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ABSTRACT

The operating temperature of land-based gas turbines and jet engines are ever-increasing
to increase the efficiency, decrease the emissions and minimize the cost. Within the
engines, complex-shaped parts experience extrems temperature, fatigue and corrosion
conditions, Ti-based, Ni-bascd and Fe-based alloys arc commonly used in gas turbines
and jet engines depending on the temperatures of different sections. Although those
alloys have superior mechanical, high temperature and corrosion properties, severe
operating conditions cause fast degradation and failure of the components. Repair of
these components could reduce lifecycle costs, Unfortunately, conventional fusion
welding is not very attractive, because Ti reacts very easily with oxygen and nitrogen at
high temperatures, Ni-bascd superalloys show heat affected zone (HAZ) cracking, and
slainless steels show Intergranular corrosion and knife-line attack. On the other hand,
transient liquid phase (TLP) bonding method has been considered as preferred joining

method for those types of alloys.

During the initial phase of the current work commercially pure Ti, Fe and Ni were
diffusien bonded using commercially available interlayer materials, Commercially pure
Ti (Ti-grade 2) has been diffusion bonded using silver and copper interlayers and without
any interlayer. With a silver (Ag) interlayer, different intermetallics (AgTi, AgTi,)
appeared in the joint centerline microstructure. While with a Cu interlayer eutectic
mixtures and Ti-Cu solid solutions appeared in the joint centerline. The maximum fensile

strengths achieved were 160 MPa, 502 MPa, and 382 MPa when Ag, Cu and no
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intcrlayers were uscd, respectively. Commercially pure Fe {cp-Fe) was diffusion bonded
using Cu (25 m) and Au-12Ge eutectic interlayer (100 um). Cu diffused predominantly
along austenitc grain boundaries in all bonding conditions. Residual interlayers appeared
at lower bonding temperature and time, however, voids were observed in the joint
centerline at higher joining temperature and time. Dispersed Au-rich particles were
ebserved in the base metal near interface. The highest ultimate tensile strengths obtained
for the bonded Fe were 29142 MPa using a Cu interlayer at 1030°C for 10 h and 31544
MPa using a Au-12Ge mterlayer at 950°C for 15 h. Commetrcially pure Ni (cp-Ni) was
diffusion bonded using a Al, An-12Ge or Cu interiayer, The formation of intermetallics
could not be avoided when Al interlayer was used. Even though no intermetallics were

obtained with Au-12Ge or Cu intetlayer, appreciable strength of the joint was not found.

Next, the simple bonding syslems were modeled numerically, It is hoped thai the simple
models can be extended for higher order alloys. The modeling of TLP jomt means to
come up with a mathematical model which can predict the concentration profiles of
diffusing species. The cencentration dependence of diffusivity in a multi-component
diffusion system makes it complicated to predict the concentration profiles of diffusing
species. The so-called chemical diffusivity can be expressed as a function of
thermodynamic and kinetic data, DICTRA software can calculate the concentration
profiles using appropriate mobility and thermodynamic data. [t can also optimize the
diffusivity data using cxperimental diffusivity data. Then the optimized diffusivity data is
stored as mobility data which is a linear function of tempcrature. In this work, diffusion
bonding of commercially pure Ni using Cu interlayers is reported. The mobility

parameters of Ni-Cu alloy binary systems were optimized using DICTRA/Thermocale

XX



software from the available selt-, tracer and chemical diffusion coefficients. The
optimized mobility parameters were used to simulate concentration profiles of Ni-Cu
diffusion joints using DICTRA/Thermocalc software, The calculated and experimental
concentration profiles agreed well at 1100 °C. This method could not be extended for
higher order alloys because of the lack of appropriate thermodynamic and kinetic

database.

In the third phase industrially important alloys such as S5 321, Tnconel 718 and Ti-60 AL
4V were diffusion bonded. Diffusion bonded S8 321 with An-12Ge interlayer provided
the best microstructure when bonded in either vacuuim or argon at 1050°C for 20 h and
cooled in air, The maximum strength obtained of the joint was 38744 MPa bonded in
vacuum at 1050°C for 20 h and cooled in air. The microstruciure of joint centerline of
diffusion bonded Inconel 718 using Au-12Ge interlayer at 1050°C for 15 h and cooled in
air consisted of residual interlayer (1.3-2.5 pum). The residunal interlayer was disappeared
by increasing the bonding time by 5 h, however, pores appeared in the joint centerline. As
a result, the strength obtained for bonded Inconel 718 was much lower than that of the
basc alloy. The joint centerline microstructure of bonded Ti-6A1-4V using Cu interlayer
was free of intermetallics and solid selution of Cu and base alloy. The strength of the

Joint is yet to be determined,
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CHAPTER 1

INTRODUCTION

Metal Joining Processes
Joining of melals and alloys 1s essential for fabrication and assembly. Reliability, speed
and cost of fabrication and assembly motivated the development of a wide range of
joining technologies. There are five basic joining processes which cover almeost all metal
joining: welding, brazing, soldering, adhesive bonding and mechanical fastenering, Gas
Metal Arc (GMA) welding is the mosi common metal joining process; il is a fusion
welding process. Other fusion welding processes are gas welding, laser welding and
electron beam welding, All fusion welding processes are liquid-phase welding. Solid
phase diffusion bonding, stir welding, explosive welding and forge welding can be

categorized as solid-phasc welding,

Diffusion Bonding
Diffusion bonding is a general teym for any joinmg process i which bonding is primarnily
duce to atomic interdiffusion across the interface. Shirzadi [1] categorized diffusion
bonding as a subdivision of both solid-phasc and liquid phase welding, To avoid
oxidation, diffusion bonding is performed under inert atmosphere (helivm or argon)
unless the oxide layer s thermodynamically unstable at bonding temperatore {silver).
Silver can be diffusion bonded in air. Diffusion bonding can be divided into two

categories:



» Sohd-phase Diffusion Bonding

o Transient Liquid Phase (TLP)} Diftusion Bonding

Solid-phase Diffusion Bonding
In this joining process, two flat surfaces to be bonded are held together by an applied
pressure and heated to an elevated temperature. The joining temperature ranges from 56
to 90% of the melting temperaturc of the base metal (absolute temperature) and bonding
time ranges from a few minutes to few days. Since solid-state diffusion 15 exlremely slow
in metals, this process would take unreasonable long time 1o join industrially important

alloys.

Transient Liquid Phase (TL.P) Bonding
Transient liquid phase (TLP) bonding refers to diffusion bending in which a filler metal
with a relatively low melting temperature is used. TLP bonding is a widely used metal
joining process [2]. This bonding method has the potential of fabricating high-strength
joints with simple or complex microstructures depending on the type of interlayer used.
TLP bonding is evolved from high temperature fluxless vacuum brazing [3,4]. The
combination of bonding temperature, bonding time and interlayer material 1y chosen in
such a way so that significant atomic transport from interlayer materials into base
materials (and vice-versa) takes place during bending, Boron, for example, 1s used as a
melting point depressant in interlayers for TLP bonding of nickel-based alloys [5],
because boron atoms can diffuse quickly through interstices in the face-centered cubic
transition metal. The TLP process is very similar to the high-temperature brazing process.
The main differences between TLP and brazing are the solidification behavior and the
presence of interdiffusion. In TLP bonding, a low melting temperature interlayer is
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inserted in between base metals. An interlayer for a TLP bonding can be a simple metal
foil or an alloy containing a melting point depressant (e.g. B, Si, P} or a eutectic alloy
with a low melting temperature, In ¢ertain cases, interiayers form low melting point
eutectics with the base metals and melt below their original melting points [6]. The
composition of the interlayer changes by interdiffusion and the liquid interlayer solidifies
isothermally. The re-melt temperature of the TLP bonded region is similar to the melting
temperature of parent alloy. This melting shift of the joint area differentiates TLP
bonding frem high-temperature brazing. Ideally, the sclidified bond should consist of a
primary solid selution of base metal with a cornposition very close to that of the base
metal and free from intermetallics and second phase particles, TLP joints suffer limited
amounts of microstructire disraption and joints formed after the solidification can have a
microstructurc similar to that of base alloys. This 1s why the mechanical properties of the

TLP bonded regicn are loften very close to that of the parent alloys [7].

TLP Bonding Steps

A typical TLP joint involves three steps — substrate dissolution, isothermal solidification
and sclid state homogenization. Since the melting temperature of the filler or interlayer
materials is always lower than that of the parent metal, the filler or interlayer materials
form a liquid at the bonding temperature. This liquid partially dissolves parent materials
at the liquid/solid interfaces until a local equilibrium is achieved. The activation energy
for base metal dissolution is usually very low compared to that for interstitial diffusion
[8] as it docs not need long range diffusion in solids. After the initial dissolution of base
metal, the interlayer atoms bogin to diffuse into the base metals, As these atoms continue

to diffuse, the liguid mterlayer thins. The liquid layer will be removed completely if



sufficient time is given, This step is known as the isothermal solidification stage. It’s a
much slower process than the substraie dissolution stage. However, the time required to
finish this stage is dependent on the specific system and ranges from a few minutes to
sevcral hours. Additional holding time 1s required after isothermal solidification to
homogenize filler or inferlayer clements into the basc materials, In a typical TLP bonding
process, these three steps are sequentiat and are assumed to be not parallel. However, the
formation of undesirable phases, for example intermetallics, brings the above assumption

into questions,

TLP Bonding Parameters and Interiayers

Most TLP bonding processes are done in vacuum to control oxide formation on the
faying surfaces and the interlayer. For some cases, an argon envirenment can be used iff
porosity is not a problom. Although it is almost impossible to remove the oxide layer
from the faying surfaces, under inerl atmosphere (vacuum or argon environment) the
kinetics of oxidation are controllable. The heating methods could be radiant heading in a
vacuum furnace, induction heating or infrared heating [3,9,10]. Usually a fixed clamping
load is used for TLP bonding though it changes during the bonding process because the
cocflicients of thermal expansions are different for the jigs, clamping bolts, foils and
parcnt metals. Also, after diffusion of the interlayer materials into the basc metals, the
overall length shrinks a bit. Surface {inish belore bonding, bonding temperature, and

bonding time can be adjusted to obtain optimum joint quality.

An interlayer could be a thin foil or amorphous filler material. Ideally, an interlayer
should melt below the melting temperature of the parent metal and not form

intermetallics with parent metals, which will detrimentally affect the strength of the joint.
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The thickness of the interlayer varies from a few pm to 100 pm. For thinner interlayers,
sputter coatings are used. To obtain low melting point interlayers melting point
depressants are introduced. The most common melting point depressants are boron,
phosphorcus and silicon [11-12]. These melting point depressants diffuse faster into the
base mctals but it is to be noted that thesc could form intermetallics and affect the
strength. Sometimes binary eutectic alloys with low meting temperatures are also used as

an interlayer [13].

Titanium-based Alloys
Titanmum (Ti) and its alloys are considered technically superior and cost-effective
engineering materials for use in industrial applications. They have been widely used in
aerospace and chemical industries because of their high specific strength, good erosion
resistance and favorable high temperature properties [14-16], With the increased use of
Ti and its alloys, the joining of Ti and its alloys 18 of great interest. Unfortunately,
welding of Ti and Ti alloys is difficult as they are highly chemically reactive at high
temperatures and tend to oxidize at very low partial pressures of oxygen., During the
welding process, Ti alloys pick up oxygen and nitrogen from the atmosphere very easily

[17]. As arcsuli, dilfusion bonding is a prefeired joining method for Ti and Ti alloys.

Many reports on diffusion bonding and transient liquid phase bonding of Ti and Tt alloys
have been published. Elrefaey ef al. [18] reported diffusion bonding of Ti to low carbon
steel using a copper-based interlayer {Cu-12Mn-2Ni, wt.%). The optimum parameters
were found to be 850°C for 90 min. However, Cu-T1 intermetallics were formed in the
bondline. The optimum bonding strength {tensile-shear) also occurred at 850°C for 90

min when an Ag-Cu-Zn interlayer was used [19]. Kundu et &/, [20] conducted diffusion
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bonding of titanium to 304 stainless steel using copper interlayers. The strength of the
bond reached that of base Ti (319 MPa) for the sample bonded at 900°C for 1.5 h and the
strength decreased with increasing bonding temperature due to the higher volume fraction
of intermetallics, Dezellus et al. [21] performed fransient liquid phase bonding of
titanium to aluminum nitride using a Cusil (28Cu-Ag) interlaver. In this bonding process,
Ti formed different intcrmetallics with copper. As a result, the copper content of the
interlaver alloy deereased but the laver still remained in the liquid state. They observed
that the solidification occurred faster al 795°C than at 850°C due to fast formation of the

Cu-rich compound TiCuy.

Gui-Sheng ef af. [14] reporied the bonding of a Ti-22A1-25Nb alloy using a Ti-15Cu-
15Ni interlayer (melting point, 932°C}. The authors found the optimum parameters in
terms of strength were 970°C for 90 min using slow cooling. The strength reached 93%
of the basc alloy. Sheng et «l. [22] reported on phase transformation superplastic
diffusion bonding of a titanium alloy to stainless steel without using any interlayer, When
a material is repeatedly heated and cooled in a transformation tempcrature range, it can
be greatly deformed. This phenomenon is known as dynamic superplasticity. Using the
optimum parameters (maximum and minimum temperature, number of heating and
cooling cycles, specific pressure and heating rate) a tensile strength of 307 MPa (96.8%

of the strength of T1) was obtained.

Iron-based Alioys
Stainless steels (SS) are one of the two material families that are often used in hot
sections of aerc-engines and power generation turbines along with nickel-based

superalloys. Stainless steels are also used in process plants, petrochemical industries,
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pump and valve shafts, steam generators, expansion joints, super-heaters, re-heaters, etc,
because of their high strength, ductility, resistance to creep and resistance to corroston at
clevated temperatures. Aero-engines and gas turbines are primarily designed for the
optimum efficicney and output within the limit of available technology. Within the
engines, cemple.x—shaped parts experience extreme temperature, fatigue and corrosion
conditions. Due to high operating temperatures mereased effects from creep, fatigue and
corrosion cause rapid degradation and failure of the components. Any means to repair

these damages will increase their total part life and keep the costs to a minimum.

Fusion welding proccsses, which typically involve relatively large-scale melting of the
parent metal at the joint-line and introduction of filler materials, arc the most common
metal joining processes. However, these joining processes have some adverse effeets. For
cxample, fusion welded T91 martensitic steels are prone to hot cracking [23]. Duplex
stainless steels containing 50:50 ratios of ferrite and anstenite provide superior
mechanical and corrosion-resistant properties. Fusion welding of this alloy distupts the
austenite-ferrite ratios, thereby affecting the mechanical and corrosion-resistant
properties. According to Floreen and Hayden [24], cleavage fracture in the {errite phase
was hindered by more dunctile austenite phase in duplex stainless steel. Rapid cooling
during fusion welding produces a change in microstructure (primarily formation of
ferrite) causing less ductility and poor corrosion resistance [25]. Austenitic alloy §S 321
1s utilized for many purposcs mentioned above including nuclear facilities. As it 1s
stabilized, it provides excellent intergranular corrosion-resistance when exposed to high
temperature. This alloy is stabilized with titanium to prevent formation of chromium

carbide during fusion welding, Still fusion welding causes segregation, formation of



mntermetallics, loss of titanium and stress concentration sites. Fusion welded 58 321 is

susceptible to knife-line attack if used in highly oxidizing environment [26].

Engine efficiency has been become a prime issue in the last decades becanse it leads to
causes reduced fuel consumption and engine emissions. Higher efficiency requires higher
opcrating temperatures. The use of single crystal or columnar-grained blades permits
turbine engine operation at higher temperatures and increases the creep resistance
significantly [27-30]. For example, single crystal blades withstand up to 50°C higher
temperatures compared to their polycrystalline counterparis [31]. This 15 due to the lesser
amount of grain boundary strengthening elements which are known to be responsible for
reducing creep strength at high temperatures. However, the casting of single crystals is a
very challenging proccss. The yield of this process is comparatively low and gets lower
as the blade size increases. A fabricating process for larger single crystal blades by
joining smaller parts might overcome this size limitation. To combat bolh problems
discussed above, solid/liquid phase diffusion bonding is considered a preferred joining

method.

Nickel-based Alloys
Nickel-based superalloys are often used in hot-sections of aero-engines and land-based
gas turbines. These alloys typically are used in turbine disk, axle, blade, guide blade,
shcll, tooling and liquid rocket components involving cryogenic temperatures [32-34].
To improve the efficiency, the operating temperature of power generation turbines and jet
engines is being increasing continuously. At the same time, the complexity of the engine
parts is also increasing, Although nickel-based superalloys provide superior strength,

stress rupiure, creep resistance, fatigue strength, oxidation and corrosion resistance at

8



high service temperatures, they suffer various types of damages such as hot corrosion,
oxidation, sulphidation, erosion and thermal fatigue cracking. On the other hand,
economical manutacturing requires the ability of superallovs components 10 be welded.
Interests in repairing damaged superalloy components is increasing as the price of these

alloys is increasing.

Weldability of nickel-based superailoys largely depends on the content of aluminum and
titanitum, Precipitation-hardened superalloys are prone to micrefissuring during fusion
welding and post-weld treatment [35]. In addition, non-equlibrium phase transformation
and microsegregation occur during rapid solidification of the fusion zone which, in turn,
affect the joint performance [36]. To eliminate these problems TLP bonding is considered

as a preferred bonding process.

TLP bonding has been developed for low weldability alloys using commercially available
low melting temperature interlayers, In the current work, commercially pure titanium (cp-
T, grade 2), iron (cp-Fe) and nickel {cp-N1} werc used as the initial phase of the research
project. Thesc simple bond geometries were used to model the concentration profiles of
diffusing species using ThermoCalc/DICTRA software. In the next phase, industrially
important alloys such as Ti-6A1-4V, austenitic stainless steel {(SS 321) and inconel 718
and were used. Specific focus was given to bonding temperature, bonding time, interlayer
materials, interlayer thicknesses, polishing level of the faying surface, microstructure and
tensile strength at room temperature. The interlayer materials have been selected
depending on the metallurgy of the system and commercial availability. Joint
microstructures and strengths were tatlored by optimizing bonding conditions such as

temperature, time and bonding environment,



CHAPTER II
DIFFUSION BONDING OF COMMERCIALLY PURE ALLOYS
Specimen Fabrication

1i Joints
Cylindrical grade 2 Ti rods (Online Metals) 6.35 mm in diameter and ~8 mm in length
were used for diffusion bonding and subsequent microstructural examination. The
samples were polished to a 600 grit finish and the surfaces were cleaned in an ultrasonic
bath using isopropyl alcohol and stored in alcohol before bonding. The samples for
tensile testing had a gauge length of 59+0.5 mm and a diameter of 9.0+0.1 mm in the
gauge section. The bonding surface of each sample was polished to a 120 grit finish

before bonding. The diffusion bonding was done with commercially pure copper

(@) Interl
ne{awer

-

r
Base metal

(c)
Interlayer =

(b)

Base
metal

Figure 1. a) Schematic representation of diffusion bond geometry, b) diffusion bonded
microstructure sample, and ¢) tensile specimen (top — before bonding, bottom — after
bonding).(99.999% pure, Alfa Aesar, USA), or silver (99.998% pure, Alfa Aesar, USA)
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interlayers and without any interlayers. The thickness of both interlayers was 100 pm.
The samples to be bonded were held in a jig made of Ti {to eliminate the thermal
expansion mismatch) under static pressure and placed in a tube furnace. The clamping
torgues used for microstructure samples and tensile samples were 10 in-1b and 35 in-lb,
respectively. Schematics of the diffusion bond geometry and diffusion bonded samples
are shown in Fig. 1. The heating chamber was repeatedly evacuated and filled with argon
gas 10 times to make it oxygen-free and then filled with argon gas to have an inert
envirorment for bonding. An oxygen irap was uscd in the line of argon flow into the
heating furnace, Ti joints with Ag interlayers were bonded at 1030°C for 10-30 h and
with Cu interlayers were bonded at 900-1100°C for 10 h. These joining temperatures
were chosen basced on the melting temperature of the interlayer and interlayer-base atloy
phase diagrams. The healing rate or cooling rate applied was 4°C/min. Ti bonds without
any interlayers were bonded at 980-1030°C for 10-30h. Mctallographic samples bonded
metals were mounted in epoxy resin. A longitudinal section of each bonded sample was

polished down and prepared for microstructural observation.

Fe Joints
For diffusion bonding of ¢p-Fe, similar procedures were followed as for cp-Ti. Interlayers
used were Al, Cu, Au-208n and Au-2Ge. Faying surfaces werc polished to a 1200 grit
finish. The thickness of interlayers varied from 25 pm 100 pm. Based on interlayer
melting temperature and interlayer-base alloy phase diagrams, bonding temperatures
varied from 600-1100°C for 1-30 h depending on the interlayer material. The jig used
was made of Kovar (to minimize the thermal expansion mismatch) which is a high

temperatore resistant-alloy, The applied clamping torque was 10 in-1b and 35 in-1b for
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microstructure samples and tensile samples, respectively. Metallographic samples were
mounted in epoxy resin before polishing. Optical micrographs were taken using a
computer integrated metallurgical optical microscope. The samples for optical images

were etched using 5% Nisal.

Ni joinis
For diffusion bonding of cp-Ni, Al, Cu, Au-1.5Al, Au-20Sn and Au-12Ge interlayer were
used. Bonding surfaces were polished to a 1200 grit finish before bonding, Bonding was
done 1n a Kovar jig with 10 in-Ib and 35 in-1b clamping torque for microstructure samples
and tensile samples, respectively. The interlaycr thicknesscs varicd from 25 um 1o 100
pm. Depending on the melting temperature of interlayers and binary phase diagrams
between interlayer and base alloy, the bonding temperatures and times vsed were 600-

1100°C and 1-30 h, respectively.

Microstructural Characterization
Scanning electron microscopy (SEM} observations of bonded samples were carried out
using a Hitachi S-3400N scanning clectron microscope {(SEM} and the compositions and
different phases in the bonded zone were analyzed by energy dispersive spectrometry

(EDS).

Mechanical Testing
To determinge the mechanical properties of the bonded specimen, uniaxial tensile tests
were performed using a screw-driven AG-[S 50 kN universal testing machine (Shimadzu)
with a crosshead speed of 1 mmvmin. Cylindrical tensile specimens were prepared

according to the ASTM standard E 8M-99. An average of three samples was taken for
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cach tensile strength reported.

Results and Discussion

Ti-Ti Bonding

Microstructures

Fig. 2 shows the SEM images of diffusion bonded titanium (Ag interlayer) at 1030°C for
10 h. The bond centerline consisted of AgTi matrix with small particles (submicron to ~
2.5 um) of AgTi, (intermetallic, Fig. 2(a)). A eutectic mixture of a-Ti and AgTi, formed
just outside to this central region. Closer to the base material, a mixture of Ag-Ti
intermetallics and a solid solution of Ti and Ag was found (Fig. 2(b)). The bond region
farthest from the centerline consisted of only a solid solution of Ti and Ag (Fig. 2(c)). As
the bonding time increased to 30 h at 1030°C, the same microstructures appeared in the
bond region but the dimensions of each region increased somewhat. Also, some regions

of Ti-Ag solid solution were found in the AgTi matrix at the bond centerline (Fig. 3).

Ti-Ag solution

Agmi
Eutectic
mixture
ofa-Ti
& AgTi,

m Ti-Ag solution (d)

Ti-Ag solid solution

Ti-AQIAgTI,

AgTimatrix, dispersed AgTi;

Bond center |ine to interior of

parent metal

Figure 2. SEM images of diffusion bonded Ti using Ag interlayer at 1030°C for 10 h, a)
bond center line, b) ~ 80 pm away from the bond centerline, ¢) ~ 160 pm away from the
bond centerline and d) the schematic representation of different regions from the bond
centerline to the interior of base material.
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Figure 4. Ti-Ag phase diagram generated in ThermoCalc version TCWS5.

According to the equilibrium phase diagram of Ti-Ag (Figure 4), Ti can dissolve more

than 29.2 wt% Ag at 1030°C. But as the temperature decreases, the solubility of Ag into




Ti also decreases and at room temperature it is about 1 wt%. The goal was to obtain Ti-
Ag solid solution or at least to reduce the intermetallics in the bond centerline because the
intermetallics are brittle and thereby reduce the joint strength. However, a continuous

layer of AgTi intermetallics was found under all conditions.

Bond center line to interior of parent metal

Figure 5. SEM images of diffusion bonded titanium using Cu interlayer at 900°C for 10
h.

Although Ag and Cu both form intermetallics with Ti, the microstructure of the bonded
zone was different when Cu was used as an interlayer than when an interlayer of Ag was
used. At 900°C for 10 h, the bonding zone consisted of a region of Cu-Ti solid solution, a
region of different intermetallics (TiCuy, TioCus, TiCu), a region of eutectic mixture of Ti

and intermetallics and a region of Ti-Cu solution (Fig. 5). The composition of Cu was
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Figure 6. SEM images of diffusion bonded titanium using Cu interlayer a) at 1000°C for
10 h and b) enlarged image of (a).

Figure 7. SEM images of diffusion bonded titanium using Cu interlayer a) at 1020°C for
10 h and b) enlarged image of (a).

discontinuous in the intermetallic region depending on the composition of intermetallics.
As the bonding temperature increased to 1000°C, the continuous region of different
intermetallics disappeared from the bond centerline. The centerline consisted of a eutectic
mixture of Ti and Cu. A cross-section of the joint centerline is shown in Fig. 6. Similar
microstructures were obtained at the centerline at 1020°C for 10 h (Fig. 7). Although the
melting point of Cu is 1085°C, no residual Cu was found in the bond region at 1000°C or

above. The reason could be the formation of B-Ti above 880°C which dissolves the




maximum ~17 wt. % of Cu at 1000°C (refer to the Ti-Cu phase diagram, Figure 8).
However, at 1100°C for 10 h some pores appeared in the bond region and the pore size
increased at higher temperatures. The bond centerline consisted of Ti-Cu solid solution,
eutectic, and some small areas of intermetallics, possibly TisCu. A cross-section of this

joint is shown in Fig. 9.

TEMPERATURE_CELSIUS

A O 02 04 06 08 10
MASS_FRAGTION GU

Figure 8. Ti-Cu phase diagram generated in ThermoCalc version TCWS5.

35% Cu
Eutectic mixture
of o-Ti & CuTi,
Ti-Cu
solution

Figure 9. SEM images of diffusion bonded titanium using Cu interlayer at 1100°C for 10
h.
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Figure 10. a) SEM images of diffusion bonded titanium without interlayer at 980° C for
20 h (etched with 8% HF and 4% HNO;3), and b) magnified image of (a).

Ti was also diffusion bonded without any interlayers. Fig. 10 shows the SEM images of
diffusion bonded titanium without interlayer at 980°C for 20 h (etched with 8% HF and
4% HNO3). The bond line was not visible under SEM until etched and it was not
continuous; some regions were completely bonded while voids were present elsewhere.
The bonding temperature (980°C) was ~65% of the melting point of Ti. The joint

centerline microstructures were summarized in Table 1.

Table 1. Summary of the microstructure of TLP bonded Ti using Ag and Cu interlayer

(100 pm).
Interlayer | Interlayer | Bonding | Bonding Bond Centerline Microstructure
Thickness | Temp. Time
{pm) (°C)

Ag 100 1030 10 AgTimatrix with submicron particles of AgTi,

Ag 100 1030 30 AgTimatrix with submicron particles of AgTi,

Cn 100 900 10 Aregion of Cu-Ti solid solution, a region of
different intermetallics (TiCny, Ti,Cus, TiCu), a
region of eutectic mixture of T1 and
mtermetallics and a region of Ti-Cu olution

Cn 100 1000 10 A eutectic mixture of Ti and Cu and a solid
zolution of Ti and Cu

Cu 100 1020 10 A eutectic mixture of Ti and Cu and a solid
golution of T1and Cu

Cu 100 1100 10 Ti-Cuzolid solution, entectic mixture of Ti and
CuT1,. and some small areas of intermetallics,
possibly TisCn
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Mechanical Properties

Table 2. Ultimate tensile strengths of diffusion bonded Ti samples with Ag and Cu
interlayers and without any interlayer,

Interlaver Temperature Tinze (h) U l.‘)
CCY {MPa)
Commercially puw;e Ti (Grade 2) 51143
Ag 1030 10 7217
T Ax | 1os0 30 160£25 |
| o 980 10 A60+14
Cu 1000 10 468£10
Cu 1030 10 S00:47
Noiie o0 | W0 296ty |
None 980 | 2 38011
None 980 | 30 35748
None 1030 | I 3435 |
None 1030 | 20 382+13
| None T30 30 35848

Te check the mechanical properties of the bended samples, uniaxial tension tesis were
performed. Table 2 shows the tensile properties of the bonded samples with Ag and Cu
interlayers and withoul any interlayer. The strengths of the samples bonded using Ag
mterlayers were very low due to the formation of a continuous layer of fragile
mtermetallics in the bonded region. The maximum strength achieved for this interlayer
was 160£25 MPa at 1030°C for 30 h, The maximum strength increased to 502+7 MPa
when Cu was used as an interlayer at 1030°C for 10h which 1s ~98% of the base metal
strength (511 MPa). This might be due to the absence of a continuous region of
intermetallics as discussed earlier. The ultimate tensile strength was also measured for
bonding at 980°C (0.65Ty, T, is the melting point of T1) and 1030°C (0.67T,,) for 10-30

h without any interlayer. The strength increased with temperature and 10-20 h bonding
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time, but decreased at 30h bonding time. The maximum ultimate tensile strength of 382
MPa was achieved at 1030°C for 20h. Figure 11 shows the SEM images of fracture
surfaces of pure Ti, diffusion bonded Ti using Ag and Cu interlayer. The fracture surface
of the cp-Ti showed ductile fracture while the fracture surface of bonded cp-Ti using Ag
interlayer showed brittle fracture. On the other hand, bonded cp-Ti using Cu interlayer

showed a mixed mode fracture with significant ductile regions.

Figure 11. SEM images of fracture surfaces of (a) pure Ti, (b) diffusion bonded Ti using
Ag at 1030°C for 10h, (¢) diffusion bonded Ti using Cu interlayer at 1030°C for 10 h;
(d), (e) and (f) are magnified image of (a), (b) and (c), respectively .

The peripheral area is not bonded
. - Surface was not perfectly flat

Figure 12. Fracture surface of tensile specimen, faying surfaces were polished by hand
before bonding.
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In addition to bonding time and interlayer composition, both the flatness of the bonding
surfaces and surface roughness were found to influence the strength of the diffusion
bonded joints. Initially, tensile specimens were polished by hand on a polishing wheel to
a 600 grit finish. However, the bonding surface of these specimens was found to be
somewhat curved, especially near the edges, and the outer surfaces did not bond well as
shown in Fig. 12. The effect was not as pronounced on the smaller samples for
microscopic analysis. Fig. 13 shows the SEM images of fracture surface of Ti-Ti bonded

at 980°C for 10h; the bonding surface was polished by a) hand to 600 grit and b) grinding

Not bonded

Figure 13. SEM images of fracture surface of Ti-Ti bonded at 980°C for 10h, the bonding
surface was polished by a) hand (grit# 600) and b) wheel (grit#120) before bonding.
wheel to 120 grit before bonding. Due to the coarser grit, the wheel-polished specimen
shows many unbonded regions compared to specimen polished by hand. However, the
wheel-polished specimen surface is much flatter, resulting in a larger overall area of
contact between specimen faces. This leads to higher joint strengths for the wheel-
polished specimens. Only one grinding wheel grit was available for the current work.
Additional study is needed to quantify the effect of surface roughness on the final joint

strength. It is to be noted that during calculation of tensile strengths the nominal
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diameters of the specimens were used (i.e. no correction was made for any unbonded area

around the periphery).

Conclusions

This study investigated the diffusion bonding of commercially pure Ti using Ag, Cu and
without any interlayer. The formation of brittle intermetallics could not be avoided for an
Ag interlayer even for longer periods of bonding time. Hence, the strength of the joints
was very low. On the other hand, formation of a continuous band of intermetallics was
avoided using a Cu interlayer. The maximum strength obtained was 502 MPa using Cu
interlayer and the joints reached ~98% of the strength of the base metal. The strength
reached ~75% of the parent metal when no interlayer was used. Further investigations are
necessary to check the effects of surface finish and surface flatness on the tensile

strengths of the diffusion bonded Ti.

Fe-Fe Bonding

Microstructures

Figure 14. (a) SEM images of diffusion bonded Fe using Al interlayer (0.1 mm) at 900°C
for 10 h (surface finish 600 um) and (b) enlarged image of (a).
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Figure 14 shows SEM images of diffusion bonded cp-Fe using Al interlayer (100 um) at
900°C for 10 h and (b) enlarged image of (a). SEM images indicated that porous

microstructures appeared along the bond centerline. The bond centerline had a
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Figure 15. Concentration profiles of Aland Fe in diffusion bonded Fe using Al interlayer
(0.1 mm) at 900°C for 10 h.
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Figure 16. Fe-Al phase diagram generated in ThermoCalc version TCW35.
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composition of 43.4 wt. % Al and 54.3 wt. % Fe. The percentage of Al gradually

decreased into the interior of the base metal. Figure 15 shows the composition profiles of

Figure 17. Diffusion bonded cp-Fe at 900°C for 20 h using Al interlayer (100 pm).

Figure 18. SEM images of diffusion bonded Fe using Au-20Sn interlayer (100 um) at

| 600°C for 10 h.
Al and Fe from the bond centerline to the interior of base metal. The compositions of
intermetallics between Al and Fe range from 37.7 wt. % to 61.1 wt. % Al (Figure 16).
Although the composition of the bond centerline falls within this range, a continuous
thickness of intermetallics (as seen in Ti joint using Ag) was absent. The bonding time

was then increased to 20 h. Figure 17 shows diffusion bonded cp-Fe at 900°C for 20 h
24 |




using Al interlayer (100 um). The composition of bond centerline was 30.5 wt. % Al

which decreases with increasing distance from the bondline. Although intermetallic
formation was avoided, the porous microstructure appeared in the bond centerline as seen

in the previous bonding conditions.

Figure 18 shows SEM images of diffusion bonded Fe using Au-20Sn eutectic interlayer
(100 pm thick) (a) at 600°C for 10h, and (b) magnified image of (a). After holding at
600°C for 10 h, almost all interlayer material has been diffused into the base metal. The
thickness of the residual interlayer was less than a micrometer with a composition of 40-
45 wt.% Au and 19-21 wt.% Sn. The joint area away from the residual interlayer contains
a maximum of 4 wt.% Au and 0.2 wt.% Sn and decreased gradually. No intermetallics
were found in the joint area. After increasing the bonding temperature to 650°C, the
residual interlayer disappeared. Figure 19 shows SEM image of diffusion bonded Fe
using Au-20Sn eutectic alloy interlayer (100 pm) at 650°C for 10 h. Fast diffusion

‘ occurred at such a low temperature because the Au-20Sn eutectic alloy has a melting

temperature of 278°C (Figure 20).

Au-8wt.%
Sn-0.5wt.%

Figure 19. SEM image of diffusion bonded Fe using Au-20Sn eutectic alloy interlayer
(100 pm) at 650°C for 10 h.
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Figure 20. Au-Sn phase diagram generated in ThermoCalc version TCWS.

Figure 21. SEM images of diffusion bonded Fe using Cu interlayer (25 um) at (a) 1070°C
for 10 h and (b) 1085°C for 30 h.

Figure 21 shows SEM images of diffusion bonded Fe using a Cu interlayer (25 um) at (a)

1070°C for 10 h and (b) 1085°C for 30 h. As can be seen from the pictures, the interlayer
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Figure 22. Fe-Cu phase diagram generated in ThermoCalc version TCW5.

did not diffuse completely into the base metal under either set of conditions. The residual

interlayer had a thickness of ~19 pm. After 1070°C for 10 h, the residual interlayer

contained 2.7~3.2 wt. % Fe. Fe at the interlayer/base metal interface contained ~7.6 wt %

Cu with the Cu content gradually decreasing into the interior of the base metal. No pores

| were observed in the joint area at the bonding conditions mentioned above. According to
the Fe-Cu equilibrium diagram (Figure 18), y-Fe dissolves 6.5 wt. % Cu and Cu dissolves
3.5 wt. % Fe (Cu solid solution with Fe is known as e-Cu) at 1070°C. There are

| discrepancies between the observed compositions and the compositions for solubility

limits. This might be due to the fact that EDS measurements are semi-quantitative in
nature. Nevertheless, it can be said that the compositions of Fe and residual Cu at the
joint interface indicated that Fe and Cu formed solid solutions in the base metal and in the

residual Cu, respectively. The bonding temperature was then increased to 1085°C, which
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18 very close to the melting temperature of pure Cu (1084.85°C). At 1085°C for 30 h, the
microstructure of the bonded area was similar to that for the first conditions. The residual
interlayer was ~19 pm and contained 3.8-6.8 wt. % Fe. As Cu starts dissolving Fe, its

melting temperature increases which, in turn, slows the diffusion process.

Figure 23 shows SEM image of diffusion bonded Fe using Cu interlayer (25 um) at
1090°C for 10 h. The mterdiffusion of Fe and Cu was not enhanced appreciably over the
conditions in Figure 21. The ihickness of the residual interlayer was ~19 pm. There were
no pores at the inlerface between base metal and residual interlayer. The residual

interlayer contained 3.9-5.2 wt. % Fe. The composition at the interface in the base metal

Figure 23, SEM image of diffusion bonded Fe using Cu interlayer (25 um} at 1090°C for
10 h.

side was 9.5 wt. % Cu with the Cu content gradually decreasing into the base metal, The
compositions of the interface on both the base metal and interlayer sides were slightly
more than the solubility limits, It appeared that the interdiffusion of Fe and Cu in the

temperature range 1070°C to 1090°C was limited by their mutual solubilities.
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Figure 24. SEM images of diffusion bonded Fc using Cu interlayer (25 pm} at 1100°C
for(ay3hand (b) 4 h.

Figure 25. (a) SEM image of diffusion bonded Fe using Cu interlayer (25 pm) at 1100°C
for 5 h.

The bonding temperature was increased to 1100°C to enhance the interdiffusion between
Fe and Cu. This was ~15°C above the melting point of pure Cu. Figure 24 shows SEM
images of diffusion bonded Fe using Cu interlayer (25 pm) at 1100°C for (a) 3 h and (b}

4 h. The residual interlayer was ~13.9 pm and 3.3-3.5 um after 3 h and 4 h bonding
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times, respectively. After 4 h bonding time the residual interlayer diffused completely in
some areas (not shown in the image) and in some areas it formed a trail of interlayer
material, possibly along the grain boundaries. The residual interlayer contained 3.9-5 and
~4.8 wt. % Fe after 3 and 4 h bonding time, respectively. The solubility limit for Cu in y-
Fe is 7.22 wt. % and for Fe in e-Cu is 4.15 wt. % at 1100°C. Figure 25 shows SEM
images of diffusion bonded Fe using Cu interlayer (25 um) at 1100°C for 5 h. After 5 h
bonding time, no residual interlayer was found in the joint area. However, a porous
microstructure appeared across the joint centerline. The bond centerline contained
maximum 7.5 wt. % Cu with Cu content decreasing away from the centerline. The
composition of the bond centerline and the base metal near the bond centerline are

comparable to the solubility ranges for y-Fe and &-Cu.

(c)

ey e e e e o e e S

Figure 26. (a) BSE mode image of diffusion bonded Fe using Cu interlayer (25 pm) at
1100°C for 10 h, element mapping of (b) Cu and (c) Fe taken from the joint area.
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Figure 26 shows (a) back-scattered electron (BSE) mode image of diffusion bonded Fe
using Cu interlayer (25 um) at 1100°C for 10 h, and element mapping of (b) Cu and (c)
Fe taken from the joint area. Cu and Fe were shown with different contrast in the BSE
mode image. The element mapping of Cu and Fe indicated that Cu has diffused along the
grain boundaries of Fe. The same diffusion pattern of Cu in Fe has been observed at
1070°C. Speich et al. [37] also observed low lattice diffusivity of Cu in y-Fe and rapid
diffusion of Cu along austenite grain boundaries. The porous microstructure obtained was

probably due to dominant grain boundary diffusion.

Fie 27. (a) SEM image of diffusion onded Fe using Au-12Ge interlayer (100 pm) at
900°C for 1 h.

Figure 27 shows SEM images of diffusion bonded Fe using Au-12Ge interlayer (100 pm)
at (a) 900°C for 1 h. The thickness of the residual interlayer was ~12.6 pm. The
composition of the residual interlayer was 15.5-28.9 wt. % Fe, 61-77 wt. % Au and no
Ge. The composition of the base metal at the interface was 78-79 wt. % Fe, 11-11.4 wt.

% Au and 4.4 wt. % Ge. The amount of Ge and Au decreased gradually away from the
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interface. The microstructure of the residual interlayer appeared to be an irregular

fingerprint structure. The melting point of Au-12Ge eutectic interlayer is 361°C but it

increases as the percentage of Ge decrcases. The interlayer did not diffuse completely due

to the faster diffusion of Ge in the base metal as ne Ge was found in the residual
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Figure 28. Au-Fe Phase diagram [38].

mletlayer, According to the Au-Fe phase diagram (Figure 28), Au can dissolve 26 wt. %

Fe at 900°C. However, the percentage of Fe in the residnal interlayer was not uniform.

The black lines in the residuval interlayer contained more Fe than the whito area did.

Element mapping of Fe was obtaincd from the residual interlayer. Figure 29 shows

clement mapping of Fe and Au of diffusion bonded Fe using Au-12Ge interlayer (100

pm) at 900°C for 1 h taken from the bond centerline. The element mapping indicated that

the black lines were Fe-rich areas. The evolution of this microstructure can be explained
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Figure 29. Element mapping of Fe and Au of diffusion bonded Fe using Au-12Ge
interlayer (100 um) at 900°C for 1 h taken from the bond centerline.
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by referring to the Au-Fe equilibrium diagram (Figure 28). The solubility of Fe in Au
decreases as the temperature decreases. As a result, a solid solution of Fe in Au becomes

supersaturated and the excess Fe comes out as another solid solution of Au in Fe (a-Fe).

Figure 30. SEM image of diffusion bonded Fe using Au-12Ge interlayer (100 pum) (a) at

900°C for 10 h and (b) enlarged image of (a).

33




Figure 30 shows SEM images of diffusion bonded Fe using Au-12Ge interlayer (100 pm)
(a) at 900°C for 10 h and (b) enlarged image of (a). The interlayer completely diffused
into the base metal in few areas. In most areas the interlayer did not diffuse completely
and the average thickness of the residual interlayer was ~6.3 um. The mjcrclnstructure of

the residual interlayer was similar to that of the previous conditions — irregular fingerprint

'type. The residual interlayer contained ~18.5 wt. % Fe, ~75.6 wt. % Au and no Ge. Base

metal at the interface contained 85 wt. % Fe, 7.6 wt. % Au and 2.1 wt. % Ge. White
particles near the interface were formed possibly during the cooling process. EDS
analysis confirmed these particles were Au-rich particles. The solubilities of Au in Fe and
Fe in Au decrease as the temperature decreases; the solubilities are almost zero at room
temperature. During the cooling process, solid solutions of Au in Fe become
supersaturated and excess Au comes out of the solution and forms solid solutions of Fe in

Au.

Figure 31. SEM image of diffusion bonded Fe using Au-12Ge interlayer (100 um) at
920°C for 15 h.
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Figure 31 shows a SEM image of diffusion bonded Fe using Au-12Ge interlayer (100
pm) at 920°C for 15 h. At this bonding condition the interlayer completely diffused into
the base metal in some areas while it retained in some areas. The thickness of the residual
interlayer varied from 1.25 to 3.8 um. The residual interlayer contained 11.9 wt. % Fe,
78.9 wt. % Au and no Ge. Base metal near the interface contained 73 wt. % Fe, 14.6 wt.
% Au and 3 wt. % Ge. No residual pores were observed in the bonded area. More Au-rich
particles formed in the base metal near the interface than formed in the previous
conditions. Ge forms several intermetallics with Fe according to the Fe-Ge phase
diagram. However, no intermetallics were found at any bonding conditions. The
percentages of Ge were within the solubility range throughout the joint (4.4 wt. % Ge in

v-Fe).

Figure 32. SEM images of diffusion bonded Fe using Au-12Ge interlayer (100 um) at (a)
950°C and (b) 990°C for 15 h.

Figure 32 shows SEM images of diffusion bonded Fe using Au-12Ge interlayer (100 pm)

at (a) 950°C and (b) 990°C for 15 h. At 950°C, the composition of the residual interlayer
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and base metal near interface obtained were similar to those at 920°C. The thickness of
the residual interlayer was also in the similar range. The arnount of residual interlayer
found was less than at previous conditions. At 990°C for 15 h, the interlayer completely
diffused into the metal in most areas while it retained in a few areas. Au-rich particles
were found with some pores in the bend centerline where interlayer diffused completely,
The bond centerline microstructures of diffusion bonded cp-Fe were summarized in

Table 3 and Table 4.

Table 3. Summary of the microstructure of TLP bonded Fe using Al, Au-20Sn and Cu
interlayer.

Interlayer | Iaterlayer | Bonding | Bonding Bong Centerline Microstiucture
: Thickness Tenip. Time
{pm} )

A 100 000 10 Intermetallics and pores appeared

Al 164 ) 20 Intermetallics and pores appeared,
pores increased 1 s17e

Au-208n | 165 G it Reatdual intetlayer (less than | pn)
An-208n 100 650 10 Na intermetallics nor residual
wnterlaver

Cun 25 L35 30 Residual interlaver (19 pun}

Cu 23 1100 3 Residual interlayer (~13.9 pm)

Cm 23 L1eg Jd Residual mleilaver diffused
completely in gome areas and retamed
ingome areag (3.5 pm}

Cn 25 1100 3 No resdual mterlayer but porous
microgtmeture appeared
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Table 4. Summary of the microstructure of TLP bonded Fe using Au-12Ge interlayer

Intetlaver | Interlayer | Bonding | Bending Bond Centerline Mierogtmetore
Thickness Temp. Tine
{jm) {4 o
Au-130 100 A i i 126 pm interlayer with irregular

finger print gtiveture

An-12Ge 100 . ool 19 Interlaver diffuzed completelyina
few arcas buf in most arepg it retained
(thiclkness— 6.3 o)

-

An-120e L0 020 15 Intetlaver completaly diffuzed 10 some ¢
areag and retainedin some avens
(thickness — 1.25 — 3.8 pw)d

Au-120e 160 030 15 The amounat of residual interlayer
decreazed to some extent bot similar
otherwige

An-1205e Lo C 99 15 Interlayer diffused completely into the

bage metalin mort areas while
tetained i o Tew areas, An-ich
particles were obiserved in the band

centerline
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Figure 33. Schematic of the test geometry of tensile specimen.

Uniaxial cnsion tests were performed to investigate the tensile strength of the diffusion
bonded joints. Fig. 33 shows schematic of the test geometry of tensile specimen. Table 5
shows tensile strengths of diffusion bonded Fe using Cu interlayers. For each data point
three tensile specimen were tested. The maximum strength obtained for diffusion bended

Table 5. Ultimate tensile strengths (UTS) of diffusion bonded Fe using Cu {25 pm)
interlayer.
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Bonding Temp. °C E Inierlayer | Time (h) .UTS (MPn)
S Nmma]_l_zerlgpFe G o%‘{':i h}ﬂ e e
Annealed cp-Fe (920°C, 15 Iy 28242
T T ] 27943
10340 Cn 10 29142
B 1050 o W(I.‘u. lllll J(J B 28?:|:1 ‘5
1070 Cu 10 245343
1085 ot 10 2371
S L A

Fe using Cu interlayers was 291+2 MPa at 1030°C for 10 h. This falls between the
strength values obtained for unbonded annealed or normalized specimens. All diffusion
bonded tensile specimens nsing Cu interlayers failed in the joint line. In comparisen,
annealed commercially pure Cu has an nltimate tensile strength of 250 MPa [39]. As the
bonding temperature increased beyond 1030°C, the strength decreased to 245+3 MPa and
237+1 MPa for samples bonded at 1070°C and 1085°C, respectively. Samples bonded at
1100°C for 4 h or more failed under a very low tensile load. Samples bonded at 1100°C
for 5 h or more did not show any strength because a porous microstructure appeared in

the bond cenierline.

Table 6 shows tensile strengths of diffusion bonded Fe using Au-12Ge interlayers. The
strength of bonded Fe using Au-12Ge at 920°C for 15 h was 284+1 MPa. These samples
failed away from the joint area. The strengths obtained for annealed and normalized cp-
Ee wore 28242 and 316+2 MPa, respectively, The strength of the diffusion bonded Fe at
920°C was almost same as the annealed cp-Fe. To determine the strength of the joint

diffusicn bonded Fe was normalized (air coeled from the bonding temperature). The
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Table 6. Ultimate tensile strengths (UTS) of diffusion bonded Fe using Au-12Ge (100
um) interlayer

Bonding Temp. °C | Interlayer | Time (h) UTS (MPa)

Normalized cp-Fe (965°C. 1 1) 31642
Annealed cp-Fe (920°C, 15 h) 28242

920 Au-12Ge 15 2841

890 (normalized) Au-12Ge 15 28742
920 (normalized) Au-12Ge 15 302+1
950 (normalized) Au-12Ge 15 31544
970 (normalized) Au-12Ge 15 3144
990 (normalized) Au-12Ge 15 30243

* Specunen failed away from bondline

normalized diffusion bonded Fe had maximum ultimate tensile strengths of 315+4 MPa
at 950°C for 15 h and they failed in the bonded area. Normalized diffusion bonded Fe did

not fail in the base metal area because the grains of base metal became finer by

.Y A NI D

~ MNormalizedtensile spec

- | Asmachinedtensile specimen

"

Magnification: 250X

Figure 34. Optical micrographs of raw, normalized and diffusion bonded tensile
specimen.
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normalization as can be seen in Figure 34. The yield strength of mctals is inversely
related to grain size. The tensile strengths for the samples bonded at 970°C for 15 h were
almost same as for samples bonded at 350°C for 15 h. However, strengths decrcased to
302+3 MPa for the samples bonded at 990°C for 15 h. The lower strength at this bonding

condition was due to the porous microstructure in the joint centerline.

Conclusions

Diffusibn bonding of cp-Fe using Cu interlayers showed a residual Cu interlayer from
1000-1100°C for most bonding times. At }100°C for 5h, no residual Cu was obtained;
however, a porous microstructure appeared along the bond centerline. The highest tensile
strength was obtained at 1030°C for 10 h and the strength decreased as the bonding
femperature increcascd. Fingerprint-like microstructure appeared in the residual interlayer
when Fe was bonded with a Au-12Ge interlayer. The microstructure of the base metal
near bond centerline contained dispersed Au-rich particles. The highest strength observed
was 315+4 MPa for the sample bonded at 950°C for 15 h and normalized. This 1s almost

the same strength as normalized Fe.
Ni-Ni Bonding

Microstructures

Figure 35 shows a SEM image of diffusion bonded Ni using Al interlayer (100 pm) al
800°C for 10 h. The microstructure of the joint centerline consisted of three different
layers with different Al contents. The layer at the center consisted of 43-47 wt. % Al and
then the next two laycrs consisted of 32 and 17 wt. % Al, respectively. Also, a porous

microstructure appeared in the joint centerline. The Ni-Al equilibrium phase diagram

40

i
!
i
|




Figure 35. SEM image of diffusion bonded Ni using Al interlayer (100 pm) at 800°C for

10 h.
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Figure 36. Ni-Al equilibrium diagram generated in ThermoCalc version TCWS5.

(Figure 36) indicated that Al and Ni form a number of intermetallics depending

composition. The bond centerline microstructure consisted of probably a mixture of Al
and Al;Ni, the next layer was AINi and the last layer was Al3Nis. Then the Al percentage

decreased sharply to trace amount. The composition of Al from bond centerline to the
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interior of base metal decreased step-wise because of the formation of intermetallics.

1

Figure 37. (a) SEM image of diffusion bonded Ni using Al interlayer (100 pm) at 800°C
for 30 h and (b) magnified image of (a).

Figure 37 shows (a) SEM image of diffusion bonded Ni using Al interlayer (100 pm) at
800°C for 30 h and (b) magnified image of (a). In this case, the microstructure of the joint
area consisted of two layers. The composition of the layer just at the center was 37-43 wit.
% Al and for the next layer it was 22-26.7 wt. % Al and then abruptly decreased to .3-.7
wt. % Al. The porous microstructure in the bond centerline increased to some extent.
According to the composition, the microstructure of the centerline was either Al3Ni or
Al3Ni;. The next layer was probably AINi or Al3Nis or a mixture of both. The

intermetallics formed in the joint line were stable phases at the joining temperature.

Figure 38 shows (a) SEM image of diffusion bonded Ni using Al interlayer (25 pm) at
800°C for 10 h and (b) magnified image of (a). The concentration profile of Al from the

bond centerline to the interior of the metal is shown on Figure 39. The SEM images
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indicated that the microstructure of the bonded area consisted of three different zones.

According to the EDS analysis, the centerline microstructure was either Al;Ni or AINi or

Figure 38. (a) SEM image of diffusion bonded Ni using Al interlayer (25 pm) at 800°C
for 10 h and (b) magnified image of (a).
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Figure 39. Concentration profiles of Al in diffusion bonded Ni using Al interlayer (25
pm) at 800°C for 10 h.
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a mixture of these two. The next regions were AINi and Al;Nis, respectively. Trace
amounts of Al were found after these regions of intermetallics. The formation of
intermetallics was unavoidable in the joint area for diffusion bonded Ni using Al

interlayers. This would potentially provide very low strength of the joint.

Figure 40 shows (a) SEM image of diffusion bonded Ni using Au-12Ge interlayer (100

um) at 900°C for 1 h and (b) magnified image of (a). Although the melting temperature

Figure 40. (a) SEM image of diffusion bonded Ni using Au-12Ge interlayer (100 um) at
900°C for 1 h and (b) magnified image of (a).

of eutectic Au-12Ge alloy is only 361°C, residual interlayer was found in the bond
centerline after bonding at 900°C for 1 h. The thickness of the residual interlayer was
12.6-17.7 pm, though the interlayer diffused completely in few places. The composition
of the residual interlayer was ~78 wt.% Au, ~16 wt. % Ni with no Ge. The interface in
the base metal side contained 56 wt.% Ni, 36 wt.% Au and 2.9 wt.% Ge. Then the

amount of Ni was increased, and the amount of Au and Ge were decreased into the base
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Figure 41. (a) SEM image of diffusion bonded Ni using Au-12Ge interlayer (100 um) at
900°C for 15 h and (b) magnified image of (a).

As the residual interlayers are undesirable in the bond centerline, the joining time was
increased to enhance interdiffusion, keeping the joining temperature at 900°C. Figure 41
shows (a) SEM image of diffusion bonded Ni using Au-12Ge interlayer (100 pm) at
900°C for 15 h and (b) magnified image of (a). No residual interlayer found at these
bonding conditions. The joint centerline microstructure consisted of 62 wt.% Ni and 34
wt.% Au with no Ge. Then the amount of Au and Ge decreased gradually from the

centerline to the interior of the base metal.

Figure 42 shows (a) SEM image of diffusion bonded Ni using Au-12Ge interlayer (100

um) at 960°C for 10 h and (b) magnified image of (a). No residual interlayer was found

45

T Y N




at these bonding conditions either. The composition of the bond centerline consisted of

Figure 42. (a) SEM image of diffusion bonded Ni using Au-12Ge interlayer (100 pm) at
960°C for 10 h and (b) magnified image of (a).

62 wt.% Ni, 30 wt.% Au and 4.9 wt.% Ge. Few pores appeared in the joint area. It is

apparent that the higher bonding time and temperatures increase the interdiffusion.

According to the Au-Ni phase diagram, no intermetallics form for this binary system.
Accordingly, no intermetallics were found in the bonded area for any bonding conditions.
Although Ni and Au form complete solid solution at any compositions range, the
microstructure in the bonded area consisted of Ni, Au and Ge were easily distinguishable

from unbonded area.

Figure 43 shows SEM images of diffusion bonded Ni using Cu interlayer (25 pm) at
1070°C for (a) 10 h and (b) 15 h. According to the EDS analysis, the maximum Cu found
in the bond centerline was 38 wt.% with 60 wt. % Ni for 10 h bonding time. For 15 h
bonding time, the amount of Cu and Ni obtained in the bond centerline were 34 wt.% and
64 wt.%, respectively. The microstructure of bonded area was similar to the unbonded
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area for both cases. This could be due to the formation of complete solid solution for Ni-
Cu system at any composition range. There were a few small pores found in the bonded
area for 15 h bonding time. As Cu does not form any intermetallics with Ni, no such

phases were found in the joint microstructure.

Figure 43. SEM images of diffusion bonded Ni using Cu interlayer (25 pm) at 1070°C
for (a) 10 h and (b) 15 h.

Figure 44. SEM images of diffusion bonded Ni using Cu interlayer (25 pm) at 1100°C
for 10 h.
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Figure 44 shows SEM images of diffusion bonded Ni using Cu interlayer (25 pm) at
1100°C for 10 h. The microstructure of the bond centerline consisted of 34 wt.% Cu and
63 wt. % Ni. The amount of Cu decreased gradually away from the joint centerline. In
this case also the bonded microstructure was not distinguishable from the unbonded
microstructure. The amount of pores in the bonded area was decreased. The bonding
temperature for this case was higher than the melting temperature of Cu. However, the
interdiffusion of Cu and Ni was not enhanced significantly as a similar microstructure

was found for 1070°C bonding temperature with 15 h bonding time. During the bonding

Table 7. Summary of the microstructure of TLP bonded Ni using Al, Au-12Ge and Cu
interlaver

Interlaver | Inferl ayer i_ 'Bc-u_lding,r' _B,oﬂdiuﬁ Bond Centerline Microstructure
Thicknesz | Temyp. Tinie
{1t} {0y
Al 100 £00 14 Porous microstruchive in the joint
ceute'r]i.ﬂe, different i; iteretallics
1. with difterent A content
al 100 806 30 Same as previous conditions, pily
porosity increased
Al 75 {00 10 | Poroaity and intermetallics
Au-120e 104 a0 ! ‘Residval ﬂit-;rléjrer dbgerved
{thickness 16.6-17 7 pum
An-12Ge 100 501 jl 5 No residual titerlayer
Au-12Ge 100 960 10 No residual interlayer, few pores
| appeared _ _
Cu s 1670 15 S'ol_i_d_ zolution of Cu and Ni _
o 25 1169 14 Solid golotien of Cu and Ni

process, the Cu interlayer is initially liquid and its composition changes as interdiffusien
occurs, Cu-10Ni alioy has an approximately 1100°C solidus temperature, As isothermal
solidification completes, the interdiffusion becomes sluggish, Moreover, Cu and Ni both

have very compact erystal structure (FCC) which is also responsible for slow diffusion in
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each other, The microstructures of the joint centerline of diffusion bonded Ni is

summarized in Table 7.

Mechanical Properties

Since intermetallics were formed in the bonded area for all bonding conditions with Al
interlayer, no appreciable joining strengths were obtained in this case, On the other hand,
no intermetallics were found in the joining area with Cu interlayer; vet, surprisingly, no
appreciable joining strengths werc obtained with this interlayer. The joining streagth
obtained with Au-12Ge interlayer was 7715 MPa at 960°C for 10 h. However, this

strength is much lower than the strength of base metal (558+4 MPa}.

Conclusions

TLP joining of ¢p-Ni using Al interlayer was not useful becausc of the formation of
intermetallics at any bonding conditions. Although no intermetallics were found when
bonded using Cu interlayer, also no appreciable strengtiJ was obtained. The tensile
strength obtained for the joint with Au-12Ge interlayer was very low compared to the

strength of base alloy,
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CHAPTER III
MODELING OF TRANSIENT LIQUID PHASE DIFFUSION BONDING
Introduction

Transient lignid phase (TLP) diffusion bonding is applied to those materials for which
other bonding methods are not feasible. However, commercial ulilization of this process
is relatively limited because the incomplete understanding of this process does not allow
optimization of various process parameters. Nevertheless, there have been many
analytical studies of TLT diffusion bonding. Since the TLP bonding process is a diffusion
process, Fick’s laws of diffusion are the basis of the modeling of the TLP bonding
method. Appropriate boundary conditions are required to solve these equations.
Equilibrium phase diagrams are used to obtain solute concentrations at the bonding
temperature, which are then used to calculate the isothermal solidification time and
homogenization time, However, the migrating solid/liquid interface in TLP bonding
process complicates the problem. Some models are approximale models which calculate
the solidification and homogenization time considoring a fixed boundary problem; other

models attempt to account for the moving boundary problem.

TLP Modeling
TLP diffusion bonding is a diffusion process involving both solid and liquid phases.

Therefore, it is expected to follow Fick’s 1% and 2™ laws:

J=-DE (Fick’s 1* law) (1)
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L=pZt (Fick’s 2™ law) )
F is the rate of transfer per unit area of section, C the concentration of the diffusing
substance, x the distance normal to the section, D the diffusivity and ¢ is the time.

T. Padron et al. [A40] have investigated the TLP bonding of duplex stainless steel {DSS)
vsing Cu mterlayer. Two models have been proposed based on Fick’s 2° law: a half

semi-infinite base metal with a stationary inferface and two semi-infinite phases with a

coupled diffusion-controlled migrating solid/liquid interface.

Model T (Stationary Interface)
The concentration of solule atoms in the base material is Cy; throughout and at the
interface the solute concentration is maintained as C,;, so the solute concentration i3

given by Eq. 3 and 4,

e = o ] .
€, t) = Cop + (Cu = Caderf | =] 0

Thus, the total solute flux that has entered the base material at time, £, is calculated using

Fick’ 1% law:
FO) = (o= G 5 )

The total amount of solute, M,, is given by integrating Eq. 5 between t=0 and {=fi< (lime

for isothermal solidification):

My = 2(Cop — Cyg) J725 (©)

At the end of the isothermal solidification stage all the solute in the interlayer controlling

the solidification process has diffused into the base malterial, thus:
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CoWy Diyg

= = 2l — G | (7)
and

_{r CEWE
ts = (i5) oo ®)

where Cy and W, are the initial solute concentration and initial width of the interlayer,

respectively.

Model 2 (Moving Solid/Liquid Interface)
This model considers two semi-infinite phases with a coupled diffusion-controfled
migrating solid/liquid interface. In this case, the solute conceniration is expressed in the

general form:

Clx, t) = A, + Ayerf [ﬁ] (9)
where 4, and 4> are constants and the boundary conditions are Cloo, £) = Cyrand C{x(#}, £)
= (. As the inlerface displaces the distance x at time /, the concentration of solute is

equal to Cyy, and 1s given by:

Clx,t) = A+ Azerf[ a

ane| — Caz (10

Since Eq. 10 has to be satisficd for afl values of ¢, x must be proportional to i, thus:

X
[ﬁ] = K = constant | (11)

Considering that the displacement of the interface (x) during isothermal solidification is
equal 10 Wiu/2 { Wiy 18 the maximum width of the liquid interlayer), 5 is given by:

z
wmax

tjg - (12}

T 16K2D

Applying mass balance method, Tuah-Polku et al. [41] showed that: Wuy =

W1+ (o) (e 13
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where Cy, is the solute concentration at which the liquid interlayer homogenizes, pp is the
density of the interlayer material, and p, the density of the base material.

Zhou et al. [42] indicated that K in Eg. 12 has to be numerically calculated using Eq. 14

K(1+erf(K)VT) _ Cur—Cu
exp(—Kz} - CLCE—CM (14)

Time for 1sothermal solidification can be calculated using Model 1 or Model 2. Zhou [43]
conciuded that Model 2 provides a better approximation for the completion time of the
isothermal solidification stage but Model 1 is a good approximaltion of Model 2 when Cy
and Cor, ave very small and C) is relatively large. Zhou et al. [43] indicated that the
homogenization stage time can be estimated assuming that tnitially there is a solidified
region on either side of the bond centre-line (x + &, x — &) with a solute concentration
equal to C,1, and the initial solute concentration in the base metal is cqual to Cy. The

solute concentration is then given by [43]:

1 x+h x—h .
C(x,8) = Cog + = (Ca — Cpp) X [erf [ﬁ] —erf [m” (15)
where h is half the maximum liquid width at the end of the dissolution stage (Wpa/2).

At the end of the homogenization slage, the maximum solute concentration is attained in

the center line {x = 0), thus at homogenization time {#4) the solute concentration is given

by:
Crnae (6 = 0,) = Cyg +2 (Ca, = Cur) X [erf | \ﬁ;:—ﬂ} —erf L%]] (16)
Since erf{-x) = - erf(x), Bq. (16) can be written:

Conax(® = 0,t) = Cy + 5 (Caz — Cae) X [Zerf[ 4’;tH” (17)
Hence:
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s (7 = 0.t} = Gy + (G~ Ca) X [erf ] (1

Knowing the maximum concentration in the bond centre line, fr can be estimated using

Eq. 18.

Experimental results for the DSS/Cu/DSS were compared with the results of the models

above. Since Fe is the main elemtent in DSS, the Fe-Cu phase diagram is used to identify

the concentration limits. When the diffusivity used in the calculations was a geomefric

mean of lattice diffusion of Cu in ferrite (D52, ) and grain boundary diffusion of Cu

in ferrite (Dgg‘u «)» 8 good agreement was achieved between the calculated and

experimentally observed results. According to these results, the lattice and grain

boundary diffusion through the a-phase in the steel plays a dominant role during the TLP
bonding process. The calculated homogenization rate deviates significantly from the

experimental value. However, the time estimations for isothermal solidification stage are

a good approximation of the time for the whole process.

M. A. Arafin et al. [44] proposed a modified mode! (named as “random walk™ model) for
isothermal solidification time because the uncertainties associated with experiment are
not censidered in either of the above models. For example, complexily in measuring the
exact eutectic width poses a big challenge and is typically based on the assumption of a
linear relationship between the eutectic width and square root of holding time. The

isothermat solidification time is predicted by the following cquation:

2

tiy = d (19)

2
(errf—i(cs,’cu)x {RDJ.)
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where w 1s half of the Initial joint gap, Rp; 13 a random number based on the statistical
distributicn profile of Dy, the diffusion coefficient at a specified temperaturce, C; is the
solute concentration of the solid phase at the sold/liquid interface and Cy 1s the initial

solute concentration in the interiayer.

Cloncentration
F 9

Interface
1

—> .o x=5{t} X=

I
|
I
I
I
I
I
|
I

Puosition

Figure 45. Schematic diagram showing the concentration profile across a TLP bond at
one instant in time, Only half of the joint is shown; the other hall (from x =L to x =0}
will be symmetrical [45].

T. C. lllingworth et al. [45] introduced a new variable, s{f), to describe the peosition of a
solid/Tliquid interface which is a function ol time (Figure 45). The moving boundary

problem can then be expressced as [46]:

20 = 2 (Dy(elx ) 22Y, 0 < x < s(t) (20)
a‘fg’z b _ = Z(Dy(cx,t)) a“"’”), s(t) <x <L 2n
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] ds(f)

Da(cx, t)) ac(xt) sl De{c(x, f)) ac@c't) = [cp — ca]l

x=s(t)*
x = 5(t) , (22)
Instead of tracking the moving interface, a mesh is used that takes account of the moving
interface. A variable space grid is achieved by introducing a wholesale coordinate
tra.nsfdnnation using two positional variables: 1 = x/5(f) and v = (x-s()))/(L-s(2)}). These
definitions mean that, for any time, the interval 0 < x < s(¢) coincides with 0 <# <1, and

that s(¢) <x < L coincides with 0 < v < 1. Now the governing Egs, 20-22 become:

aplu, ds(t) dplast d dplut
s ZED _us(n ZOEEL — 2 (p, (pae ) B2Y),  0<u<l ()
ag{v,t) ds{t) dqlvt) @ 3q{v,£)
—s@OP TS~ (1= L= s 527507 = - (Dale(w.0) “522),
Dafpu.t)) put) _ Dplawt)) 8g(v) e s o
s©  Bu ly,  L-s@® 0w l,_g ler —cal =7~ u=1v=0 (25)

Eq. 23 can be written as

B{ps) _ dsdpu) 18 ap
Bt dt Bu +36u(D du O<u<l (26)

Similarly, Eq. 24 can be written as

#qlL-s5]) _ dsa{q(1-v)) 1 @ aq
a  dt  av +EE(D 81;) 0<v<1 (27)

Discre.tising the space coordinate 1 at N points (1 . . . tin-1), Writing ;.12 as the position
midway between u; and w1 and introducing the time-step 8t such that /"7 = 7 + d7, the
finite volume technigque [47] is used to integrate the divergent form Eg. 26 over one
spacestep and one timestep; and introducing p *® (and s7¥) to represent the
concentration at ; (and the interface position) after a propottion, o, of the time-step has

¢lapsed, Eq. 26 leads to the approximation:
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. j i
+i foi =& +o vlis Pl +o Pl P
(p:f I — P 51) (ui-i-i - ui"%) = Site (( )J U_LL_T_ (D)"Y _c____i_) +

tigg — =g Wil

(SJ'+1 - sf) P ( }""101,!, 41 —p _1 [_EE) J (28)
p

2

where (Dﬂ)g;f 72 cotrespand to the diffusion coefficients for the concentrations mid-way

between diseretisation points.
Eq. 27 can be rewritten for foture compositions in B:

: q]-!—cs qj-l-d q]+c q]-]-::
]+1 j+1 i ) ( _ ) _ &8t L A ) i -1
( (L -5 ) 9i (L "8 ) Vit1/z7Visz ) T [ofte Dg Vipt-Vi Dg - +

(5j+1-sj) X (qji:gﬁ (1Hvi+1f2)-q};fl‘;2 (1-Vi_1/2)) (29)

A finite difference form of Eq. 25 can be derived in the same way. If v is discretised at
M-1 points, the total amount of solute in the system at time /%7 is

i 1 4 —U, -— 1u =Y 1 i u 1 =1
SJ+1[p}+ 1 o+ZN2 J+ u+12t1+ ;{f+1 N N1]+(L“SJ+1)[J+ 3 o_l_

ZE:E'_:IZ qg+1vl+12vr_-— + q}+1 P ;JM_ ] (30)

A similar expression gives the total amount of solute at time ¢, For the model to be
conservative, the difference between these two values must be zero. Subiracting one from
the other, and using Eqs. 28 and 29, Eq. 31 can be obtained which describes the motion

of the interface;

Dpét Q{Hr _DA(StCA"pJD-'—[_ UZ_{SJ"H—SJ-) I+up—z _[+0 +1 UN-z c,
L-site \ vy S 1oy, 2 Pn-1-1/2 A

(1-2)aly ~%es] (1)
Egs. 28, 29, and 31 form a finite difference formulation of Eqs.16-18. An iterative

solution method is used to solve the above equatidns. The model has been validated for a
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variety of systems including Ni-(Ni-P)-Ni and diffusion of Zn in a3 brass and agreed

very well with the experimental results [45].

The mode! proposed by T. Padron et al. fits well for a DSS/Cu/DSS combination
considering lattice diffusion and grain boundary diffusion only in ¢-iron for solidification
time, The homogenization time found from this model did not match with the
cxperimental time. The model proposed by T. C. llingworth et al. is a general model for
TLP bonding. It has been validated for Ni-(Ni-P}-Ni TLP bonding and diffusion of Zn in
a-P brass. This model can predicl the position of solid/liquid interface more accurately,
However, it has not been reported how it accounts for the diffusion of solute when there
is a propensity for the formation of intermetallics.

Modeling of Diffusion Controlled Transformation Using Thermodynamic and Kinetic
Databasc

Diffusion bonding processes are dictated by solid or liquid phase diffusion-controlled
transformation. These processes are suitable for mathematical modeling, Although there
are many analytical studies of dilfusion-controlled transformation [2,48-491, the prescnce
of a2 moving-interface boundary makes them complicated. To simulate diffusion-
conirolled transformations, tools to calculate the thermodynamic quantities and to treat
the kinetics of the transformation are required. Thermocalc, developed at the Royal
Institute of Technology in Stockholm, can predict the correct equilibrium state in multi-
component alloys containing more than ten alloying elements [50]. DICTRA (Diffusion
Controlled TRAnsformation} can simulate the concentration profiles of diffusing species
in multi-component systcms [51]. It is a finite difference code and uses a Newton-

Raphson iteration technique to solve the multi-compenent diffusion equation. DICTRA
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uses kinetic databases and recalls thermodynamic quantities from Thermocalc in solving
the diffusion equations. The accuracy of prediction of cencentration profiles in a
diffusion couple using DICTRA depends on the accuracy of the thermodynamic and

kinetic data and can be verified by comparison with experimental results,

Multicomponent Diffusion Model
For an isothermal, isobaric, one-phase binary alloy with diffusion of specics £ in one

direction, z, Fick’s 1* law is given by

Joe=—"Dpo (32}
where .J; is the interdiffusion flux (the amount of diffusing substance that passes per unit
time and unit area of a plane perpendicular to the z-axis, defined with the volume-fixed
frame of reference), ¢ 18 the concentration of & (the amount of diffusing substance per
unil volume), and Dy, is the iterdiffusion coefficient of specics & and depends generally
on concentration and temperature, Fick’s 1* law is more usefil when combined with the

continuity equation;

a a

= () (33)
dep 8 a_ci(_

=50 5E) (34)

Eq. 34 is another form of Fick’s 2™ law, Tn multicomponent systems diffusivities do not
depend only on concentration but also on concentration gradients, Onsager [52-53]
extended Fick’s 1* law to a multicomponent system by postulating that each
thermodynamic flux was linearly related to every thermodynamic force. The Fick-

Onsager law for multicomponent diffusion equation is given by;
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Je = =~ Ziky L (35)
The g, terms are the chemical potentials for various species and, Ly, are the
proportionality factors that depend on the mobility of the individual specics and will be
discussed later, The expression for flux can be extended to Eq, 36 using the chain rule of

derivation:

- 0
Jo = =2y L ;‘1=1 B_C;E (36)

If we introduce the unreduced diffusivities, Dy;, into Eq. 36 we obtain:

6ch

Jo = =Ejaa Dy 52 (37)
where

au;
Dy = Xi=a jcia_i; (38)

The dp;/8c; values are pure thermodynamic quantities referred to as thermodynamic
factors. Eq. 38 indicates that the diffustvitics consist of two separate parts, one purely
thermodynamic and onc kinetic. Assuming that all the substitutional species have the
same partial molar volumes and only the substitutional species contribute to the volume,
the reduced diffusivities in a yvolume-fixed frame of reference is expressed as

Dy = Dy — Din (39)
where 1 is the solvent and Dy is given by Eq. 38 where V stands for volume fixed frame
of reference and the concentration gradicnt of n has been eliminated. Eq. 37 now can be

written using Eq. 39 as:

o

Jx=—Zizipy = (40)
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If Eq. 40 is combined with Eq. 33, we finally obtain a system of partial differential
equations (PDEs) which 1s suitable for practical calculations of concentration profiles in

multicomponent alloys.

Atomic Mebifity
From absclute-reaction rate theory arguments, Andersen and Agren [54] divided the

mobility coefficient for element 7, M; into a frequency factor, M/, and an activation

cnthalpy, @y
_ M —Q:
M; =k exp (22 (41)

where R is the gas constant and 7 is the absolute temperature. Both M{ and Q; depend on
composition, temperature, and pressure. They expressed the composition and temperature
dependency of M{ and (; in terms of a Redlich-Kister polynomial,

Qi = X% 0] + Ty Bjop 0y T “AT (i — 37)" (42)
where Qf and "A?j are linear functions of temperatures. The mobililies are relatcd to the
interdiffusion coefficients by Eqs. 38, 39 and:

Lis = Xi=1 (6 — Vi) cvpa M, {43)
where dy. is the Kronecker delta; dx= 1 when j = & and d;= 0 when otherwise. The terms
¢ and ¢; are the amounts of & and i per unit volume, respectively, V; is the partial molar
volume of element £, and y,, is the fraction vacant lallice siles on the sublattice where 7 is
dissolved. M; is the mobility of / when { is an interstitial solute and M; should be divided
by ¥, when 7 is a substitutional solute. Tracer or sclf-diffusivity, D}, is related to the
atomnic mobility by Einstein’s relation:

D! =RTM; (44)
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Optimization of Mobility Parameter

The kinetic databases used in DICTRA are mobility parameters instead diffusivities to
model diffusion controlled transformation, There are a few advantages of using mobility
parameters in the kinetic database instead of diffusivity. Mobility parameters can be
expressed as a linear function of temperature and the volume of the database to be
handled and stored is decreascd significantly. However, to obtain these parameters we do
need either intrinsic coefficient or interdiffusion coefficient along with self-diffusion and
tracer diffusion coefficient. These diffusion coeflicionts should be determined
experimentally, The PARROT module in DICTRA uses experimental values of
interdiffusion, self-diffusion, tracer diffusion and thermodynamic factors to calculate
mobility parameter. The optimization begins with initial estimation of mobility
parameters. The diffusion coefficicnts arc calculated corresponding to the experimental
data using these estimated parameters. Based on the comparison of the calculated and
experimental diffusivities, the mobility parameters are optimized lo achieve the best
agreement possible. The problem setup and experimental interdiffusion coefficients used

for optimization are shown in Appendix A. ,‘

Determination of Interditfusion Coefticient
To optimize mobility parameter in PARROT module in DICTRA the interdiffusions
cocfficient are required which have to be determined experimentally, Interdiffusion
cocfficient is a function of concentration, For a binary diffusion system in which the
partial molar volumes of the components are constant, Fick’s 2™ law holds:

G, = 05 (#s)

t
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Boundary conditions:

=10 x<x C5 = CBi
XXy €8 = Ch2
= x=-x CR = CgJ
x=+ow Cp = Cp;

Using the Matano-Boltzmann variable [55-56], D can be determined by:

Dy, = 1 (x = xo)dey (46)

“’3 2t(a;f ),
after Jocation of the Matano-interface x = xg, which is defined by:
70— xp)des = 0 (47)

For the constant molar volume case, the Matano-interface (the origin of the coordinate
system) coincides with the geometrical interface which separated the iwo semi-infinite
spaces of the diffusion couple at the beginning of the experiment. So, Eq. 46 can be

wrilten as [37]:

Dey

" = zt{acﬁ) f x dcﬁ‘ (48)

The inter-diffusion coefficient can be calculated without the necessity of determining the

position of the Matano-interface [58]:

DCE’ = BCB {(1 yc) f (CB Cﬁl)dx +ye f;m(CBz - CB)dx} (49)

z{ﬂx
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Cp—Cp1

where, y,. = —

and y, is at x*.

If the molar volume is not constant then the inter-diffusion coefficient can be calculated

without the necessity of determining the position of the Matano-interface [58-601]:

_ (Np2=Np1)Vm o (XY » (to01-y
Dys, = W{(l — i) [, B dx + yy [0 M ) (50)
X

Np—Npy

where, yy = rr——

and yy is at x* and V,, is the molar volume of species B.

Ng; U:m(fs: ‘fs)d-"}

Figure 46. Schematic of concentration-distance profile.

It should be noted that the integrals in Eq. 48, 49 and 50 should be determined by

graphical method from experimental data.

Moving Boundary Model
The modeling of a TLP bonding is treated as a moving boundary models. In the moving
boundary models diffusion causes a phase transformation, e. g., either growth or

dissolution of individual particles in a matrix [61]. In this model, two different phases are
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separated by a planar boundary (interface) and the migration of this interface is
determined by the rate of interdiffusion across the interface. Let us consider the phase
transformation between o and 3 phase (Figure 47). To conserve the mass (in moles) ol a

component &, a flux balance equation can be written as;

el —af|=sg - k=t12..n-1 (51)

Vin
where v* denotes the interface migration rate, xf and xf are the contents of component &
in o and p3 close to the phase interface, i and j }‘f are the corresponding diffusional fluxes.

The term 15 is the molar volume of the o phase.

Figure 47. The « phase growing into f phasc in a binary system under 1sothermal
conditions. The corresponding concentration profile is shown in the lower left part of the
figure and the phase diagram in the lower right part of the figure [62].

The integration in time is carried out by initially calculating the boundary conditions at
the phase interface. In some cases, the interfacial reactions are faster than the migration

of the phase interface. In those cases, the assumption is the thermodynamic equilibrium

holds locally at the interface. This is referred to as the local equilibrium hypothesis, is
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usually applied and allows the boundary conditions to be determined. The diffusion
preblem in each single-phase region can then be solved. The migration rate of the phase
mnterface is determined by solving the flux-balance equation (Eq. 51). In the
multicomponent system, this will generate a system of nonlinear equations, which have to

be solved by an iterative procedure,

The local hypothesis implies that there is no difference in chemical potential on either
side of the phase interface and that the conceniration of the components can be
determined from the equilibrium diagram. The rate of transformation is then only
controlled by the transport of the components to and frem the interface. This is an
simplified assumption which may disregard manj;,I ather possible eflects present during a
phase transformation, e.g., effects from curved interfaces, finile mobility of the interface,
solutc drag, and elastic stresses. These effects may cause a deviation from the local

equilibrium.

In the present investigation, commercially pure Ni (cp-Ni} was diffusion bended using a
Cu, Al and Au-12Ge interlayers. The concentration profiles of the diffusing species were
calculated using DICTRA. The calculated profiles obtained by the diffusion model were

verified by comparing to corresponding experimental profiles.
Ni-Cu Binary System

Experimental Information
Three different types of diffusivity have been used for this investigation — self-diffusivity,

tracer diffusivity and interdiffusivity. Self-diffusivity of Cu (Figurce 48) was laken from
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Figure 50. Temperature dependency of tracer diffusion coefficient of Ni in pure Cu [65].
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Ghosh [63]. The self-diffusivity of Ni {Figure 49) determined by Jonsson [64] is widely
accepted. Many researchers investigated the tracer diffusivity of Ni in Cu (Figure 50)
using radioactive Ni over a wide range of temperatures. Among them, the tracer diffusion

determined by Mackliet [65] has been considered as a benchmark. The tracer diffusion of
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Figurc 51. Temperature dependency of tracer diffusion coefficient of Cu in pure Ni [66].

Cu in Ni has becen determined by two different groups [66-67]. Although their results
agreed fairly well, the resulis from Monma et al. [66] (Figure 51) appear to be more
rcliable, because they carried out experiments at high temperatures (1054-1359°C) to
avoid grain boundary diffusion conlributions. A mumber of investigators have determined
the interdiffusion coefficient in Ni-Cu alloys. The results from Grundhoff and Heumann
[68] are in agreement with the results of lijima ot al. [69]. The diffusivities discussed

above have been used for optimization of the mobility parameters.

Experimental Procedure
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Commercially pure Ni {cp-Ni) was used as a base metal in this investigation. Cylindrical
rods 6.35 mm in diameter and ~ 8 mm in length were used for diffusion bonding and
subsequent microstructural investigation. The samples were polished to a 1200 grit finish
and cleaned in an ultrasonic bath using isopropyl alcohol before bonding. The diffusion
bonding was done using a 25 um thick Cu (99.999 % pure, Alfa Aesar, USA) interlayers.
The interlayer was inserted between two base metals to be bonded and held in a jig under
a static pressure, and then the jig was put in a furnace, The applied clamping torque was
10 in-1b, The bonding temperatire was 1050-1100°C and ihc bonding time was 10-15 h
for a Cu interlayer. For microstruciural observation, the bonded samples were mounted in
resin and a longitudinal sectton was polished at approximately the midline of the piece.
The microstructural observations were carried out using a Hitachi S-3400N scanning
electron microscope (SEM). The compositions of the bonded area were analyzed by

energy dispersive speciromelry (EDS).

Results and Discussion

1 0 i) 1 |l i f‘ﬂ L i. i, 1
o |2 /
0.9+ 900°C - 08 1000°C / f‘
o 2 !
T P84 SR L
£ L
© 0. - = E 6.7 .
£ \
£ 06 . E 06 \ -
boal
) -
E b5 \ L 205 \ L
004 e - 2 o4 T L
F =
0.3+ . T I e e
A 0 0.2 0.4 0.6 08 10 4 0 0.2 04 a6 0.8 1.0
MOLE_FRACTIGN M MOLE_FRAGTION Ni

Figure 52. Calculated thermodynamic factor (9} of the fee phase of Ni-Cu alloy at 900°C
and 1000°C (ThermoCale/DICTRA database ssol4).
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Figure 53. The calculation scheme in DICTRA for diffusion controlled transformation
[62].

As mentioned above, kinelic data and thermodynamic data are required to calculate
diffusivity in a multicomponent system. Figure 52 shows the calculated thermodynamic
factor (@) of the fce phase of Ni-Cu alloy at 900°C and 1000°C using the ssol4 database
in Thermocale, DICTRA uses mobility parameteors and thermodynamic factors to
calculale interdiffusion coefficients. The calculation scheme in DICTRA is shown in
Figure 53. DICTRA su]ves_the PDEs of diffusion (Egs. 40 and 33) and uses interdiffusion
coeflicients to obtain concentration profiles of the ditfusing species, Hence, it is
necessary fo determine the appropriate mobility parameters, The PARROT module
within DICTRA can be used to optimize mobility data, Experimentally obtained
interdiffusivities or intrinsic diffusivities are used to optimize the mobility patameters.
The self diffusion, tracer diffusion and interdiffusion coefficients discussed before were
used in PARROT module to optimize the mobility parameters. The optimized parameters

are shown in Table 8. DICTRA stores mobility parameters instcad of diffusion
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coefficients because it reduces the number of parameters to be stored. The mobitity
parameters shown in Table 8 were used in DICTRA as a kinetic database to simulate the
concentration profiles of Ni-Cu diffusion couple. The kinetic database that can be read by

DICTRA/ThermoCalc is shown in Appendix A.

Table 8. Assessed mobility parameter in the fcc Ni-Cu alloy

CHCTRA notation Mobility parameter | Parameter (J/mol} Reference
Mobility of Ni
MOFCCNivae) | OF 187000 - 69.8°T | [ 6d]
MQ{FCC.CusVai0) O - 236400 - 68.32°T | [ 65]
MQ{FCC.NLCu:Va0) |0 4150 -114969 + 79.78*T | Thiswork
Mobility of Cu
MQ{FCC,Cu:Va:0} Q5 - 205872 - B2.51°T | [63]
MQ{FGC NiVa:0) o - 258153 — 81.25°T | [66]
MO{FCC, Gu NI Va0 ‘_43‘»” - 101889 + 87.8"T | Thiswork

The optimized mobility parameters (Table 8) were used in DICTRA to obtain
interdiffusion coefficients and were compared with the experimental results. Figure 54
shows the schematic of the diffusion bonding sctup in DICTRA. The problem setup file
used in DICTRA 1s shown in Appendix A. The interlayer is placed in between two base
metals 1o be bonded (top image). Only half of the joint was modeled because of the
symmeliry of the joint (botlom image). The integration points in each region were
assumed to be linearly distributed. The input parameters were temperature, time, heating
and cooling rate, composition and phase of the Ni-Cu diffusion couple. To mitiate the
calculation, the interlayer region was set with a ‘seed’ of .1 wt. % base metal in it and the
base metal was set with a ‘seed’ of .001 wi. % of interlayer. This seed is sometimes

helptul to allow for numerical convergence. Figure 55 shows the comparison of the
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Diffusion Couple

T=1100C NOEJD;PUiﬂt

Figure 54, Schematic of problem setup in DICTRA.

calculated and experimental [68] interdiffusion coefficient of Ni-Cu alloy at 1000°C. The

calculated data matched with the experimental values quite well.
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Figure 55. Expernimental [68] and calculated interdiffusion coefficient of Ni-Cu system at
1600°C.
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Figure 56. (a) SEM image of diffusion bonded Nt using Cu interlayer (25pm) at1050°C
for 15h and (b) concentration profile of Cu from the bond centerline to the interior of
base metal,

Figure 56 shows (a) SEM 1mage of diffusion bonded Ni using Cu interlayer {25 pmy at
1050°C for 15 h and (b) concentration profiles of Cu from the bond centerline to the
interior of the base metal. The micrestructure of the jeint is not distinguishable from the
base metal. This is because Ni and Cu form a solid solution in any composition range.
The experimental concentration profile indicated that the joint centerline contained
approximately 39 wt. % Cu after 15 h bonding time and gradually decreased to the
interior of the base metal. The calculated and the experimental concentration profiles of

Cr agree well with each other, However, DICTRA tends to predict slower diffusion rates

than observed experimentally.

Figure 57 shows (a) SEM image of diffusion bonded Ni using Cu interlayer (25pm) at
1070°C for 10 h and concentration profile of Cu from the bond centerline to the interior

of base metal. The microstructure of the bond centerline was similar to the microstructure
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obtained for previcus conditions. The joint centerline contained 40 wt. % Cu with Cu
content gradually decreasing away from joint centerline. The calculated and the
experimental conceniration profiles of Cu agreed quite well with each other, showing

better agreement between experimental and calculated profiles than at 1050°C,

by 50
(b} o Expeiimental

— Simutated prafile
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Figure 37. {a) SEM image of diffusion bonded Ni using Cu interlayer (25um} at 1070°C
for 10 h and (b) concentration profile of Cu from the bond centerline to the interior of
base metal.
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Figure 58. SEM image of diffusion bonded Ni using Cu interlayer (25um) at1100°C for
10 h and concentration profile of Cu from the bond centerline to the interior of base
metal.

74



Figure 58 shows (a) the SEM image of diffusion bonded Ni using Cu interlayer (25 pm)
at 1160°C for 10 h and (b) concentration profiles of Cu from the bond centerline to the
interior of the base metal. The microstructurc of the joint centerline contained ~ 34 wt. %
Cu with Cu content gradually decreasing into the base metal. By increasing the bonding
temperature from 1650 to 1100°C, the Cu content in the bend centerline after 10 h
decreased from 39 to 34 wt. %. The calculated concentration profile matched very well
with the experimental profile at these conditions, Improved agreement from 1050°C to
1100°C is likely due to the suppression of grain boundary contribution to the overall
diffusion. Grain boundary diffusion is observed in Cu-Ni system below 1054°C [66].
Hence, there is a mismatch betwecn caleulated and cxperimental profiles at 1050°C;
however, the mismatch has been minimized at higher temperature (1100°C). The mass
conservation in DICTRA has been veritied and it was found oul that DICTRA

overestimated by about 0.713 wt, % the starting amount of Cu (8,458 wt. %0).

Ni-Al Binary System
Ni-Al binary system has several intermetallics such as AINi, AlsNi, ALz;Niy, and AlsNis,
ALNi; does not exist above 700°C, AlsNi and AlsNi; do not exist above 852°C and
1227°C, respectively. AINi exists at high temperature and its melting point is higher than
both Al and Ni. The diffusion mobilitics in those intermetallics are not available except
AINi which is used as a diffusion barrier. AINi has two different crystalline structurcs
such as disordered BCC (DICTRA notation - BCC_DIS) and ordered BCC (DICTRA
notation - B2 ORD). The diffusion mobility parameter of Al and Ni in foe phase Ni-Al
alloy {(Ni-20 at.% Al} has been taken from DICTRA example g2 [70]. In this example,

the mobility parameters have been optimized using the interdiffusion coetficient
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determined by Yamamoto et al. [71]. The diffusion in B2-BCC phase has been optimized

by Helander et al. [72]. The thermodynamic database has been obtained from DICTRA

example i1 [70],

Figure 59 shows the concentration profile of Al from the bond centerline of diffusion
bonded Ni using Al interlayer {100 um) at 830°C for 10 h. The centerline consists of 35
wt. % Al which is closed to the composition of AINi (31.5 wt. % Al). Then it sharply
decreased to 30 wt.% Al and gradually decreased to base metal composition. However,

experimental information provided slightly different results. Figure 35 from Chapter 2
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Figure 55. Concentration profile of Al in Ni-Al diffusion couple at 800°C for 10h,
interlayer thickness: 100 um.

shows the SEM mmage of diflusion bonded Ni using Al interlayer. The bond cenierline
contained 42-47 wt% Al which extended to a distance of 45 pm from the centerline. The
composition of this region is closest to that of AlsNip (40 wt. % Al). Then it decrcased

sharply to 32 wt% Al (closcst to the composition of NiAl), 17 wt% Al and trace amount
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of Al, respectively. The next modeling was done using thinner feil (25 pm) keeping all

other parameters fixed, The concentration profile of Al in Al-Ni diffusion couple is
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Figure 60. Concentration profile of Al in Ni-Al diffusion couple at 800°C for 10h,
interlayer thickness 25 pum.

shown in Figure 60. The joint centerline consists of ~ 28 wt. % of Al and then gradually
decreased. The B2-BCC phase in Al-Ni system contains approximately 31.5 wt% Al at
room lemperalure. This phase cccurs over a composition range dependmg on the
temperature. This profile indicates that the B2-BCC phase and other intermetallics can be
disappeared as diffusion progresses. However, concentration prolile from the experiment

(Figure 39) did not match the simulated profile,

Ni-{Au-12Ge) Ternary Sysitem
Diffusion bonding of Ni was performed using Au-12Ge interlayer, The calculated
concentration profiles of Au and Ge in Ni-(Au-12Ge) diffusion couple obtained at 900°C

for 10 h are shown in Fig. 61. SSOL4 thermodynamic databasc and Mob?2 kinetic
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database were vsed for this calculation. However, the calculated profiles are significantly
different than their expcrimental counterparts. The reason 1s that the Mob?2 database does
not have the proper mobility data for this system. The mobility data for this Ni-Au-Ge

ternary system necds to be optimized.
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Figure 61. Concentration profiles of Au and Ge in Ni-(Au-Ge} diffusion couple at 900°C
for 10h, interlayer thickness: 100 pm.

Conclusions
DICTRA/Thermocalc software has been successfully used to simulate the concenlration
profiles of Cu and Ni in a Cu-Ni diffusion joint. DICTRA also can optimize the mobility
parameters from experimental diffusion data, The interdiffusion coefficient calculated
from the optimized mobility parameter agreed well with the experimental data. The
simulated profile obtained at 1100°C agreed very well with cxperimental profile. Some
discrepancies werc obscrved between simulated and cxperimental profile obtained at
1050°C. This is probably duc to grain boundary diffusion occurred at this temperature,
This problem may be able to be overcome by introducing the grain boundary diffusion

into the database or introducing an effective diffusivity, For Ni-Al binary and Ni-(Au-
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12Ge) ternary system the simulated profiles did not match with the simulated profiles

because of the lack of proper mobility and thermodynamic database.
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CHAPTER IV

TLP BONDING OF INDUSTRIALLY-IMPORTANT ALLOYS
Specimen Fabrication

S8 321 Joints
Stainless steel 321(SS 321} rods 6.35 min in diametcr and ~8 mm in length were used for
transient liquid phase diffusion bonding and subsequent microstructural examination. The
samples were polished to a 1200 grit finish and the surfaces were cleaned in an ultrasonic
bath using isopropyl alcoho! and stored in alcohol before bonding. The samples for
tensile testing had a gauge length of 59+0.5 mm and a diameter of 9.0+0,]1 mm 1in the
gauge seclion. The diffusion bonding was done with commercially pure copper
(99.999% pure, Al{a Aesar, USA), Au-208n or Au-12Gce (Alfa Aesar, UUSA) interlayers.
The samples to be bonded were held in a jig made of Kovar under static pressure and
placed in a tube furnace. Schematics of the diffusion bond geometry and diflusion
bonded samples are shown in Fig. 1. The heating chamber was repeatedly evacnated and
filled with argon gas 10 timcs to make it oxygen-free. The bonding was performed under
gither vacuum or argon atmosphere. An oxygen trap was used in the line of argon flow
into the heating furnace. 88 321 joints with Au-12Ge interlayers (100 pm) were bonded
at 900-1050°C for 1-20 b, with Au-208n (100 um} interlayers at 750-800°C for 10 h and
with Cu (25 pm) interlayers at 1100°C for 10 h. The joining temperatures were chosen

based on the interlayer melling temperature and bmary phase diagrams beiween major
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alloying elements and interlayer elements, Metallographic samples were mounted in
epoxy resin, Longitudinal sections were polished down to approximately half of the

diameter for microstructural observation,

Inconel 718 Joints
Inconel 718 was diffusion bonded using Cu {25 pm) or Au-12Ge (100 um) interlayers,
The bonding temperatures and time used were 1050-1150°C and 5-15 h for Cu
interlayers. For the Au-12Ge interlayers, the bonding conditions were 950-1050°C
temperature and 15-20 h time, The bonding was dene under vacuum. Bonding conditions
were chosen based on the mterlayer melting temperaturc and phase diagrams belween
main alloying elements in the inlerlayer and base alloy. Kovar jigs were used to bond
both tensile specirmens and specimens for microstructural analysis. Metallographic
samples were mounted in epoxy resin then polished down to approximately half of the
sample diameter for microstructural observation. The tensile specimen had a gauge length

of 30+£0.1 mm and a diameter of 6+0.1 mm.

Ti-641-4V Joints
Ti-6Al-4V (grade 5 Ti alloy, named as Ti-5) was diffusion bonded using Cu interlayers
(25 ym). The bonding sarfaces werc polished to a 600 grit finish. Joining was performed
n argon or under vacuum. Grade 2 Ti alloy jigs were used to keep the thermal expansion
mismatch to a minimum. Metallographic samples were mounted in epoxy resin before
polishing. Then the samples were polished down to approximately half of the diamcter
for microstructural observation. The tensile specimen had a gauge length of 30+0.1 mm

and a diameter of 60,1 mm,
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Microstructural Characterization
Scanning electron microscopy (SEM) observations of bonded samples were carried out
using a Hitachi 8-3400N scanning electron mictoscope (SEM) and the compositions and
different phases in the bonded zone were analyzed by energy dispersive spectrometry

(EDS).

Mechanical Properties
To determine the mechanical propertics of the bonded specimen, uniaxial tensile tests
were performed using a serew-driven AG-1S 50 kN universal festing machine (Shimadzu)
with a cross head speed of 1 mm/min. Cylindrical tensile specimens were prepared
according to the ASTM standard E 8M-99. For each data point the average of three

specimens were used.
Results and Discussion
TLP Bonding of $S 321

Microstructure
The alloy Au-12 wi. % Ge (Au-12Ge} is a high temperature solder alloy [13]. The
melting temperature of this alloy is 361°C. The foil of this alloy was used as an interlayer

to bond SS 321, The compositions of the base alloy {SS 321) arc shown in Table 9.

Table 9. Compositions (wt. %) of AISI type stainless steel 321 (SS 321).

8 Ti ¢ {s | p
1| Sx%(CHN) -7 | 0% | 03| pas

Fe v N1 ) AMn
Bal | 17-19 | 912 2
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Figure 62 shows SEM images of diffusion bonded SS 321 using Au-12Ge interlayer (100
pm) at 900°C for 1 h in vacuum with slow cooling (4°C/min or slower). Most of the
interlayer diffused into the base material at these joining conditions. The thickness of the
residual interlayer obtained was ~5.8 um. The compositions found in the residual
interlayer were 78.4 wt. % Au, 6.4 wt. % Fe, 1.6 wt. % Ni, 6 wt. % Cr and no Ge with
small amount of other alloying elements. The composition found at the interface on the
base metal side was 25.3 wt. % Au, 4.1 wt. % Ge, 44.7 % Fe, 7.4 % Ni and 14.7 wt. %

Ex;

Figure 62. (a) SEM image of diffusion bonded SS 321 using Au-12Ge interlayer (100
um) at 900°C for 1 h and (b) magnified image of (a).

Figure 63 shows SEM images of diffusion bonded SS 321 using Au-12Ge interlayer (100
um) at 950°C for 10 h in vacuum with slow cooling (4°C/min or slower). The joint
centerline microstructure consisted of residual interlayer and Au-rich particles near the
interlayer/base metal interface. The thickness of the residual interlayer found was ~5.5

um with a composition of 79.3 wt. % Au, 5.3 wt. % Fe, 1.5 wt. % Ni, 4.2 wt. % Cr, 3 wt.
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Figure 62 shows SEM images of diffusion bonded SS 321 using Au-12Ge interlayer (100
pm) at 900°C for 1 h in vacuum with slow cooling (4°C/min or slower). Most of the
interlayer diffused into the base material at these joining conditions. The thickness of the
residual interlayer obtained was ~5.8 um. The compositions found in the residual
interlayer were 78.4 wt. % Au, 6.4 wt. % Fe, 1.6 wt. % Ni, 6 wt. % Cr and no Ge with
small amount of other alloying elements. The composition found at the interface on the
base metal side was 25.3 wt. % Au, 4.1 wt. % Ge, 44.7 % Fe, 7.4 % Ni and 14.7 wt. %

Ex;

Figure 62. (a) SEM image of diffusion bonded SS 321 using Au-12Ge interlayer (100
um) at 900°C for 1 h and (b) magnified image of (a).

Figure 63 shows SEM images of diffusion bonded SS 321 using Au-12Ge interlayer (100
um) at 950°C for 10 h in vacuum with slow cooling (4°C/min or slower). The joint
centerline microstructure consisted of residual interlayer and Au-rich particles near the
interlayer/base metal interface. The thickness of the residual interlayer found was ~5.5

um with a composition of 79.3 wt. % Au, 5.3 wt. % Fe, 1.5 wt. % Ni, 4.2 wt. % Cr, 3 wt.
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Figure 63. (a) SEM image of diffusion bonded SS 321 using Au-12Ge interlayer (100
pum) at 950°C for 10 h and (b) magnified image of (a).

% Mn and no Ge. According to the SEM image, the Au-rich particles seemed to be
aligned along the grain boundaries of the base alloy. It is noticeable that even though the
bonding temperature and time were increased the overall interdiffusion was not increased
appreciably. The residual interlayer (~5.5 pm) obtained was little thinner than obtained

with previous bonding conditions.

Figure 64 shows SEM images of diffusion bonded SS 321 using Au-12Ge interlayer at
1010°C for 15 h in vacuum with slow cooling. The bond centerline microstructure did not
change appreciably compared to the previous conditions. The centerline microstructure
consisted of residual interlayer and Au-rich particles near the interlayer/base metal
interface. The thickness of the residual interlayer obtained was 3-3.5 pm. According to
the SEM image, the Au-rich particles appeared to precipitate along the grain boundaries

of base metal. The composition of the residual interlayer obtained was 83.9 wt. % Au, 3.5
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Figure 64. (a) SEM image of diffusion bonded SS 321 using Au-12Ge interlayer at
1010°C for 15 h and (b) magnified image of (a).

% Fe, 0.85 wt. % Ni, 3.25 wt. % Cr, 5.5 wt. % Mn and no Ge. The amount of Mn found
in the residual interlayer was more than the Mn content in base alloy (2 wt. %).

Since the residual interlayer is not desirable in the joint centerline, the joining
temperature was increased to 1050°C to enhance interdiffusion. Figure 65 shows SEM
images of diffusion bonded SS 321 using Au-12Ge interlayer at 1050°C for 15 h in

vacuum with slow cooling. The bond centerline consisted of residual interlayer and Au-

rich particles. The residual interlayer had a composition of 78.3 wt. % Au, 3.1 wt. % Fe,
1.7 wt. % Ni, 3.3 wt, % Cr, 6.0 wt. % Mn and no Ge. The thickness of the residual
interlayer found was ~3.8 um which was 8.6 % thicker than the one that was obtained for
previous bonding conditions. Some of the Au-rich particles grew bigger and precipitated
away from the residual interlayer. Their number was also reduced compared to previous
conditions. Changing the bonding temperature and time from 900 to 1050°C and 1h to 15

h, respectively, the residual interlayer decreased from 5.8 pm to 3.8 pm. The diffusion
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Figure 65. (a) SEM image of diffusion bonded SS 321 using Au-12Ge interlayer at
1050°C for 15 h and (b) magnified image of (a).

was not increased appreciably or the diffusing elements diffused back during cooling
process. This idea of back-diffusion can be explained referring the Au-Fe phase diagram
(Figure 28). The solubility of Fe in Au and Au in Fe is very small at room temperature

compared to the bonding temperature. During cooling time both Fe and Au solid

solutions become supersaturated. As a result, excess Au can come out of the solution and
diffuse back preferentially at the centerline of the bonding area or precipitate at the grain

boundary. A faster cooling rate might reduce or eliminate this back-diffusion because the
atoms might not get enough time to diffuse. Other elements available in the system might

also affect the interdiffusion and back-diffusion.

To prevent possible back-diffusion, a faster cooling process was applied. Figure 66 shows
SEM images of diffusion bonded SS 321 using Au-12Ge interlayer at 1050°C for 15 h in
vacuum, cooled in air. The interlayer was diffused completely in some areas and it was

retained in some areas. The faster cooling seemed to prevent back diffusion. Spherical
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Figure 66. (a) SEM image of diffusion bonded SS 321 using Au-12Ge interlayer at
1050°C for 15 h in vacuum with cooling in air and (b) magnified image of (a).

Au-rich particles were observed near the bond centerline along the whole cross-section.
The size of these particles was much smaller than was observed in previous conditions
where a slower cooling process was applied. The coarsening of these particles was
prevented by fast cooling. The composition of the residual interlayer was 75 wt. % Au,
5.4 wt. % Fe, 2.0 % wt. % Ni, 3.9 wt. % Cr, 7.4 wt. % Mn and no Ge. The compositions
in the bond centerline, where no residual interlayer was found, were ~10 wt. % Au, 62

%wt. Fe, 15.6 wt. % Cr, 8 wt. % Ni, 0.28 % wt. Mn and 1.9 wt. % Ge.

To get rid of residual interlayer from the joint centerline, the joining time was increased
to 20 h and the cooling rate was increased by quenching in water. Figure 67 shows SEM
images of diffusion bonded SS 321 at 1050°C for 20 h using Au-12Ge interlayer in

vacuum, quenched in water. The bond centerline microstructure consisted of Au-rich
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particles and near continuous microcracks which ran through the entire cross section,

EDS spot analysis on the black line in the joint centetline provided 8.7 wt. % C, 28.2 wt.

Figure 67. (a) SEM image of diffusion bonded S5 321 at 1050°C for 20 h using Au-12Ge
interlayer in vacuum and quenched in water and (b) magnified image of (a).

% O, 43.1 wt, % Al, 8.9 wt. % T1 and small amounis of other alloying and interlayer
clements while the base alloy had only .08 wi. % C, .4-.7 wt. % Ti and no Al, This
analysis indicated that high percentages of Al, O and C appeared from polishing media
such as diamond paste and y-AlyOs; Ti appeared possibly from TiC. Thesc polishing
media might have been trapped in the microcracks during pelishing. The
microstructures in the joint centerline other than microcracks contained 59.5 wt. % Fe,
13.3 wl. % Cr, 8 wt. % Ni, 10 wt, % Au, 3.1 wi. % Ge and .3 wi, % Mn with trace

amounts of other alloying elements.

Figure 68 shows SEM images of diffusion bonded SS 321 using Au-12Ge interlayer at
1050°C for 20 h in vacuum, cooled in flow of water, The microstructure of the bond

centerline consisted of Au-rich particles in the matrix of base metal and discontinuous
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microcracks. The black particles observed in the joint centerline microstructurcs were y-

Al;O4, C or TiC which were confirmed by EDS analysis. Al,Q; and C were the

Figure 68. (a) SEM 1mage of diffusion bonded SS 321 using Au-12Ge interlayer at
1050°C for 20 h in vacuum, cooled in flow of water and (b) magnified image of (a).

contaminations from polishing media (Al,O; and diamond paste). TiC was formed during
the healing process applied for diffusion bonding. Au-rich particles in the joint centerline
were bigger and more numerous than were found with water-quenched sample. Also, the
microcracks have been reduced signilicantly. Tt is added to SS 321 to prevent the
formation of chromium carbide at elevated temperature. Formation of chromium carbide

depletes Cr from the grain boundary, which, in turn, leads to grain boundary corrosion.

Figure 69 shows SEM images of diffusion bonded 8§ 321 using Au-12Ge interlayer at

1050°C for 20 h in vacuum, air-cooled, At these joining cenditions no residual interlayer
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Figure 69. {a) SEM image of diffusion bonded SS 321 using Au-12Ge interlayer at
1050°C for 20 h in vacuum and air-cooled and (b) magnified image of (a). Tmage was
taken from the center of the sample.

was found in the joint area. The microstructure of the joint centetline consisted of a
matrix of base alloy with Au-rich particles along the grain boundaries as well as in the
grain areas. No microcracks were found in the bonded area, The size of the Au-rich
particles along the gram boundary was much bigger than the ones in the grain areas. The
bond centerline microstructure consisted of 17 wt. 96 Au, 47 wi. % Fe, 16 wl. % Cr, 7 wi.
% Ni, 3.8 wt. % Ge and 1.8 wt. % Mn. The Au-rich particles contained 70-72 wt. % Au,

8-11 wt. % Mn, 5 wt. % Fe, 2.5 wt. % Crand 1.1 wt. % Ni. The black particles observed

were AlyOs, possibly contamination from polishing media.

Figure 70 shows a SEM image of diffusion bonded S8 321 using Au-12Ge interlayer at
1050°C for 20 h in vacuum, cooled in air (image was taken from the edge of the sample).
Black oxide particles observed along the joint centerline. According to EDS analysis, the

joint centerline contained 39.4 wt. % O, 11 wt. % Ti, 13 wt. % Mn and small percentages
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Figure 70. SEM imagc of diflusion bonded S8 321 using Au-12Ge interlayer at 10
for 20 h in vacuum and air-cooled, image taken from the edge of the sample.

of other alloying elements. These oxide pariicles extended over 20{ to 400 pm from the
surface to the interior. The oxidation occurred because the environment of the joining

chamber possibly was nel property controtled,

Figure 71. (a} SEM image of diffusion bonded S8 321 using Au-12Ge interlayer at
1050°C for 20 h in argon and cooled in air and (b) magnified image of (a).
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Figure 71 shows SEM images of diffusion bonded 88 321 using Au-12Ge interlayer at
1050°C for 20 h in argon and cooled in air. The joint centerline microstructure consisted
of Au-rich particles in matrix of base alloy and some black particles. The composition of
the joint centerline was 62.3-63.4 wt, % Fe, 15.2-15.6 wt. % Cr, 8-8.6 wt. % Ni, 6.4-7.3
wt, % Au, 2,7-3.1 wt. % Ge, and .7 wt. % Mn. The Au-rich particles contained 68.1 wt.
% Au and 14.3 wt. % Mn, 5.6 wt. % Fe, 3.3 wt, % Cr with other alloying elements. The
composition of the black particles was varied from 22-59 wt. % Ti, 6.9-37.6 wt. % Al 9-
22 wt. % O, 6.4- 9wt % C, 4.8-11 wt. % Au, 1.4-2.5 wt. % Fe, .7-1.1 wt. % Cr and small
amount of other alloying elements. These analyses indicated that the particles werc

possibly y-Al,O4, TiC formed during diffusion joint and C from diamond paste and TiC.

Figure 72. (a) SEM image of diffusion bonded S8 321 using Au-12Ge interlayer at
1050°C for 20 h, bonded in argon, cocled in flow of water and (b) magnified image of

(a).

Figure 72 shows SEM images of diffusion bonded SS 321 using Au-12Ge interlayer at

-

1050°C for 20 b, bonded in argon, cooled in flow of water. The joint centerline
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microstructure consisted of Au-rich particles in the matrix of base alloy, near continuous
microcracks along the joint centerline and some black particles, possibly contamination
from polishing media. The EDS analysis of these black particles provided 42-59 wt. %
Al 26.8-33.5 wt. % O, 1.3 wt. % C, 3.3 wt. % Au and small amount of other alloying
elements. Few very small black spots had higher amount of Ti and C with other elements,

these were possibly TiC,

Table 10. Summary of (the microsiructure of TLP bonded 5SS 321 using Au-12Ge bonded
at 1050°C for 20 h with different environment and cooling method.

Bonding Cooling Microstretire
Atmosphere | methad
1 | Vacuum Cuenchin | Almost continnous line of microcracks and Au-rich
water patticles in the bond centerline
2 | Vavoum Flow of | Digconlinuvows microcracks nlong the bond centerline
water and Av-rich parficlesin the joint centerline. The size

and amovnt of the Av-richi particles increased

3 | Vacoum Adr Nomicrocracks. An-rich patticles veemned to
precipitate along the grain boundary 1in the joint
centerline. The size and amount ot the Au-rich
particles increaged more than previons: two cases

4 | Argon Flowof | Near continnong microcracks along the joint centerline,
water Au-rich parficlesin the joint centerline area
S| Argon Adr No microeracks with Av-rich particlesin the joint
centerline

Table 10 shows the summary of the microstructure of TLP bonded SS 321 using Au-
12Ge, bonding environment and cooling method. For all joining environments and
cooling methods Au-rich particles appearced in the joint centerline. The size and amount
of Au-rich particles secmed to increase as the cooling methed changed from quenching in
water to air-cooling. However, the sizc of the Au-rich particles was decreased as bonding

atmosphere changed from air to argon. The faster the cooling method the lesser the time

93



Au atoms have to precipitate, However, with quenching in water and cooling with water
flow microcracks appeared in the joint centerline. The Au-12Ge interlayer had a
thickness of 100 um. A thinner foil may have climinated or significantly reduced the

precipitation of Au-rich particles in the joint centerline.

Figure 73. (a) SEM image of diffusion bonded SS 321 using Au-20Sn interlayer
(100pm) at 750°C for 10 h and (b) magnified image of (a).

Figure 73 shows SEM images of diffusion bonded 58 321 using Au-208n interlayer
(100pm) at 750°C for 10 h and, The interlayer did not diffuse completely into the base
alloy. The microstructure of the joint centerline consisted of residunal interlayer and An-
rich particles. The residual micrlayer was not continuous, The composition of the residual
interlayer was 76.2 wt. % Aw, 5 wt. % Sn, 3.8 wt. % Fe, 6.2 wt. % Cr, 1 wt. % Ni, 2 wt.
% Mn and small amount of other alloying elements. The composition in the base alloy
side near base alloy/residual layer interface was 62 wt. % Fe, 8 wt. % Au, 0.7 wt. % Sn, 8

wt. % Ni, 16.5 wt. % Cr and 0.2 wt. % Mn. Figure 74 shows SEM image of diffusion
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bonded §8 321 using Au-208n interlayer {100pm} at 800°C for 10 h. Although residual

interlayer did not appear in the joint centerline there were many An-rich particles,

Figure 74. SEM image of diffusion bonded SS 321 using Au-20Sn interlayer (100pm} at
800°C for 10 h.

Figure 75. SEM image of diffusion bonded SS 321 at 1160°C for 10 h vsing Cu interlayer
(25 pm).
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Figure 75 shows SEM image of diffusion bonded SS 321 at 1100°C for 10 h using Cu
interlayer (25 um). The interlayer did not diffuse completely into the base alloy, The
joining interface contains 84.7 wt, % Cu, 2.1 % Ni, 1.2 % Cr, 1.8 % Fe and 2.2 % Mn in
the interiayer side; and 65 wt. % Fe, 5.9 % Cu, 7.7 % N1, 15.7 % Cr and 2.4 % Mn in the
base metal side. SS 321 alloy has 69 wt. % Fe; the interdiffusion between Cu and S8 321
was much slower than between Cu and cp-Fe. The joining tempcrature was increascd to
1120°C which is well above the melting temperaturc of pure Cu. Figure 76 shows SEM
image of diffusion bonded S8 321 at 1120°C for 10 h using Cu interlayer (25 um).

Interdiffusion was not significantly increased by increasing joinmg temperature.

Figure 76, SEM image of diffusion bonded S8 321 at 1120°C for 10 h using Cu interlayer
(25 pm).

Mechanical Properties

Table 11 shows tensile strengths of TLP bended 3S 321 using Au-12Ge or Au-208n

interlayer, The maximum strength obtained for bonded SS 321 was 387+4 MPa with Au-
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12Ge interlayer., This sample was bonded at 1050°C for 20 h in vacuum and cooled in air.

Table 11. Tensile strengths of TLP bonded SS 321 using Au-12Ge interlayer.

[ Tﬂnp}?un?:w Sutface E Clamping |
Finish
ntedayer | & [ D] Ganit®) ___T‘?’_‘;Tl'i_u?fs_}f} {.I“’fl__]_*:’_‘filf,‘fﬂ?i‘fﬁm Cooling
Buze 111die11 |.l L'1- mactuned gpeciuiei} N Yt

Awage | 950 [ 10 | 1200 4[&111,?";5% Voemum | Funnce |
Auwl2Ge | 1050 | 15 | 1200 | Soinb | 255 | Vacwom | Fumace
tli:"‘;(1: “10‘30 'w*l*;{"“m 1260 35 Ll1-1|.J- - 27844 "»"1:.1111111 Turnace
_A,l; 'iﬂ(,em X .,J Dm e 20 N ; ‘}OUN._M 40 o ]l;_m 522;5 — A_l;t;-;-_m . __A; ,,,,,, -
| ‘—LI?'[EUI:‘ h.ll N}“-' 2{) 1 "12{}{]-“ ..:’5‘3 111-11} | M%"l RE x;:1.;gL71; o MAnw

Au- lEGe 10‘30 20 12040 33 an-lb 36[}:|:6' Argon Water Flow

Au o ]“\020 . 1200 g ._3‘; u;ib ...,38 :H \q Ldum;] . Au
Baseatloy| 1050 | 20 | ] w0 | veewm | oA
Aw2oss [ 800 [ 10 {1200 | sopy |65 ] sen [ Fece

This maximum strength is 57.6 % of the tensile strength of as-machined SS 321and 70.4
% of the tensile strength of the base alloy that went through similar heat treatment
process as diffusion bonded sample, There are several factors that are believed to affect
the strength of the joint including the microstructure of the joint, the clamping load
applied to the sample during bonding, the bonding temperature, the bonding time and the
cooling rate. As the coefficicnts of thermal expansions of the jig, base alloy and mild
steel bolts at bonding temperature were not available, it was not possible to calculate the
exact clamping load. As a result, samples were bonded at different clamping loads (fe
bonding pressure}. The 35 in-1b clamping lead provided the highest strength of the joint
compared to other clamping loads. Although the argon bonding environment provided the

best microstructure, the maximum strength was obtained for the sample bonded in
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vacuum, Among the three different cooling methods, air cooling provided the best

strength of the bonded sample.

The sample diameter was not bonded fully for tensile specimens. There were always an
unbonded region around the edges of the circular tensile specimen; this region measures
about ~500 pm thick. The strength values shown in the Table 11 were measured without
considering this fact. If we consider only the bonded area then the sample diameter
decreases approximately 1 mm from the original dimension. In this case, the maximum
strenglh obtained for bonded 8S 321 was 490+5 MPa which 15 89 % of the base alloy that
went through the similar heat treatment process as the diffusion bonded sample. Another
factor that can enhance the strength for bonded sample is the use thimer foil. As
discussed earlier, there were Au-rich particles in the joint centerline for all types of
joining cenditions. The precipilation of these particles disrupts the composition of the
base alloy at least m the joint microsiructures. Using a thinner foil, tor example 25 pm
thick Au-12Ge foil, would decrease the Au-rich particles in the joint centerline

significantly. This, in furn, would increase the strength of the joint.

TLP Bonding of Inconel 718
Microsiructures
Inconel 718 is a Ni-based superalloy. The compositions of the as-received Tncone! 718
alloy are shown in Table 12. This alloy is age-hardened by the precipitation of second
phases such as gamma prime (v - Nis(ALTi), cubic (L.12) crystal structure) and gamma
double-prime (y"" - NisNb - bet (D0292)) phases. The later provides the strength, Before
age hardening, solution annealing is done to dissolve all aging constituents (Nb, Al, and

Ti) in the matrix and to cbtain a homogeneous microstructure. The usual heat treatment
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process for Inconel 718 altoy is to solution anneal at 1700-1850°F followed by rapid
cooling in water, plus age hardening at 1325°F for & h, furnace cooling to 1150°F,

helding at this temperature for a total aging time of 18 h, followed by air cooling,

Table 12, Compesition (wt. %) of Inconel 718 superalloy.

Ta W Idn 51 kN
.01 | .02 AL 08 | .02

i ] ¢y | Pe fMo|Ti|al|MNb | ¢nl| ¢ |Co

53‘?'5_‘_1?.81 L1841 29 | 90 52| 513 | .04 | 02 | 18

Figure 77 shows SEM images of diffusion bonded Inconel 718 using Cu interlayer (25
pm} at 1050°C for 15 h in vacuum with slow cooling (4°C/min). The interlayer did not
diffuse completely and the thickness of the residual mterlayer obtained was ~19 pm. The

composition of the residual interlayer obtained was 79 wt. % Cu, 11.8 wt. % Ni, 3 wt, %

Figure 77, (2) SEM image of diffusion bonded Inconel 718 using Cu interlayer (25 um)
at 1050°C for 15 h in vacuum with slow cooling and (b) magnified image of {(a).
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Fe, 1.8 wt. % Cr, 1.3 wl. % Nb and sma!l amounts of other alloying elements. Some
precipitations were observed in the matrix approximately 15 pm away from the residual
interlayer/base alloy interface. The composition found for these white particles was 38.8-
39.9 wt. % Ni, 43-45 wt, % Nb, 3.9-4.9 wt. % Fe, 4-4.7 wt. Cr, 2.7-4 wt. % T1 and small
amounts of other alloying elements, EDS analysis indicated that these white particles
were either gamma double-prime or delta phase (the -phase, NisNb has an orthorhombic
crystal structure and does not provide any strengthening effect). It was expected that the
v', v phases would dissclve during bonding. During cooling these constitucnts possibly

precipitated.

Figure 78. SEM image of diffusion bonded Inconel 718 using Cu (25 pm) at 1150°C for
5 h in vacuum with slow cooling (4°C/min).

Figure 78 shows SEM image of diffusion bonded Inconel 718 using Cu interlayer (25
nm} at 1150°C for 5 h in vacuum with slow cooling. Although the bonding temperature

was much higher than the melting temperature of interlayer {1085°C}) stilt the diffusion
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was not complete. The thickness of the residual interlayer obtained was ~19.9 pm, The

composition of the residual interlayer obtained was 68 wt. % Cu, 19.3 wt, % Ni, 4.8 wt.

% Fe, 3.5 wt. % Cr, 1.1 wt. % Nb and small amounts of other alloying elements.

Figure 79. (a) SEM image of diffusion bonded Inconel 718 using Au-12Ge (100 pm}) at
950°C for 15 Ir in vacuoum and slow cooling and (b) magnified image of (a).

Table 13. EDS analysis of diffusion bonded Inconel 718 using Au-12Ge (100 pm} at
950°C for 15 h taken from 5 points shown in Figure 79 {b}.

Eleinents EDE Poing Number
GVE 9 | | . ) 3

M 36371 2478 340 339

oo e 1 v e

14.78
15.06 11.%
2241 329
1.84 {136
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Au-12Ge eutectic foils were also used to bond Inconel 718, Figure 79 shows SEM
images of diffusion bonded Inconel 718 using Au-12Ge (100 pm) at 950°C for 15 hin
vacuum and slow cooling. There was no residual interlayer in the joint centerline but
some second phase particles were found in the bond centerline along the whole cross-
section, The EDS elemental analysis of some points in Figure 79 (b} is shown i Table
13. The maximum Au obtained in the joint centerline was 43,23 wt, % and Nb content
ranged from ¢ to 1.25 wt. %. Precipitates were observed in the matrix 10-15 pm away

from the bond centerline,

Figure 80, SEM image of diffusion bonded Inconel 718 using Au-12Ge (100 pm) at
1050°C for 15 h in vacuum and slow cooled,

Figure 80 shows SEM image of diffusion bonded Inconel 718 using Au-12Ge (100 pmn)
at 1050°C for 15 h in vacuum and cooled slowly. The bond centerline microstructure

consisted of residual interlayer, micropores and eutectic-like microstructure next to the
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residual mterlayer. This eutectic-type microstructure extended from 16.4 io 20 pm on
either side measured from the residual interlayer. The composition of the residual
interlayer found was 60 wt. % Au, 3.2 wt. % Ge, 8.1 wt. % Ni, 14 wt. % Cr, 4.1 wt. % Fe
and small amount of alloying elements, No Mo or Nb was found in the residual
interlayer. A few Nb-rich particles were observed in the residual interlayer along the joint
centerline, The composition of these particles observed was 33 wi, % Nb, 30 wt, % Ni,
7.4 wt. % Au, 7.6 wt, % Cr, 7.4 wt, % Fe, 5.7 wt. % Ge, 5.6 wt. % Mo and trace amounts
of Tt and Al. The composition of the eutectic-like microstructure found was 13.9 wt. %
Au, 2.6 wt. % Ge, 41.7 wt. % Ni, 15 wt. % Cr, 15.6 wt. % Fe, 5.4 wt. % Nb, 2.1 wi. %
Mo, 0.8 wt. % Ti and trace amounts of other alloying elements, No precipitates were

observed near the joint centerline.

Figurc 81. (a} SEM image of diffusion bonded Inconel 718 using Au-12Ge (100 jum) at
1050°C for 15 h in vacvum and quenched in water and (b) magnified image of (a).

To get rid of residual interlayer and sccond phase particles from the boded area, a faster

cooling method was applied. Figore 81 shows SEM images of diffusion bonded Inconel
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718 using Au-12Ge (100 pm} at 1050°C for 15 h in vacuum and quenched in water. No
residual interlayer observed in the bond centerline, However, near-continuous

microcracks appearcd in the joint centerline.

Figure 82 shows SEM images of diffusion bonded Inconel 718 using Au-12Ge (100 pm)
at 1050°C for 15 h in vacuum and cooled in air, The interlayer did not diffuse completely
and the thickness of the residual interlayer varied from 1.3-2,5 um, A few micropores
were observed in the residual interlayer, The composition of the residual interlayer

obtained was 61 wt, % Aun, 1.3 wt. % Ge, 14.2 wt, % Ni, 5.3 wi. % Fe, 11 wt. % Cr, 1 wit.

% Ti and trace amounts of other elements with no Nb and Mo. The compesition in the

Figare 82. (a) SEM image of diffusion bonded Inconel 718 using Au-12Ge (100 pm) at
1050°C for 15 h in vacunm and cooled in air and (b) magnified image of (a).

base alloy near interface found was 12.7 wt. % Au, 2.6 wt. % Ge, 44 wt. % Ni, 14.8 wt.
% Cr, 15 wt. % ¥e, 4.5 wt. % Nb, 1.7 wt. % Mo and trace amounts Ti and Al The

amount of Au reduced to 5 wt, % approximately S0 pm away from the residnal interlayer
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and the original composition of the base alloy was almost restored except the amount of
Ni which was 44 wt. % compared to 53.7 wt, % in the base alloy. No precipitates were
observed in the microstmeture of the bonded area because the aging constituents

remained in the solution duc to the faster cooling rate.

Figure 83 shows a SEM image of diffusion bonded Inconel 718 using Au-12Ge {100 pm)
at 1050°C for 20 h in vacuum and cooled in air, By increasing bonding time by 5 h
residual interlayer was avoided; however, micropores appeared along the bond centerline,

Thesc micropores exicnded approximately 2-2.5 um along the longitudinal direction. The

Figurc 83. SEM image of diffusion bonded Inconel 718 vsing Au-12Ge (100 pm} at
1650°C for 20 h in vacuum and cooled in air.

EDS point analysis from the porous regions in the bond centerlingb provided 5.3 wt. %
Au, 3.9 wt. % Ge, 22.9 wi. % N1, 7.6 wt. % Fe, 8.3 wt. % Cr, 3.1 wt. % Nb, 1.7 wt. %
Mo, 23.7 wt. % Al, 16.5 wt. % O and 1.2 wt. % Ti. Higher amounts of Al and O resulfed
from the contamination of polishing media {y-Al;O3). AlLOs particles might be trapped in
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the pores during polishing. The compositions next to the porous region in the base alloy
obtained were 10,7 wt. % Avy, 2.8 wt, % Ge, 41.5 wi, % Ni, 164 wt. % Fe, 17.3 wt, % Cr,
3.8 wt. % Nb, 3.3 wt. % Mo, .96 wt. % Ti and trace amounts of other alloying elements.
As the cooling method was faster, ne precipitates were formed. The microstructures of

the joint centerline of diffusion bonded Inconel 718 are summarized in Tablc 14.

Tablc 14, Summary of the microstructure of TLP bonded Inconel 718 using Cu and Au-
12Ge interlayer in vacuum,

Interlayer | Interlayer | Bonding | Donding | Cooling Bond Centerline Microstimetore
Thickneas | Temp. Time | Method
(i} ) ()

(B 23 1050 15 Slow | Residual interlayer (19 pun)
' 25 1150 5 Slow | Residual interlaver (~19.9 pm}
Au-12Ge 100 950 15 . Slow | Noresidual interlayer, second phave

i particles in the joint centerline

Au-12Ge 100 1050 15 Slow | Residual interlayer, micropores and
entactic-like microstructure next to
the rexifnal interlayer

An-120Ge 100 1050 13 . Water | Noresidual interlaver, near-
quench | continuons microcracks
An-12Ge 100 1050 15 Alr Residual interlayer (1.3-2.5 pm). a

quench | few micropores

Au-1201e 100 1050 2 Air No rexichual ntetlayer, micropores
quench | extentded 2-2.5 pun along the
longitudinal direction

Mechanical Properties

Table 15 shows tensile strengths of diffusion bonded Inconcl 718. The maximum strength
obtained for bonded sample was 400 MPa at 950°C for 15 h mn vacuum with slow
cooling. Although the microstructure was able te be replicated, the strength could not be
replicated at these joining conditions. The strengths for other samples bonded at the same

bonding conditions obtained were 193 and 170 MPa. There were a few reasons that the
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strengths of the joints were low including second phase particle in the bond centerline,
residual interlayer and no hardening effects from precipitates, It has been mentioned
before that the aging constitucnts were dissolved in the matrix during isothermal bonding
and stayed in the matrix during fast cooling thereby providing no strengthening effects.
During slow cooling from 950°C or above, d-phase usually forms for this alioy which

provides no strengthening effect.

Tablc 15. Tensile strength of diffusion bonded Inconel 718,

\ urfoce | clamping | -
Temp. | Tune . : PHLE 1 g . I
Interlayer| ~ ) ) finish | Torgue (MP) Environnient |Cooling
b . {prrit) fin-1hy ' |
Bage material (ag machined specimen) 13128
An-12Ge | 950 13 200 30 4600 vacumn | forgace
An-12Ge | 1050 15 1240 | 35 327 VACTNIL water

Microstructure

Figure 84. (a) SEM image of diffusion bonded Ti-0Al-4V using Cu (25 pm) inierlayer at
900°C for 10 h in vacuum, slow-cooled and (b} magnified image of (a).
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Ti alloys are categorized as « alloy, near-¢. alloy, ¢-f alloy and p alloy. Ti-6A1-4V {(also
known as grade 5 Ti alloy or VT6 Ti alloy) is an a- alloy containing dual a- and 3-
phase. This alloy has been diffusion bonded using Cu interlayer (25 pm). Figure 84
shows SEM images of diffusion bonded Ti-6Al-4V using Cu (25 pum)} interlayer at 900°C
for 10 h in vacuum, slow-cooled. Cu interlayer did not diffuse completely in the base
alloy. The thickness of the residual interlayer found was 20.2-22.7 pm, The composition
of the residual interlayer obtained was 25.6 wt. % Cu, 68 wt. % Ti, 5 wt. % Al, and no V.
The base metal next to the bond interface had 8 wi. % Cu, 77.7 wi. % T1, 11.7 wt. % Al

and 1.4 wt. % V. The microstructure near the interface was a two-phase mixture.

Figure 85, (a) SEM image of diffusion bonded Ti-6Al-4V using Cu (25 um) interlayer at
950C for 10 h in vacuum, slow-cooled and (b) magnified image of (a).

Figure 85 shows SEM 1mages of diffusion bonded Ti-6Al-4V using Cu (25 pm)
interlayer at 950°C for 10 h in vacuum, slow-cooled. At these bonding conditions, the
interdiffusion between interlayer and the base alloy was high enough that no residual

interlayer was observed. It was difficult to find the centerline of bonded area under SEM.
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Figure 86, SEM imagc of diffusion bonded Ti-6Al-4V using Cu (25 pm) interlayer at
950°C for 10 h in vacuum and slow-cooled.

The EDS area analysis of the microstructure of bonded area found was 80.1 wt. % Ti, 8.8
wi. % Cu, 8.1 wt. % Al and 2.1 wt. % V. Figure 86 shows high a magnification image of
the microstructure of bonded area. The bond centerline microstructure appeared as
dendrites of Cu in the matrix of base alloy, White dendrites contained more Cu that the
darker arca did. The EDS peint analysis of the while dendrites oblained was 17 wt. % Cu,
74.7 wt. % T1, 5.9 wt. % Al and .3 wt. % V. On the other hand, darker area provided 2.6

wt. % Cu, 84,5 wt. % Ti, 9.8 wt. % Al and 1.4 wt. % V.

Figure 87 shows SEM 1mages of diffusion bonded Ti-6Al-4V using Cu (25 pm}
interlayer at 1000°C for 10 h mn vacuum, slow-cooled in furnace. For these bonding
conditions, the microstructures obtained were very similar to those obtained for the
previous case. The bond centerline microstructure was not easily distinguishable and

looked like fine dendrites in the matrix of base alloy. The bond centerline microstruchures
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contained 9.7 wt. % Cu, 78.3 wt. % Ti, 9.7 wt. % Al and 0.8 wt. % V. The
microstructures were much more homogeneous than appeared in previous joining

conditions as the Cu-rich dendrites were not observed. The microstructures of the bond

centerline of diffusion Ti-6Al-4V are summarized in Table 16.

Figure 87. (a) SEM image of diffusion bonded Ti-6Al-4V using Cu (25 um) interlayer at
1000°C for 10 h in vacuum, slow-cooled and (b) magnified image of (a).

Figure 88. SEM image of diffusion bonded Ti-6Al-4V using Cu (25 pm) interlayer at
1000°C for 10 h in vacuum, slow-cooled in furnace.
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Table 16. Summary of the microstructure of TLP bonded Ti-6Al-4V using interlayer in
vacuum.

Interlaver | Intetlayer | Bonding | Bonding | Cooling | Bond Centerline Microstructure

Tlickiess | Temp. Time | Method
{pm) {4 fhj

Cu 25 900 L0 Slow | Resdual interlayer (20,2-22.7
L)
Cu 25 9540 10 Slow | Movesidual interlayesr, dendiites

of Cu in the mateix of bage alloy

C 25 1050 10 Slow | Noresidval inferluyer, euteclic
type microgtmetore

Conclusions
The best microstructures obtained for diffusion bonded SS 321 using Au-12Ge interlayer
at 1050°C bonding temperature in vacuum followed by cooling in air, Some Au-rich
particles observed in the microstructure of bonded area for all joining conditions.
Although these particles were smaller for water cooling, microcracks appeared in the
joint centerline at faster cooling rate. Using Cu interlayer to bond SS 321 seemed
impractlical as the interdiffusion was extremely slow. Au-Sn interlayer can be used to
bond S8 321; however, the joining conditions have to be optimized. The maximum
strength of the joint for SS 321 obtained was 70.4 % of the sirength of base alloy.
However, if we consider the cross-sectional area that actually bonded {as it was observed
that there was an unbonded ring about 500 pm thick along the cutside cdge of the bond
line) then the joint strength increases to 8% % of the base alloy. It is expected that using a
thinner Au-12Gc foil would decrease the second phase particles, which, in turn, would

increase the strength of the joint.

The interdiffusion between Cu interlayer and Inconel 718 was too slow and Cu was found

to be an impractical interlayer to join Inconel 718. No residual interlayer was found in the
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joint centerline while Au-12Ge interlayer was used. However, micropores were observed
in the joint centerline. The maximum strength obtained for bonded Inconel was 400 MPa
at 950°C for 15 h with slow cooling. The optimum joining conditions for Inconel-(Au-
12Ge) are yet to be determined. Although the interdiffusion between Cu and S8 321 or
Inconel was highly stuggish, it was much faster with Cu and Ti-6Al-4V system. Cu
diffused into Ti-6Al-4V remained as solution. lowever, ne measurable strengths were
found for this system possibly due io thermal cxpansion mismatch between tensile
specimen and jig or microstructure disruption such as mappropriate ratic of ¢ and 3

phases,
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CHAPTER V
CONCLUSIONS

Commercially pure Ti, Fe and Ni were TLP bonded using commercially available pure or
binary interlayers. The formation of intermetatlics was dictated by the thermodynamics of
the systems and can easily be explained using the binary or ternary cquilibrium diagrams,
It was certain that the formation of intermetallics in the microstructure of the bonded area
affected the strengths of the joint adversely. However, the inlermetallics formed in a
eutectic type microstructure (Ti joints using Cu interlayer) did not affect the joint
strengths appreciably. The maximum strength obtained was 502 MPa using Cu interlayer

and the joints reached ~98% of the strcﬁgth of the base metal.

Diffusion bonding of cp-Fe using Cu interlayers showed a residual Cu interlayer from
1000-1100°C for most bonding times, At 1100°C for 5h, no residual Cu was obtained;
however, a porous microstructure appeared along the bond centerline. The microstructure
of the hase metal near bond centerline contained disperscd Auv-rich particles when Au-
12Ge interlayer was used. Generally, at a higher bonding temperatwe (0.7 Ty) bulk
diffusion is expected, However, grain boundary diffusion was observed only in the Fe-Cu
joining systems even at 1100°C, TLP joining of cp-Ni using Al interlayer was not useful
because of the formation of intermetallics at any bonding conditions. Although no
intermetallics were found when bonding using Cu interlayer, no appreciable strength was

obtained. The tensile strength oblained for the joint with Au-12Ge interlayer was very
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low compared to the strength of base alloy.

Voids seemed to appear in the joint centerline if the joining temperature was much higher
compared the melting temperature of the interlayer. This happened probably due to the
differences in the diffusion rate for base metal and interlayer atoms, This phenomenon is
known as the “Kirkendal effect”. This effect has been cbserved for joining Ti using Cu,

Fe using Cu and Au-12Ge interlayers, and Ni using Al interlayers.

Simple TLP joints were also modeled using DICTRA/Thermocale software. Thesc
software were uscd to simulatc the concentration profiles of Cu and Niin a Cu-Ni
diffusion joint. DICTRA was also used to optimize the mobility parameters from
experimental diffusion data obtained at 1000°C for Ni-Cu systern. The interdiffusion
coefficient calculated from the optirnized mobility parameter agreed well with the
experimental data, The simulated profile obtained at 1100°C agreed very well with
experimental profile. For the Ni-Al binary and the Ni-(Au-12Ge) ternary systems the
simulated profiles did not match with the simulated profiles because of the lack of proper
mobility and thermodynamic database. This modeling method can be extended to
different jeining systems and for higher order alloys provided that appropriate mobility

and thermodynamic database are available.

Generally, interdiffusions appeared to be much slower when a commercial alloy was TLP
bonded using same interlayer compared to the pure base metal. For example, the
interdiffusion between Cu and SS 321 was much slower than that observed between Fe
and Cu. Another interesting phenomenon was observed during slow cooling when SS 321

ot Inconel 718 was TLP bonded using Au-12Ge interlayvers which might be called back-
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diffusion.

Au-rich particles were observed in the microstructure of the TLP bonded SS 321 joints
for all joining conditions. Microcracks appeared in the joint centerline at faster cooling
rates than air-cooling. This could be due to the supersaturated solid solution retained at
room temperature, During slower cooling rate the Au atoms precipitate out of the
supersaturated solid solution, thus reducing the chances of micorcracks. The maximum
corrected strength of the joint for S8 321 obtaied was 89 % of the strength of the base
alloy, Tt is expected that using a thinner Au-12Ge foi! would decrease the second phase
particles, which, 1o turn, would increase the strength of the joint, Inconel 718 was TLP
bonded using Cu and Au-12Ge interlayer. Residual interlayer disappeared at the expense
of the introduction of a porcus microstructure when Au-12Ge interlayer was used. The
maximum strength obtained for bonded Inconel 718 was 400 MPa at 950°C for 15 h with
slow cooling. The optimum joining conditions for Inconel-(Au-12Ge) are vet to be
determined. Although the interdilfusion between Cu and S8 321 or Inconel 718 was
highly sluggish, it was much faster between Cu and Ti-6Al-4V system. Cu diffused into
Ti-6Al-4V remained as solution and eutectic mixture. However, any measurablc strength

is yet to be determined.
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Appendix A
Problem Setup for Optimization of Mobifity Parameters
(@@ problem_setup DCM

@@ FILE FOR READING THERMODYNAMIC DATA AND SETTING UPP THE

KINETIC

@@ PARAMETERS WHICH ARE NEEDED FOR AN OPTIMIZATION OF THE
FCC PHASE

@(@ IN THE BINARY NI-CU SYSTEM,

{w(@ RETRIEVE THERMODYNAMIC DATA FROM A USER DEFINED

DATABASE
@@

go data

sw 55014
del-sp

cu ni

rej ph *

rest ph fec_al

get
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@@ APPEND THE KINETIC DATA FROM THE MOBILITY DATABASE IN
ORDER TO

@@ HAVE SOME DUMMY PARAMETERS.

@@

app mob2

def-sp

cu i

rej ph *

res ph {cc_al

get

i@ GO TO THE DICTRA MODULE AND DEFINE THE KINETIC PARAMETERS,
THE

@@ VARIABLE V1,V2,V3 AND V4 ARE TO BE OPTIMIZED. NOTE THAT IF
@@ YOU ARE OPTIMIZING PARAMETERS FOR A PHASE WITH MAGNETIC
@ CONTRIBUTION. LE. USING BOTH MF- AND MQ-PARAMETERS YOU
@ MIGHT HAVE TO ENTER THE PARROT MODULE AND GO BACK BEFORE

@@ ENTERING PARAMETERS CONTAINING VARIABLES.

@@

g0 par

go d-m

@@ MOBILITY OF NTIN NI

ENTER-MOB-DATA
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MQ(FCC_AT&NINLVAY298.15 -287000-69.8%T; 6000 N

@@ MOBILITY OF NI IN CU

ENTER-MOB-DATA

MQ(FCC_AL1&NLCU:VA)Y298.15 -236400+R*T*LN(2.7E-4); 6000 N
@@ MOBILITY OF NI INTERACTION BETWEEN NI AND CU
ENTER-MOB-DATA

MOQ(FCC AV&NINLCUVAD) 298,15 VI+V2*T; 6000 N

{w{@w MOBILITY OF CU iIN CU

ENTER-MOB-DATA

MQ(FCC_A1&CU,CU:VA) 298.15 -205872+R*T*LN(4.9E-5); 6000 N
@@ MOBILITY OF CU IN NI

ENTER-MOB-DATA

MQ(FCC_A1&CUNI:VA) 298.15 -258153+R*T*LN(5.7E-5); 6000 N
@@ MOBILITY OF CU INTERACTION BETWEEN CU AND NI
ENTER-MOB-DATA

M{FCC_Al&CU,CUNILVA0) 298.15 V3+V4¥T; 6000 N

@@

@@ GO TO PARROT AND SAVE SETUP ON FILE

@@

2o parrot

create-new-store-file opt

set-inter
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Interdiffusion Coefficients in Ni-Cu System at 1000°C (dop file)

@ e - e

$ DOP-FILE CONTAINING EXPERIMENTAL INFORMATION USED DURING
THE

S OTIMIZATION IN PARROT (COMPARE WITH POP-FILE USED WHEN
EVALUATING

$ THERMODYNAMIC DATA). THE EXPERIMENTAL DATA IHERE STEAM
FROM

§ V.T. Heumann, K.J. Grundhoff, Z, Metallk, 63 (1972) 173,

$

$ CONSULT THE THERMO-CALC USER'S GUIDE TO LEARN MORE ABOUT
SYNTAXES

$ FOR OPTIMIZATION OF THERMODYNAMIC DATA.

ENTER CONST P0=161325

TABLE HEAD 10

CREATE NEW @@,

C-S PHFCC=ENT ]

S-C T=1273,N=1,P=P0

S-C X(Cu=@1

EXPERIMENT LOGDC(FCC_A1,CUCU NI=@g2:.1
TABLE_VALUES

0.05 -14.8
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0.1 -14.78

0.146 -14.68
0.204 -14.655
0.25 -14.633
0.30] -14.575
0.35 -14.49
0.4 -14.415
0.455 -14.433
0.505 14275
0.553 -14.21
06 . -14.165
0.65 ~14.06
0.7 -13.96
0.755 -13.833 -
0.804 -13.725
0.859 -13.567
0.904 ~13.475
0.93 -13.4125
0.953 -13.34
0.979 -13.325
TABLE_END

SAVE

END
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Kinetic Database Used in DICTRA/ThermoCalc for Ni-Ciue svstem

S Mobility database for Ni-Cu system.

ELEMENT VA VACUUM 0.0000E+0G 0.0600E+00 G.0000E+00!
ELEMENT NI FCC_Al 5.8680E+01 4.7870E+03 2.8796E+01!
ELEMENT cu FCC_Al 6.3546E+01 5,0040E+03 3.3150E+01!

TYPE_DEFINITION % SEQ *!
DEFINE_SYSTEM DEFAULT SPECIE 2 !
DEFAULT COMMAND DEf_SYS ELEMENT VA !
DATABASE_INFO NIST-NiMob database is for Ni-rich fcc alloys. !
PHASEFCC_A1% 2 1.0 1.0
CONSTITUENT FCC_A1 :NLCU: VA : !
ZEROVOLUME_SPECTES VA !
PARA VS(FCC_A1) 0 1.0¢-5; 3.00E+3 N !
$$$$8 Mobility of Ni 55555535555
PARAMETER MQ(FCC_A1&NLNi:VA:0) 298.15 -287000-69.8%T; 6. 00E+3 N !
PARAMETER MQ(FCC_AI&NLCU:VA;0) 298.15 -236400+R*T*LN(2.7E-4);
6.O0E+3 N !
PARAMETER MQ(FCC_A1&NLCU,NI:VA;0) 298.15 -114969+79.78*T; 6.000E+3 N
!
$3$5$ Mobility of CU $3$$$855$$S
PARAMETER MQ(FCC_A1&CU,CU:VA:0) 298.15 -205872+R*¥T*LN(4.9E-5);

6.00E+3 N |
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PARAMETER MQ(FCC_A1&CU,NLVA;0) 298.15 ~258153+R*T*LN(5.7E-3);
6.00E+3 N !

PARAMETER MQ(FCC_A1&CU,CUNLVA;0) 298,15 -101869+87.8*T; 6.000E+3 N

Problem Setup in DICTRA to Calculate Concentration Profile of Diffusing Species
@@LOGFILE GENERATED ON PC/WINDOWS NT DATE 2010-12-28
{@@With gradual heating, dwelling and cooling,,

go da

sw ssol4

def-spec ni cu

rey ph * all

res ph fec_al

get

app us nicumob.1db

def-sys ni cu

rej ph * all

res ph foc_al

get

go d-m

set-cond

GLOBAL

T

it
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630+time*.0667

11145

y
1373.37

y

1373.37-time* 0667

11145

N
enter-region
Ni-Cu
enter-grid
NI-CU
15Ge-6
LINEAR
301
enter-phase
ACTIVE
NI-CU

MATRIX

124



fee_al
ehter-comp
NI-CU
FCC Al

I

W-p

cu

read cu.dat
set-sim-time
leo

YES

les

1E-07

1E-07

2

NO
ACTIVITIES
YES

YES

1.0
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2

NO

YES

save pracl y

set-inter
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Appendix B

Verification of mass conservation:

Figurc 89. Diffusion couple used for simulation in DICTRA
Amount of Cu before simulation in the diffusion joint:

e, A O {nolMpansityiof Cu
Amount of Cu (wt. %) = —— — = — -
Vet Ed T wrt B {molxdensity) of Cutivelxdensityd of NI

Considcring the mterlayer and base metal as cylinders (Fig. 7) we obtain

BT R R P

Amount of Cu (wt. %) =

wrl oy WAy TR R AN

Where h¢, and Ay are the lengths of Cu interlayer and Ni, respectively, pe, and pyy are the
densities of Cu and Ni, respectively, # is the diameter of the Cu foil and Ni

Because of equal diameter we pet;

Amouni of Cu {wt, %) =

ReuX e, . (12.5x.55955 +137 B x.001) B ¥4
ReaKpre ThpiXone  (1LEXSTFIFRL1ET.EN.OEL) KB S5 401055 00601 < 13 F .5 559 KB 502

= B458%;

Density of Cu and Ni are 8.94 and 8.902 gcm™, respectively. Interlayer contains 99.999
wt. % Cu and .001 wt. % Ni, base metal Ni contains 99.9 wt, %Ni and (.1 wt. %% Cu.
Amount of Ni (wt. %) =

hgolont _ [12.8%,00001 +137.2255999 %B.502
higw ooy ThpResy  (12.EXS95534137.5%. 801 # 854 +{12.5X.000 01 +157 EX.555) X8.801

= 91.5342%

From simulated profiles:
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Flwt s Co many _ Awklwedg cul
156 pom 156 pm

Total amount of Cu (wt. %) =
Where Ax is the distance between two node points and equals 0.5 pm, The amount of Cu
was calculated at every 0.5 pm distance. The length of the inferlayer was 12,5 pum and the
length of basc metals was 137.5 pm.

1. At 1050°C for 15 h; Cu wt, % = 5.168; Niwt, % =91.17

2. At 1070°C for 10 h; Cu wt, % =9.16; N1=91.17%

3. At 1100°C for 10 h; Cu wt, % = 9.186; Ni=91.15%

Average Cuwt, % =9.171

There is a difference of 0.713 wt. % betwecen the starting amount of Cu and the
estimaiion from DICTRA with an error of 8,43 %, For Ni the difference is .379 % with

an errvor of 0.41%
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