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A prediction of the required time to ensure the completion of isothermal solidification (#s) can serve as a first step toward the
optimization of a transient-liquid-phase (TLP) process to achieve a eutectic-free joint. The objective of this study is to estimate
the required bonding time to obtain an intermetallic-free joint centerline during the TLP bonding of a cast GTD-111 nickel-
based superalloy using a Ni-4.5Si-3.2B (mass fractions, w/%) amorphous interlayer. Considering the solidification behaviour of
the residual liquid, #s could be predicted by a mathematical solution of the time-dependent diffusion equation based on Fick’s
second law.
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Napovedovanje potrebnega Casa za zagotavljanje poteka izotermnega strjevanja (#;s) se lahko uporablja kot prvi priblizek za
optimizacijo postopka spajanja s prehodno tekoco fazo (TLP) za doseganje spojev brez evtektika. Namen te Studije je ugotoviti
potreben Cas spajanja za doseganje srednje linije spoja brez intermetalnih faz med TLP-spajanjem nikljeve GTD-111 super-
zlitine s strjevalno strukturo z uporabo Ni-4,5Si-3,2B (masni deleZi, w/%) amorfne vmesne plasti. Z upoStevanjem vedenja
preostale taline pri strjevanju je mogoce fis napovedati z matematicno reSitvijo casovne odvisnosti difuzijske enacbe, ki temelji
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na drugem Fickovem zakonu.

Kljucne besede: spajanje s prehodno tekoco fazo, izotermno strjevanje, superzlitina, GTD-111

1 INTRODUCTION

Nickel-based superalloys are used extensively in
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 temperature.'-

Transient-liquid-phase (TLP) bonding is considered
as an interesting repairing/joining process for nickel-
based superalloys due to its ability to produce near-ideal
joints.*'2 The TLP process nominally involves three
stages: (i) when heated, the braze melts and begins to
dissolve the substrate; (ii) the liquid composition reaches
the liquidus and isothermal precipitation of the equili-
brium solid begins; (iii) the liquid is eliminated by diffu-
sion of the melting-point modifiers into the substrate
(i.e., isothermal solidification).!3!4

The typical microstructure of a TLP bonded joint of a
nickel-based precipitation-hardened superalloy such as
GTD-111 using a boron-containing interlayer, consists of
three distinct microstructural zones, before completion
of the isothermal solidification (Figure 1):%-°

e the Athermally Solidified Zone (ASZ), which usually
consists of an intermetallic formed during a eutectic
reaction. This zone is formed due to there being
insufficient time for completion of the isothermal
solidification. Cooling is the main driving force for
athermal solidification (i.e., non-isothermal solidi-
fication).
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o the Isothermally Solidified Zone (ISZ), which usually
consists of a solid-solution phase. A compositional
change induced by interdiffusion between the sub-
strate and the interlayer during holding at a constant
bonding temperature is the driving force for the
isothermal solidification. As a result of the absence
of solute rejection at the solid/liquid interface during
isothermal solidification under equilibrium, the
formation of a second phase is basically prevented.”

e the Diffusion Affected Zone (DAZ), which consists
of boride precipitates due to boron diffusion into the
base metal (BM) during the TLP bonding.

For the commercial application of TLP bonding, the
appropriate holding time required for complete iso-
thermal solidification (z,) should be determined to obtain
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Figure 1: Schematic representation of various microstructural zones
in a TLP-bonded y’-strengthened nickel-based superalloy before iso-
thermal solidification completion

Slika 1: Shematski prikaz mikrostrukture v razlicnih obmocjih v TLP
spajani superzlitini na osnovi niklja z y’-delci za utrjevanje pred kon-
cem izotermnega strjevanja
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the proper bond microstructure. When the holding time
is lower than ¢, athermal solidification of the residual
liquid phase may lead to intermetallic formation, which
in turn degrades the mechanical strength, service tempe-
rature and corrosion resistance of the bonds compared to
the base metal.*"’

In this paper a diffusion model based on a migrating
interface is used to predict the isothermal solidification
completion time during the TLP bonding of a GTD-111
nickel-based superalloy and the predicted value was
compared with experimental data.

2 EXPERIMENTAL PROCEDURE

The GTD-111 superalloy, as the base metal, was used
in the standard heat-treatment condition in this investi-
gation. The chemical composition of the GTD-111 was
Ni-13.5 Cr-9.5 Co-4.75 Ti-3.3 Al-3.8 W-1.53 Mo-2.7
Ta-0.23 Fe-0.09 C. A commercial Ni-4.5Si-3.2B alloy
(MBF30), in the form of amorphous foil with 25.4 pm
thickness, was used as the interlayer. Coupons of 10 mm
x 5 mm X 5 mm were sectioned using an electro-dis-
charge machine. To remove the oxide layer, contact
surfaces were ground using 600-grade SiC paper and
then cleaned ultrasonically in an acetone bath. The
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Figure 2: a) Microstructure gradient in TLP-bonded GTD-111 using
Ni-Si-B filler alloy at 1100 °C for 30 min, b) fracture surface of the
TLP bonded sample after partial isothermal solidification

Slika 2: a) Spreminjanje mikrostrukture v TLP-spoju GTD-111 z upo-
rabo Ni-Si-B-zlitine polnila 30 min pri 1100 °C, b) povrSina preloma s
TLP spojenega vzorca po delnem izotermnem strjevanju
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interlayer was then inserted between two base metal
coupons. A stainless-steel fixture was used to fix the
coupons in order to hold the sandwich assembly and
reduce the metal flow during the TLP operation. The
liquidus and solidus temperatures of the interlayer are
1054 °C and 894 °C, respectively.!”> The bonding was
carried out at 1100 °C for (30, 45, 60 and 75) min under
a vacuum of approximately 1.33 x 10 mbar in a
vacuum furnace.

The bonded specimens were sectioned perpendicular
to the bond. The microstructure of the joints was studied
using an optical microscope and a scanning electron
microscope (SEM). For the microstructural examinations
the specimens were etched using two etchants. The
Murakami etchant (10 g KOH, 10 g K5[Fe(CN)s], 100 ml
H,O) preferentially etches the Cr-rich phases and can
therefore be used to reveal precipitates adjacent to the
joint/base metal interface. The molybdenum-acid etchant
(0.5 g MoOs, 50 ml HCI, 50 ml HNO;, 200 ml H,0O),
which preferentially etches the y’-phase, was used to
indicate the Y-y -microstructure of the joints. Semi-quan-
titative chemical analyses of the phases formed in the
joint region were conducted on a Cam Scan scanning
electron microscope, equipped with a beryllium-window
energy-dispersive spectrometer (EDS) system using
INCA software.

3 RESULTS AND DISCUSSION

3.1 Microstructure of the bond

The microstructure of the TLP-bonded GTD-111/
Ni-Si-B/GTD-111 is detailed elsewhere.*¢ In this section
a summary of the results is presented. Figure 2a shows
an SEM image of the bonds made at 1100 °C for 30 min,
indicating three distinct microstructural zones in the
bond region including (i) an isothermal solidification
zone (ISZ), (ii) a diffusion-affected zone (DAZ) and (iii)
an athermal solidification zone. The formation of these
zones can be explained as follows:

Since the bonding temperature (i.e., 1100 °C ) is
higher than the liquidus temperature of the Ni-Si-B filler
alloy (i.e., 1055 °C), the interlayer melts. Three transpor-
tation phenomena occur during the TLP bonding of the
IN718/Ni-4.5Si-3.2B/IN718, including the following:

e Dissolution of the BM,

e Diffusion of MPD elements (Si and B) from the mol-
ten interlayer into the BM,

e Diffusion of Cr, Co, Mo, W, Ta, Al and Ti from the

BM into the bond region.

All of these phenomena govern the chemical compo-
sition of the liquid phase, which in turn dictates the
liquidus temperature of the liquid phase. The effect of
alloying elements on the liquidus temperature depends
on the distribution coefficient (k). Two phenomena help
to increase the liquidus temperature of the liquid phase
including:
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e Depletion of the liquid phase from the MPD elements
that have a k value less than unity significantly
increases the liquidus temperature of the liquid
phase.

e Co and W content of the liquid is increased gradually
as a result of the BM dissolution phenomenon and
the diffusion of Co and W from the BM into the bond
region during the bonding process. The presence of
Co and W, which exhibit a k value larger than unity,'
increase the liquidus temperature.

As a consequence of both phenomena, the liquidus
temperature of the liquid phase increases gradually
during holding at the bonding temperature. Once the
liquidus temperature increased to the bonding tempera-
ture, isothermal solidification starts. As a result of the
absence of any solute rejection at the solid/liquid inter-
face during isothermal solidification, the formation of
the second phase is prevented. The microstructure of this
zone consists of a pro-eutectic nickel-rich y solid-solu-
tion phase. The average hardness of this zone was 310
HV.

If the sample is cooled down before completion of
the isothermal solidification, the residual liquid would
solidify under a different mechanism. The morphology
of the product suggests that the structure is formed via a
eutectic-type transformation during cooling. During
solidification induced by cooling, B is rejected to the
liquid in the middle of the joint due to the low solubility
of B in the solidifying y phase. Continuous solute enrich-
ment of the liquid could cause the solute concentration to
exceed the solubility limit of the solute in the y phase.
Consequently, any residual liquid could transform into
eutectic-type solidification products during cooling from
the bonding temperature.”-!® The microstructure of the
ASZ consists of two distinct phases: a nickel-rich
solid-solution phase and an intermetallic phase. The
average hardness of this zone was 570 HV. The EDS
analysis showed® that the intermetallic phase is a nickel-
rich boride. The solidification sequence can be
summarized as follows:

L —y+L —y+Nickel Boride (1)

The diffusion-affected zone (DAZ) consists of
second-phase particles with two different morphologies:
particles with a blocky morphology and particles with a
needle-like morphology. Boron and carbon were detected
in both types of precipitates using an EDS analysis. The
EDS compositional analysis of the metallic elements
showed that both precipitates are Cr-rich carbo-boride.*
The diffusion of boron from the liquid phase into the
base metal, coupled with the fact that boron can reduce
the solubility of carbon in an austenitic matrix, and the
presence of Cr (which is a strong boride former) can
explain the formation of Cr-rich carbo-borides.

It is of interest to note that due to the spatially
non-continuous distribution along the joint/base-metal
interface and the lower hardness compared to that of the
eutectic microconstituents, the Cr-rich boride precipita-
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tes in the DAZ have a less detrimental effect on the joint
strength compared to the ASZ. However, the interme-
tallic-containing solidification products can serve as the
preferential failure source for the brazed joint due to the
inherently high hardness and brittleness of the interme-
tallic phases. Consequently, they can significantly reduce
the mechanical properties and creep strength of the joint,
especially when the intermetallics are spatially conti-
nuous.® 1% The shear strength of this bond was 310 MPa,
which is about 40 % of that of the base metal (780 MPa).
A fracture-surface examination showed that the crack
propagated along the joint centerline. Figure 2b shows a
fracture surface of these bonds, indicating a semi-clea-
vage/intergranular fracture. Therefore, in a situation
where isothermal solidification has not been accompli-
shed completely, eutectic micro-constituents that usually
have the highest hardness in the bond region and form an
interlinked network are the preferential failure source.
Therefore, it is necessary to eliminate the eutectic pro-
ducts in order to improve the strength of the joints. The
experimental results showed that for a bonding time of
75 min at 1100 °C, in which the eutectic products are
completely removed, bonds with a shear strength of 530
MPa (i.e., a joint efficiency of 68 % ) were achieved.

3.2 Prediction of the isothermal solidification time

When considering TLP bonding for commercial
applications, an important bonding parameter is the hold-
ing time required to complete the isothermal solidifica-
tion (#s). Isothermal solidification is a prerequisite for
obtaining a proper bond microstructure during the TLP
bonding. If the holding time is lower than #g, athermal
solidification of the residual liquid phase will lead to
intermetallic formation, which in turn degrades the shear
strength of the bond. Therefore, in this section, consi-
dering the solidification behaviour of residual liquid, a
diffusion model based on a migrating interface was used
to predict the isothermal solidification’s completion
time.

Conventional analytical models of TLP bonding are
based on binary systems; one of these models is used to
estimate tis for the GTD- 111/Ni-Si-B/GTD-111 multi-
components system. Migrating the solid/liquid interface
modelling approach was used by several researchers.!”'
This approach treats the system as two, semi-infinite
phases with a coupled diffusion-controlled moving solid/
liquid interface (Figure 3). Isothermal solidification can
be characterized by the motion of the solid-liquid
interface, resulting from solid-state diffusion of the
melting-point depressant (MPD) into the base metal.
Interface motion can be determined by applying conser-
vation of mass at the interface in conjunction with Fick’s
first law:!8

dx@ _ 9C,  dC,

-G =P P

@)
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Figure 3: Schematic showing solute distribution during isothermal
solidification stage during TLP bonding process

Slika 3: Shematski prikaz razporeditve koncentracij med izotermno
fazo strjevanja pri TLP-postopku spajanja

Where Cp. and Cs are the equilibrium liquidus and
solidus, respectively, and X(7) is the liquid/solid interface
position. Because of the orders of magnitude difference
in the diffusivity of solid and liquid, interface motion is
separated into two distinct regimes. During the dissolu-
tion stage, the right-hand side of Equation (2) is domi-
nated by the second term containing Diiquia and the
interface moves into the solid until local equilibrium is
achieved at the liquid/solid interface. At this point the
dissolution ceases. Once the gradient in the liquid
reaches zero, the liquid term becomes negligible and the
interface begins to move back into the liquid and the
isothermal solidification starts. In this condition the
kinetics of the TLP process is dominated by Equation
(3):174,18

(CL _Cs)

dX() _ D(BC(x, 1) ) 3)
x=X(1)

dr ot

The concentration profile of the MPD element in the
solid can be calculated by applying Fick’s second law in
the solid and can be satisfied by a general error function
solution:

Clx,1) = A+Berf(\/:7Dt) )

where A and B are constants determined by the follow-
ing boundary conditions:

Cleat)=A+B=C,, 5)
CX@).1)= A+Berf(\/:7m)=cs (©6)

where Cyv is the MPD concentration of the base metal.
Since Equation (6) has to be satisfied for all values of
t, X(f) must be proportional to ¢'’*, hence:
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X(1)=K~/4Dt (7

Equation (7) suggests a linear relationship between
the eutectic structure width (ASZ size) and the square
root of the bonding time.

At the end of the isothermal solidification, two
solid/liquid interfaces meet at the centerline (i.e., X(f)
reaches half of the maximum liquid width (Wpa)).
Therefore, the completion time for isothermal solidifi-
cation during TLP bonding can be calculated using the
following equation:

2
max

tIS =16K2D (8)

where the constant K will be determined by mass con-
servation at the moving interface. The derivatives of the
concentration profile and the interface position can then
be substituted into Equation (3) to solve for K:

c, -C K\P—D Cs=Cu 2 K (9

( L S) t - s 1+€7f(K) /4TEDT exp(_ ) ( )

Rearrangement of Equation (9) leads to:
CL

-C
——— = K1 exp(K*)(1+erfK)
CL _Cs

(10)

Since the calculation of K needs numerical solving, a
linear approximation of the right-hand side of Equation

(9), when K < 0.1, was obtained by MATLAB software:
CL _CM
—=2K 11
C, —C, (1)

A combination of Equation (7) and Equation (10)

leads to:
Wm23x CL _CS ’
te=—io |
S 4D (C,-C,,
The theoretical maximum width of the liquid can be
obtained by a simple mass conservation:'®

Won €L =W, Cry (13)

where Cy is the MPD concentration of the filler metal.

(12)

3.3 Model validation

In this section the described model is used to estimate
tis for the investigated system. For GTD-111/Ni-Si-B/
GTD-111, however, the involved materials are quite
complex and there is a lack of detailed diffusion and
phase-diagram data. In order to apply the migrating
solid/liquid interface and compare it with the experi-
mental results for GTD-111/Ni-Si-B/GTD-111, the
following assumptions were taken into consideration:

1. Since Ni is the main element in GTD-111 nickel-
based superalloy, the base metal was considered as
pure nickel.

2. The solidification behaviour of the ternary Ni-Si-B
interlayer could be considered similar to the solidi-
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fication behaviour of the binary Ni-B interlayer. Two

reasons for this assumption are:

e For multi-component TLP systems, the kinetics of
the solid/liquid interface movement is controlled by a
faster solute,’ which is boron in the case of the
GTD-111/Ni-Si-B/GTD-111 system. The diffusion
coefficient of boron in nickel is about 10* times
greater than that of the silicon in the nickel substrate.

¢ As mentioned above, the eutectic type structure
resulting from non-equilibrium solidification of the
residual liquid consists of a y-solid solution and
nickel boride, and no silicide was observed in the

ASZ microstructure. Indeed, the low solubility of

boron in the nickel-based substrates resulted in the

formation of intermetallic phases in the eutectic
structure of the ASZ.

The thermodynamic data that were used for predic-
tion of #g, are:
x(Cs) = 0.3 % B (based on Ni-B binary phase diagram?’)
x(Cp) = 13.16 % B (based on liquidus composition for

Ni-Si-B filler?!)
x(Cyw) =0
x(Crm) = 13.6 % B (based on the initial composition of

interlayer) (mole fractions x)

The diffusion coefficient of boron in GTD-111 will
be needed to calculate the #s. Unfortunately, there is little
data for the diffusion coefficient of boron in nickel-based
superalloys. The diffusion coefficient of boron out of a
Ni-Cr-Si-B filler metal in a nickel-based substrate at a
temperature of 1100 °C was determined by Kukera et
al.2 to be 6.22 x 10" m?/s.

Figure 4 shows a plot of ASZ size (or eutectic width)
vs. square root of the bonding time. The eutectic width
decreases linearly with the square root of bonding time.
Therefore, the migrating interface model is applicable
for the system that is used in this study. Also, solving
equation (9) numerically with these data yields 12.96

Eutectic Width (micorns)
[4.]

5 6 7 8 9
Square Root of Bonding time (min)

Figure 4: The width of eutectic-type micro-constituents versus square
root of bonding time for TLP bonding of GTD-111/Ni-Si-B/GTD-111

Slika 4: Sirina evtekti¢nih faz v odvisnosti od kvadrata ¢asa spajanja
za TLP-spajanje GTD-111/Ni-Si-B/GTD-111
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%1073 for K, which is considerably less than 0.1, support-
ing the applicability of Equation (12) in the present
work.

According to the above data and using Equation (12)
the resulting value for t;s is 89 min. Experimental results
showed that at bonding temperatures of 1100 °C, bonds
free from the centerline eutectic were obtained after 75
min. Figure 5 shows the typical microstructure of the
bonds made at 1100 °C for 75 min, indicating a eutec-
tic-free joint. The absence of a eutectic-type structure in
the joint centerline suggests the completion of isothermal
solidification under this bonding condition. As can be
seen, this model can predict #s with a reasonable accu-
racy. A good agreement between the time calculated for
fis (89 min) and that experimentally observed (75 min)
was obtained. This difference can be attributed to the
liquid penetration into the grain boundaries of the base
metal, grain-boundary migration, loss of liquid metal by
the squeezing-out action?*?* and the simplified assump-
tions of the model. It should be noted that the accuracy
of the #s predication is largely dependent on the diffu-
sion data. Despite some discrepancy between the
experimental and predicted values, this modelling can be
considered as the first step for the designing and opti-
mization of process parameters to achieve an appropriate
TLP bond microstructure.

Finally, it is interesting to note that isothermal
solidification completion prevents the formation of a
eutectic structure in the bond region; however, signifi-
cant amounts of Cr-rich carbo-boride were still present
in the DAZ (Figure 5). The high Cr content of these
precipitates leads to a significant depletion of Cr around
this region. Because of the fact that Cr is the key element
for the corrosion resistance of the superalloy,? its deple-
tion can reduce the local corrosion resistance of the
matrix.?6-28 It has been reported previously that the
corrosion resistance of a brazed superalloy was impaired
by the precipitation of Cr-rich particles within the braze/
base-alloy interface.” Therefore, in order to restore the
corrosion resistance of the substrate, it is necessary to
design a proper post-bond heat treatment (PBHT) to
eliminate the boride precipitates in the DAZ via a
break-up and dissolution processes.

Figure 5: Microstructure of TLP bonded GTD-111 at 1100 °C for 75
min showing eutectic-free joint centerline. Extensive boride precipi-
tates are present in the diffusion-affected zone (DAZ).

Slika 5: Mikrostruktura TLP-spoja GTD-111 po 75 min na 1100 °C
prikazuje srednjo linijo brez evtektika. Stevilni izlocki borida so pri-
sotni v difuzijsko vplivanem podrocju (DAZ).
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4 CONCLUSIONS

The isothermal solidification process during the TLP
bonding of the GTD-111 nickel-based superalloy using
an amorphous Ni-Si-B interlayer was studied. The
following conclusions can be drawn from this study:

1. When the bonding time is not sufficient to complete
the isothermal solidification (i.e., a bonding time of
less than 75 min at bonding temperatures of 1100
°C), the residual liquid phase after an incomplete iso-
thermal solidification at the bonding temperature was
transformed to a eutectic type structure consisting of
the y-solid-solution phase and the boride interme-
tallic. According to the solidification behaviour and
the ASZ microstructure, boron is main controlling
MPD element of the isothermal solidification.

2. It was found that there is a linear relationship bet-
ween the eutectic width and the square root of the
bonding time, suggesting that the isothermal solidi-
fication process is governed by solid-state diffusion.

3. The time required for the completion of isothermal
solidification during the TLP bonding of the
GTD-111 superalloy could be predicted with fairly
good accuracy using a mathematical solution of the
time-dependent diffusion equation based on Fick’s
second law.
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