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Abstract

The applicability of the diffusion brazing technique for bonding Nicrofer 5520 superalloy
was assessed. The experiments were carried out at 1120 °C for 5, 15, 20, 45, 90, 120, and 240 min
holding times using 30 pm thick Ni-7%Cr4.5%Si-3.1%B interlayers. The microstructure, shear
strength, and microhardness of the resultant joints were investigated. The results showed that
the complete isothermal solidification (CIS) occurred after 20 min-holding time. The (Mo,
Cr, Ni, Fe)-rich carbides and (Cr, Mo)-rich borides with various morphologies were observed
in the diffusion-affected zone (DAZ). Before CIS, a Ni-rich boride and Ni-rich silicide along
with Cr and Mo-rich borides were also detected in the centerline. After CIS, the volume
fraction of precipitated phases in the DAZ region was reduced by increasing the holding time.
Simultaneously, the chemical composition became more uniform; also, the shear strength of
the specimens was improved, and for the 240 min-holding time, it reached about 93 % of that
of the base metal.
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1. Introduction

The superalloys used in the hot sections of gas tur-
bines and aero-engines must have high temperature
and cyclic oxidation resistance while combining stress
rupture and fatigue strength [1]. Nickel base super-
alloys are an excellent choice for these applications,
and their durability, strength, and surface stability
at temperatures up to 85 % of their absolute melt-
ing points are very well. Nicrofer 5520 (Ni-22Cr-12Co-
-9Mo) is primarily a solid solution nickel-base super-
alloy with superior engineering properties [2]. Because
of the excellent features of high-temperature strength
and creep resistance, this alloy has been widely used
in aerospace, power plants, and chemical industries.
In addition, this alloy is extensively used in many re-
ducing and oxidizing environments due to its excellent
hot corrosion behavior derived from the simultaneous
presence of chromium, aluminum, and molybdenum in
the alloy composition [3, 4].

Fusion welding methods are among the most
widely used techniques used for Nicrofer 5520 parts.
While this alloy has good weldability, it commonly
suffers from heat-affected zone (HAZ) cracking before
and after post-weld heat treatment. Diffusion brazing
is a proper alternative to fusion welding and classi-
cal brazing techniques for joining components made
of highly sensitive Ni-base superalloys with high joint
reliability [5]. Diffusion brazing does not have the com-
mon imperfections of fusion welding and provides ad-
vantages over classical diffusion bonding as it does
not need high pressures and clamping forces. Diffu-
sion brazing also has homogeneous composition pro-
files and is less sensitive to surface imperfections and
gap size fluctuations [6].

In diffusion brazing, the filler metal containing a
melting point depressant (MPD) element between the
base metal surfaces reduces the diffusion brazing time
[7, 8]. The diffusion brazing is accomplished at a tem-
perature between the liquidus of the filler metal and
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Table 1. Nominal chemical composition and transformation temperatures of the base metal and filler metal (wt.%) [4]

Element Cr Co Mo Al C Ti B Si Ni Solidus Liquidus
temperature (°C) temperature (°C)

Nicrofer 5520 23 12 9 11 06 04 0.001 — Balance 1330 1380

BNi-2 7T - - - 006 - 31 4.5 Balance 971 999

the solidus of the base metal. The process has three
main stages [8]: dissolution of the base metal, isother-
mal solidification, and homogenization of the diffu-
sion braze area. Basically, the interlayer melts and fills
the joint clearance by holding specimens at the diffu-
sion brazing temperature, and dissolution occurs. The
MPD element diffuses into the base metal in isother-
mal solidification [9, 10]. After completing isothermal
solidification, no liquid phases would remain in the dif-
fusion brazed area. The homogenization step aims to
obtain similar microstructures and chemical composi-
tions in all areas. The diffusion brazing parts should
be held for a long enough time to allow isothermal
solidification to complete and avoid the generation of
brittle phases in the middle of the bonding gap. The
diffusion brazing process aims to achieve the highest
similarity of the joint’s microstructural characteristics
and distribution of elements to those of the base metal
[5]. Therefore, selecting the proper time and tempera-
ture in the diffusion brazing cycle is important in at-
taining suitable joints comparable with the base metal
in terms of microstructure and mechanical properties
11, 12].

In the present study, the diffusion brazing of Nicro-
fer 5520 using Ni-7%Cr-4.5%Si-3.1%B interlayer was
investigated. The objective of the present research
was to investigate the influence of holding time on
the metallurgical structure, shear strength, and mi-
crohardness of these diffusion brazing joints. Finally, it
was tried to homogenize the chemical composition and
microstructure of the joint area by employing longer
holding times at the diffusion brazing temperature af-
ter isothermal solidification.

2. Experimental procedure

The hot-rolled Nicrofer 5520 superalloy is used as
base metal, with a thickness of 10 mm. The BNi-2
nickel-based filler metals with a thickness of 30 um
were used. The chemical composition and the trans-
formation temperatures of the filler metals and the
base metal are given in Table 1 [4].

Initially, Nicrofer 5520 superalloy sheet surfaces
with the aim of creating the same thickness in all areas
of the sheet and also creating a smooth surface of 0.8
Ra were prepared by the magnetic grinding process.
Then, the specimens were extracted from the sheet
in a cylindrical shape with a diameter of 5 mm and a

length of 5 mm using the wire cut method according
to the BAHR Dilatometer Thermo Analysis standard.

The surface of the specimens was ground up to
2000 grit sandpaper to achieve the desired level of
smoothness and remove the oxide layer. Then, it was
cleaned with acetone before the diffusion brazing op-
eration. The interlayer foils were cut using a punching
machine with a dimension of 5 mm in diameter. Before
placing the foils between the two test specimens, they
were also cleaned with acetone to remove any contam-
ination. Then, between the two base metal pieces, an
interlayer was attached.

A dilatometer device (DIL805A/D) was used for
the first time in the world to perform the diffusion
brazing process. In a dilatometer, two specimens are
placed between the punches of the device in such a way
that the amount of vertical pressure applied to them
can be adjusted to the meticulous, with an accuracy
of a tenth newton, the specimens are placed inside the
induction coils, and the temperature is measured with
an accuracy of 0.05°C. With this device, the amount of
vacuum reaches 1 x 1075 Torr. Figures 1a,b show the
encasement of a dilatometer device and the process
chamber, respectively.

The eutectic temperature of the binary Ni-B alloy
was reported to be in the range of 1080-1140°C [13].
Therefore, the temperature of 1120 °C, which is inside
the range of 1080-1140°C, was selected. Therefore, the
diffusion brazing was performed at 1120°C with 5, 15,
20, 45, 90, 120, and 240 min holding times. The chosen
temperatures were higher than the liquidus tempera-
tures of the selected interlayer (Table 1). The diffusion
brazing cycle was applied at 15°C min~! heating rate
and 5°C min~! cooling rate. The applied pressure on
the specimens was selected as 0.2 MPa and applied by
the device; this amount of pressure was selected to be
the same for all specimens.

The optical and electron microscopes were used to
study the microstructure of the diffusion braze joint
areas. The specimens were kept in Killing’s etching so-
lution for about 2.5 min after sanding and polishing for
microstructural studies. The study of the microstruc-
ture and the chemical composition distribution was
carried out by SERON ALS2300 scanning electron
microscope (SEM), and HITACHI UHR SU9000 field
emission scanning electron microscope (FESEM) out-
fitted with an energy dispersive X-ray spectrometer
(EDS). A Shimadzu HydroHITS-T10 tensile machine
was used in load control mode employing a prepared
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Fig. 1. (a) Dilatometer device and (b) process chamber. Fig. 2. The shear fixture for performing the shear strength
test.

Fig. 3a—d. The diffusion brazing areas (ISZ), (DAZ), and (ASZ) for the diffusion brazed specimens by (a) 5 min, (b) 15 min,
(c) 20 min, (d) 45 min holding time.
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Fig. 3e-g. The diffusion brazing areas (ISZ), (DAZ), and (ASZ) for the diffusion brazed specimens by (e) 90 min, (f)
120 min, and (g) 240 min holding time.

fixture (as shown in Fig. 2) to evaluate the shear
strength, displacement, and toughness according to
ASTM D1002-05 [13]. Figure 2 shows the fixture used
for performing the shear strength test. All specimens
were tested by a Matsuzava MMT Vickers micro-
hardness test machine in the interlayer and diffusion
zone according to ASTM E384-11 [14] under a load of
0.196 N for a resting time of 15s.

3. Results and discussion
3.1. Optical microscopy

In this study, the diffusion brazing of Nicrofer 5520
was performed using a BNi-2 interlayer at 5 to 240 min
holding times. Figure 3 shows the diffusion brazing
area, including the isothermal solidification zone (ISZ)
and diffusion affected zone (DAZ) for all seven speci-
mens. As shown in Fig. 3, the 5 min holding time was
insufficient to complete the isothermal solidification
process and was not enough to completely remove the
liquid phase. As a result, the athermal solidification
zone (ASZ) in the center of the interlayer is formed

after cooling the specimens. The ASZ phase has a
thickness of one-third of the bonding region (~ 7 pum)
and remains in the middle of the bonding area. In
the following, by increasing the holding time from 5
to 15 min, the thickness of the ASZ layer decreased so
that the result of increasing the holding time to 20 min
is the complete elimination of the ASZ phase, and the
isothermal solidification process has been completed.
The diffusion affected zone (DAZ) on both sides of
the interlayer consists of the non-dissolved carbides,
boride, and silicide precipitates that were affected by
diffused elements from the interlayer to the base metal.

3.2. Scanning FElectron Microscopy

The EDS line scan analysis was performed at 5, 20,
and 240 minutes from base metals and bonding gap.
Figures 4-6 show the results of the EDS line scan in
a different zone of bonding areas (ASZ, ISZ, DAZ,
and BM). To verify the obtained results of the EDS
line scan analysis across in width of the bonding area
and in order to investigate the changes in the con-
centration of elements by increasing the holding time,
the EDS line scan was performed for the 5, 20, and
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Table 2. The average EDS analysis results for locations shown in Fig. 7

A B C

D E F

Average (wt.%)  Average (wt.%)

Average (wt.%)

Average (wt.%)  Average (wt.%)  Average (wt.%)

Ni 35.4 65.7 36.2
Cr 12.3 5.7 15.6
Mo 7.5 2.4 8.2
Co 1.4 2.6 9.4
Si 3.1 4.3 2.8
B 2.9 1.1 0.3

41.1 46.5 51.2
18.3 20.5 22.8

8.4 8.5 8.9
10.2 10.8 11.5

1.8 1.1 0.4

40 60
Distance (pum)

Fig. 4. (a) The SEM micrograph of the 5min diffusion
brazed specimen and (b) the results of the EDS line scan
for the 5 min holding time specimen.

240 min holding time specimens in 5 regions in parallel
with the bonding gap. Figures 7-9 illustrate changes
in the concentration of elements in parallel with the
bonding gap. The EDS line scan was selected along
the A line in the center of the interlayer to investi-
gate changes in the concentration of elements at the
farthest place from the base metal, and the EDS line

Cr

Mo Co —Si B]
Distance (um)

Fig. 5. (a) The SEM micrograph of the 20 min diffusion
brazed specimen and (b) the results of the EDS line scan
for the 20 min holding time specimen.

scan along with line C at a distance of ~ 15 pm from
line A and in accordance with the boundary between
the base metal and the interlayer was selected; the
EDS line scan along line B was considered to study
the concentration changes between the lines A and C.
In the following, the EDS line scan along with lines
D, E, and F at a distance of ~ 10, 20, and 30 um from
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Table 3. The average EDS analysis results for locations shown in Fig. 8

A B C

D E F

Average (wt.%)  Average (wt.%)

Average (wt.%)

Average (wt.%)  Average (wt.%)  Average (wt.%)

Ni 59.7 63.2 39.8
Cr 12.4 11.9 17.4
Mo 4.2 3.8 7.8
Co 2.3 3.1 9.2
Si 3.7 3.9 2.6
B 2.4 1.8 1.3

42.6 48.3 52.2
19.6 20.6 21.9
8.2 8.8 9.2
9.9 10.5 11.8
2.1 1.7 1.2
0.9 0.3 -

T My

B 40 60 80 1
Distance (um)

Fig. 6. (a) The SEM micrograph of the 240 min diffusion
brazed specimen and (b) the results of the EDS line scan
for the 240 min holding time specimen.

line C, respectively, was considered. Tables 2—4 show
the chemical composition of the elements Cr, Si, Mo,
Co, B, and Ni along with lines A, B, C, D, E, and F
for diffusion brazed specimens with a holding time of
5, 20, and 240 min.

In low holding time, due to the insufficient time
for completing MPD elements diffusion and equally
the lack of base metal elements diffusion to inter-

a;?:-tl]*

t3|I]‘
20
10 1 @
0 a

10 17 25 35 45 55
Distance (pm)

Fig. 7. (a) The SEM micrograph of the 5min diffusion

brazed specimen and (b) the results of the EDS line scan

in parallel with a bond gap for the 5 min holding time
specimen.

layer and dissolution in it (according to Figs. 4 and 7
and Table 2), the distribution of alloying elements be-
tween the three diffusion brazing zones is not uniform.
Shamsabadi et al. [15, 16] have reported the same ef-
fect on the diffusion brazing of IN738/ MBF20/INT718.
The 5 min holding time specimen is an example of the
isothermal solidification step not being completed, and
the eutectic phase is seen at the center of the bonding
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Table 4. The average EDS analysis results for locations shown in Fig. 9

A B C

D E F

Average (wt.%)  Average (wt.%)

Average (wt.%)

Average (wt.%)  Average (wt.%)  Average (wt.%)

Ni 53.5 55.4 45.6
Cr 13.9 15.1 18.4
Mo 3.9 3.7 8.8
Co 3.5 3.3 8.9
Si 3.1 3.4 2.9
B 1.6 1.3 1.1

47.8 49.4 53.2
20.3 21.7 21.6
7.4 8.2 8.9
9.6 10.3 11.5
2.5 2.1 1.8
0.9 0.7 0.7

Table 5. Chemical composition (at.%) of the particles on the FESEM backscattered electron image of the bonded area
in the 45 min holding time specimen (Fig. 11)

Element Cr Co Mo C B Fe Si Ni Probable phases
A 214 0.37 20.6 1.69 48.83 3.67 0.21 19.84 (Ni,Mo,Cr)B
B 26.31 0.68 32.24 12.11 0.93 9.94 0.02 17.12 (Ni,Mo,Cr,Fe)sC
C 39.63 0.84 26.88 18.97 1.18 7.23 0.04 5.86 (Ni,Mo,Cr,Fe)23Cs

Table 6. Chemical composition (at.%) of the particles on the FESEM backscattered electron image of the bonded area
in the 240 min holding time specimen (Fig. 12)

Element Cr Co Mo C B Fe Si Ni Probable phases
A 25.69 0.23 20.95 1.49 45.26 3.52 0.03 3.25 (Mo,Cr)B
B 44.74 0.63 0.08 1.73 51.41 1.32 0.05 0.97 CrB
C 3.65 0.14 0.06 1.96 24.52 1.63 0.03 66.46 NisB
D 25.34 0.74 35.23 14.16 0.67 9.32 0.06 16.24 (Ni,Mo,Cr,Fe)sC

gap. As shown in Figs. 4 and 7 and using evidence
obtained from Table 2, the EDS line scan in this spec-
imen indicates the accumulation and high percentage
of Cr, Si, B, and Mo in the center of the bonding gap
(SAZ phase). Because the amount of Ni in the inter-
layer is about 60 % higher than that in the base metal,
and despite the accumulation of elements such as Ni,
Cr, Mo, and B, there is a possibility of boride phases
formation, so the analysis of the EDS in Fig. 10 is per-
formed by the presence of three-type boride phases. By
moving away from the SAZ phase and moving towards
the base metal, the Cr percentage decreases sharply,
and as we get closer to the base metal, the Cr per-
centage increases (there is 23 % Cr in the base metal
and 7 % Cr in the interlayer). The percentage of the Si
element decreases by moving towards the base metal
with a gentle slope. The small Mo element accumu-
lation can be seen in the SAZ phase, and intense Mo
element accumulation in the DAZ phase. The value of
this element inside the interlayer is insignificant and
can only be seen in the center of the bonding gap by
a minor amount (SAZ phase). Co element is also very
small in the interlayer and has no accumulation in the
SAZ region.

The diffusion is the base of isothermal solidification
phenomena in which increasing holding times made
more opportunities for boron atoms to diffuse toward
the base metal leading to a diminution in the ASZ zone
width. In contrast, the DAZ width incremented with
longer holding time, and by following holding time, the
DAZ width diminished. Ojo et al. [17], in their work
on the diffusion brazing of IN-738, have also reported
the reduction of ASZ width in accordance with the in-
crement in the holding time. Figures 5 and 8 show the
results of the EDS line scan of the specimen brazed
for 20 min holding time. In the 20 min holding time
specimen, the isothermal solidification is completed,
and the precipitated phase is not seen in the center
of the bonding gap. The remarkable point about the
EDS line scan analysis of this specimen is the greater
uniformity of elements in the width of the interlayer
than the 5 min holding time specimen. The intense ac-
cumulation of elements in the interlayer is not seen in
such a way that the Cr element has a uniform distri-
bution across the width of the interlayer, but its value
is still less than the chromium percentage in the base
metal, and only a small accumulation of this element
can be seen in the DAZ phase. The Mo element also
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has a uniform distribution in the width of the inter-
layer, but a large accumulation of this element can be
seen in the DAZ region. The Si element distribution is
not uniform in the width of the interlayer, and a high
Si concentration in the center of the interlayer exists,
but the non-uniformity of this element is much less
than for the specimen with a 5 min holding time. As
shown in Fig. 8, by moving towards the base metal,
the concentration of this element decreases, and there
is no accumulation of this element within the DAZ re-
gion. The amount of Co element in the interlayer is
still very small and has not accumulated in any area.
Factually, the isothermal solidification accomplishes
at a constant temperature known as diffusion braz-
ing temperature. The B element distribution gets uni-
formly than the 5 min holding time specimen, but the
boron diffusion depth in base metal increased. When
the holding time is sufficient, the whole liquid phase
will be solidified isothermally, and the disappearance
of the residual liquid occurs; as a result, eutectic com-
pounds in the center of the interlayer will disappear.
Figure 10 shows the ASZ, ISZ, and DAZ of the 15 min
holding time specimen. The ASZ zone is performed
from borides and silicide precipitates, and boride and
carbide particles are found in the DAZ zone. Various
studies have reported the formation of such phases in
the ASZ and DAZ zones in different nickel-based su-
peralloys [18-20].

Figures 6 and 9 show the results of the EDS line
scan in the 240 min holding time specimen, the holding
time was so high that we saw a more intense diffusion
rate of the elements, and the chemical composition of
the interlayer achieved a very high uniformity with
the base metal. The element distribution is in such a
way that the Cr element is not only uniform in the
interlayer but also the percentage of the Cr element
is close to its percentage inside the base metal. De-
spite the relative uniformity of the Cr element within
the interlayer, there is a small accumulation of Cr el-
ement in the DAZ phase; this accumulation rate de-
creased compared to the 20 min holding time speci-
men. Changes in the concentration of the Mo element
have similar conditions to the Cr element, and at the
same time, the percentage of this element in the in-
terlayer increased, and its accumulation in the DAZ
region was reduced. The concentration distribution of
the Si element is uniform across the interlayer, and a
small accumulation of this element can be seen in the
DAY region. The concentration of Co in the interlayer
increased, and a small accumulation of this element
was also seen in the DAZ region.

During the diffusion brazing process, due to the
diffusion of elements from the interlayer to the base
metal and from the base metal to the interlayer (de-
pending on the concentration of the element in the
base metal and the interlayer), changes in the concen-
tration and formation of new phases can be seen.
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Fig. 8. (a) The SEM micrograph of the 20 min diffusion

brazed specimen and (b) the results of the EDS line scan

in parallel with a bond gap for the 20 min holding time
specimen.

The results in Table 7 indicate that by increasing
the bonding time, the concentration of all elements in
the width of the interlayer has become more uniform,
and their concentration is closer to the chemical com-
position of base metal. The concentration of elements
in the DAZ region before the completion of isother-
mal solidification (despite the eutectic phase in the
bonding center) is low, and elements such as Cr, Si,
Mo, and Co have low accumulation in the DAZ region.
From 5 to 20 min holding time, the concentration of
these elements in this region increased, but by com-
pleting the isothermal solidification from 20 min on-
wards, and with increasing holding time, the concen-
tration of these elements in the DAZ area decreased.
By increasing the holding time, the concentration of
Cr, Mo, and Co elements in the interlayer increased,
and conversely, the concentration of Si element in the
interlayer decreased, and its accumulation increased
in the DAZ region. Gale and Wallach [13] propounded
a mechanism for microstructural development of the
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Table 7. The volume fraction of precipitated phases in the DAZ region for 5 to 240 min holding time specimens

Specimen 5 min 15 min 20min = 45min 90 min 120 min 240 min
DAZ precipitated phases volume fraction 26.4% 37.3% 458% 385% 31.3% 20.6 % 15.4 %
ASZ phases volume fraction 489% 374% - - - - -

i

wt, %

10 | e =—

w0 17 25 s 45 55
Distance (um)

Fig. 9. (a) The SEM micrograph of the 240 min diffusion

brazed specimen and (b) the results of the EDS line scan

in parallel with a bond gap for the 240 min holding time
specimen.

pure nickel diffusion brazing process using a ternary
Ni-Si-B interlayer. They reported that the diffusion
brazing with the temperature above the binary Ni-B
eutectic (1150°C) has a significantly less number of
boride precipitates in DAZ than the temperature be-
low the binary Ni-B eutectic temperature (1065°C).
In the Malekan et al. [21] regarding Hastelloy X, dif-
fusion brazing process with the temperature between
the binary Ni-B eutectic (1110°C) reported that the
density of (Cr, Mo)-rich borides in the DAZ of the
specimen diffusion brazed at 1110°C is much higher
than that in specimens diffusion brazed at 1070 and
1160°C.

The uniformity rate of concentration of Cr, Mo,
and Co elements in the interlayer varies depending
on the diffusion coefficient of the element, as well as
the difference and concentration gradient between the
intermediate layer and the base metal. As shown in
Fig. 3 and Table 7, after completing the isothermal
solidification with increasing time, the volume per-
centage of precipitated phases in the DAZ region de-
creased, and in the 240 min holding time specimen was
removed. The results of the EDS line scan confirm the
same so that by increasing the time and simultane-
ously increasing the uniformity of the concentration
of elements in the interlayer and approaching the con-
centration of elements in the interlayer to the chemical
composition of base metal, the concentration of ele-
ments in the DAZ region was also reduced. Figure 10a
illustrates the SEM micrograph of the diffusion brazed
specimen at 15 min and shows different zones in the
solidified area by FESEM backscattered electron im-
age (Figs. 10b,c). As can be seen, eutectic products in
the centerline of the bond contain A: Ni-rich boride,
B: Ni-rich silicide, C: Mo-rich boride, and D: Cr-rich
boride. In the DAZ zone, formed phases contain prod-
ucts such as E and F: (Mo, Cr, Ni, Fe)-rich carbides
and G: Cr-Mo-rich borides. The solidification sequence
during diffusion brazing of the Nicrofer 5520 superal-
loy with 35-um-thick interlayer at 1120°C for 15 min
can be elucidated according to the distribution coef-
ficient of the elements and the Ni-Si-B ternary phase
diagram [22, 23]. Initially, due to the enrichment of
the residual liquid in elements with k& values less than
unity, the v solid solution phase solidifies from the
solid-liquid. Therefore, the low partition coefficient of
B in Ni (0.3 at.%) and Ni in B (~ 0.008) and the low
solubility of B in Ni cause occasional rejection of B
into the residual liquid [22, 23]. In this situation, the
formation of the NizB phase via a eutectic reaction
results from the enrichment of the remaining liquid
with B. In the following, the formation of the Ni-Si
eutectic phase close to the Ni-rich boride results from
the dissolution of Si into the remaining liquid. Accord-
ing to Fig. 10, the DAZ was composed of considerable
secondary precipitates as (Mo, Cr, Ni, Fe)-rich car-
bides with various morphologies in grain boundaries
and intergranular, and also was composed of Cr-Mo-
-rich borides in the close of interlayer and base metal
boundary [24, 25]. These precipitates formed where
the concentration of B close to the junction was high
due to exceeded B solubility in the base metal. Also,
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Fig. 10 The SEM micrograph of the diffusion brazed specimen at 15 min: (a) SEM image showing different zones in

the solidified area, (b) FESEM backscattered electron image of the solidified zone, and the higher magnification in the

eutectic products in the centerline of the bond A: Ni-rich boride, B: Ni-rich silicide, C: Mo-rich boride, D: Cr-rich boride,

(c) FESEM backscattered electron image of the solidified zone, and the higher magnification in DAZ products E and F:
(Mo, Cr, Ni, Fe)-rich carbide and G: Cr-Mo-rich borides.

in this region, the high reactivity of Mo and Cr with B
promotes the formation of Cr-Mo-rich boride precip-
itates [26]. The chemical compositions (at.%) of the
particles on the fracture surfaces of the specimens in
Tables 9 and 10 confirm the formation of composed
(Mo, Cr)-rich borides and (Mo, Cr, Ni, Fe)-rich car-
bides in the DAZ zone and Ni-rich boride, Ni-rich sili-
cide, Mo-rich boride, Cr-rich boride in the ASZ zone
as shown in Fig. 10 [27].

The boride density decreased with increasing hold-
ing time. Zhang et al. [28] studied the precipitation
and evolution of borides in the DAZ of Mar-M-247
diffusion brazed joints. They found that two types of
carbo-borides and three types of borides precipitated
in the DAZ were most likely M23(C, B)6, M6(C, B),
M3B2, granular M5B3, and acicular M5B3, respecti-
vely. In another study conducted by Liu et al. [29]
on Mar-M-247 Ni-based superalloy, it was perceived
that after complete isothermal solidification, the mi-
crohardness of the joints was more homogeneous. The
microstructure and mechanical properties of diffusion

brazed GTD-111 using MBF-20 interlayer were stud-
ied by Amiri et al. [30]. The diffusion of the MPD
elements from the interlayer to the base metal at the
diffusion brazing temperature becomes greater and get
intensified when the amount of the element in the ISZ
is higher than its solubility limit in the base metal,
so, as a result, the boride areas with needle-like, cu-
bic shapes, and grain boundary shapes form close to
the bonding interface (DAZ). Researchers presented
precipitation of the borides in the DAZ zone in many
studies on the IN-738 LC and IN-718 superalloys [26,
31].

The FESEM backscattered electron image of the
45 min holding time specimen is illustrated in Fig. 11.
The FESEM-EDS chemical analysis of phases A,
B, and C identified the presence of (Ni-Cr-Mo)-rich
boride dissolved phases in point A, MC6 carbide type
in point B, and M23C6 carbide in point C.

Figure 12 illustrates the FESEM backscattered
electron image of the 240 min holding time specimen.
The FESEM-EDS chemical analysis of A, B, C, and D
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Fig. 11. The FESEM backscattered electron image of the
bonded area in the 45 min holding time specimen with two
magnifications. According to FESEM-EDS chemical anal-
ysis, phases A, B, and C, indicated by the red square, were
(Ni-Cr-Mo)-rich boride MC6 and M23C6, respectively.

Fig. 12. The FESEM backscattered electron image of the

joint area in the 240 min holding time specimen with two

magnifications. According to FESEM-EDS chemical anal-

ysis, phases A, B, C, D, and E, indicated by the red square,

were (Cr, Mo)-rich boride, Cr-rich boride, Ni-rich boride,
and (Mo, Cr, Ni, Fe)-carbide, respectively.

phases identified the presence of (Cr-Mo)-rich boride
dissolved phases in A square, Cr-rich boride in B
square, Ni-rich boride in C square, and M6C carbide
in D square.

This study used MIP software to calculate the vol-
ume fraction of non-dissolved precipitated phases in
the DAZ zone. The FESEM backscattered electron
image of the 45 min holding time specimen shown in
Fig. 13 is a showcase used for measuring phase volume
fraction by MIP software. This image is an example
of the FESEM backscattered electron images used to
calculate the volume fraction of precipitated phases

Fig. 13. The FESEM backscattered electron image of the
45 min holding time specimen used for measuring the vol-
ume fraction of precipitated phases by MIP software.

in the DAZ region. Three images are used to calcu-
late the volume fraction of each specimen, and the
obtained number is the average of three-volume frac-
tions extracted from three images for each specimen.
Table 7 indicates the volume fraction of precipitated
phases in the specimens (DAZ region and ASZ region)
for 5 to 240 min holding time using MIP software. As
shown in Fig. 13 and Table 7, with increasing time
from 20 to 240 min, the width, density, and volume
fraction of the DAZ phase decreased due to the dis-
solution of precipitated phases; but the addition of
DAZ and ASZ phases’ volume fraction continuously
decreased by uprising holding time from 20 min (com-
pletion time of the isothermal solidification process)
to 240 min, the volume fraction of phases in the DAZ
region decreased [32]. The cause of such phenomenon
is a created variation due to diffusion over the time
of the diffusion brazing. Indeed, at the beginning and
in the 5min holding time specimen, MPD elements
did not have the opportunity to diffuse into the base
metal, and as a result, a smaller volume fraction of
precipitated phases DAZ zone was formed [21, 32].
With increasing holding time up to 15 min, the dif-
fusion rate increased, and at the same time, in this
specimen, the volume fraction of phases in the ASZ
zone decreased, and the DAZ zone increased. This in-
crease in the volume fraction of the DAZ phase, up to
20 min, reached its maximum value due to the ASZ
phase removal and increasing the diffusion of MPD
elements [33]. By increasing the holding time beyond
20 min, the volume fraction of the DAZ phase did not
increase. The greater diffusion of MPD elements in
the depth of the base metal did not increase the DAZ
phase [19, 34]. As shown in Fig. 3, with increasing time
from 20 to 240 min, the width and density of the DAZ
phase decreased due to the dissolution of precipitated
phases.
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30 um

Fig. 14. Edges of the base metals where bonding is not
completed: (a) left side of the specimen and (b) right side
of the specimen.

By increasing the holding time, the grain size of
the interlayer was raised. This grain size change can
also be observed in the base metal [35].

3.3. Shear strength testing

Figure 14 shows the bonding edges for a brazed
joint. At the distance of 50 um from the edges of the
specimen, no connection was observed. Therefore, it
is necessary to remove these edges before performing
the shear strength test so that no error occurs in the
results. In this regard, grinding was carried out by a
peeling machine on the specimens, and the diameter
of specimens was reduced from 5 to 4.48 mm.

First, the shear strength of unbounded Nicrofer
5520 superalloy base metal was examined, and the
strength of ~ 690 MPa was obtained. Then, the shear
strength of the diffusion brazed specimens was investi-
gated. The shear strength diagram of the given diffu-
sion brazed specimens with holding times of 5, 15, 20,
45,90, 120, and 240 min is shown in Fig. 15. As shown
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Fig. 15. (a) Load-displacement curves obtained for the

shear tests applied to the base metal and all the diffu-

sion brazed specimens at different holding times and (b)

shear strength (MPa), maximum displacement (mm), fail-

ure energy (J), DAZ and ASZ precipitate phases volume
fraction.

in Fig. 15, the maximum shear strength of 642 MPa
belongs to the diffusion brazed specimen with a hold-
ing time of 240 min, and the lowest shear strength be-
longs to the diffusion brazed specimen with a holding
time of 5 min. The shear strength of the 240 min hold-
ing time specimen reached 93 % of the shear strength
of the base metal. Table 8 shows the shear strength
of the specimens with the failure energy. Some re-
searchers [18, 36] presented the reverse relationship
between the width of the ASZ and the shear strength
during the diffusion brazing of Inconel 718 superal-
loy. This subject was also observed in this study. By
increasing the holding time to 20 min, the isothermal
solidification was completed (the ASZ disappeared),
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Table 8. Shear strength, failure energy, and maximum displacement of the different holding times specimens and base

metal
Specimen Base metal 240min 120min 90 min 45min  20min 15min 5min
Shear strength (MPa) 690 642 572 519 455 373 338 252
Maximum displacement (mm) 2.92 2.21 1.48 1.21 0.66 0.41 0.33 0.22
Failure energy (J) 432 326 221 192 107 94 85 73
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600 120 min 600 &
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Fig. 16. Effect of all precipitate phases volume fraction (DAZ for 20, 45, 90, 120, and 240 min and ASZ for 15 and 5 min
specimens) on the shear strength, failure energy, and maximum displacement of the different holding times specimens.

and the shear strength was promoted. Bridges et al.
reported a similar increase in the shear strength by
completing the isothermal solidification [37]. As can
be seen, the shear strength of the specimens increased
with increasing holding time. The energy required to
fail the specimens, such as the shear strength, in-
creased by increasing holding time. The study of the
failure site of the specimens shows that in the case
of specimens held at 5 and 15 min, which did not
complete the isothermal solidification, the failure oc-
curred from the bonding center and the ASZ region,
and in other specimens that completed the isothermal
solidification the failure occurred from the boundary
between the ISZ and DAZ area, DAZ area and the
boundary between the DAZ and base metal.
According to the Fig. 16, investigation of shear
strength changes with volume fraction of precipitated
phases in a DAZ and SAZ areas indicates that, in gen-
eral, shear strength promoted with increasing holding
time and simultaneously by reduction of volume frac-
tion of precipitates in DAZ zone for 20, 45, 90, 120,
and 240 min specimens and in ASZ zone for 5 and
15 min specimens, this phenomenon is also seen in the
amount of failure energy and maximum displacement.
Simultaneously, increasing the time reduced the

volume fraction and morphology of the precipitates.
Reducing the amount of precipitation and moving the
precipitates deformation process towards spheroidiz-
ing improved mechanical properties and gotten closer
to the base metal properties [38].

Some studies reported increased ductility with an
increscent amount of boron in Ni-based superalloys
[39, 40]. These studies gave evidence for the segrega-
tion of boron along the grain boundaries. In the dif-
fusion brazing process, the completion of isothermal
solidification, the occurrence of solid-state diffusion,
and the formation of boride particles with uniform
distribution are the main reasons for such an increase
in ductility [41].

3.4. Microhardness evaluation

The hardness distribution in the bonding area can
be employed to analyze and appraise the effect of sec-
ondary phases and the meager homogeneity on the
mechanical properties of TLP joints [30]. The results
of the Vickers microhardness distribution over the half
joint area of the diffusion braze corresponding to dif-
ferent holding times are shown in Fig. 18. The hard-
ness was measured at a distance of 5 um, from the
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center of the interlayer to a few micrometers inside
the base metal (15 points). Figure 18 shows the width
of different bonding zones and the microhardness. The
brittle and hard (Mo, Cr, Ni)-rich boride precipitates
are attributed to an increase in the hardness in the
center of the interlayer. As shown in Figs. 4-6, by in-
creasing the holding time to 20 min, the joint region
is erased from the hard and brittle centerline phases,
and the ASZ is wholly removed; simultaneously, the
hardness peak in the DAZ area can be seen, and as
the holding time increases, the peak of hardness de-
creases in size and becomes closer to the base metal.
This occurred with the reduction of the width of the
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Fig. 19. Effect of DAZ microhardness on the shear
strength, failure energy, and maximum displacement of the
completed isothermal solidification step specimens.

DAZ zone due to the further dissolution of precipi-
tated phases such as borides and carbides, and the
ISZ hardness of the specimens by increasing holding
times is close to that of the base metal; this can be rel-
ative to the higher interdiffusion between the bonding
zone and the base metal. The effect of holding time on
the thicknesses of ASZ and DAZ is shown in Fig. 17.
As can be seen in Fig. 18, up to 20 min holding time
as the long-distance diffusion of the elements into the
base metal decreased, the density of the boride pre-
cipitates in the DAZ and width of DAZ increased and
led to a decrease in the hardness in this region, but
by holding for longer times, the rate of dissolution of
precipitated phases increased, and the concentration
of carbides and borides in the DAZ area decreased.
Eventually, by increasing holding times, the hardness
profile of the diffusion brazed joints became more uni-
form. The dominant hardening mechanism in the ISZ
is a solid solution hardening mechanism controlled by
the interdiffusion of solute elements between the base
metal and interlayer [42].

Figure 19 simultaneously shows the relationship
between the microhardness of the DAZ region and the
shear strength, failure energy, and maximum displace-
ment for specimens in which the isothermal solidifica-
tion stage was completed. In the given bonding speci-
mens from 20 to 240 min with increasing holding time,
the hardness of the DAZ area decreased. The reason
for the reduction of the hardness of the DAZ region in
accordance with the results of Table 7 and the width
of the DAZ region (Fig. 17) is the reduction of pre-
cipitated phase density (reduction of volume fraction)
decrease in the width of the DAZ region and change
the morphology of sedimentary particles [19, 33]. As
seen in Fig. 19, the mechanical properties of the spec-
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Table 9. Chemical composition (at.%) of the particles on the fracture surfaces of the specimen diffusion brazed at 15 min

(Fig. 20b)
Element Cr Co Mo C B Fe Si Ni Probable phases
A 19.98 0.31 19.13 1.57 47.89 4.16 0.21 7.16 (Mo,Cr)B
B 43.88 0.42 0.02 1.25 52.14 1.66 0.01 1.14 CrB
C 4.12 0.05 0.01 1.78 23.97 1.78 0.02 67.15 NisB
D 0.81 0.02 0.03 0.72 0.01 0.63 32.40 65.43 Ni2Si
+ Nizhh  + MoB
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Fig. 20. The SEM images of the fractured diffusion brazed
specimens at 15 min holding time: (a) SEM images of a
polished cross-section showing the fracture path through
the centerline eutectic compound in ASZ and (b) the SEM
images illustrating the fracture surface morphology.

imens increased with increasing holding time and, at
the same time, reduced the hardness of the DAZ re-
gion [38].

3.5. Fracture morphology

Figure 20 shows the SEM images of the fractured
diffusion brazed specimens at 15 min holding time. As
shown in Fig. 20a, in the specimen diffusion brazed
at 15 min, the fracture occurred exactly from the cen-
ter of the bonding area, and the path of the eutectic
precipitated ASZ phase. Figure 20b shows the fracture
morphologies of the failure surface. This fracture mor-
phology shows a semi-cleavage morphology, indicat-
ing a non-ductile fracture. Table 9 shows the EPMA
spot test results for identifying the composition of the
remained particles on the fracture surface. Point A

Fig. 21. XRD spectrum of the fracture surface of the
15 min holding time specimen.

is mainly composed of (Mo-Cr)-rich borides, whereas
point B is composed of chromium-rich borides, point
C is nickel-rich boride (Ni3B), and point D is Ni-
-rich silicide (Ni2Si). The composition of these points
is compatible with the phase compositions shown in
Fig. 11. The XRD spectrum of the fracture surface
of this specimen, which is shown in Fig. 21, confirms
the accuracy of the type of mentioned formed phases
in Table 9. Since the penetration of MPD elements
such as B and Si in this specimen was not completed
and there is a high concentration of this element in the
middle of the interlayer, the presence of large amounts
of borides and silicide phases is normal. Therefore, the
fracture planes created in the vicinity of coarse boride
particles caused brittle and cleavage failure character-
istics and micro cracks. The intrinsic brittleness and
pre-cracked structure result from low shear strength,
maximum displacement, and failure energy, creating a
rapid fracture.

Figure 22 shows the SEM images of the fractured
diffusion brazed specimens at 45 min holding time,
where the boundary between the ISZ and DAZ areas
was the preferential site for crack propagation due to
the presence of the borides and carbides. This fracture
is brittle, and cracks are formed through carbides in
grain boundaries. Table 10 shows the EPMA spot test
results for identifying the composition of the remained
particles in the fracture surface; Point A is composed
of (Mo-Cr)-rich borides; Fig. 22b shows a mixture of
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Table 10. Chemical composition (at.%) of the particles on the fracture surfaces of the specimen diffusion brazed at
45 min (Fig. 22b)

Element Cr Co Mo C B Fe Si Ni Probable phases
A 26.74 0.18 19.33 1.53 45.75 2.95 0.03 2.67 (Mo, Cr) B
B 25.93 0.56 31.98 12.54 0.51 9.21 - 16.31 (Ni,Mo,Cr,Fe)sC
C 38.82 0.78 27.12 19.15 0.58 6.96 - 6.11 (Ni,Mo,Cr,Fe)23Cs

gy 20 um
grain boundaries carbide T‘: DAZ Parti-:lcs<> CrucksD ‘
Fig. 22. The SEM images of the fractured diffusion brazed
specimens at 45 min holding time: (a) SEM images of a
polished cross-section showing the fracture path through
the boundary between the ISZ and DAZ areas, and (b) the
SEM images illustrating the fracture surface morphology.

E .M:‘(‘
12000 — + Ma3C6
= A Ni
2 10000 A
=
2 8000 '
) E
2 6000 PN
g . | + e +
2 40009 4 7|L’~ N+ 1
& :Nd“'h v [ (AT g S
2000
_llllllillilllllllllll|I|IIIIII:I|I!II
30 40 50 60 70
20(Degree)

Fig. 23. XRD spectrum of the fracture surface of the
45 min holding time specimen.
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Fig. 24. The SEM images of the fractured specimen diffu-
sion brazed at 240 min holding time: (a) SEM images of a
polished cross-section showing the fracture path through
the boundary between the DAZ and base metal areas, and
(b) the SEM images illustrating the fracture surface mor-

phology.

granular and intergranular fracture facets. The boride
particles are a source of intergranular fracture. The
boride particles denote the site of crack nucleation. As
can be seen in Table 10, Points B and C are complex
carbides of (Ni,Mo,Cr,Fe)sC and (Ni,Mo,Cr,Fe)23Cs.
These carbides are responsible for granular fracture in
the boundary between the ISZ and DAZ areas. It is
concluded that the low shear strength and failure en-
ergy are attained when the most carbides are in grain
boundaries. The XRD spectrum of the fracture surface
of this specimen, which is shown in Fig. 23, confirms
the accuracy of the type of mentioned formed phases
in Table 10.

The fractured diffusion brazed specimen at 240 min
holding time is shown in Fig. 24. The fracture path
in this specimen is through the boundary between the
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DAZ and base metal areas. After 20 min, by increasing
the holding time, the ASZ region disappeared, and due
to the diffusion of MPD elements to the base metal,
the homogenization of DAZ decreased, but by promot-
ing holding time, the width of the DAZ zone decreased
by the solution of precipitate particles such as borides
and carbides; therefore, effective factors of stress con-
centration decreased, and the shear strength increased
[12, 43]. The fracture surface morphology shows a mix-
ture of ductile and intergranular fractures. The duc-
tile fracture has a high number of coarse dimples. The
DAZ particles are visible in the depth of some dimples.
The ductile fracture stems from the dimple formation
mechanism in the strain discontinuity places. Often
these discontinuities can be a second phase or precip-
itates [44]. The fracture surface of this specimen is a
mixture of coarse dimples and cellular fracture. Brit-
tle and ductile fracture characteristics can be seen in
the cellular fracture mode [45]. Conspicuously, after
completing isothermal solidification, when hard and
brittle intermetallic compounds appear in the soft ma-
trix (DAZ area) with the increase in the holding time,
the precipitates become rounded, and their density de-
creases; as a result, at the same time, the probability
of ductile failure with coarse dimples and the possi-
bility of cellular structure increase. In this situation,
the boride particles are surrounded by the soft matrix
of the base metal, therefore, under applied stress, the
matrix is deformed, and the cellular structure is cre-
ated around the cracked particles due to the matrix
plastic deformation [35].

4. Conclusions

The diffusion brazing of Nicrofer 5520 superalloy
specimens was performed successfully at 1120°C for
seven different holding times of 5, 15, 20, 45, 90, 120,
and 240 min using a 30 um thick Ni-7%Cr 4.5%Si-
-3.1%B interlayer. The main findings of this study are
as follows:

1. The isothermal solidification was completed for
all the specimens after the holding time of 20 min,
and the ASZ area was removed entirely. Before 20 min
holding time, non-equilibrium eutectic phases were ob-
served at the centerline of the bonding zone. The ob-
served eutectic phases contain Ni-rich borides, Ni-rich
silicides, Cr-rich borides, and Mo-rich borides. With
increasing the holding time, the diffusion of B from
the interlayer into the base metal caused the precipi-
tation of (Mo and Cr)-rich borides in the DAZ of the
joints. In this situation, a huge amount of complex
Cr-Ni-Mo-Fe carbides, as granular carbides, were ob-
served in the DAZ area.

2. With increasing the holding time, causal changes
were made in the width of the DAZ zone. Actually, up
to 20 min holding time, the long-distance diffusion of

the elements into the base metal caused a decrease
in the density of the boride precipitates in the DAZ
and an increase in the width of the DAZ. By holding
for longer times, the dissolution rate of precipitated
phases increased, and the concentration of carbides
and borides in the DAZ area and its width decreased.

3. The high microhardness values obtained in the
centerline of the interlayer were due to the precipita-
tions of hard and brittle eutectic phases in the ASZ
area and the (Mo and Cr)-rich borides and complex
Cr-Ni-Mo-Fe carbides in the DAZ. In the following,
by holding for longer times, the microhardness of the
joints became more uniform because of the disappear-
ance of the centerline eutectic phases and the eventu-
ally decreasing amounts of the borides and carbides in
the DAZ area.

4. The shear strength of the specimens, the en-
ergy required failing, and the maximum displacement
increased with increasing the holding time. The high-
est shear strength (~ 642 MPa) was achieved for the
specimen diffusion brazed at a 240 min holding time
that was about 93 % of the base metal strength, and
the lowest shear strength (~252MPa) was achieved
for the specimen diffusion brazed at a 5min holding
time because of exhibiting of ASZ in center of bonding
zone.

5. In the specimen diffusion brazed at 15 min,
the fracture occurred exactly from the center of the
bonding area, and the path was from the ASZ pre-
cipitated eutectic phase. This fracture morphology
showed semi-cleavage morphology, indicating a non-
ductile fracture. In the diffusion brazed specimens at
45 min holding time, a fracture occurred in the bound-
ary between the ISZ and DAZ areas, which was the
preferential site for crack propagation due to the pres-
ence of the borides and carbides. This fracture was
brittle, and the cracks were formed through carbides
formed in the grain boundaries. The fracture surfaces
of the specimen diffusion brazed at 240 min holding
time were a mixture of a ductile fracture with a high
number of coarse dimples, an intergranular fracture,
and a cellular fracture.
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