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Abstract

Transient liquid phase (TLP) bonding was used to bond an IN939 superalloy utilizing a traditional, two-step heating process.
The bonding process was carried out using BNi-2 foil with a 70-um thickness as the interlayer in the first step at 1160 °C for
1 min and then at 1120 °C for different isothermal solidification times (50, 65, 80, and 95 min) in the second, also at 1120 °C
for 80 min in conventional TLP bonding under vacuum furnace at a pressure of 10- torr. All the bonded specimens are then
subjected to heat treatment and examined before and after heat treatment. A single-phase (isothermal solidification) was
generated at the centerline after 80 minutes using a two-step technique. Due to insufficient bonding times, eutectic-products
consisting of (gamma solid-solution), (Cr rich-boride), and (Ni rich-boride phases) formed in the centerline. The diffusion-
affected zone also contained blocky- and needle-shaped boride precipitates in addition to the eutectic phases. The Vickers
micro-hardness, and shear tests were done on the joints to evaluate their mechanical quality. The duration of isothermal
solidification was shortened by using two-step TLP bonding. The hardness profile across the bond area was better than the
conventional method and became more uniform after the heat treatment, and the shear strength was 631 MPa, and became 885
MPa after heat treatment, while about 479 MPa with the conventional TLP after heat treatment for the specimen with the
isothermal solidification time of 80 min. After being subjected to a two-stage post-bond heat treatment, the microstructure
becomes close to the base metals, as a result, a homogenizing microstructure forms across the joint. With increased bonding
times, all of the bonds' shear strengths increased, and the hardness distribution across the bond area was better than the
conventional technique and following the heat treatment, became more uniform. The bond shear strength was enhanced after

the heat treatment because a significant y-'phase developed in the bond area.
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1. Introduction

The hot section parts of the gas turbine, including the
stationary and rotary components, are subjected to thermal
and mechanical fatigue, oxidation, creep, hot corrosion, and
damage to foreign objects during gas turbine operations. So,
to achieve stable operation in an aggressive environment,
various types of superalloys must be used [1, 2, 3]. Joining
is necessary when manufacturing these alloys, and a
significant amount of work has been done on many different
types of techniques that can be used to successfully fabricate
them [4]. Nickel-based superalloys' weldability is mostly
determined by the amount of Al and Ti. Precipitation
hardening of nickel-based super alloys is extremely difficult
to weld due to their great sensitivity to solidification
cracking within the fusion zone and heat-affected zone
(HAZ) during welding or post-bond heat treatment [5-8].
Also, diffusion bonding and brazing methods are limited in
their use for the repair or fabrication of nickel-based super
alloy parts due to problems connected with them. During
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the brazing process, brittle phases may form in the joint
area, weakening the joint's properties [9, 10]. To resolve
these issues, Duvall et al. achieved transient liquid phase
(TLP) bonding [11]. Materials that are difficult to join using
traditional techniques are best joined using TLP bonding.
There are three steps in conventional TLP models:
dissolution, isothermal solidification, and solid-state
homogenization. The base metal generally dissolves over
several minutes due to the melting-point depressant (MPD)
components' short-range diffusion. Long-term diffusion
occurs during the isothermal solidification stage, which
takes longer, ranging from minutes to hours depending on
the bonding temperature, and type of interlayer. The
homogenization step, on the other hand, is performed to
enhance the joint's qualities. [12-15]. The formation of the
joint in the TLP bonding process is dependent on the
isothermal solidification of the liquid phase at a constant
bonding temperature. According to the studies of Mac
Donald and Eager [16], isothermal solidification may take a
long time to complete. TLP's uses in many industries are
limited as a result of this. Shirzadi, and Wallach [17]
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devised a unique approach for TLP bonding that uses a
temperature gradient (TG) across the bond- line rather than
keeping a constant temperature during bonding. One of the
most significant advantages of this novel technique is that
bonding time is predicted to be significantly reduced
compared to conventional TLP bonding. Additionally, TG
over the liquid phase can lead to the production of a non-
planar interface, which increases bond strengths due to the
increased metal-to-metal contact, in contrast to the planar
interfaces associated with conventional- -TLP bonding. The
interfaces may limit the bond strength, even though TG-
TLP bonding can result in a strong joint. As a result, Wang-
et al. [18] developed a technique for TLP bonding that uses
two-step heating to produce a homogeneous joint. The first
stage of this procedure is done at a high temperature for a
short period. The joint is then maintained at a lower
temperature until the second process of isothermal
solidification is finished. At a high temperature, the liquid
phase forms, and at a low temperature, it begins to solidify.
The equilibrium is broken when the temperature drops and
a constitutional-super-cooling forms at the solid/liquid
boundary. In contrast to the unidirectional interface
migration observed during TG- TLP bonding, the two non-
planar interfaces move in opposite directions and meet in
the liquid phase's core. A homogenous joint is created by
combining the high-angle grain boundaries. Only a few
research investigations in the field of two-step-heating TLP
bonding have been done to date. To present, the majority of
research has focused on the conventional TLP bonding
procedure. A similar joining of IN939 using two-step
heating in TLP bonding has not been described in earlier
studies. Furthermore, there was no comparison of
mechanical characteristics with conventional TLP bonds.
There was also no research on the influence of heat
treatment of base metals (IN 939) on TLP bonding using
two-step heating. Additionally, the microstructure and
mechanical characteristics of TLP bonds are compared
before and after heat treatment using the two-step heating
technique.

2. Experimental
2.1. materials
The as-cast polycrystalline Ni-base superalloy (IN939),

in the form of (50x100x100) mm plates, was used as the
base metal. In addition, BNi-2 was used as a filler metal in
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the form of a 70um thick-foil. Table 1 shows the chemical
compositions of the materials utilized in this investigation,
which were evaluated using Optical Emission Spectroscopy
(OES). The filler alloy's liquid and solidus-temperatures
were 999°C and 971°C, respectively [19].

2.2. Bonding procedure

The as-received plates were sectioned into specimens
with dimensions of (10 x 10 x 5) mm using NC wire electro-
discharge machining. To ensure the removal of an oxide
layer created through the machining procedure, all
specimens were prepared with SiC paper to an 800-grit
finish for bonding. The specimens and filler were cleaned in
an ultrasonic acetone bath for about 15 minutes after
grinding. The filler alloy was sandwiched between the
cleaned specimens' mating surfaces. To prevent the entire
assembled pieces from moving during TLP bonding, a
fixture fabricated from St37 was utilized, as illustrated in
Figure 1b. Only the specimen weight, which was the same
for all samples, applied pressure to the assembled parts. The
assembly was then put in a vacuum furnace at a pressure of
around 105 torr. Table 2 lists the bonding variables for all
the samples produced using the traditional TLP bonding
technique and the two-step heating method. The parameters
were selected based on previous studies, and several
experiments were done step by step to reach the current
parameters. After bonding, all the bonded specimens are
then subjected to the heat treatment of IN939 (solution
treatment at 1160 °C for 4 h, then rapid air cooling, and
aging at 845 °C for 16 h, then air cooling) [20, 21]. Figures
(1 a) depict a schematic illustration of heat treatment. The
EDM was used to section the bonded specimens
perpendicular to the bonding zone for microstructure
investigation. Then the mounting operation was carried out.
After mounting, grinding with SiC paper grades was used to
grind the surface of the specimen. Thereafter, they were
polished using paste. Finally, the diamond paste was used
for final polishing. Following the polishing operation, the
specimen was immersed for 5 seconds in a marble etching
solution (10 g CuSOs, 50 ml HCL, 50 ml H20) to study the
microstructure in the bonding area. The electrochemical
reagents (45% butanol, 10% perchloric acid, and 45% acetic
acid) were used for etching the specimens under the
conditions (5-10 vs. 20s) to study the size, and distribution
of y' precipitates [8]. After that, samples were examined
before and after heat treatment.

Table 1. The Chemical Compositions of the Base Metal and the Filler-Alloy (Wt%)

Elements (Wt%) Alloy
Si Mn Cr Mo Cu Fe Co Ti Al Nb \% C Ta Zr B V Cu Ni

0.04 0.04 224 0.05 0.01 0.12 192 3.70 1.84 1.11 204 0.14 13 0.08 - 0.01 0.01 Base IN939
432 0.015 592 - - 290 0.054 - - - - 0.034 - - 1.89 - - Base BNi-2

Table 2. Parameter used in TLP-bonding

Sample Short-time heating stage Isothermal solidification stage
Temp.(c®)  time(min) Temp.(c®)  time(min)
D-50 1160 1 1120 50
D-65 1160 1 1120 65
D-80 1160 1 1120 80
D-95 1160 1 1120 95
DC-80 1120 80
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2.3. Mechanical testing

Shear tests and microhardness were used to analyze the
mechanical characteristics of the TLP bonding before and
after heat treatment. A Vickers micro-hardness tester was
used to evaluate how the hardness changed over the joint
region about the distance from the bond contact.
Microhardness measurements were made over the joint
region by the ASTM E384 standard using a 50 g force
applied for 10 seconds [22]. Before the hardness test,
appropriate grinding and polishing operations were done.
To determine the mean values of three areas, the hardness
value at each position was averaged across at least five
measurements. Using a tensile machine with a speed of 1
mm/min, a shear test at ambient temperature was carried out
by ASTM: D1002 [23]. During the tensile testing, the shear
force was applied to the joints using a fixture. To avoid
stress concentration, sample surfaces were ground before
this test. The mean values of three tests were performed on
10x10x10-mm samples at each condition, and the results
are reported. OM and SEM were used to investigate the
fracture surfaces. A schematic of the manufactured fixture
for the shear test is shown in Figure 2.

Figure 2. The fixture schematic diagram and the manufactured
fixture for shear test.

3. Results and Discussion
3.1. Microstructure of TLP bonded joints

The base metal was Ni-based superalloy IN939, which
was bonded. Figure 3 shows the microstructure of the

v

b)

Figure 1. a) Schematic illustration of Standard heat treatment, b) design of the joint and fixture

bonded specimen after 50 minutes of time in the second
step. In the TLP bonding-area of specimen (D-50), it can be
seen that the microstructure consists of four different zones.

3.1.1. Athermal Solidification Zone (ASZ)

This zone is formed as a result of the solidification of
the residual liquid in the bond line during the cooling of the
specimen to room temperature. The driving force for this
zone is cooling. Due to inadequate melting-point depressant
(MPD) diffusion from the liquid filler into the surfaces, the
liquid filler in the bond line does not have enough time to
solidify fully isothermally, and as a result, it is composed of
the eutectic products of non-isothermal solidification. From
the FE-SEM secondary and backscattered electron images
shown in Figure 4 (a) and (b), it can be seen the TLP-bonded
area with higher magnification for the centerline eutectic
(ASZ) in (c) and (d), and the different phases that are
found in the eutectic of the specimen (D-50). The
FESEM/EDS analysis was utilized to determine the
composition of available phases at higher magnification to
know more about the phases within the eutectic
products. As shown in Table 3 for the zones (A to D). In
Figure 4 (d), the point "D" is primary carbides (6.50Ni,
1.90Cr, 2.28Si, 1.19Mo, 0.48Al, 37.18Ti, 0.13Fe, 0.70Co,
20.51B, 5.81Nb, 2.25W, and 21.06C). Table 3 shows the
results of the EDS compositional analysis, which indicate
that the eutectic products are divided into three phases: the
v- solid solution, Cr and Ni phases- rich boride. The
formation of the same solidification phases has been
reported in TLP-bonded [IN939 and other Ni-base
superalloys in the references [24-26]. The residual liquid
interlayer's high boron content and the substantial quantities
of nickel and chromium it contains make it necessary for the
eutectic products to form, leading to the formation of the
eutectic products, which included nickel- and chromium-
rich M23Be-borides, nickel-based solid-solution phases, and
MsBs-borides.

During isothermal solidification, the y ----phase solid
solution is the first to form from the melting surfaces into
the melt in the bond area at the bonding temperature, but
when there isn't enough time to finish solidification
isothermally, the athermal solidification begins. The
microstructure development in the ASZ can be significantly
controlled by solidification; examples include the creation
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of the dendritic structure and solute partition. Solidification
occurs in the direction of the base metals toward the bond
line. When studying the solidification sequence of the
remaining liquid after cooling, the microstructure of ASZ
may be described. When a y -solid solution in the form of
dendrites grows from the liquid/solid interface during
cooling, the solute elements with a partition coefficient less
than one (K<1) are rejected into the liquid (melt). As a
result, these solute components become more
concentrated. and exceeds the solute's solubility limit in the
y-solid solution phase. As a result, between dendrites,
secondary solidification constituents form. Since then,
according to the binary Ni-B equilibrium phase diagram
[27], the solubility of boron in nickel has been about 0.3
percent. Because of this, B dissolves far less easily in Niand
Cr than Si does.

%

TLP bonding area
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B is thus rejected into the remaining liquid, changing its
eutectic composition. Consequently, solidification
continues, resulting in the formation of a binary eutectic
made up of the y -phase, nickel boride, and chromium
boride. Si becomes more concentrated in the residual liquid
due to the insolubility of Si in boride phases, thisis in
agreement with the reference [28]. As a result, the liquid
becomes even more Si-enriched, yielding a product
(eutectic) composed of y-phase, Ni and Cr-rich borides, and
Ni-rich silicide, in agreement with the reference [29]. The
reaction of eutectic during the cooling of IN939 TLP
bonded with BNi-2 filler alloy is as follows, based on the
above results:

L—=>y+L>y+NiB+CrB

MESTAD TE SCAN

RAZ) FOUMDATION

Figure 4. FE-SEM of the Specimen (D-50) (a) and (b) Secondary and Backscatter Electron Images Showing Different Zones in the Solidified
Area. (c) and (d) Secondary and Backscattered Electron Images at Higher Magnification Showing Available Phases (A-D) in Eutectic Products
in the Centerline of the Joint
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3.1.2. Isothermal Solidification Zone (1SZ)

This zone's microstructure consists of a solid-solution
phase rich in nickel that contains elements including Mo,
Ti, Al, and Nb that aren't present in the TLP filler alloy
composition. Because there is no solute rejection at the
liquid-solid contact, The creation of a second phase does not
occur in this zone [7, 30]. The ISZ is a single-phase vy -solid
solution, according to the results of SEM/EDS analysis (B
in Figure (4 d)) in Table 3. Figure 5 shows the
microstructure of the TLP bonded for 80 minutes in the
second stage using FE-SEM secondary and backscattered
electron images for specimen D-80. The phase solid-
solution is the only phase generated at the joint centerline,
as seen in this figure. As a result, the bond region only has
ISZ in the centerline and no eutectic products.

3.1.3. Diffusion affected zone (DAZ)

Figure 6 illustrates the FE-SEM secondary and
backscattered electron images for the specimen (D-50) with
higher magnification for the microstructure of DAZ. As
shown in Figure 6, "E" is blocky and "H" is needle-shaped
precipitates; "G" is the solid solution matrix in DAZ; and
"F" is white particles; these were base metal primary
carbides (0.87Ni, 0.24Cr, 0.47Si, 16.66Ti, 0.12Co, 16.32B,
1.93W, and 15.99Nb); this is in agreement with the
literature [31, 32]. the existence of certain borides produced
in the near base metal and the diffusion of boron from the
filler metal, like Cr in IN939, lead to the precipitation of
these borides during the dissolution and isothermal
solidification stages. These second phases first have a
blocky shape in the region near the isothermal solidification
zone and then change to a needle shape by moving away
toward the base metal zone. This is in agreement with the
literature [24, 33]. The chemical composition of the second
phase and the matrix in the diffusion-affected zone are
shown in Table 4.

Table 3. chemical composition (at%) for all the labeled zones that shown in figure 4.

Ni Cr Si Mo Al Ti Fe Co B Nb w Predicated
phase
A 48.95 1.11 5.70 1.94 0.26 3.86 0.22 3.16 22.45 10.40 1.97 Ni-rich borides
B 61.84 9.43 0.79 0.0 0.50 1.78 0.82 5.99 13.48 2.90 247 y- solid solution
C 2.29 46.03 0.07 2.55 0.24 1.41 0.22 2.05 37.26 2.75 5.14 Cr-rich borides
Table 4. chemical composition (at%) for the points that shown in Figure 6
Ni Cr Si Mo Al Ti Fe Co B Nb w Predicated
phase
E | 144 61.96 0.06 1.28 0.36 0.32 0.09 2.11 28.05 0 434 Blocky Cr- rich
borides
H | 6.63 70.39 0.09 0.42 0.64 0.79 0.13 3.17 10.03 2.89 4.50 Needle Cr-rich
borides
46.16 13.69 0.13 5.62 1.62 2.58 0.33 13.37 10.85 0 5.64 Gama matrix

SEM MAG: 300 x
WD: 12,55 mm
Date{midly): 04/19/21

SEM HV: 150 kV
Det: SE, BSE
View field: 482 pm
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Figure 5. FE-SEM images of the specimen (D-80)
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3.1.4 Gama prime precipitates at the bond line

In the IN939 superalloy, the distribution of Gama prime
precipitates (y') in the base metal and bond line is shown in
Figure 7 for the specimen (D-80). Figure 8 shows the 7y’
precipitates along the bond area from the centerline (ISZ) to
the base metal of the specimen (D-80); this condition
achieved full isothermal solidification. Figure 7 shows that
the v’ in the centerline is less than that in the base metal. As

SEM MAG: 300 x SEM MV 150 KV
W 4242 mmn Det SE, DSE
Dategmidy): 031321 | Vaow Deld: 432 jam

> P
SEM MAG: 2,00 kx
W 1244 mim
Dategedy): 031321

Dot SE, BSE
Virw Dheld: 72.2 em

previously stated, the presence of y' in the bond line
indicates dissolution of the base metal elements (Al, Ti, and
Mo) and enrichment of the molten phase with these
elements in the isothermal solidification zone. Based on
these findings, the TLP-bonded joint of IN939 with BNi-2
as a filler alloy at an 80-minute holding time in the second
step has a centerline structure (1SZ) that is similar to the
base metal structure.

MIRAS TESCAN|

RAZ FOUNDATION

Figure 6. FE-SEM Secondary and Backscattered Electron Images for the Specimen D-50 in (a) and (b), with Higher Magnification for the

Microstructure of DAZ in (c) and (d)

>

Figure 7. FE-SEM images for the y' precipitates in the specimen S-80 in (a) ISZ (centerline) (b) base metal zone.
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3.2. Effect of Two- step Technique and Bonding Time on
the Microstructures of TLP Bonds

On the IN939 specimens, bonding was carried out. The
period required to complete isothermal solidification and
prevent the formation of centerline eutectic phases at a
specific bonding temperature and gap size determines how
well TLP bonds. Figure 9 illustrates the microstructure
examination of bonded joints. According to this figure, the
joint had eutectic products in the second phase after 50
minutes. So, through the cooling process from bonding
temperature to room temperature, the microstructure of the
joints is divided into four main zones: the 1SZ, ASZ, DAZ,
and BM zones. Due to increasing B and Si diffusion into the
substrate, the average width of the DAZ region widened
with increased holding time. In addition, the precipitates in
the DAZ were larger, and the ISZ's width widened, as
shown in the figure. In this investigation, full isothermal
solidification of the joints was obtained in 80 minutes in the
second step (two-step TLP bonding). Despite this,
isothermal solidification did not occur completely, and a

 J
-Base metalzone

v

centerline eutectic was discovered for the standard TLP
specimen after 80 minutes of one-step bonding, as shown in
Figure 9: (c and e). Thisindicated that using two-step
heating for TLP bonding might minimize the time necessary
for isothermal solidification. This study's findings are in
agreement with earlier research [34, 35].

A two-step heating TLP method was used to generate an
imposed supercooling at the interface as a result of the
temperature reduction. This caused the interface to become
unstable, producing aform that is complex and non-
planar [36]. Although it has been demonstrated that an
unstable interface benefits from strong bonding, severe
instability should be avoided to prevent an unsuitable
microstructure. The interface has grown in both cellular and
wavy shapes as a result of the low temperature. It has been
reported that increasing interfacial curvature can reduce
solidification time [37]and that enhanced interfacial
curvature can speed up the movement of the liquid/solid
interface in the two-step heating process [38]. As a result,
isothermal solidification happens more quickly in the two-
step heating process while the interface was planar for the
bonding produced by conventional TLP bonding.

White particles (primary carbides)

MERAYS TESCAN

RAZY FOUNDATION

Blocky shape precipiAt"ates

‘needle shape precipitates

A TESCAN

AL FOUNDATION

| 30um

RAZ FOUNDATION

Figure 8. FE-SEM Secondary and Backscattered Electron Images for the y’ Precipitates of Specimen D-80 from Centerline Side to Base
Metal Side
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n , \_2"d stage: t;s=65 min

u ~ 2" stage: t;s =50 min

u 2" stage: t,s=80 min

Figure 9. OM of two-step heating TLP bonding of similar IN939 : a) specimen D-50, b) specimen D-65, c) specimen D-80, d) specimen D-
95, and e) specimen DC-80

3.3. Characterization of post-bond heat treated TLP bonds

The bonds of IN939 are subjected to two stages of post-
bond heat treatment: solution treatment at 1160 °C for 4 hr,
then rapid air cooling (first stage); and aging treatment at
845 °C for 16 hr, then air cooling (second stage). After being
subjected to the two-stage PBHT, the bond line of all the
heat-treated specimens also contained the only phase (y
solid solution), so was free from any second phase in this
region. This is due to the complete interdiffusion between
the base metal and interlayer during the solution treatment
(first stage). According to this, the volume fraction of y’

increases, and the PBHT causes coarsening of precipitating
in the base metal zone during the second stage of aging
treatment. FE-SEM image for the heat-treated joint of the
specimen D-80 is shown in Figure 10. Figure 11 shows FE-
SEM images at higher magnification for the bond line
region and base metal region for the specimen (D-80) after
heat treatment. From the results of this figure, the joint
region had a considerable increase in the formation of y' -
precipitates, which may have been caused by increased Al,
Ti, Co, and Ta diffusion from the base metals. The
precipitates in the base metal zone were coarse and spherical
under heat treatment conditions; this is in agreement with
the references [30,39,40].
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3.4. Mechanical properties of TLP bonded and post-bond
heat treated joints

3.4.1. Micro-hardness measurement

The hardness profile of the similar IN939 TLP bonds
obtained by the two-step heating technique for specimen D-
50 is shown in Figure (12 a). This specimen contains four
zones: the ASZ, ISZ, DAZ, and BM zones. The average
micro-hardness values in different zones are shown in this
figure. The high hardness of ASZ is due to a high-hardness
Ni- and Cr-rich boride that is present near the centerline of
the joints. In specimen D-80, the ASZ was completely
removed. So, the centerline contained only ISZ, as shown in
Figure (12 b). the increasing concentration of solid solution-
strengthening elements in the base metals (Al, Ti, and Co),
the average hardness of ISZ was lower than that of the base

e R
SEM MAG: 450 x
WD: 14.54 mm Dot: SE

Date(midly): 05/30/21 | View field: 482 pm ‘

L AL
g% 55

)
¢

MIRAZ TESCAN

RAZI FOUNDATION

SEM HV: 15,0 kV

metals. lower concentrations of these alloying elements in
the 1SZ (bond line) because of insufficient diffusion of
alloying elements. As shown in the figure, all of the samples
have high DAZ hardness values. This is because the zone
contains hard, brittle boride precipitates, this is in agreement
with the references [31,33]. whereas at 80 minutes in
conventional TLP, the centerline contains ASZ due to
insufficient time to complete isothermal solidification. The
hardness of all the different zones in the specimen DC-80 is
shown in Figure (12 c). All specimens were heat treated
using solution treatment and aging treatment on IN939 to
homogenize the hardness along the bond area to remove
ASZ and reduce the hardness values of DAZ in the TLP
bonds, this is in agreement with the references [30,32]. The
results of the micro-hardness values after heat treatment are
shown in Figure (12 d).

MIRAZ TESCAN

RAZI FOUNDATION

MIRAI TESCAN,
| 1 pm 4
RAZI FOUNDATION

Figure 11. FE-SEM Images at Higher Magnification for the y’ Precipitates in the Specimen (D-80) in (a) Base Metal Zone, (b) 1SZ
(Centerline)
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3.4.2. Shear test

The shear strength of heat-treated specimens of IN939
TLP bonded using a two-step heating technique with
different isothermal solidification times (50, 65, 80, and 95
min) is illustrated in Figure (13 a). According to the figure,
shear strength increased as bonding time increased from 50
to 95 minutes, and for heat-treated specimens, shear
strength increased as isothermal solidification time
increased. This is because the amount in the centerline has
increased. Compared with the non-heat-treated specimen D-
80, the shear strength of the specimen without heat
treatment is lower than that of the heat-treated TLP-bonded.
This is due to the formation low amount of y' in the
centerline. Also, to compare TLP-bonding of similar IN939
using the two-step heating technique with conventional TLP
after heat treatment, the shear strength of TLP using the
two-step heating technique is higher than the conventional
TLP at the same time, as shown in Figure (13 b). The results
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of the shear test are in agreement with the references
[30,33]. Interlocking two non-planar interfaces increased
the contact area (metal to metal) and aided in the formation
of a joint with improved mechanical characteristics.

The shear fracture surface FE-SEM images for specimen
D-80 after bonding and post-bond heat treatment are shown
in Figures (14) and (15), respectively. The study found that
the fracture propagated through the areas of specimen D-80
(full isothermal solidification in these conditions) (ISZ and
DAZ). As previously stated, the number of precipitates in
the bond region is the most important determinant of shear
strength. Because the secondary phases in the DAZ are not
evenly distributed over the interface between the ISZ and
the BM zone, they have less of an influence on joint shear
strength. So, the crack propagated through the soft bond
area. The fracture surface of heat-treated specimen D-80 is
shown in Figure (15). The fracture surface's FE-SEM
images show that the interface and base metal both showed
random fracture growth, which was compatible with the
heat-treated joint's high-strength.
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Figure 12. a) Hardness profile of the specimen D-50, b) Hardness profile of the specimen D-80, c) Hardness profile of the specimen DC-80
conventional TLP bond, and d) Hardness profile of the heat-treated specimen D-80
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Figure 13. a) Shear strength for the similar IN939 TLP bonding using two step heating technique after heat treatment in different isothermal
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Figure 14. FE-SEM images for the fracture surface of shear test of the specimen D-80 without heat treatment
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Figure 15. FE-SEM images for the fracture surface of shear test of the heat treated specimen D-80
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4. CONCLUSIONS

From the results of two-step-heating technique and
conventional TLP-bonding of IN939 superalloy in the
present work, the following can be concluded:

1. By using two-step TLP bonding, the time needed to
achieve isothermal solidification in TLP bonding was
shortened.

2. If the athermal solidified zone (ASZ) is removed by
prolonging the furnace's operation, the bond becomes
ideal. The three main phases of eutectic products in ASZ
are y-solid solution, nickel and chromium-rich boride.
Only the solid solution phase composed the isothermal
solidification zone. Boride precipitates with needle and
blocky shapes were found in the diffusion-affected zone.

3. The increased microhardness of the zones was related
to hard, brittle boride precipitate particles in the DAZ
and eutectic phases in the ASZ of all specimens. As
bonding time increased, the microhardness of the
isothermal solidified zone also increased. A post-bond
heat treatment created a microstructure that was near the
base metals and caused a homogenizing microstructure
to develop across the joint.

4. The degree of formation of y' on the bond line as opposed
to the secondary phases in the polycrystalline substrate's
diffusion zone had a larger effect on the shear strength
of the bonds at room temperature. Fractography and
bond shear tests both showed ductile shear failure at the
bond line, which may have been caused by insufficient
Gama-prime development within the joint, leaving a
relatively soft bond line region. The second element that
contributed to the development of brittle secondary
fractures was the presence of second phases in the
polycrystalline substrate's diffusion zone.
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