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a b s t r a c t

The effect of bonding temperature and bonding time on the microstructure of transient

liquid phase (TLP) bonding named GTD111 and IN718 superalloys, using a commercial NieB

eCr filler alloy (BNi-2) interlayer were evaluated. The sandwich assembly was kept in a

vacuum furnace at temperatures of 1050, 1100, and 1150 �C for 1, 15, 30, 45, 60, and 80 min

until the TLP process occurred. Microstructural characterization was carried out via optical

microscopy, scanning electron microscopy (SEM) equipped with field emission energy

dispersive spectroscopy (EDS), and X-ray diffraction (XRD). Microstructural assessments

displayed those in little bonding times, the joint microstructure includes continuous

eutectic intermetallic phases and longer times cause eutectic free microstructure. The

bonding temperature affects the isothermal solidification rate, while, at low bonding

temperatures microstructure of the joint centerline is controlled by diffusion of melting

point depressant (MPD) elements. Despite, at high bonding temperature effect of base

metal alloying elements on the joint microstructure development was more marked. The

results showed that athermally solidified zone (ASZ) size reduces with increasing bonding

temperature and time due to diffusion of boron into the base metal.
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1. Introduction

Transient liquid phase (TLP) bonding is a process for the

combination of benefits in diffusionwelding and brazing. This

process is the favored post-service joining/repairing method

for Ni-based superalloys owing to its ability to produce near-

ideal bonds [1]. The bonding of materials with low weld-

ability employing a filler alloy with a melting point lower than

the substrate and specific chemical composition could be

done using the TLP process [2]. TLP bonding was used for

materials that are difficult to joint by other processes. One of

these materials that are difficult to joint by fusion welding is

the Ni-based superalloys. The joining and welding are essen-

tial issues in the successful manufacture and cost-

effectiveness of hot section components of power genera-

tion turbines and aircraft made from Ni-based superalloys.

The prevention of the formation of uninvited intermetallic

phases in the bond centreline is the critical key microstruc-

tural requirement in the joining of superalloys [3]. During

brazing and fusion welding, unfavorable intermetallic phases

are formed while cooling the liquid phase due to segregation

induced by non-equilibrium solidification [4e7]. TLP bonding

is considered as an attractive joining/repairing process for Ni-

based superalloys as a result of producing an intermetallic

free joint centreline through isothermal solidification [8e12].

Ni-based superalloys also attract considerable interest in

the field of TLP due to their excellent mechanical performance

for high-temperature applications and the difficulties of

machining complex-geometry components. The principal

reason for using the Ni-based superalloys in severe service

and critical conditions is their stability with complex and

multi-phase microstructures at high temperatures. Superal-

loys bonding temperature differs between 1000 and 1200 �C
depending on the amount and the type of MPD elements as

well as the existence of alloying elements in interlayer [4].

TheNi-basedsuperalloyGTD111 isused incritical conditions

such as manufacturing the first stage blades of powerful gas

turbines that require corrosion, fatigue and creep properties

under 70,000 h [13]. The GTD111, as a Ni-based superalloy ma-

terial,wasdesignedinthe1970sandutilizedinthe1980s inhigh-

power industrial gas turbines as the first stage blades. With the

modification of IN738LC and Rene 80 could achieve to GTD111

with excellent high-temperature properties. The existence of

refractory elements, for instance, Mo, W, Ta, Cr, and Co, pre-

vents creep strength and local hot corrosion [14,15]. For the

GTD111 superalloys, a higher strength joint can be made using

this method in comparison to welding. The regularly accepted

cause for this is that theweldingof aGTD111superalloycan lead

to hot cracking andmicro-fissuring through fusionwelding [16].

Transient liquid phase bondingwas developed for utilization in

joining hot cracking sensitive Ni-based cast superalloys. It is

cited as “TLP bonding” or “Activated diffusion bonding” [17].

IN718 is a Ni-based superalloy material originated by the Inter-

national Nickel Company in the 50s [18]. This alloy is the Nb-

modified Ni-Fe-based superalloy and has been broadly used in

gas turbines and related applications because of its interest in

structural stability, mechanical properties such as high

strength, good formability, excellentductility, andweldability at

high temperatures [19].
Taking into consideration its broad application in different

industries, the coupling of IN718 is an essential issue [20,21].

While the slow kinetics of g'' precipitation prepares IN718

welds free of strain age cracking, the welding of IN718 takes

pains from some problems, including [22]: liquation cracking

andmicrofissuring in the heat-affected zone and separation of

niobium during non-equilibrium solidification of the fusion

zone and the following formation of the brittle niobium rich

Laves phase [23e25].

The most important MPD elements in Ni-based filler alloys

are boron, silicon, and phosphorous. The choice of filler alloy

for a TLP bonded joint depends on many aspects, including

filler metal melting properties and fluidity, design of joint,

bonding time, requirements of service life (such as strength

and corrosion resistance), base metal composition, and

availability and cost. For instance, it has been announced that

BNi-2 and BNi-3 filler alloys displayed good flow properties at

low bonding temperatures, and BNi-9 is a great highly stressed

component. The target of this study is to analyze and inves-

tigate the effects of bonding time and bonding temperature (in

constant conditions) on microstructural features, with

particular emphasis on the distribution of MPD elements and

the time required for completion of isothermal solidification

(tIS) during TLP bonding of dissimilar Ni-based superalloys. In

the previous studies, the effects of different parameters on the

microstructure were investigated at one temperature and one

time. The evolution of changes in the bonding temperatures

and bonding times and their effects on themicrostructurewas

reported in the current study [26,27].

In this study, the impacts of temperature and time on the

microstructure of the transient liquid phase bonding (TLPB) of

IN718 and GTD111 using Ni-B-Si interlayer were evaluated

using optical microscopy scanning electron microscopy, and

SEM/EDS analysis. The completion of isothermal solidification

in TLP bonding of GTD111 and IN718 by use of BNi-2 interlayer

at a temperature of 1050e1150 �C was surveyed. In addition,

the bonding time effect at 1e80 min on microstructure

development of diffusion affected zone and whole bonding

zone was investigated.
2. Material and methods

In this study, various Ni-based superalloys that are GTD111

and IN718 were chosen and received in the form of a sheet of

5 mm thickness. The chemical composition of the GTD-111

nickel-base superalloy was Ni-13.5Cr-9.5Co-4.75Ti-3.3Al-

3.8W-1.53Mo-2.7Ta-0.23Fe in term of wt.%. The chemical

composition of IN718 nickel-base superalloy was Ni-18Cr-

0.06Co-0.92Ti-0.4Al-4.41Nb-3.30Mo-0.05Ta-17.86Fe in term of

wt.%. An interlayer with composition of Ni-7Cr-3Fe-4.5Si-3.2B

and commerial name of BNi-2 in amorphous form and thick-

ness of 75mmwas used as fillermetal. The compositions of B-

Ni interlayers such as BNi-2 filler metal in the form of amor-

phous foil with 50 mm thicknesses are also represented in

Table 1. As specified, the joiningmetal partsweremachined to

dimensions of 10mm � 10mm � 5 mm using a wire cutting

device. The joining facades were grounded using the grit sizes

of No. 60e2000 SiC emery papers. The specimens were

cleaned for 15 min in an acetone bath ultrasonically and

https://doi.org/10.1016/j.jmrt.2022.10.014
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Table 1e The EDS analysis (atomic %) of different areas in
Fig. 3.

Elements g-solid
solution

Ni-rich boride
phase

Cr-rich
boride

Ni-rich
silicide

Ni 80.46 79.45 41.20 75.57

Cr 5.99 7.42 48.32 5.77

Fe 5.97 4.40 4.44 4.11

Nb 2.25 3.36 2.29 1.56

Ta 1.80 1.40 0.59 3.35

Si 0.64 1.21 0.24 7.77

Mo 1.22 2.14 0.80 0.06

Ti 1.53 0.45 1.70 1.71

Al 0.09 0.09 0.42 0.10
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followed by the TLP bonding method in a vacuum furnace

with the applied bonding pressure of 10�4 Torr. A schematic

fixture for fixing the samples during the TLP bonding process

is shown in Fig. 1.

The bonded specimens were prepared metallographically,

and the sectioned specimens were ground using the grit sizes

of No. 80e3000 SiC paper. The specimens were polished by

disc polishing using Al2O3 suspension to reach a mirror sur-

face of 1 mm on the joints. After metallographic preparation,

the specimens were studied using optical (OM) and SEM

equipped with EDS. The bonding was developed at 1050, 1100,

and 1150 �C for 1e80min. The heating rate was 10 �C/min, and

it is then furnace-cooled to room temperature (the error

measurement in the temperature is ± 5 �C). Two various

etchants were used in order to study their microstructural

properties. In order to show the precipitates adjacent to the

interlayer/base metal interface, Murakami etchant (10g KOH,

10g K3[Fe(CN)6], 100ml H2O) was used, which favorably etches

the Cr-rich phases. Moreover, the g� g0 microstructure of

isothermally brazed joints was recognized by applying the

Kalling's reagent (1.5 g CuCl2 þ 33 mL ethanol þ33 mL H2-

O þ 33 mL HCl), which favorably etches the g phase. Scanning

electron microscopy was applied in order to investigate the

microstructure of the bonding region and EDS was used to

determine the chemical composition. The patterns of XRD

were obtained using the PHILIPS PW3040 diffractometer with
Fig. 1 e Schematic illustration of fi
awavelength 1.54�A. Primarymicrostructural investigations of

the joint were performed using an FE-SEM. Microstructural

evaluations and semi-quantitative compositional analysis

were performed using the FEI-QUANTA FEG450 SEM equipped

with ultra-thin window EDS.
3. Results and discussion

3.1. Microstructure characterization

Typically, the optical and SEMmicrographs of the joint creat at

1100 �C for 45 min are shown in Fig. 2. As mentioned, to inves-

tigate the bonding temperature effects on the rate of isothermal

solidification, Inconel 718 and GTD111 superalloys couple were

TLP bonded for varying times ranging between 1 and 80 min

usingBNi-2filleralloyat temperaturesof1050,1100,and1150 �C,
respectively. As shown in Fig. 2 the bonded sample could be

dissevered into four regions based on their morphologies:

isothermally solidified zone (ISZ), athermally solidified zone

(ASZ), diffusion affected zone (DAZ), and base metals (BM).

Fig. 3 shows the SEM in secondary electron mode of the

jointmade at 1050, 1100, and 1150 �C, for 15min. It can be seen

the microstructure contained centerline eutectic ingredients

at all the bonding temperatures. The EDS spectrum of the

phases bonded for 15min at 1100 �Cwas shown in Fig. 4. In the

two phases in the eutectic structure detected boron. Nickel-

rich and chromium-rich borides specified in EDS analysis

and a free boride phase also identified as a Ni-based g solid

solution phase. Actually, small amounts of Ni-rich silicides

were made in the eutectic gamma solid solution adjacent to

the boride phases. Although the presence of silicides is quite

visible in the EDS results (Table 1) it means the concentration

of silicon was detected from the EDS analysis; these com-

pounds are not visible in the SEM images. The XRD spectrum

from the surfaces of a fractured bond is presented in Fig. 5.

The results reveal that Ni3B, Ni3Si, Ni2B, and CrB are produced

in the Ni matrix. The similar phases for TLP bonding accom-

panied BNi-2 interlayers presented by some researchers [27].

The EDS results in Table 1 verified the phases shown in Fig. 3.
xture for TLP bonding process.

https://doi.org/10.1016/j.jmrt.2022.10.014
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Fig. 2 e Typical micrographs of the joint made at 1100 �C for 45 min. (a) The optical, (b) SEM micrograph.
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Other studies [8,9,28] dedicated such phases formed through

the athermal solidification of the remaining liquid filler alloy

due to incomplete isothermal solidification at the bonding

temperature.

The bonding time of 15 min is not sufficient to complete

isothermal solidification, but Fig. 3 shows that the increase in

temperature from 1100 to 1150 �C, enhances the isothermal

solidification rate. In this study, isothermal solidification was
completed within 60 min at 1100 �C and after 30 min at

1150 �C, and the joints were comprised of mostly Ni-based g-

solid solution phase.

The reason for isothermal solidification completion is the

increase in boron solid-state diffusion rate (as the rate-

controlling factor throughout the isothermal solidification

process) with bonding temperature increasing. The higher

temperature above 1150 �C did not invest, but Gale et al. [29]

https://doi.org/10.1016/j.jmrt.2022.10.014
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Fig. 3 e The SEM images of the joint made at 1050, 1100, and 1150 �C, for 15 min.
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reported that the isothermal solidification time could reduce

to a broader industrially proper level in higher temperatures,

bonding carried out above 1150 �C for times surpassing the

time needed for complete isothermal solidification. Some re-

searchers [30,31] called this temperature a critical tempera-

ture. Beyond this temperature, it suppressed the formation of

borides in the DAZ and developed the time required to com-

plete isothermal solidification.

After diffusion of boron, its content decreases sharply in the

centerline, and with the prolonged holding time, the liquid will

be enriched approximately in silicon. When the concentration

of silicon is more than the critical concentration of silicon, and

when the concentration of boron is lower than the critical
concentration of boron, the process of silicon diffusion be-

comes notable. The essential factors to control the isothermal

solidification rate are initial boron and silicon concentrations in

the filler metal, and they depend on boron and silicon con-

centrations. In this study, the time for complete isothermal

solidification of liquid is high due to the high boron concen-

tration and low silicon concentration of BNi-2. At the higher

bonding temperatures, one of the significant factors for the

lowering in isothermal solidification rate is the reduction in

boron solubility than the increase in its diffusivity in higher

temperatures. Pouranvari et al. [32] reported that TLP bonding

experiments were conducted at 1100 �C using BNi-3, and BNi-2

for 20 and 25 min, respectively.

https://doi.org/10.1016/j.jmrt.2022.10.014
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Fig. 4 e The EDS spectrum of the phases bonded for 15 min at 1100 �C.
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As observed in Fig. 3, it reduced the eutectic phase's vol-

ume fraction by increasing the bonding temperature. The

centerline of the joint consists of a eutectic structure,

namely, athermally solidified zone (ASZ). It was made in the
Fig. 5 e XRD pattern of the bo
middle of the bonding area and contained the ternary

eutectic of nickel borides and chromium borides, and some

silicide particles in adjacent ISZ. Due to the solubility limit of

B, Cr, and Si in nickel (0.3 at.% [33], 22 at.% [34], and 15 at.%
nding region using BNi-2.

https://doi.org/10.1016/j.jmrt.2022.10.014
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[35], respectively), the g solid-solution formed in the ISZ re-

gion as a matrix and borides formed in the ASZ region.

Dendrite morphology is the first phase that forms through

cooling. Because of the low solubility of boron in Ni (0.3 at.%),

it will refuse extra boron into the melted metal. The liquid

will be enriched by elements such as boron that have a co-

efficient of distribution (k) less than unity, like Ta, Nb, Ti, and

W. With the enrichment of the liquefied interlayer, alloying

element concentration increases and forms the solubility

limit of that element in g. Finally, secondary phase precipi-

tation starts between dendrites at temperatures higher than

eutectic temperature. The cooling process changes the

composition of the liquid and then the suspension of the

solidification sequence. After that, liquid converts into g-

eutectic and Ni-rich boride (Ni3B) following a eutectic reac-

tion. Due to the low solubility of chromium in nickel-boride

and g-eutectic (10.11 at.% and 18 at.% respectively), chro-

mium rejected into the liquid.

The solidification sequence is conducted for two reasons:

the decrement of temperature and the Cr rejection into liquid.

Concerning ternary eutectic transformation at 997 �C, melted

metal converts into three phases: g-eutectic, Ni-rich boride

(Ni3B), and Cr-rich boride (CrB). It may be observed from Table

1 that the contents of Si, which is not included in the original

basemetal, are 0.64%, 1.21%, 0.24%, and 7.77% in the regions of

the g-solid solution, Ni-rich boride phase, Cr-rich boride, and

Ni-rich silicide respectively. Considering the measurement

error, it can be observed that the contents of Si in the above-

mentioned regions are identical. It means that Si distributes in

the joint centerline after bonding for 15 min.

Basedon theNieSi phasediagram [36], it is apparent that the

solubility of silicon in Ni is 15 at.% above the bonding temper-

ature range (1052e1121 �C), and hence it is awaited to have little

Ni-rich silicides adjacent to the boride phases. Table 1 verified

these results. It is evident that role of silicon in the micro-

structure development throughout TLP bonding in the standard

system is lower than boron and chromium. The results showed

intermetallic compoundsandeutectic structure (Ni-richandCr-

rich borides) in low temperatures and low bonding time form in

the joint region during cooling. Longer bonding time or higher

bonding temperature causes MPDs (Si, B) diffusion from the

joint centerline to the base metal. The joint centerline's solidi-

fication chain was established to be: firstly formation of Ni-rich

g solid solution, secondly g/Ni-rich borides, after that Cr rich

borides and finally Ni-rich silicides. Such phases reported by

other researchers [32].

Fig. 6 exhibits the EDS mapping of different alloying ele-

ments in the bond region and shows the partitioning function

of various elements through TLP bonding. On both sides of the

solidification zone were observed two diffusion-affected

zones.

Fig. 7 shows SEM micrographs of DAZ on both sides of TLP

bonded samples. Two types of blocky and needle-like pre-

cipitates are formed within the grains in DAZ zones. These

precipitates form during a solid-state transformation. Several

particles are just formed at the grain boundaries. As given in

Table 2, there is a comparison between the chemical compo-

sition of needle-like precipitates and adjacent g matrix. The

IN718 superalloy's sides consisted of secondary precipitates

that were enriched with Cr, Fe, Nb content. On the sides of the
GTD111 consisted of secondary precipitates that revealed Cr,

Mo, and Ta borides. The particles mentioned above are

attributed to the MC carbides. In Ni-based superalloys, car-

bides are one of the principal strengthening factors. Themain

reasons for creating borides are the lower solubility of Boron

in Ni than silicon [36] and higher diffusion coefficient of boron

[37], and the strong tendency of boron to form intermetallic

compounds. In lower temperatures such as 1050 and 1100 �C,
the diffusion of boron is the controlling factor for the forma-

tion of intermetallic compounds in the centerline, and at the

higher temperature, the diffusion of Nb in IN718 and Ti in

GTD111 is the controlling factor.

3.2. Effects of bonding temperature on completion of
isothermal solidification

To study the effects of bonding temperature on achievement

of isothermal solidification, TLP bonding of GTD111/IN718

couple was carried out at different times between 1 and

80 min utilizing Ni-B-Si-Cr-Fe interlayer at varying tempera-

tures of 1050, 1100, and 1150 �C, respectively. The rate of

isothermal solidification and the ASZ width was increased by

increasing the bonding temperature from 1050 to 1150 �C.
Prevention from the formation of centerline eutectic constit-

uent performed within 80 min at 1050 �C, 60 min at 1100 �C,
and after 30 min at 1150 �C. The increment in the boron

diffusion coefficient is the main reason for the significant

reduction in the expected time to achieve a eutectic-free joint.

Furthermore, as reported by other researchers, the shorter

isothermal solidification time is obtained by raising the

bonding temperature. The main reason for carrying out

isothermal solidification is the diffusion of MPD elements

such as boron and silicon outside of the liquid phase inside the

substrate until the liquidus temperature of the liquid phase

comes to the bonding temperature. Isothermal solidification is

completed at themoment that the liquidus temperature of the

remaining liquid at the heart of the joint comes to the bonding

temperature. At this time concentration of MPD at the heart of

the joint is decreased to the MPD solid solubility at the

bonding temperature [38,39]. Accordingly, isothermal solidi-

fication time falls back on the MPD element's fluctuation from

the liquid phase into the substrates and phase connection in

the substrate/interlayer system. Several reasons for such

multicomponent systems behavior can be pointed out as

follow:

1 In lower temperatures such as 1050 and 1100 �C, the

diffusion of boron is the controlling factor for the forma-

tion of intermetallic compounds in the centerline, and at

the higher temperature, the diffusion of Nb in IN718 and Ti

in GTD111 is the controlling factor. Ti diffusion coefficient

and Nb Diffusion coefficient in Ni-based alloys are much

lower than that of boron in Ni. Ti and Ni are substitutional

solutes, and boron is an interstitial solute in Ni.

2 Additionally, precipitation of boride in the diffusion-

affected zone can influence boron diffusion during

isothermal solidification. Boron consumed fraction by

boride formation and hence removed from the matrix

phase enables extra boron to enter into the substrate,

which affects the useful boron diffusion [40].

https://doi.org/10.1016/j.jmrt.2022.10.014
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Fig. 6 e The EDS mapping of different alloying elements in bond region.

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 2 1 : 2 1 7 8e2 1 9 0 2185
Based on Sakamoto et al.’s study [41,42], there is a linear

relation between bonding temperature (T) and holding time

(t). This relation is shown below:

ðTþ 20 log tÞ1

=

2 (1)

With increasing temperature, base metal dissolution

increased, and controlling elements changed the isothermal

solidification rate and reduced the B and Si element's diffusion
rate from the molten interlayer into the substrates. It is worth

noting that according to Fick's second law (equation (2)) [43],

the shift in the concentration with time depends on the

diffusion coefficient of boron and silicon elements in the

substrates and concentration gradient. Increasing the diffu-

sion coefficient and decreasing the concentration gradient

related to the bonding temperature increment.

vC
vt

¼D
v2C
vX2

(2)

where, v2C
vX2 is the concentration gradient, D is the diffusion

coefficient and vC
vt is the change in the concentrationwith time.

Therefore, in the lower temperature (lower than 1150 �C) the
influence of increasing the temperature on the diffusion
coefficient increment is more important than the decrease of

the concentration gradient. Hence, the isothermal solidifica-

tion rate increases with increasing temperature. However, at

temperatures higher than the 1150 �C, the decrease in con-

centration gradient is more notable than the increase in the

diffusion coefficient, and consequently, enlargement of the

temperature will reduce the rate of isothermal solidification.

3.3. Effect of bonding time on completion of isothermal
solidification

Eutectic phases that form during athermal solidification has

high hardness, and these brittle phases are the appropriate

sites for crack initiation and consequently decrease the me-

chanical properties of the bond [9]. Secondary precipitates in

the diffusion-affected zone, due to their discontinuous dis-

tribution at the interface of bond/substrate, have fewer

harmful effects on bond strength [44]. Additionally, it is

evident that there is a contrary relation between bond shear

strength and ASZ size.

Fig. 8 depicts the optical microstructures of the TLP bonded

joints acquired at the temperature of 1100 �C for the bonding

times of 15, 30, 45, and 60 min. It was recognized that the

https://doi.org/10.1016/j.jmrt.2022.10.014
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Fig. 7 e FE-SEM micrographs of the TLP bonded joint at 1100 �C for 40 min: (a) the DAZ of IN. 718, and (b) DAZ GTD111 (c)

blocky shape particles.
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width of the bonding zone was decreased with the increase of

bonding time at the abovementioned temperature. It can be

seen that the joint width decreases by isothermal solidifica-

tion, and with increasing bonding time at a constant tem-

perature, a narrow region of eutectic phases is recognized in

the joint zone, indicative of complete isothermal solidification

with the bonding time increasing. The joint width (size) was

quantified using the image analyzing system (the error mea-

surement in the joint width is ±3 mm). Thus, the issue is that

the isothermal solidification was completed at a temperature

of 1100 �C for 60 min nearly. (1) Boron flux decreasing to the

base metal at the bonding temperature of 1100 �C due to the

absence of boride precipitates in the base metal, and (2)

enhancement of the remaining liquid with some base metal

alloying elements throughout isothermal solidification and

dissolution are two factors that affect on the relationship of

the joint width and isothermal solidification rate. Izadi

Ghahferokhi et al. [26] and Cook et al. [2] reported similar re-

sults about the relationship between bonding width and

bonding time.
Table 2 e Chemical composition of DAZ particles (wt%); where

Particles Ni Cr

Blocky precipitates (GTD111 inside) 42.02 44.59

Needle-shaped precipitates (GTD111 inside) 13.92 59.34

Particles Ni Cr

Blocky precipitates (IN718 inside) 20.12 45.29

Needle-shaped precipitates (IN718 inside) 17.96 48.58
Intending to investigate the effect of bonding parameters

on isothermal solidification progress, joining at tempera-

tures of 1050, 1100, and 1150 �C and times of 1, 15, 30, 45, 60,

and 80 min were executed. ASZ Size was calculated taking

into account the eutectic and g solid solution boundary as

solid/liquid interface at any bonding time. A linear relation-

ship between ASZ size and root of bonding time can find for

other temperatures (such as 1100 and 1150 �C), and this

verifies that isothermal solidification is regulated by diffu-

sion of solid-state [32]. Other researchers developed the

prediction of time required for completion of isothermal

solidification and compared experimental data and analyt-

ical modeling [45e53]. Accordingly, there was a positive

similarity between the outcomes of experimental and

modeling data. For the reason that isothermal solidification

is controlled by varying the concentration of the boron and

silicon elements in the solid/liquid interface, the ASZ width

is directly changed with the square root of the bonding time.

As mentioned, ASZ microstructure and the solidification

behavior, boron is the main controlling MPD element of
in blocky and needle-shaped precipitate.

Co Ti Al Si Ta

2.80 4.00 2.40 2.17 4.02

8.22 7.50 3.18 1.00 7.02

Si Ti Fe Mo Nb

3.28 1.81 13.61 5.11 9.60

3.81 1.90 20.35 0.99 6.43
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Fig. 8 e Optical microstructure of the joints made at 1100 �C for different bonding times of (a) 15, (b) 30, (c) 45 and (d) 60 min.
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isothermal solidification, and silicon play no significant role

in microstructure development during TLP bonding using Ni-

B-Si interlayer [54e64]. As can be seen in Fig. 9, the

isothermal solidification technique is dominated by the

establishment and growth of g-solid solution, which is

regulated by diffusion of MPD element in substrate. The

micrograph of joints at a temperature of 1100, 1050, and
Fig. 9 e ASZ size versus squa
1150 �C for 1e80 min shows that in lower bonding times, the

microstructure contains a continuous eutectic structure in

the bonding area, and by increasing the bonding time, de-

creases the width of the eutectic structure and consequently

increased the ISZ width. Therefore, the result is that the

isothermal solidification was completed at a temperature of

1050 �C for 80 min, at 1100 �C for 60 min and at 1150 �C for
re root of bonding time.
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45 min. It should be noted that some regions in Fig. 9 could

have overlapped with the other areas, affecting the standard

deviation values.

4. Conclusions

From current research and investigation the effects of bonding

temperature and bonding time on isothermal solidification rate

during the transient liquidphase (TLP)bondingofGTD111/IN718

superalloys using a NieCreSieB filler alloy. TLP process was

carried out at temperatures of 1050, 1100, and 1150 �C for the

holding times of 1, 15, 30, 45, 60, and 80min. From this research,

the following conclusions can be described:

1 Dissimilar joining of GTD111 to IN718 was successfully

accomplished when the TLP process was performed under

appropriate conditions. In addition, the microstructural

investigations demonstrated that the isothermal solidifi-

cation zone (ISZ) consisted of g-solid solution and the

athermally solidified zone (ASZ) consisted of Ni-rich boride

phase, Cr-rich boride, and Ni-rich silicide.

2 In lower temperatures such as 1050 and 1100 �C, the

diffusion of boron is the controlling factor for the forma-

tion of intermetallic compounds in the centerline, and at

the higher temperature, the diffusion of Nb in IN718 and Ti

in GTD111 is the controlling factor.

3 In this study successfully anticipated the time necessary

for a complete isothermal solidification of the interlayer

liquid in the joint centerlines at bonding temperatures of

1050, 1100, and 1150 �C. Moreover, increasing the bonding

time leads to a decrease in the joint width and the

formation of fewer intermetallic compounds.

4 The bonding temperature of 1100 �C for a bonding time of

60 min is recommended for the completion of isothermal

solidification in GTD111/IN718 using a NieCreSieB filler

alloy. Obtaining the isothermal solidification process in

higher temperatures than 1100 �C should decrease the

bonding times; reaching the isothermal solidification pro-

cess at lower temperatures than 1100 �C should increase

the bonding times.
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