - - 30 45 32 -

high and almost time-consuming. Consequently, sev-
eral joining and repairing methods appear econom-
ically viable compared to the complete replacement
of damaged/failed parts. The most critical processes
for joining and improving superalloy components are
fusion welding, brazing, and diffusion welding, gener-
ally used in the industry [10, 11]. However, brazing
as a joining and repairing method for superalloy parts
possesses fundamental weaknesses limiting their ap-
plications because melting point depressants like B,
Si, and P are joined to brazing filler alloys to increase
fluidity and reduce their liquidus temperature. The
cooling step of the brazing method can result in the
formation of centerline intermetallics, such as B, Si,
and P, due to the segregation of melting point depres-
sants during non-equilibrium eutectic solidification.
Therefore, due to the positive segregation of melting
point depressants at the cooling stage, the mentioned
centerline intermetallic compounds are formed due to
a non-equilibrium eutectic solidification of the liquid
phase. The formed hard and brittle eutectic micro-
constituents in the centerline have destructive impacts
on the joint efficiency, divided into three categories.
They include a reduction in the mechanical proper-
ties, re-melting temperature, and corrosion/oxidation
resistance of the joint. Solid-state joining, on the other
hand, is a convenient diffusion bonding method that
is capable of bonding similar and dissimilar materials.
Accordingly, it is possible to create a suitable qual-
itative bond by dispersing atoms of two solid-state
materials through high temperature and pressure. It is
important to note that this solid-state diffusion bond
gained more attention from various industries, such as
aerospace and nuclear, due to its higher bond quality
and strength. In addition, phase segregation and the
brittle intermetallic compound are less visible than in
other traditional joining methods. Therefore, this pro-
cess does not apply to couples with stable oxide layers
because they cannot be quickly joined [12, 13].
Transient liquid phase (TLP) bonding or diffusion
brazing is another important diffusion-based method
that differs from solid-state joining due to inserting
a thin third interlayer between the base metals [14].
This thin interlayer, which usually has a lower melting
point than the base material, causes a phase change
within the joint area and the formation of a liquid
phase. With the onset of the liquid phase formation
within the bonding area, the bonding accelerates at
the bonding temperature due to the increased inter-

actions between the interlayers and the base mate-
rial, which facilitates the dissolution process. Due to
isothermal solidification, the diffusion process occurs
inside and outside the joint area. It can lead to a high-
strength bond and a melting temperature higher than
the initial bond. When the isothermal solidification
process is not completed (as in a brazing diffusion pro-
cess), the resulting joint will have a lower melting tem-
perature than its original state [15-18]. Therefore, it
is essential to consider this point in the TLP process.

As mentioned above, IN-939 is used in many in-
dustries, such as jet engines, aircraft landing gear,
power-generation equipment, and airframes. However,
reports on IN-939 joining methods are limited to a few
studies on preventing micro-fissure formation through
the fusion welding process. However, the lack of com-
prehensive knowledge of the transient liquid phase
bonding IN-939 results in the need for further studies
in this field. An attempt has already been performed
to construct a dissimilar joint of IN-738 and IN-939
using a bonding method called wide gap TLP. But
so far, the TLP bonding has rarely been employed to
join IN-939. Studying the bonding performance, mi-
crostructure characteristics, and mechanical behavior
of IN-939 joints produced through TLP bonding is es-
sential for developing an efficient bonding process for
IN-939 superalloy components [8, 10]. Therefore, this
study dealt with the TLP bonding of IN-939 super-
alloy via amorphous Ni-Cr-Fe-Si-B filler alloy as the
interlayer. Then, the related microstructure behavior
is systematically investigated through bonding. In ad-
dition, the Ni-Cr-B ternary phase diagram is used to
study the mechanisms of phase formation in the solid-
ification region.

2. Materials and methods

In this study, Inconel 939 (IN-939) superalloy
and Ni-Cr-Fe-Si-B filler alloy form an amorphous foil
(MBF20) 50 um thick and are utilized as the base
metal and interlayer, respectively. In this regard, Ta-
ble 1 lists the chemical composition of the mentioned
base metal and interlayer. The dimension of the test
sample of 5 x 10 x 10 mm?> was prepared from the
base metal ingot through EDM (electrical discharge
machining). Afterward, the contacting surfaces of the
samples were ground by SiC papers up to 800 grit to
eliminate any oxide layers. The samples were cleaned
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Fig. 1. Schematic representation of the manufactured hold-
ing fixture for restricting the sample movement and apply-
ing the desired pressure (all dimensions in mm).

ultrasonically in the acetone bath to remove the con-
taminants from the surfaces before bonding. As shown
in Fig. 1, a holding fixture (made of AISI 4140 steel)
was designed and manufactured to fix the sandwich as-
sembly after inserting the interlayer within two base
metal samples. Also, the pressure was required to ap-
ply at the joint. Previous studies showed that it is un-
necessary to implement external pressure on the joint
because of the liquid phase in this kind of bonding.
But, in some reports, the application of pressure was
necessary to improve bonding. Hence, using the men-
tioned holding fixture, a pressure of 10 MPa was ap-
plied for this experiment [19].

Then, the loaded holding fixture was placed in the
vacuum-type furnace at the pressure, temperature,
and time of 1.33 x 1072 Pa, 1120°C, and 45 min, re-
spectively, to process the TLP bonding cycle. This
temperature was utilized since it was below the so-
lution temperature of the base metal (1160°C) and
above the liquidus temperature of the filler metal
(1103°C). Then, the loaded holding fixture was cooled
to room temperature under vacuum conditions. After
the experiment, the bonded samples were cut normal
to the bond. In the following, the cross-sections were
ground with SiC abrasive papers and polished with
an alumina polishing slurry. Finally, they were etched
for 30 s in Kalling’s etchant, including 1 g copper chlo-
ride, 20 ml hydrochloric acid, and 20 ml ethanol. Af-
terward, scanning electron microscopic (SEM) anal-
ysis and semi-quantitative compositional analysis of
the bonds were performed using a Tescan Mira3 field-
emission SEM. This device was equipped with an en-
ergy dispersive X-ray spectrometer (EDS) that oper-
ated at an accelerating voltage and beam current of
15kV and 1 nA, respectively. Also, Vickers microhard-

Fig. 2. SEM image of a diffusion brazing joint area de-

scribing the microstructure of three distinguished bonding

regions of ASZ (athermally solidified zone), ISZ (isother-

mally solidified zone), and DAZ (diffusion affected zone).
Also, BM is related to the base metal.

ness (Hv) measurement was carried out on the brazed
sample (bond region) under 25 g for the dwell time of
15s.

3. Results and discussion

Figure 2 shows three distinguished bonding zones
through the TLP of IN-939 at the applied temperature
and holding time of 1120°C and 45 min. They include
athermally solidified zone (ASZ), isothermally solid-
ified zone (ISZ), and diffusion affected zone (DAZ).
The formation of these three distinct regions has also
been observed in nickel-based superalloys with partial
isothermal solidification after TLP bonding.

ASZ formation occurs when the bonding time is
insufficient to complete isothermal solidification. This
type of solidification is primarily driven by a decrease
in temperature and relies more on the cooling pe-
riod than diffusion. Some fluid phases remain in the
joint centerline if the bonding time is insufficient to
complete the isothermal solidification. After the liquid
phase solidifies athermally, some intermetallic phases
form at a eutectic reaction, destroying the mechani-
cal strength and ductility. Also, ISZ develops through
a phenomenon termed isothermal solidification. This
type of solidification is driven by the inter-diffusion
of MPD elements from the molten filler metal and
base metal alloying elements. The whole solidifica-
tion process occurs at a constant temperature known
as the bonding temperature of diffusion brazing. If
the bonding time is sufficient, the entire liquid phase
is solidified isothermally so that no trace of residual
liquids and eutectic micro-constituents is visible in
the centerline. In addition, DAZ contains precipitates
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with Widmanstatten/acicular and blocky morpholo-
gies that form in the base metal near the interface of
ISZ and substrate. It should be noted that the forma-
tion of these precipitates is related to the diffusion of
PMD elements like B in the MBF20 filler alloy to the
adjacent base metal due to the excessive solubility of
B in the base metal. As a result, the appearance of
some mighty boride constituents in the adjacent base
metal similar to Cr in the IN-939 alloy indicates the
formation of boride precipitates during the bonding
period.

According to Fig. 2, it can be seen that the white
phases recognized in the microstructure image of the
different bonds are considered the primary carbides of
the base metal. The presence of these carbides has also
been described previously by other researchers who
have studied the IN-939 superalloy. In this regard, the
chemical composition (at.%) of primary carbides ex-
amined is equal to 3.73% Ni, 3.45% Cr, 2.2% Co,
4.5% Al, 46.9% Ti, 16.46 % Nb, 20.3, 9% Ta, and
2.37% W. This chemical composition is in good ac-
cordance with previous findings [8, 10], which show
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Fig. 3. Athermally solidified (ASZ) microstructure of the

formed bond. A, B, C, and D indicate the primary gamma,

the Ni-rich boride, the eutectic-gamma solid solution, and
the Cr-rich boride, respectively.

that these carbides are of the MC type, where M is
mainly Ti.

Table 2. The EDS results in the chemical composition of the phases A, B, C, and D in the ASZ of the formed bond

Phase Probable composition Ni Cr Co Al Ti Nb Ta
A Primary-gamma 65.47 13.61 6.02 2.93 1.42 0.4 0.42
B Ni-rich boride 76.07 3.89 5.85 1.7 7.65 2.04 1.05
C Eutectic-gamma 70.94 10.36 4.54 1.08 1.25 0.16 0.39
D Cr-rich boride 2.43 86.63 0.31 1.51 1.06 0.82 0.63
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Fig. 4. The FESEM-EDS spectra of (a) the Ni-rich boride, (b) primary-gamma, (c¢) the Cr-rich boride,
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Fig. 5. Liquidus projection of the Ni-Cr-B ternary phase
diagram [8]. The initial chemical composition of the filler
metal is shown with the arrow.

Phases A to D are visible in the centerline mi-
crostructure obtained at the temperature of 1120°C
and lasting 45 min. As can be observed in this figure,
the ASZ microstructure is composed of eutectic micro-
constituents elongated along the centerline. Therefore,
this region consists of four separate phases with dif-
ferent chemical compositions, shown in Fig. 4 and Ta-
ble 2. The B element can be detected in the inter-
metallic phases. Still, X-ray absorption from the an-
alyzer window makes it difficult to quantify the light
elements accurately.

The critical point is that the liquid phase will re-
main in the centerline until the isothermal solidifica-
tion has been completed. The solidification of the re-
maining liquid begins directly after cooling from the
bonding time. Based on the Ni-Cr-B ternary phase di-
agram shown in Fig. 5, the first phase to form near the
ISZ will be the primary solid solution of the nickel-rich
gamma. The segregation of alloy elements associated
with solidification caused by cooling is the main factor
that should be considered. Furthermore, the fabrica-
tion of the primary gamma as a pro-eutectic phase re-
sults in the emission of dissolved elements like boron,
titanium, niobium, tungsten, and tantalum in the lig-
uid phase. Primary-gamma growth is associated with
dendritic morphology in these elements, which have
a distribution coefficient of less than one [8, 14, 20].
Also, the maximum solubility of B in Ni occurs at
1087°C (0.3 at.%). In addition, the distribution coeffi-
cient B in Ni can be calculated through the ratio be-
tween the specific heat of the solid phase (Cs) and lig-
uid phase (C1), and the Ni-B binary phase diagram. In
this relationship, Cy combines solid equilibrium at eu-
tectic temperature (Tey), and C) is the composition of
liquid equilibrium at T,,. As a result, its value equals
0.018, less than one.

The low solubility limit of B in Ni and the distribu-
tion coefficient (< 1) cause the B to be rejected in the
residual liquid by solidifying the pro-eutectic phase.
Also, B enrichment in the liquid phase proceeds with
the fabrication of the primary gamma, as shown in
Fig. 5. Once the concentration of B in the primary
gamma reaches the solubility limit of B in the gamma
phase, no primary-gamma phase can be solidified from
the liquid phase. At this level, the chemical composi-
tion of the liquid reaches a eutectic composition, where
it intercepts the solidification path of the binary eu-
tectic line at 1042°C, see e8. The residual liquid is
converted to a eutectic-gamma solid solution and a
Ni-rich boride phase through a eutectic reaction. The
solidification path pursues the e§ eutectic line. Then,
by forming two eutectic-gamma and nickel-rich boride
phases, Cr rejects the remaining liquid.

Interestingly, the Cr enrichment of the residual lig-
uid is related to the relatively low solubility of Cr in
gamma solid-solution and Ni-rich boride. According
to E3 in Fig. 5, it is also understood that lowering
the temperature and Cr enriching the liquid leads the
liquid phase composition to the ternary eutectic com-
position. After reaching the solidification path at point
E3 (997°C), the three eutectic-gamma solid-solution,
nickel-rich boride, and a Cr-rich boride form through
a ternary eutectic reaction of the remaining liquid.
After the ternary eutectic reaction at point E3, the
solidification procedure ends. Previous studies have
shown the fabrication of the same phases in the ASZ
of other diffusion brazing bonded nickel-based super-
alloys utilizing Ni-Cr-B coatings. Based on Table 2
and the figures above, it can be inferred that phases
“B,” “C,” and “D” are expected respectively to be
nickel-rich boride, eutectic-gamma solid-solution, and
Cr-rich boride. Based on the ternary phase diagram
of Ni-Cr-B and the study of other researchers, “A”
indicates a region where the amount of the primary-
gamma phase is significant.

It should be noted that the primary-gamma phase
amount is a fraction and is not easily detectable at the
ASZ microstructure for two reasons. The first reason
is the small volume fraction of the pro-eutectic phase
because of the initial chemical composition of the filler
metal to the binary eutectic line. Another reason is the
small width of the residual liquid and ASZ because the
thickness of the initial bond gap is very thin.

Subsequently, the dominant solidification mecha-
nism in each region was studied to determine the
phases formed in the bonding region through diffu-
sion brazing IN-939 bonding. As mentioned earlier,
isothermal solidification is the only governing solidi-
fication mechanism in the ISZ region [10, 12]. Liquid
filler metal can experience significant compositional
differences due to the diffusion of B from the molten
filler metal to the near base metal. According to the
Ni-B binary phase diagram, the liquidus temperature
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Table 3. EDS results showing the chemical composition (in at.%) of the ISZ

Probable composition Ni Cr

Ta

Co Al Ti Nb

Eutectic-gamma 71.73 12.6

4

3.7 2.9 0.5 0.2

increases with the depletion of the liquid filler metal
from B. It means that the liquidus temperature gradu-
ally increases due to the diffusion of B from the liquid
filler metal to the base metal. Isothermal solidification
begins at the solid/liquid interface and proceeds to
the centerline when the liquidus temperature reaches
the bond temperature and reaches the centerline. It
is mentioned that the influence of diffusion of alloying
elements on the liquidus temperature relies on the co-
efficient of distribution of these elements. Therefore,
these two phenomena increase liquidus phase tempe-
rature through isotherm solidification. The first case
concerns reducing the liquid phase from MPD ele-
ments with values of j less than one. The second issue
involves enriching the liquid phase with elements like
Cr, Co, and W with values greater than one.

Considering no temperature drop occurs through
isothermal solidification, there will be no solute re-
jection at the interface of solid/liquid. Hence, while
preventing the enrichment of the liquid phase with
any solute elements, the chemical composition of the
liquid phase does not reach the eutectic composition.
Consequently, secondary phases and eutectic products
cannot develop. In this case, the single-phase gamma
solid solution will be the only phase formed in the
ISZ region. In this regard, Table 3 lists the chemical
composition of the ISZ phase, which is connected to
the microstructure of the diffusion brazing bond cre-
ated at an applied temperature and time of 1120°C
and 45 min, respectively. Ni-rich gamma solid-solution
based on the Ni-Cr-B ternary phase diagram and the
initial composition of the Ni-Cr-Fe-Si-B filler metal
appears to be the only phase formed in the ISZ region
at this bond temperature.

According to the well-known TLP bonding theory,
the base metal dissolution happens after the inter-
layer melts to reach equilibrium at the interface of
solid/liquid. An important point to note in Table 3
is the presence of base metal alloying elements like
cobalt, aluminum, titanium, niobium, and tantalum
in ISZ, which are not present in the initial composi-
tion of the filler metal. The presence of these elements
in ISZ is not only a confirmation of the diffusion of
base metal elements in the liquid interlayer through
the bonding cycle but also proof of the dissolution of
the base metal in the first step of the TLP bonding
process. Another sign of the base metal dissolution is
the size of the widened gap of the bonded samples. In
this regard, the distance between the two interfaces
of DAZ/ISZ is supposed to be the maximum width

Fig. 6. SEM image of the DAZ microstructure of the

formed bond, E: Acicular boride precipitates, F: Adjacent

gamma-matrix of borides, G: matrix far from the DAZ
borides.

of the liquid phase at the end of the base metal dis-
solution step. The size of the solidified zone appears
to be larger than the size of the initial gap. This phe-
nomenon is referred to as melt back, and in binary sys-
tems, the degree of melt back depends on the solidus
and liquidus equilibrium diagrams at the bond tem-
perature.

The formed DAZ microstructure corresponding to
Fig. 2 is shown in Fig. 6. According to this figure, this
region contains second phases with two blocks and aci-
cular morphologies distributed in the matrix. The pre-
cipitates with block morphology generally form near
the interface of ISZ/substrate and change to acicu-
lar/Widmanstatten morphology as they move away
from the interface. Table 4 lists the chemical compo-
sition of the second phase of the DAZ region. The re-
sults show that DAZ precipitates are rich in Cr and B
and lean in C. According to the chemical composition
reported in Table 4, these precipitates appear to be
Cr-rich borides. Two mechanisms can be used to in-
terpret boride precipitation in DAZ. DAZ boride pre-
cipitates are formed at the solid/liquid interface before
reaching equilibrium based on the first mechanism. It
means that they are formed before the dissolution step
is completed. This mechanism also implies that DAZ
boride precipitates neither through the cooling cycle
nor before the start of interlayer melting. The second
process relates boride precipitates to the diffusion of
B atoms from the liquid filler metal to the substrate
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Table 4. EDS results showing the chemical composition (at.%) of phases in Fig. 6.

Phase Probable composition Ni Cr Co Al Ti Nb Ta
E Cr-rich boride 7.04 84.86 4.61 1.12 1.15 0.44 0.7
F Gamma phase close to the precipitation 51.22 18.39 19.22 5.9 3.74 0.61 0.7
G Gamma phase far away the precipitation 45.78 26.09 18.77 5.21 2.99 0.45 0.6

during the isothermal solidification step that follows
equilibration.

As shown in Fig. 6, more than 90 % of boride pre-
cipitates are seen at a distance of up to 45 pm from the
interface of ISZ/substrate. At distances significantly
greater than 45 um, the microstructure of the base
metal appears to be almost devoid of borides. Accord-
ingly, B precipitates form in the substrate as the B
concentration overpasses the solubility limit of base
metal B (CBM). Therefore, it can be concluded that
in the bond made in Fig. 6, by moving away from
the ISZ/BM interface to the base metal, at a distance
of up to 45 um, the concentration of B gradually de-
creases to CBM. At distances greater than 45 um, B
concentration is lower than CBM. Therefore, there is
no additional B element to react with the boride con-
stituents like Cr, Nb, and W, and the boride precip-
itate is eliminated. Also, the peak seen in Fig. 6 in
DAZ can be attributed to the accumulation of boride
phases near the ISZ /substrate interface. In fact, in the
presence of Cr in IN-939, a strong boride, notable B
content is bound in the vicinity of the ISZ/substrate
interface. Hence, only a few B atoms can be diffused
over long distances. This issue could clarify how the
amount of the precipitate of Cr-rich boride decreases
gradually as the ISZ/BM interface moves away from
the base metal. Previous studies on IN-718 and IN-738
agree with these findings [8, 16, 20].

Figure 7 presents an EDS X-ray elemental map of
the DAZ precipitates. This figure indicates that DAZ
precipitates are rich in chromium and lean in Ni and
Co. It suggests the formation of Cr-rich boride pre-
cipitates in the DAZ and shows a decrease in Cr in
the vicinity of the DAZ precipitates. According to Ta-
ble 4, the Cr concentration of Cr-rich boride phases
is higher than the Cr concentration of the adjacent
matrix, indicating that precipitation of boride phases
drives Cr consumption in the vicinity of DAZ precip-
itates. As a result of this consumption, Cr is reduced
in the adjacent gamma matrix. Since Cr is the most
prominent element in the corrosion resistance of IN-
-939, its reduction around DAZ precipitates can lead
to susceptibility to corrosion attacks in these areas.

Figure 8 shows the average microhardness in vari-
ous bonding regions of the brazed sample. As can be
seen, four different regions are identified in the hard-
ness profile. It should be mentioned that each region
describes a specific microstructural zone. In the ASZ,

Fig. 7. EDS X-ray elemental distribution map of DAZ pre-
cipitates for Cr element (b) and the corresponding SE mi-
crograph (a).

high hardness Ni-rich and Cr-rich borides along the
centerline of the joints with incomplete isothermal so-
lidification can demonstrate the high value of aver-
age microhardness. The local and non-continuous Cr-
-rich boride phase, compared to the prevailing Ni-rich
boride phase at ASZ, has a less negative effect on joint
performance. Thus, the microhardness line is passed
only through the Ni-rich boride phase to measure the
AS7Z hardness.

According to Fig. 8 for the ISZ, it can be said that
the average microhardness is even lower than that of
the BM. In this regard, solid-solution hardening is pos-
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Fig. 8. The joint area’s average microhardness (HV) value
in different ASZ, ISZ, DAZ, and BM microstructural re-
gions.

sible in this zone because of the second phase’s absence
in the mentioned microstructure. The interdiffusion of
solute elements between the base metal and the inter-
layer controls the ISZ hardness. The lower hardness
of ISZ compared to the BM can be attributed to two
significant reasons. The first reason is related to the
high concentrations of solid-solution strengthening el-
ements such as Cr, Co, Al, and Ti in the base metal
and insufficient diffusion of solute elements from the
base metal into the ISZ. The second reason is the pre-
cipitation of a large fraction of 4" in the base metal.
It can be concluded that the inadequate interdiffusion
of solid-solution strengthening elements and ' form-
ers into this region is the main reason for the lower
hardness of ISZ as compared to that of the BM.

For the BM region, the corresponding hardness
is influenced by two hardening mechanisms of solid-
solution and precipitation through the 7’ precipitates
in the y-matrix. The microhardness profile approaches
its highest value at DAZ due to the formation of Cr-
rich boride particles in this region. The boride precip-
itates possess a rigid and brittle structure, leading to
the increment of DAZ hardness compared to that of
both ISZ and BM.

4. Conclusions

The Inconel 939 superalloy was successfully joined
using an MBF20 amorphous foil as the interlayer us-
ing the diffusion brazing process. The phase formation
and microstructural evolution during the isothermal
solidification were investigated in different bonding re-
gions. The most important results of this research can
be expressed as follows:

— According to the observations, the formed phases
can be categorized into three distinguished zones enti-
tled isothermally solidified, athermally solidified, and
diffusion-affected zones.

— The isothermal solidification phenomenon
through diffusion brazing occurred at the applied tem-
perature and bonding time of 1120°C and 45 min.

Accordingly, an intermetallic-free centerline, including
a gamma solid-solution single-phase, was successfully
obtained.

— Inadequate bonding time leads to some athermal
solidification and the formation of primary-gamma
and eutectic micro-constituents consisting of Ni-rich
boride, eutectic gamma solid-solution, and Cr-rich
boride.

— Chromium-rich boride precipitates were detected
in the DAZ of the bond. Also, chromium depletion can
be recognized in the gamma matrix adjacent to these
precipitates. The precipitates decreased, moving away
from the ISZ interface towards the BM.

— The highest microhardness value was obtained
for the DAZ. The precipitation of hard Cr-rich boride
particles in the DAZ was probably the main reason
for the high hardness value of this region. The average
microhardness of the ISZ was even lower than that of
the BM, considering the absence of the second phase
in its microstructure.
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