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The paper aims at addressing the effect of the bonding time on the metallurgical and mechanical properties of a
transient-liquid-phase (TLP) bonded IN718 nickel-based superalloy using an Ni-15.2Cr-4B (%) amorphous filler alloy. The
results showed that after a partial isothermal solidification, the residual liquid in the joint centerline transformed, during the
cooling, to non-equilibrium eutectic-type microconstituents composed of Ni-rich boride, Cr-rich boride and eutectic y-solid
solution phase. The complete isothermal solidification which resulted in a formation of an intermetallic-free joint centerline
occurred after a holding period 40 min at the bonding temperature of 1100 °C. An increase in the bonding time improved the
joint shear strength due to a decrease in the width of the eutectic-type microconstituents in the joint centerline.
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Clanek obravnava vpliv ¢asa spajanja na metalurike in mehanske lastnosti nikljeve superzlitine IN718, spojene s prehodno
tekoco fazo (TLP) in z uporabo Ni-15,2Cr-4B (%) amorfnega polnila. Rezultati kazejo, da se po delnem izotermnem strjevanju
preostala talina v sredini spoja pretvori pri ohlajanju v neravnotezno sestavino evtekti¢nega tipa, ki jo sestavljajo z Ni bogati
boridi, s Cr bogati boridi in evtekti¢na y- trdna raztopina. Popolno izotermno strjevanje je bilo doseZeno po 40 min zadrZevanja
pri 1100 °C, pri ¢emer je nastala sredica spoja brez intermetalnih zlitin. PodaljSanje ¢asa spajanja je izbolj$alo strizno trdnost
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spoja zaradi zmanjSanja Sirine sestavine evtekticnega tipa v sredini spoja.

Kljuc¢ne besede: spajanje s prehodno tekoco fazo, superzlitina, strjevanje, mehanske lastnosti

1 INTRODUCTION

Nickel-based superalloys are extensively used in the
modern industry due to their excellent high-temperature
tensile strength, stress rupture and creep properties,
fatigue strength, oxidation and corrosion resistance, and
microstructural stability at elevated temperatures.'-* The
superalloy IN718 is one of the workhorse materials
being extensively used in critical aero-engines and space
applications for high-temperature, creep-resistant appli-
cations, nuclear power plants and petrochemical
industry.* The strength of IN718 is governed by both the
solid-solution and precipitation-hardening mechanisms.
While both ordered face-centered-cubic (FCC)
y’-Ni3(Al,Ti) and metastable ordered body-centered-
tetragonal (BCT) y”-NizNb precipitates are formed
during an aging cycle of the alloy, the predominant
contribution to the precipitation hardening is provided by
the latter.

Fusion welding and brazing are two main repairing/
joining techniques for superalloys that have been
commonly applied in industry.® Conventionally, high
temperature brazing, using nickel-based filler alloys, is
extensively used as a standard repair/regeneration tech-
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nique for superalloy components.”® In order to lower the
liquidus temperature of nickel-based superalloys and
increase the fluidity of the braze, melting point depres-
sants (MPD) and modifiers such as phosphorus, silicon
and boron are added to the braze alloy. However, these
elements are incorporated into the intermetallic phases
such as borides, silicides and phosphides during a non-
equilibrium eutectic-type solidification of the liquid
phase during the cooling stage of the brazing process.”!°
The presence of the intermetallic phases in a brazed
joint’s centerline is known to detrimentally affect the
performance of the joint in several ways:
1. Reducing the mechanical properties.!!-14
2. Lowering the re-melting temperature and service
temperature of a brazed component due to the segre-
gation of the melting-point depressants into a low
melting-point eutectic."
3. Reducing the corrosion and oxidation resistance of
the brazed component.'”

While the sluggish kinetics of the ¢ precipitation
makes the IN718 welds free of strain-age cracking,'® the
welding of IN718 suffers from certain problems inclu-
ding:

1. Microfissuring and liquation cracking in the HAZ.*!7
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2. The segregation of Nb during the non-equilibrium
solidification of the fusion zone and the consequent
formation of the Nb-rich Laves phase.*!81
Transient-liquid-phase bonding or diffusion brazing

is considered to be the preferred repairing/joining pro-
cess for the nickel-based superalloys,®!>20-2* which is a
hybrid process, combining beneficial features of the
liquid-phase bonding and the solid-state bonding. In
general, it is considered that there are three distinct
stages during the diffusion brazing, namely: the base-
metal dissolution, the isothermal solidification and the
solid-state homogenization.?! Combining isothermal soli-
dification with the subsequent solid-state homogeniza-
tion treatment, offers a possibility of producing the
bonds that are chemically almost identical to the parent
material and have no discernable microstructural
discontinuity at the bond line.!>?!

Despite an extensive application of IN718 in various
industries, there is only a limited number of published
works!? on the diffusion brazing of this superalloy. There
have been some modeling efforts regarding the iso-
thermal solidification time for the TLP bonding of a
wrought IN718 alloy using a Ni-Cr-Si-Fe-B filler alloy.!?
In addition, there is only limited information regarding
the microstructure development and mechanical pro-
perties during a TLP bonding of this superalloy. There-
fore, this paper aims at investigating the metallurgy of
diffusion brazing of a cast IN718 nickel-based superalloy
using a Ni-Cr-B filler alloy.

2 EXPERIMENTAL PROCEDURE

A cast IN718 nickel-based superalloy was used as the
base metal in this investigation. A 50 um thick amor-
phous Ni-Cr-B (MBF80) filler alloy was used as the
interlayer for the TLP bonding. The chemical compo-
sition of the base metal and the filler metal is given in
Table 1.

Sleeve Tube

Sample Holder Bond Line

F =g

Figure 1: Schematic diagram of a shear-test fixture
Slika 1: Shematski prikaz pritrditve pri striznem preizkusu

77%%%% %7/
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10 mm x 5 mm X 5 mm coupons were sectioned from
the base metal using an electro-discharge machine.
Thereafter, in order to remove the oxide layer, the
contacting surfaces were grounded using 600-grade SiC
paper and then ultrasonically cleaned in an acetone bath.
The interlayer was then inserted between two base-metal
coupons. A Cr-Mo steel fixture was used to fix the
coupons in order to hold the sandwich assembly and
reduce the metal flow during the TLP operation. No
external pressure was applied at the bond line. The
bonding operation was carried out in a vacuum furnace
under a vacuum of approximately 1.33 x 10 mbar. The
bonding temperature was selected as 1100 °C. The
bonding time was varied from 10 min to 40 min.

The bonded specimens were sectioned perpendicu-
larly to the bond and then microstructural observations
were made on the cross-sections of the specimens using
an optical microscope and a field emission scanning
electron microscope (FESEM). For the microstructural
examinations, specimens were etched using 10 mL of
HNOs3, 10 mL of C,H40,, and 15 mL of HCI. Semi-quan-
titative chemical analyses of the phases formed in the
centerline of the bond region and adjacent to the base
metal were conducted using a JEOL 5900 FESEM
equipped with an ultra-thin-window Oxford Energy
Dispersive X-ray Spectrometer (EDS). The element
distribution across the joint region was analyzed using a
JEOL JXA-8900R electron probe X-ray microanalyzer
equipped with line-scan Wavelength-Dispersive Spectro-
metry (WDS).

A microhardness test was used to determine the
joint-region hardness profile. The test was conducted on
the sample cross-sections using a 10 g load on a Buehler
microhardness tester. To evaluate the mechanical
strength of the TLP bonds, the shear test was used
instead of the tensile test. The tensile test is not strict to
the bond line. Indeed, a minimum amount of the bond
line is oriented on the plane experiencing the maximum
resolved shear stress (i.e., the plane is oriented at 45° to

Table 1: Chemical compositions (amount fraction, ¢/%) of the base metal and interlayer
Tabela 1: Kemijska sestava (mnozinski delez, ¢/%) osnovne kovine in vmesnega sloja

Ni Cr Fe Nb Mo Ti Al B
IN718 Balance 20.07 18.56 2.75 1.99 1.11 0.86 0.037
Interlayer Balance 14.34 - - - - - 18.15
594 Materiali in tehnologije / Materials and technology 47 (2013) 5, 593-599
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the tensile axis).?> Therefore, it can be deduced that a
tensile testing of a TLP bond with a thin interlayer (i.e.,
50 um) does not effectively test the bond line. Therefore,
a fixture was designed for the shear testing (Figure 1).
The designed fixture subjects a sample to a pure shear
stress at the bond line. A room-temperature shear test
was performed employing an Instron tensile machine
with a cross-head speed of 2 mm/min. The edge effects
were eliminated by machining before the shear test.

3 RESULTS AND DISCUSSION

3.1 Microstructure and hardness characteristics in a
partially isothermal solidified bond

Figures 2a and b show optical microscopy images of
the bonds made at 1100 °C for 10 min indicating three
distinct microstructural zones in the bond region:

(1) Isothermally solidified zone (ISZ):

This zone is formed due to an interdiffusion-induced
compositional change.?® A typical compositional analysis
of ISZ is given in Table 2. The microstructure of this
zone consisted of a proeutectic Ni-rich y solid-solution
phase and it is free of the intermetallic phase. According
to Table 2, this zone contains certain amounts of Nb,
Mo, Al and Ti that were not present in the initial compo-
sition of the filler alloy. This indicates a dissolution of
the base metal during the bonding process. The diffusion
of boron (B) from the liquid phase into the base metal
increases the liquidus temperature of the liquid phase.
Once the liquidus temperature reaches the bonding
temperature, the liquid re-solidifies during the holding
time at the bonding temperature (i.e., the isothermal
solidification starts). Due to the absence of the solute
rejection at the solid/liquid interface during the isother-
mal solidification under equilibrium condition, the only
solid phase that forms is the solid-solution phase and the
formation of the other phases is basically prevented.!*

(ii) Athermally solidified zone (ASZ):

This zone is formed due to an insufficient time for
the completion of isothermal solidification. The micro-
structure of ASZ consists of the microconstituents with a
eutectic-like morphology and is made up of three distinct
phases (Figures 2c, e, f). The phases in ASZ are marked
as X, Y and Z. Their SEM-EDS spectra are shown in

Figure 2: Microstructure of TLP bonded IN718 at 1100 °C for 10
min: a) and b) overview of the joint region indicating three distinct
microstructural zones including athermal solidification zone (ASZ),
isothermal solidification zone (ISZ) and diffusion affected zone
(DAZ); c) a magnified micrograph of eutectic microconstituents in
ASZ; d) secondary precipitates in DAZ; e) a magnified view of
Ni-rich boride; f) a magnified view of Cr-rich boride

Slika 2: Mikrostruktura TLP-spoja IN718 pri 1100 °C, 10 min: a) in
b) pregled obmocja spoja, ki kaze tri locena podrocja, vklju¢no z
atermi¢nim podrocjem strjevanja (ASZ), podrocje izotermi¢nega
strjevanja (ISZ) in difuzijsko vplivanega podro¢ja (DAZ), c¢) povecan
posnetek evtektika v ASZ, d) sekundarni izlocki v DAZ, e) povecan
posnetek z Ni bogatih boridov, f) povecan posnetek s Cr bogatih
boridov

Figure 3. Typical compositional analyses of the X, Y
and Z are given in Table 2. The EDS analyses suggest
that X is Ni-rich boride (Figure 2e). Figure 4 shows an
X-ray elemental map of the phase marked as Y.
According to Figures 3b and 4, this intermetallic phase
is Cr-rich boride (Figure 2f) which is also rich in Mo
and Nb. The phase marked as Z is a Ni-rich solid
solution formed as a part of the eutectic reaction.
Indeed, the presence of an intermetallic phase in the
joint centerline indicates that the bonding time of 10 min

Table 2: Chemical compositions (amount fraction, ¢/%) of different metallic constituents for various phases observed in the brazed affected zone
Tabela 2: Kemijska sestava (mnozinski delez, ¢/%) razli¢nih kovinskih sestavin razli¢nih faz, opazenih v obmocju vpliva spajkanja

Ni Cr Fe Mo Nb Al Ti
ASZ Ni-rich boride” 74.93 13.19 3.12 - 6.70 - 2.06
Cr-rich boride” 6.71 55.64 3.29 12.87 20.71 - 0.78
Y eutectic 68.54 17.49 5.5 0.45 6.31 0.38 1.33
DAZ Needle-like precipitates” 56.44 22.34 11.67 4.82 2.98 0.92 0.83
Adjacent y matrix 66.54 13.43 15.54 1.74 1.32 0.71 0.72
ISZ Solid solution 74.53 18.22 4.57 0.69 0.88 0.60 0.51

*Boron could be detected with EDS in this phase, but light elements could not be quantified due to the inability of the EDS system
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Figure 3: SEM-EDS spectra of: a) Ni-rich boride, b) Cr-rich boride
and c) eutectic y solution

Slika 3: SEM-EDS-spektri: a) z Ni bogati boridi, b) s Cr bogati boridi
in ¢) evtekti¢na y-raztopina

is not sufficient for the completion of isothermal solidifi-
cation. This suggests that there was an amount of the
residual liquid in the joint gap after holding the sample at
1100 °C for 10 min. Therefore, the solidification of the
residual liquid occurred during the cooling. The segre-
gation of the solute elements is the key feature of the
athermal solidification. A very low solubility of B in Ni
(amount fractions: 0.3 % according to the binary Ni-B
equilibrium phase diagram?®) and a very low partition
coefficient of B in Ni (=0.008 according to the Ni-B
binary phase diagram?) lead to a rejection of B into the
adjacent melt. A continuous solute enrichment of the
liquid could make B exceed the solubility limit of the
solute in the y phase. Then, the secondary solidification
constituents (i.e., intermetallic phases) are formed.
Ohsasa et al.?”” modeled the solidification behavior of the
residual liquid phase during the TLP bonding of Ni/Ni-
Cr-B/Ni using the Scheil simulation. They reported that
the solidification of the liquid phase started with a
formation of the Ni-rich y solid solution as the primary
phase, followed by a eutectic reaction of NizB and the y
solid solution at 1042 °C. The solidification process is
terminated by a formation of the ternary eutectic-reac-
tion microconstituents of the ¢ solid solution, Ni;B and
CrB at 997 °C. Therefore, it can be concluded that the
centerline eutectic-like microconstituents observed in the
present work, consisting of y, Bi-rich boride and Cr-rich
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boride, are formed by the eutectic-type solidification
reactions during the cooling, due to an insufficient
holding time for a complete isothermal solidification
during the bonding.

(iii) Diffusion affected zone (DAZ):

This zone consists of the second-phase particles with
two different morphologies: the particles with a blocky
morphology and the particles with a needle-like morpho-
logy (Figure 2d). Table 2 presents the compositional
analyses of the precipitates and the adjacent y matrix.
Figure 5 shows an X-ray line-scan across some needle-
like precipitates in DAZ indicating a partitioning ten-
dency of various elements that are present in the particles
compared to that of the adjacent austenitic y matrix.
According to Table 2 and Figure 5, the precipitates are
enriched with Cr, Mo, Nb, and B, while they are lean in
Fe and Ni. Therefore, this confirms that these secondary
phases are Cr-Mo-Nb-based borides.

The morphology of these precipitates suggests that
they are not formed during the solidification. The forma-
tion of boride precipitates in DAZ is directly associated
with the B diffusion out of the liquid into the base metal
during the bonding process. Considering the fact that the
isothermal solidification is controlled by the diffusion of
B into BM, a formation of boride precipitates in DAZ is
possible. Due to the diffusion of B into BM, a B-contain-
ing alloy is formed in a narrow region in the substrate
zone adjacent to ISZ. The solubility of B in this alloy is

Figure 4: X-ray elemental map of Cr-rich boride in ASZ showing that
the intermetallic phase is rich in Cr, Mo and Nb and lean in Fe and Ni
compared to the surrounding y solid-solution matrix

Slika 4: Rentgenski posnetek razporeditve s Cr bogatih boridov v
ASZ kaze, da so intermetalne faze obogatene s Cr, Mo in Nb, ni pa Fe
in Ni v primerjavi z y-trdno raztopino osnove

Materiali in tehnologije / Materials and technology 47 (2013) 5, 593-599



M. POURANVARI et al.: EFFECT OF THE BONDING TIME ON THE MICROSTRUCTURE ...

0 1 2 3 4 S 6

Figure 5: X-ray line scan across the DAZ precipitates showing the
partitioning tendency of the elements between the precipitates and the
matrix

Slika 5: Rentgenska linijska analiza preko izlo¢kov v DAZ, ki kaze
tendenco razli¢nega razporejanja elementov med izlocki in osnovo
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Figure 6: Hardness distribution across the bond region after a partial
isothermal solidification at 1100 °C for 10 min and after a complete
isothermal solidification at 1100 °C for 40 min

Slika 6: Potek trdote preko spoja po delnem izotermnem strjevanju pri
1100 °C po 10 min ter po popolnem izotermnem strjevanju pri 1100
°C po 40 min

100
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limited. This fact coupled with the presence of Cr, Mo
and Nb in the matrix, which are strong boride formers,
can explain the formation of the Cr-Mo-Nb-rich precipi-
tates. Gale and Wallach?® provided the some evidence
confirming that these precipitates are formed at the
bonding temperature not during the cooling.

The hardness profile across the joint region is a
quantitative measurement of the mechanical properties
of different zones in the joint region. The hardness
profile is a good indicator of the bond microstructure and
can be used to assess the effect of the secondary-phase
precipitates on mechanical properties.!* Figure 6 shows
the hardness profile of this bond indicating four distinct
zones: Region I corresponds to ASZ. The average hard-
ness of ASZ is about 820 HV. According to the micro-
structure of ASZ, the peak hardness in this zone is due to
the fact that the eutectic-type structure contains hard
brittle nickel boride. Region II corresponds to ISZ. The
average hardness of ISZ is 200 HV, which is lower than
for BM. The interdiffusion of the alloying elements
between the joint region and the base metal determines
the hardness of ISZ. The low hardness of ISZ can be
attributed to an insufficient diffusion of the alloying

700 25
w 600 - L 20
=3 3
= 500 - o
= 15 8
S 400 - £
< L 10 o
£ 300 - N
(7] L 5 @
& 200 - P>
-
g 100 - #® Shear Strength L0 <

m ASZ Size
0 . . . -5
3 4 5 6 7

(a) Root of Bonding Time (min0.5)

Isothermally Solidified Zone

® B

Figure 7: a) ASZ size and shear strength versus square root of bond-
ing time, b) microstructure of the joint region after the completion of
isothermal solidification at 1100 °C for 40 min

Slika 7: a) Velikost ASZ in strizna sila v odvisnosti od kvadratnega
korena Casa vezanja, b) mikrostruktura podrocja spoja po kon¢anem
izotermnem strjevanju pri 1100 °C in ¢asu 40 min
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elements such as Nb, Mo, Cr, Al and Ti. The amounts of
Nb, Mo, Cr, Al and Ti in ISZ (Table 2) are lower than
those found in BM (Table 1). Region III corresponds to
DAZ. The average hardness of DAZ is 420 HV, which
can be related to boride precipitates. Region IV corres-
ponds to the base metal.

3.2 Effect of the bonding time on the microstructure
and hardness characteristics

A joint microstructure depends on the elemental
interdiffusion between the base metal and the joint
region, which in turn is governed by the bonding time.
The average ASZ size was measured and plotted against
the square root of the bonding time (Figure 7a). As can
be seen, there is a linear relation between the ASZ size
and the square root of the bonding time. According to
Fick’s second law,? the implication is that the formation
of a gamma solid solution is a diffusion-controlled
process. Indeed, in the case of the diffusion brazing of
IN718/Ni-Cr-B/IN718, the isothermal solidification
process is controlled by the formation and growth of the
y-solid solution, which is governed by the B diffusion in
the base metal. An increase in the bonding time reduces
the volume fraction of the eutectic-type microconstituent
in the joint centerline. When the bonding time increased
to 40 min, no eutectic microconstituent was observed in
the bond region (Figure 7b). Therefore, it is concluded
that the holding time of 40 min at 1100 °C is sufficient
for an isothermal solidification completion.

The effect of isothermal solidification on the hard-
ness profile is also superimposed in Figure 6. Since the
isothermal solidification eliminates the eutectic-type
microconstituent, it is not surprising that the peak hard-
ness in the joint centerline is not present. However, the
completion of isothermal solidification does not influ-
ence the peak hardness in DAZ. This is due to the fact
that boride precipitates in DAZ are still stable even after
the isothermal-solidification completion.

3.3 Effect of the bonding time on the shear strength

The effect of the bonding time on the shear strength
of the TLP joints is shown in Figure 7a. It can be seen
that an increase in the bonding time increases the joint
shear strength. As can be seen, the shear strength of the
bonds made at 1100 °C for 10 min is the lowest. Accord-
ing to Figure 7a there is an inverse relation between the
joint shear strength and the ASZ size. When the bonding
time is increased up to 20 min, the joint shear strength
increases to 310 MPa. With a further increase in the
bonding time up to 30 min, the joint shear strength
increases to 480 MPa. This can be related to the decrease
in the ASZ size. Therefore, it can be deduced that in the
bonding condition, in which the isothermal solidification
is not completed, the extent of the eutectic constituent
(ASZ) is the controlling factor of the joint strength. A
high hardness of the eutectic products (Figure 6) is

598

coupled with the fact that the boride phases form the
interlinked network provide a metallurgical notch, which
significantly decreases the load-carrying capacity of the
joint. Therefore, it is necessary to eliminate the eutectic
products in order to improve the strength of the joints. In
the bonding time of 40 min at 1100 °C, when the eutectic
products are completely removed, the bonds with the
shear strength of 625 MPa were achieved.

4 CONCLUSIONS

The joining of the as-cast IN718 nickel-based super-
alloy was conducted through the TLP bonding using
Ni-15.2Cr-4B (in mass fractions, %) at the bonding tem-
perature of 1100 °C. The following conclusions can be
drawn from this study:

1. The solidification mechanism of the liquid phase is
controlled with the bonding time. When the bonding
time is lower than the critical value (40 min for the
present system), isothermal solidification is not com-
pleted at the bonding temperature and the remaining
liquid is transformed into a eutectic-type microcon-
stituent made up of Ni-rich boride, Cr-rich boride and
a eutectic-gamma solid solution.

2. A complete isothermal solidification which resulted
in the formation of an intermetallic-free joint center-
line occurred after the holding time of 40 min at the
bonding temperature of 1100 °C.

3. Extensive Cr-Mo-Nb-based boride precipitates were
observed in DAZ. These precipitates were stable even
after the completion of isothermal solidification.

4. Tt has been shown that the bonding time has a signi-
ficant impact on the joint mechanical properties in
terms of hardness distribution and shear strength. An
increase in the bonding time increased the shear
strength of the joint due to a decrease in the width of
the eutectic-type microconstituents.

5. It was found that there is an inverse relation between
the width of a eutectic-type microconstituent (i.e.,
ASZ) and the shear strength of the TLP bonded
IN718.
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