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ABSTRACT

DEVELOPMENT OF DIFFUSION BONDED MATERIALS FOR
ELECTRONICS COOLING APPLICATIONS

At abay, Sila Ece
M.S., Department of Metallurgical and Materials Engineering
SupervisorPr o f . Dr. Arcan F. Derici og

SeptembeR017, 124 pages

Failure of most of the electronic systems are originating fdeteriorationof the
components due to excessive heat flux generation. The unstoppable denmaace
complexand miniaturizeelectronic systemmakes thelevelopnent ofmore suitable
and feaible production methods fortheir cooling systems and components
compulsory In the scope of thistudydiffusion bonding behavior of the aluminum
(Al) 6063 alloy was investigated tmake this bonding method and alloy system
available for theelectronic ooling systemsin diffusion bondingeveryparameter has
an important effect on the properties of thesulting joints. These effects were
investigatedn this study to determine the optimum bonding paramétersrms of
the resulting mechanical propesdief the jointsConsequentlymaximum bond shear
strengthwas achievedinder 13 MPa pressure at 5@0for three hoursvhen the
bonded samples were cooled in Rireservinghe physical and chemical properties of
the base metal is essential along withagbhg high bond strengtlier the formation

of a solid joint. To minimize thelegradationn the properties of the alloy without
altering the composition, silver, nickel and gold interlayers were applied to the bond

interface. However, interlayer addition wa®vento beunsuccessful in terms of bond



formation. Rather than using an interlayeddition of copper(Cu) and tin(Sn) as
alloying elements to thél 6063 was also studied to examine their effecttoan
properties of botlthe base metal andiffusion bondedoints. Cu alloying was found
to be preventing the loss in the mechanical erigs of the base metal without causing
any increase in the bond strendiim the other hané&nhancement of joint formation
was observed in the Sontainingalloys along with a slight decrease in the strength

of the base metal.

Keywords: Solid State dining, Diffusion Bonding, AIMg-Si Alloys, Interlayer
Addition, Alloy Production, Mechanical Testing.
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¥Z

ELEKTRONKK SOJUTMA SKSTEMLERK K¢KN DKF! Z
Y¥NTEMKYLE MALZEME ! RETKMK VE KARAKTER

At abay, Sila Ece
Yiksel Metsaams i ve Mal zeme Miuhendi s
Tez YOonetDrc.i sAr:caPr oF.. Dericiogl u

Eyl 4l 2syfa7, 124

El ektroni k sistemlerdeki bozul mal ari n pe
nedeni vyl e cal 1 smay. dur dur ma ssisterdlexim kay!l
karmsi kl 1 grnin artmas]| konusundaki onl er
sistemlerinin ve sistem parcalar. I ¢in
dogur mustur . Bu c¢cali sma kapsaminda el ekt

Uzeral Uminyum 6063 alasit minin difdazyonl a
bagl ama sirasinda kullanil an her degi ske
Oneml i bir etkisi ol dugu bilinmektedir. |
etkisii ncel enmi s ve numunel &r sii X aMRa kit as 13n ¢s @

tutulup daha sonra havada sogutul dugunda

gozl enmistir. Basar i1 bir baglanmadan s
ki myasiakl|l &édrziemiln kor unmas:| da en az yukse
Onem arzetmektedir. Di fuzyonla bagl anma

mal zemesinin kompozisyonunu degistirmede

gumus, ni kel veykd ealmi st i kat Aamlkart man uy

vii



numunel er bag olusumu acisindan basari1 | ol
mal zeme ve bag kuvvetine etkisini i ncel emek

mi ktarl arda bakir vezKelmdy nenkilsgnmi.s Bvaek 1et kil le

nemunel erin bag kuvvetinde herhangi bir art.
yasanan mekani K zay!1 fl amanin engell endi gi

numunelerde ise ana malzemede mekanik olarak hafif bir bozunma bi r I i kt e b a/(
kuvvetinde 6nemli artislar ol dugu go6ér 0l mistd
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CHAPTER 1

INTRODUCTION

Wide variety of &ctronic componentsire being usedn daily life from home
appliances to personal computers. In additibay also have a key importancethe
military and aerospace applicatiosach asunmanned aerial vehiclesadars and
surveillanceFailure of these systems especially in militarg aarospace applications
can lead to catastrophic accidents resuiitigss of both life and financial resources.
Most of the failuress causedoy the degradation or malfunction of the electronic
system due to excessive heat flux generaibmany level The increasing emand
towards the miniaturization of electronic systems has resulted in a draiseiticthe
amount of heat generated per unit volumieich iscomparable in magnitude to those
encounteedin nuclear reactorsr atthe surface of the suTherefore, dvelopment of
cooling systems for the electronic components is essential in order to minimize the

temperature rise of the components and to improve the reliability and service life.

Cooling systems can be integrated to the electronic coemp®mt the chip, board or
system level depending on the amount of heat that need to be dissipated. Every level
in the hierarchy of thermal management includes different solutions such as use of
thermal pastes at the chip level, cold plates at the bogedl dad liquid coolant
systems at the package level. However, heat sinkbeingused to carry away the

heat from the system at each level makingdbsign of the heat sinks significant on

the development of thermal management techniques for elecéymtems.

Most of the heat sinks used in the engineering produeigroduced from aluminum
alloys due to their good combination of mechanical and physical properties including

high specific strength, high wear, corrosion and creep resistance, reldtigaly



thermal conductivityalong withlight weight and easy processing. Depending on the
required amount of heat dissipation and thermal resistance of the device various
production techniques are used to produce aluminum heat sinks. Commercially used

heat enks are generally produced via extrusion, die casting, forging, folding or skiving.

Increase in the generated heat flux due to continuous increase in the complexity of the
electronic systemsnakesthe improvement in the efficiency of the heat sinks
necesary In order to meet this requirement more complex shaped heat sinks must be
produced for increased area of the heat dissipation. Since it is impossible to produce
this complex shapes as monolithic parts using commeifaimication techniques,
bonding of the components required. Thermal pastes, brazing and welding are
generally usedsbonding methods for the bonded heat sink production. Although
bonded heat sinks offer 2€BD0% increased efficiency, all of the mentioned bonding
techniques have their disadvantages. Pastes generally act as a thermal barrier and
decrease the thermal conductivity of the reak. Both welding and brazing involve
solidification of a liquid phase that may cause defects like porosity, segregation etc.
during assembly. Pressure applied during brazing causes the liquid metal to fill the
cavities and results in a decrease in the effective cooling area. Therefore, further
increase in the efficiency of heat dissipation requires development of a bonding
methal that can be conducted at low temperatures without the presence of any liquid

metal. Solid state diffusion bonding is a promising method for this purpose.

Compared to conventionally used joining techniques diffusion bonding has many
advantages. It can lapplied on both similar and dissimilar materials without causing
any macroscopic deformation. Microstructural defects due to solidification or
uncontrolled phase transformations are not associated with the diffusion bonded joints
unlike brazing and weldm Furthermore,tiermal resistance accompaniagthe use

of pastegds eliminated since the properties of the diffusion bonded joints are similar

to thoseof the parenbr basamaterials.

Properties of the diffusion bonded joints are controlled mainly imyportant process

parameters; time, temperature and pressure. Bonding should be carried out at a



temperature range between -0.8 of the melting point of the processed material.
Applied pressure should be kept below the yield strength of the matehal@bcess
temperature to prevent plastic deformation during bonding. Holding time should be
high enough to form a solid joint. All of the mentioned parameters should be adjusted
precisely to obtain a solid bond with high bond strength, without causigg a
degradation inthe microstructural, physical and chemical properties of the base

material.

In this method bnding is achieved via atomic diffusion through the initial contact
established at the surface asperities of the base matkritils. case ofite aluminum

and its alloys, e stable native oxide film forms on the surfacéeinhibits theinitial
contactmaking diffusion bonding of aluminum alloy&irther challenging. Careful
surface preparatioand use of a protective atmosphere during bonditung with
introduction of interlayers or alloying elements were reported in several studies
However, there are no commercially applied processes repddedate for the
diffusion bonding of the aluminum alloys.

This master thesis contains five chaptergitre information about diffusion bonding
behavior of the aluminum 6063 alloy. In Chapten2iterature review consisg of
several parthas been presentéd give a theoretical background about the topics
covered in this study. Firstly, necessitytloé coolingof the electronics was explained
along with the important parts of the cooling systems emphasizing thesihkst
Then, detailed informatioabout thealuminum(Al) 6063 alloywasgiven, which is a
commonly used alloy ithe production of heaexchangers. In the last part of this
chapter an elaborative explanation on diffusion bondimgs given focusing on the
previous studies on diffusion bondingtbe aluminum alloys. Chapter 3 presents the
experimental setup and materials used in thisystistperimental parameters and
characterization studies including SEM, XRD, D8falyses as well asechanical
testinghas beerntroduced in this chapter. Results and discussion given in Chapter 4
wereagain divided into subategories fothe ease of treking. In the first part of this
chaptey determination of th@ptimum process parameters fbe diffusion bonding



of the Al 6063 alloywas coveredIn the next part, effect of variety of interlayer
materials applied to the bond interface vpassentedIn the last part effect of the
alloying element addition to this alloys systdras beerdiscussed using the data
obtained from the diffusion bonding of the cast alloys. Finally, conclusion with the
future remarks are presented in Chapter 5.



CHAPTER 2

LIT ERATURE REVIEW

2.1 Cooling in Electronics Applications

Electronic devices are needed in every part of modern life from toys and home
appliances to high performance computers. To increase the service life and reliability
of a system its essential to increase the reliability of its electronic components. Failure
of mostof the electronic components is due to the excessive heat generation during
the servicesince current flow througtine resistorss accompanied by heat generation

[1]. As the trend towards highly integrated electronics and simultaneous
miniaturization escalates, heat flux generated by the electronic compdrants
increasedd the leves comparable to the heat flgenerated by a nuclear blashere

the former one occurs at relatively lower temperat(fFegire 2.1)
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Figure 2. 1. Heat fluxes for various events as a function of temper§2jire



Increase in the heat fluxauses an increase in the temperature of the system which
results inthe loss of the efficiency of the system due to activation of failure
mechanisra and degradation of the materidl3]. Furthermore thermal stresses
generatedead tothe failure of the solder joints of the components mounted on the
circuit board. Therefore, cooling of electronic equipment is crucial to increase the

performance and operation |if4].

2.2. Heat Transfer

Cooling of an electronic system requirethe operation ofseveral heat transfer
mechanisms to transfer the heat from one medium to another. There must be a
temperature difference between thesediafor the heat transfeto occur[5]. Heat
always flows from the higher to lower temperatureedium following the path that has
thelowestthermalresistancdor theheat flow. Heat transfer occurs basicallythnee

different mechanisms which are conduction, convection and radjation

Conduction is the transfer of heat energy via molecules, atoms, ions etc. from high
temperature medium to low temperature medium. Thermal conductivity of the
material, temperature gradient between the two medium and the size and shape of the

heat transfepath will determine the rate of heat conduc{iéh

When heat is carried away with the aid of a fluid it is called convection. There are two
types of convectional heat flow depending on the force that causes the heat transfer.
Heat transfer due to the density and temperature gradient between the mdtid is ca
natural convection, while heat transfer due to an external force is called forced

convection7].

Radiation is the transfer bkat from one body to another via electromagnetic radiation

waves[6].



2.3. Thermal Management Techniques

Thermal design and management in electroeidgais has a hierarchical ordehere

all partsof the systenshould be considered individuallyhermal characterization
should begin at the chip leyéhen thermal management of the bgayd whichall of
thesepartsare mountedshould be conducted. Final stagealethermal management

is at the gstem level where all of the circuit boards are brought together inside an

enclosed chamb¢g].

Thermal management at the chip level includes conduction of heat from the chip to
the package surfadellowed byconvection of this heat from the outer surface via heat
sinks (Figure 2.2)2]. Fa effective cooling materials with low thermal resistance such
as adhesivetoadedwith diamond, silver omparticles ofother highly conductive
materialsas well aghermal greases, thermal epoxies and phase titamgterials are

used to attach the die te heat spreader, which is also a material with high thermal
conductivity, to spread the hegitthe outer surfacg@]. Heat sinks are attached to the
spreader to increase the surface area for heat dissipation. Heat rémawghheat
sinksoccursvia natural or forced convection depending on the heat flux generated by
the systemDeterminationof the coolant fluidin the case of liquid cooling also

dependent on the heat flux that must be removed from the spisiém

Heat Reject

Heat Sink
Interface Material

Heat Spreader

Chip
| — Substratle

BGA Heat Reject Epoxy interface

Figure 2.2. Schematic of thermal packagiffgj.



Cooling at the circuit boarvel is maintained via conduction througtinted circuit

boards PCB9 or via natural air convection. For higher heat fluxes heat sinks or cold
plates are attached to the back of the PCBs. Cold plates are generally preferred for
harsh environments wherese of air cooling is limited due to low gravity and air
density at high altitudesf operatior{2].

System level includes stacking of PCBs inside a rack, chassis or cabinet. At this level
cooling can be maintained via natural air convecasshown in Figure 2.3 or via
circulaion of a fluid through the wallthe housing structuréf the system is cooled

with the aid of a liquid coolant thermal packaging requires integration of refrigeration

systems, heat pipes, heat exchangaopumps[11].
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Figure 2.3. Schematic of an air cooled chassis systgin

Although there are different sdians at every level in the hierarchy of the thermal
management, heat sinks are used to carry away the heat from the system at each level.
Thus, designproductionand joiningof the heat sinks play an important role on the

development of thermal managerh&thniques for electronic systefdZ].



2.4. Heat Sink Design

Heat sinks are designed dependingewveral factors includinigpe amount of heat that
must be dissipated from the system, maximum allowable junction temperahde
thermal resistance of the device. Efficiency of the heat sink dementhe areas of
heat dissipation and amounitfluid flow through it[13]. Most commonly used ones
are air cooled heat sinks with natural or forced convedtdh. However, with

increasing miniaturization and complexiy the systerathe heat flux that must be

removed increasewgjhereliquid cooled heat sinks are used for such sys{ésis

2.4.1. Heat Sink Materials

The most important material property to consider in heat sink material selection is the
thermal conductivity of the materialable2.1. shows thermal properties of various
metallic alloys commonly used in heat sink produntiid4]. Although there are
materialswhich have higher thermal conductivityalues such asilver, diamond and

gold, they are not preferred as heat sink matedak tocostconcerng16].

Table 2.1. Thermal properties of variousetallic alloys available for heat sifkg].

Material type Themnal Thermal Heat flow
expansion conductivity kg/m3]
coefficient [ppm] [WWmik]

L 23 204 2710
Copper 17 390 8960
Copper-

Molybdenum T2 195
Copper-
Graphite 2 350
RS 5.5-8.0 180-210 3000

Aluminum (Al) and its alloys are the most commonly used materials for the production
for heat sinks due to their relatively high thermal conductivity, light weight, easy

processibility and relatively low cost. Another metallic material that is often used in



heatsinks is copper. Thermal conductivity of copper is two times higher than that of
aluminum however, it is three times heavier than aluminum and processing of copper

can be problematid 6].

Radiation characteristics of the heat sink material is an@tbeeto considcer during
material selection. It is better for heat sink materials to mfnéaredradiation.At this
point, another advantage of Adlloys as heat sink material is that surfaces of these
alloys can be subjected to oxidizing, blacking or anodizing teass thie infrared

radiation emission capacify7].

2.4.2. Heat Sink Production

Various production techniques are used to produce heat sinks from aluminum and its
alloys. Commercially heat sinks are produd®d extrusion, die casting, forging,
folding, skiving or bonding (Figure 4.

Extrusion is used tproduce profiles for heat sinks. Typically billets of material are
placed in an enclosure and extruded through a die to the desired dim@mgion
Generally, an additional machining process is requmeattachother components to
the extruded part. Thickness of the extruded fins usually changes betwesm 0.6
mm. Heat sinks producely this method are used for dissipating heat via natural
convection or forced convection of §l8].

Die casting is an another popular technique tfog production of heat sinks.
Geometrical omplexity of the parts are not as limi as in extrusionand also byhis
method dimensional accuracy of the produced parts are Hitlemherefore, more
efficient heat removal can be obtained due to lower fin thickness and higher heat
dissipation aredy die casting however, thermal conductivity of the cast alloys is
lower comparedathose of thextruded alloys. Solidification defects like porosity and
inclusions are the most important drawback of the cgstegause they cause
scattering and decrease the thermal conductivity. Another issue with die casting is its
high initial costrequired[17].
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Although, forging is not as common astrusion anddie casting, it has several
advantagesuch assuperior surface finish, high strength, structural rigidity, close

tolerance capabilities, continuity of shape and high uniformity of mafégal

In skiving fins are machined using a special tool. Skiving is applied to produce
extremely fine and curved finned heat sinks. It is only preferred wheriscoet a
limiting factor[14].

Some heat sinks are produced by folding the sheet metal into serpentine fin array.
These folded arrays aresthbonded to the base of the heat $ir{.

Figure 2.4. Examples of heat sinks produced by a) extrusion b) die casting c)
skiving d) folding[17]-{19].
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Toimprovethe efficiency of the heat dissipation the area of the cooling sisfeced
be increased by using structures with relatively complex shapeproduce such
complex shapes assembly of thdividual parts are required 4], [20]. Bonding is

usedto assemblextruded or folded heat sinks on to a bd$3.

2.4.3. Bonded Heat Sinks

Bonded heat sinks offer 2€8D0% increased cooling surface am@mpared to
conventional bulk heat sin§&4]. Epoxy based adhesivebrazing and welding are
generally used bonding methods foe heatsink productidd7].

Using a bonding agelike epoxy generally acts as a thermal barrier and decreases the
thermal conductivity of the heatsirjk9]. Brazing ha the advantage of low joining
temperature which prevents distortion during thedneg. However, both welding and
brazing involve solidificatiorof the filler and/or the base materihlat may cause
formation ofdefects like porosity, segregation etc. during assefiddly Presence of
pressure during brazing causes tlyil metal to fill the cavities and results in a

decrease in the effective cooling af&d].

For increased efficiency a joining method that can be conductedexttemperatures
without the presence of any liquid metal is required. Solid state diffusion bonding is a
promising method fothe production of heisinks with high integritypreservingthe
‘“internally bound’ flow channels running thr
there are some examples of diffusion bonded compact heat exchangers, this method

requires further studying to optimize ftire production of high efficiency heatsinks

[22], [23].
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2.5. Diffusion Bonding

2.5.1. Introduction and Its Applications

Diffusion bonding (DB) is a widely used industrial joining technique in which a
monolithic joint formation is achieved through solid stdifusion [24]. Diffusion
bonded engineering components are in use ariety of fields such as
electronics/sensor industry, nuclear industry, aerospace and automotive iggustry
well astransportatiorj21].

Properties and microstructures of the joints obtained via diffusion bonding are similar
to those of pant materials (Figure 2. Therefore, there are no limitations in service
conditions of the diffusion bonded jointwhere no filler materiak and their
solidification are requireds in the case difrazing and weldingwvhich are associated

with typical microstructural defect®5].

E S, a0 L W

Figure 2.5. Microstructure of a diffusion bonded joif26].

Along with metals and ceramics, diffusion bonding is also a viable joining method for
heatsensitive materials, for materials with a tenacious oxide layer and for composites

which are difficult to be joined by other proces$2%]. Both similar and dissimilar
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materials can be joined using DB with or without the use of an interlayer in between.
Quality of the bond is determined depending on the chemical composition,

microstructure and meahical properties of the interfaf2s].

Unlike other joining methods no macroscopic deformations or uncontrolled phase
transformations occur during diffusionrmting[29]. DB is a near net shaping process,
that is to sayo additonal machining or forming operation is required for the bonded
component$30]. Structural inhomogeneity associated with the temperature gradient
is also minimized for diffusion bonded joints. Therefore, diffusion bonding is a cost
effective method for the prodtion of parts with minimum dimensional tolerances
[30].

2.5.2. The Mechanism of Bond Formation Solid State Diffusion Bonding

In diffusion bonding joint formation is achieved by bringing two prepared surfaces

together under pressure at elevated temperd@tgsThere are several hypotheses to

explain the joint formation mechanism in DB. Firstonthis' Fi | m Hy p atnldesi s

it suggess that the difference ifpinability of different materials is explained by the

difference in their surface film characteristics. All metals can form a solid bond if

stable surface oxide films doe ruptured and contact between twistinesurfaces

can be establishe®n the other handceording tothe® Recr yst al |l i zati on Hyp
when materials are subjected to high temperatures, deformation and strain hardening

of the faying surfaces cause atoms to move betwedwo parent materials and bond

formation is established. There is an rgyethresholdof the atomsfor adhesion
according t o’ whdeeheatramdyefofntaton incyeases the energy of the
atomrendering thenterface betweethet wo pi eces di sappear. Il n t
Hypot hesi s’ pl asti c dimng oausesadisibcations tommpve s ed dur i
to the free surface ruping the oxide film and produieg steps on atomic scakghich

enhance the joint formati on. “El ectron Hypoc
configuration is formed at the interface as a restilnetallic bond formation. The

final and most widely accepted one is the ‘I
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hypothesis due to the difference betwdle@energy levels of the surface and bulk
atoms interatomic diffusion of atoms into the bulk ispmssible 6r the bond

formation[32].

The mechanism of bond formation during solid state diffusion bonding can be
summarized in three stagas illustrated irFigure 26. Asperities are formed ale
surfaces to be joined during preparation prior to bonding. During the first stage of DB
initial contact between these asperities is established and this contact area grows by
yielding of the asperities and by creep deformation. Local disruption outfece

film enables metal to metal contact. At the end of this stage, a large volume of voids

remains between localized bonded regi@3.

Figure 2.6. Schematic illustration of stages of diffusion bondia4).

In the second stage, void shrinkage occurs through grain boundary diffusion and
metallic bond formation. Duringhe last stage, remaining voids are eliminated via

volume diffusion of atoms followed by recrydizdtion and grain growt[26].
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2.5.3. Bonding Parameters

Quality of the diffusion bonded joints mainly deperah the parameters such as
pressure, temperature, holding time and surface condifiphed during the bonding
processThese propertieshould be adjusted precisely to contt@ microstructure to

obtain the desired properti¢35]. Bonding temperature should b8.50.8 of the
melting point (T) of the processed materials, and applied pressure should be below
the yield strength of the material at the process temperature to prevent macroscopic
deformation during the bondimqrocesg36]. Holding time should bengenough to

form a solid joint without causing any degradation in physical and chemical properties
of the base materigs2], [37].

2.5.3.1 Surface Preparation

Morphology and physical state of the surfaces play an important role on the joint
quality, since bond formation directly depends on the contact between ahegm
surface$21]. Surfacemorphologyis dependent on theroduction method (machining,
milling, grinding etc) andthe surface finishapplied Macroscopic asperities on the
surface is referred as waviness while microscopic ones are tefsrreughned82].

To ensure initial contact waviness of the surface should be minimum which can be

achieved by improving the surface finish of the materials (Figuie 2.
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Figure 2.7. Contact between wavy surfaces after machifid2j.

Several studiebave beeronducted to understand the effect of surface geometry on
the bond strengtlwhere it has been ooluded thatfor effective diffusion bonding
different surface geometries are required for materials with or without surface oxide
films [38]. Higher bond strengths are obtained when smoother surfaces are brought
together for oxide free matials due to an increase in the contact 82k In the case

of materials with stable surface oxide films, increase in the roughness of the mating
surfaces leads to an increase in the bond giinedue to an increase in the local
disruption in the oxide filnj31].

Tensi et. al. studied the diffusion bonding of Al 7475 sheets with different surface
finishes[39]. Figure 28 shows that coating thieitial surface with copper yields an
insufficient bond strength. Bond strengths are higher for the surfaces prepared by
grinding and brushing due to disruptiortioé surface oxide film and establishment of
metal to metal contact. Obtained bond strengths are higher for brushed surfaces
compaed to gound surfaces, since brushing results in a higher roughness values
leading to an increase in local deformations. The highest peel strength is obtained for
the specimens prepared un@egon atmosphereasfracture of oxide film under a
protectiveatmosphere promotes the diffusion bond formation.
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Figure 2. 8. Effect of surface finish on the peel strength of diffusion bonded Al 7475
sheets at room temperatysg].

These results are alsoagreementvith the study conducted by Zuruzi et, al.which
tensile propertiesf diffusion bondedAl 6061 alloyjoints prepared using coarse and
fine grinding papers were investigat@d]. The results revealed that the specime
ground with 180 grit SiC paper yiedd bonds with higher integrity compared to the
specimens ground with 1000 grit SiC paper (Figuég. 2.
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Figure 2.9. Change in linearized bonded ratio, which is proportional to the bond

strength, as a function of holding time for two different grinding conditié@k

Cleaning of the surfaces also plays an important role on the property of the diffusion
bonded joins. All surfaces are covered with layers of oxide films strongly bonded to
surfaceas well asdsorbed layers of water and gases or layers of greadeRubbing

the surfaces with alcohol or acetone or pickling with acids or alkalis are commonly
used methods to remove thesis@bed layers. Although all of tleovementioned
methods were proveto be successful faheremoval of the dsorbed surfacelers
hence, theformation of effective joints to a certain extentusage ofchemical
treatments involving acids and alkaliss shown taesult in joints withthe highest
integrity [21], [30], [32].

2.5.3.2 Bonding Pressure

Pressure is required deform the surface asperities at the first stage of the bonding
processincrease in the bonding pressure would lead to an increase in the deformation

of these asperitieeading toan increase in the contact area. Hence, integfithe
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bonds is expected to increase with increasing bonding pressure. However, applicable

pressure is limited to the yield strength of the parent material at bonding temperature.

Bond strengths for several materials as a function of bonding pressureare ia
Figure 2.D [32]. It is seen that increase in the pressure up to a certain value leads to
an increase in the bond strengiito a thresholébr all of the tested materialwhere

further ncreasen that value haalmost nceffect on the bond strength of the joints.
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Figure 2.10. Joint strength as a function of bonding pressure for 1)} Bfitanium
alloy, 2) 45X14H14B2M alloy, 3) AISI 1050 steel (T = 1273 K),AISI 1050 steel
(T =1173 K), 5) Kovar, 6) MB copper and 7) CM-28 cast iror{32].

Figure 2.1 shows thehangen thebond strength for an Al 7075 alleyith the applied
bonding pressure. These findings are also in agreement with the previous ones. At
500°C bond formation starts under 2.5 MBhpressureand 20% increase in the
specific bond strength is observed when pressure is increased to 4 MPa. Increasing
pressure ftther does not have a significant effect on the bond formation and becomes
less effectiveat higher temperatures. Therefore, it can be concluded that there is an
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upper and a lower limit for the bonding pressarel these limits are highly dependent
on bording temperature. Yield strength of the materials diminishes as the temperature

increases along with both upper and lower liroftthe bonding pressufél].
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Figure 2. 11 The effect of bonding pressure on the specific bond strength of Al 7075
alloy [41].

2.5.3.3 Bonding Temperature

Properselectionof the bonding temperature is one of the most impoitsutes in
controlling the properties of the base metals atiffusion bondedjoints. Bond
formation occus via grain boundary diffusion and seliffusion after initial contact
between two surfacdsas beerestablished42]. Elevatingtemperature increases the
diffusion rate due to an increase in the atomimbility. In other wordsjncreasing
bonding temperaturghould enhance theond formation. However, there is a limiting

temperature for DB to preserve the mechanical properties of the basebxetskive
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increase in the temperature is accompanied by rapid g@itlgeading tdoss inthe

strength of thebasematerials. Another reason why bonding temperature should be
kept as low as possible is the decrease in the yield strength at elevated temperatures.
Applied bonding pressures may cause gross plastic deformatat higher

temperaturef32].

The study on diffusion bonding behavior of Al 7075 alloy conducted by Huang et.al.
also proves that integrity of the bond increasgth bondingtemperature up ta
limiting value. Further increase temperatureloes not contribute to thmprovement

of thebond strengthon the contrary, itauses degradation thfe material properties

due to grain growth (Figure 21[41].
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Figure 2.12. Effect of bonding temperature on bond strength and grain size of
diffusion bonded Al 7075 alloj41].
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2.5.3.4 Bonding Time

During the second and third stagdé the DB void closure and a solid bond formation
occurs. Time is required for atomic diffusion during these stages. Required time
changes depending dihe bonding temperaturand pressurapplied Closure of the
voids is followed by recrystallization and grain growldtat is to saythere is an
optimum time for bondingand exceeding this time only results in degradaticihef
properties of the base materig32].

Li et. al. studied the size and geometry of the voids at the bond interface -Gf7a Ti
alloy. Results shown in Figure 3.1lreveals that the main mechanism for bond
formation is the void closure which appe#wsoccur at the very beginning of the
bondingprocessAlthough amount of voids continues to decrease with further increase
in time, bond strength exhibits a slight increpss].
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Figure 2.13. Variation of a) average size and amount of voids, b)rstteength of
the joints with time in TFil7 alloy[43].
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2.6. Introduction to Aluminum and Its Applications

Aluminum (Al) and its alloys have widespread applications in variety of engineering
applications in manufacturing, aerospace and automotive industry due to their good
combinaion of mechanical and physical properties including high specific strength,
high wear, corrosion and creep resistaatmng with controlled thermal expansion
coefficient[44]. The shiny finished surface of Al alloys makes them available for
decorativeapplicationsand since Al is nottoxic, they can be used in contact with the
foods[45]. One of the most important physical properties of aluminum alloys is their
high specific 3% whicemages thesé gioys2a. piomigirandicdate

for construction of strong lightweight structural parts like cylinders and piaoownel|

asmachine partandspacecraft and automotigcemponent$46].

Aluminum alloys can resist corrosion by salt water and other environmental factors
and by a wide range of other chemical agents when properly alloyed and heat treated.
Thus, they are also suitaldtar theprodudion of structural parts to work in corrosive
environments like pressure vessels, tanks, chemical equipment containers, medical

equipment and marine componej#g], [48].

Solid solution strengthened Al alloys maintain their physical and mechanical
properties atelevatedtemperatureswhile they also maintaitheir toughness at
cryogenic temperatureg herefore they can be used ia wide range ofkervice

temperaturef49].

Al alloys are known to be excellent conductors of heat and elegtrElectrical
conductivity of the aluminum is twice that of the coppesind thermal conductivity

of Al can be reach to 60% that of the coppevhen measurdatirough identicatross
sectional areaConsequentlyAl alloys are advantageotm applicatiors such afeat
exchangers, electrically heated appliances, radiators, evaporators and automotive
cylinder head$50].

Excellent formability and machinability atke twomost important characteristics of

Al alloys in terms of their widespread applicability and availahil@pmplex shaped
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parts can be produced in various sizes. Variety of methods including welding, brazing,

solderingandabrasive bonding are available to join the produced aluminum[pé}is

2.7. Aluminum Alloys

Aluminum alloys are divided mainly into two categories as cast compositions and
wrought compositions. Anore detailed categorization can be made according to the
strengthening mechanism of the alloys as work hardening alloys and age hardening

alloys[50]. Figure 214 shows the principle alloy categories.

R
Al-Cu I
Zn
Al-Cu-Mg I
Al-Mg-Si | \  Age-hardening alloys
Mg
Al-Zn-Mg
Al Cu Al-Zn-Mg-Cu
-
A-Si
Mn Casting alloys
Al-Si-Cu
Al-M
Si 9 J

} Wark-hardening alloys

Al-Mn j

Figure 2.14. Categories of principal aluminum alloj45].

2.7.1. Wrought Alloys

Wrought alloys are divided o 8 categories according to the major alloying element
in the alloy[50]. The major alloying elements and strengthening mechanism of the

wrought alloys are summarized in Tablg.2.
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Table 2.2. Classification of Wrought Al Alloys.

Alloy Group Principle Alloying Element Strengthening Method
Ixxx Al Cold Work
2XXX Al-Cu Heat Treatment
3XXX Al-Mn Cold Work
4XXX Al-Si Cold Work
S5XXX Al-Mg Cold Work
BXXX Al-Mg-Si Heat Treatment
TXXX Al-Zn HeatTreatment
8XXX Al-Li Heat Treatment

2.7. 2. Cast Alloys

There is no single designation system for the g&silloys. The most widely used
system for cast alloys is the thrdigit Aluminum Association (AA) system. There are
both heat treatable amdn-heat treatable compositions of the cast Al alloys.-Neat
treatable alloys are used ineast conditior{50]. Classification of the cagtl alloys

are summarized in Table22.

Table 2.3. Classification of the Cast Al Alloys.

Alloy Group | Principle Alloying Element
1xx Al
2XX Al- Cu
3XX Al-Si-Mg, Al-Si-Cu, Al-Si-Cu-Mg
AXX Al-Si
S5Xx Al-Mg
XX Al-Zn
8xx Al-Sn
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2.8. 6xxx Series Wrought Aluminum Alloys

Wrought AFMg-Si containing alloysire known as 6xxx series Al alloys. These alloys
are heat treatable, moderate strength Al alloys. Mg is added to-Bieadys to favor
Mg2Si precipitateformation; henceto utilize precipitation hardening of the alloys
[51]. 6xxx series Al alloys are strengthened via solutionizing, quenching and artificial
aging fdlowing the phase regions in the-Mg.Si phase diagram (Fig15) [52]. The
precipitation sequence dtiie Al-Mg-Si alloys after quenching can be described as
follows: supersaturated solgblution- Mg-/Si- (co-) clusters- GP zones [+ - (3j -
Mg2Si [53]. Formation of FgSiAl12 and FexSikAlg intermetalliccompoundss also

observed depending on the Al, Si and Fe content of the [&lldy
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Figure 2.15. Al- M@2Si phase diagraijb2].
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6xxx series alloys can be divided into three groups depending on the Mg and Si
content. Various application areas of these alloys are summarized in FifuféG}.
Typical example of the first group is 6063 alloy in which total amount of magnesium
and silicon does not exceed 8%, and both elements are in nearly balanced ratio
[52]. In the second group, the amount of magnesium and silicon 8t%%r more

and other alloying elements such as\Wt%3 Cu toprovideadditional strength during
aging treatment and as manganese, chromium and zirconium to control the grain
structure are used. Structural 6061 alloy is the one of the examples of thig4goup
The amount of Mgi phasen the third group is overlapping with the first two with
excess siliconn the structureExcess Si increases the strength of an alloy up to 0.2
wt% Si; however,higher amounts of excess silicon are not beneficial due to
segregation of silicon to thgrain boundaies resultingin grainboundary fracture.

Common examples of this group are 6009, 6@H@ 635kype Al alloys[52].
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2.9. Al 6063 Alloy

6063 is one of the most widely used all@among6xxx series Al alloys. Chemical
composition limit of the alloy is given in Table42[54]. It is a medium strength
aluminum alloy available imarious shapes such as bar, rod, wmdtube. This alloy
is widely used in architectural applications, extrusions, window frames, irrigation

tubingalong withhydro formed tubgfor chassis and heatsinfsb].

Table 2.4. Chemical composition limits of Al 6063.

Component| Wt. % Component| Wt. % Component| Wt. %

Al Max 97.5 Mg 0.45-0.9 Si 0.2-0.6
Cr Max 0.1 Mn Max 0.1 Ti Max 0.1
Cu Max 0.1 Zn Max 0.1 Fe Max 0.35

Other, each| Max 0.05 | Other, total| Max 0.15

2.9.1. Physical Properties

Physical properties of th&l 6063 Alloy is shown in the Table 2][56]. Density and
melting point of tiis alloy is close to the that of pure Atlis frequentlyused to produce
partswhich work at high temperatures like heatsinks due to its relatively low thermal
expansion codtient and high thermal conductivity.
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Table 2.5. General physical properties of Al 6063 alloy.

Property Value

Density 2.70 g/ cms3
Melting Point 655 °C

Thermal Expansion 23.5 x106 /K

Thermal Conductivity 201 W/m.K

Electrical Conductivity 52 % IACS

Electrical Resistivity 0.033x166 Q . m
Modulus of Elasticity 69.5 GPa

Al 6063 is highly resistant to all types of corrosion and stress corrosion cracking. It
has a good formability and machinability. Thus, complex parts can be easily produced
and machinedising this alloy. Weldability and brazability of the alloy are also

excellent for all commercial procesgésl].

2.9.2. Mechanical Properties

Mechanical properties of the Al 6063 alldgpend on theeat treatmerdpplied Most
commonly used heat treatments ttois alloy and their designations are as follows

O- Annealed

T1- Cooled from an elevated temperature shaping process and naturally aged to a
stable condition

T4- Solution heat treated and substantially aged to a stable condition

T5- Cooled from an elevat temperature shaping process and artificially aged

T6- Solution heat treated and artificially aged.

Change in the mechanical properties with respect to applied heat treatment process is
summarized in Table 2[54]. As seen in the tahl¢éhealloy is softest in the annealed
conditionand gains moderate strength when cooled from an elevated temperature
shaping process without any additional heat treatment. Highest strength and hardness

is obtained with T6 treatmeat the expense aluctility.
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Table 2.6. Typical mechanical properties of Al 6063 for varying heat treatments.

Temper | Gurs(MPa) | Oy(MPa) | Elongation % | Hardness (HB)| U ( M
@) 90 48 - 25 69
T1 152 90 20 42 97
T4 172 90 22 - -
T5 186 145 12 60 117
T6 241 214 12 73 152

2.9.3. Precipitation Process

To obtain desired properties abewentioned heat treatments are applied to the Al
6063. Change in the properties are obtained via precipitation @SMghase.
Precipitation behavior of AMg-Si alloy system has been studied extensi\aetg the
precipitation sequence is simplified as supersaturated solid solultgy/Si- (co)
clusters- GP zones B+ - i - B(Mg2Si) [57], [58]. However, it should be noted that
this sequence is not valid for all temperatures and cooling [E®sSome of the
phases might not form or some of them mightx¢sien the same temperature range

depending on cooling rate and possible presence of additional alloying el¢®nts

6063 alloys generally aged at around 1Z0and formation of three distinct types of
precipitates are observed [38]. First stage of precipitation involves fornatidg

and Si clusters. The excess Si pregetite system enhances the precipitation process
by reducing the solubility of Mgpi, and semicoherent GP zones starts to precipitate
from coclusters of Mg and J61]. It is stated that after parecipitation reactions
mo n o ¢ |lxphase dormB without dissolution of the GP zo[%H. After that rod

| i kjerecipitatesform prior to equilibrium pecipitates with a different crystal

structur e. Fi nal(MgSi with 6CCenystahstructpré fartj2]. | i k e

The dloy gains its strengthy the formation of GP zonemnd 3t - (3j precipitatesas

the equilibrium precipitate has little contribution the strength of the allgg3].
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Three distinct temperaturanges of precipitation is determined by Milkereit et, al.
first one is from 450 to 43QC, the seconds from 430 to 300C and the thirds from

300 to 250 C. It has beerfound out that the high temperature reaction is the
preci pi tMgsSiiirmenmediatede mper at ure reacti en i s

t emper atpreciptation®3.ct i on bel ongs

phase and | ow

According to the study conducted by Doan et.al there are six exothermic and two
endothermic reactions observed during aging of aiM@dSi alloy with a constant
heating rate of 10 K.mih(Figure 217) [62]. The low temperature exothermic peaks
indicatethe formation of individual or celustering of Mg and $Sand low temperature
endothermic peakindicate dissolution of these clusters. The exothermic peaks

denoted a& and G areluetot h e f or ma b dpoeBipitatdsrespectively.
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Figure 2.17. Typical DSC thermogram of an Allg-Si alloy at a constant heating
rate of 10K.min* [62].
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2.9.4. Control of Grain Size

Control of grain size is essential to control the mechanical properties of the aluminum
alloys. Generally fingequiaxed grains are required fimprovedproperties like higher

strength and betteorrosion resistandé?2].

These micostructural features can be maintained for all aluminum alloys with the use
of grain refiner additions during castif@éy]. Master alloys of AlTi-Br system aréhe

most widely used grain refiners. BBAIB2 and (T+AI)B: particles are formed with

the addition othesegrain refinersandformedparticles act as a nucleation siteo + «
Al. Addition of other alloying elementiurther increasethe solute contephence,
segregation in the alldg5]. Segregated elements restrict the growth of the/gqlici
interface during solidification leadirtg the formation 6small, equiaxed grainf66].
Although grain refinement efficiency depenuisth on the segregation ability of the
soluteatomsandtheamount othenucleating particlest is foundoutthat addition of

solutes decreases thmain size drasticall{66].

Grain growth is also observed during high temperature processing of aluminum alloys.
Thus, loss in the strength of the alldyas beerobserved after high temperature
processingPreventingrapid heating of the alloy to the processing temperature is a
solutionfor this. In the case of joining of the alloys minimizing the time that the alloy

is beingheld at elevated temperatudsould beminimized[52].

2.9.5. Effect of Cu Alloying

Cu alloying is used to increase the strength andrteess of the aluminum alloys both
atambient and elevated temperatUgey. When Cu is added to the-Mg-Si system
an intermetalliccompoundforms during solidification either as blocky CuAlr as
alternating lamellae f -Aland CuAb (Figure 2.B) [67]. Blocky CuAbk phase is hard
to dissolve during solution heat treatment before aging.
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Figure 2. 18. a) Eutectic CuAl andb) blocky CuAb in as cast AIMg-Si-Cu alloy
[68].

Cecares et.al. proved that increasing the Cu and Mg content increases the strength and
hardness of the Alllg-Si alloy[69]. Strengthening effect of Cu thesealloys depends

directly on the Mg:Cu ratio in the alloy. For lower values of precipitation S(CubJigAl
phase is observeavhile 6 ( C p) précipitates fan athigher valueg70]. Mg.Si or
Q(Al4CuMgsSis) precipitates are also observed for some composjtyetthey do not

have much contributioanthe strength of the allg0].

The precipitation sequencss GPBzaonessSipr eci pi t at
S(CuMgADb) [71], where SSS stands for the swgsurated solid solutiorand GPB

are the GuinePrestorBagaryatsky zone®>r eci pi t ati on of the 6 ph
S e g U e nss 6P zorfes6u 6j- 0 ( C ) |XO].

All of these precipitates may be foed during casting and aging of the alloy. It has
been shown that Si containing phases only form upon artificial aging where hardening
is achievedby presence ahe GP and GPB zongg2].

2.9.6. Effect of Sn Alloying

Tin (Sn) dloying is commonly used in aluminum alloys to improve the antifriction
characteristic§51]. Although there has been little work tve Sn addition to the Al
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Mg-Si alloy system conducted studies proved that Sn alloying reduces the hardness
and yield strength of the alloy and increags®longation, while it does not have a
significant effect onts UTS value[49]. When Sn is pr&ent in the alloyformation of

liquid phase at low temperatures is also expected. According to th8nMzhase

diagram in Figure 2.19 a eutectic reaction occurs betweeSmand (Sn) phases at
203° C.

Grebenkin et. al. studied the effect of Sn alloyinglmsolidification characteristics
of Al-Mg-Si alloys anddetermined thatformation of (Sn) phase and N#n
intermetallic compound during solidification. M&n and MgSi has similar cubic
crystalstrudures and similar heats of formatiofitierefore when Sn is present in the
alloy, it replaces Si in MgSi and increases the amount of fre¢73i. Unlike MgSi,
Mg2Sn forms during solidificatiorandit is presentn asquenched condition before

aging[74]. As a result Sn may reduce the hardness of the alloy by preventing the

Mg2Si precipitation.
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Figure 2.19. MagnesiumTin phase diagraf5].
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2.10. Joining of Aluminum Alloys

Joining methods used to produce aluminum structural parts can be classified as liquid
phase and solid state joining methods. The former (fusion weldiaging involves

the formationfollowed by thesolidification of a liquid phase at the bond interface
while in the latter case (friction stir welding, solid state diffusion bonding) the applied

pressure has a key role in joint format[88].

Fusion welding of aluminum ants alloys is used to produce variety of engineering
products such as frames, pressure vessels, automotive compeingits]. Brazing

is used fotheproduction and repair @luminum heat exchangeas well aserospace

and automotive componerit7]. Bonding is achieved via melting and solidification

of a filler material for both fusion welding and braziméhere the base metal does not
melt in brazing unlike fusion weldindgresence of a different material at the interface
for both methods generally recks the thermal conductivity and affects the
mechanical properties of the base metal. Both methods are also limited by the
solidification defects like porosity and cracking during joining. These defects result in
poor mechanical and thermal propertiesha finished parf{76]. Another problem
associated with welding is the presence of heat affected zone (HAZ) and residual stress

along with necessity of preheating treatmentémgé componen{g3].

In the case of brazing an inhomogeneous bond interface can be obgemetting of
the component surfaces the molten fillermaterialis not achieved. Depending tire
composition of the filler material an excessive erosion of lihee material or
embrittement in the joint can occur. During brazing of complex parts it is hard to

produce welrounded fillets due to presence of liquid metal under pre$s8fe

To prevent the problems arising frahre formation of liquid phase development of a
liquid-free solid state joining method is required. Friction stir welding is one of the
most commonly used solid state joining methpt®. However, large deformations
involved duringthis type ofjoining makes it impossible tbe use for complex parts

with low dimensional tolerancgg6]. Although heat input is less compared to fusion

36



welding, HAZ and residual stress formation are still obseirvéte friction stir welded
parts[43].

Therefore, to produce complex padssolid state bonding procesppliedat low
pressures is required in order to avoid undesired phase transformations and large
deformations during bonding80]. Diffusion bonding(DB) is the most suitable

candidate for tesepurposes.

2.11. Diffusion Bonding of Aluminum Alloys

Presence of amativesurface oxide Iger affects the diffusion bonding behavior of all
materials. It is possible for the oxide film to dissolve or decompose at the bonding
temperature for many steels, copper, titanamdzirconium alloys. However, in the
case of aluminum and aluminum alldize surface oxide film is chemically stajdad
thismakes the metdab-metal contachecessaryor thebond formation difficult.

Diffusion bonding of pure aluminum and multiple aluminum allogse beestudied

by many researchersvherevariety of bondiig parameterfiave been investigated
Usually diffusion bonding of aluminum alloys conducted at temperatures ranging
between 420 to 53 under pressures 2 to BPawith bonding times changing from

30 seconds to 6 hours. Optimum temperature, pressutetime values were
determined experimentally for each alloy to obtain the highest bond sti@igth
However currentlythere are no commercially applied diffusion bonding processes due
to the presence of a tenaciousl amemically stable oxide film at the alloy surface
Numerous approaches have been developed to overcome the difficulties associated

with the oxide layer during bonding of aluminum alloys.

One of the many approachegspliedto reduce the effects of th&ide film is to impose
plastic deformatiomn the base metalsr local disruption othesurface oxide film on
both faying surfaces. In the early work on diffusion bonding conducted by Urena et.
al. it is suggested that at least 25% reduction in thickisessguired to form joints

with reasonable strengthsherebond strength increases along with incesblevel of
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deformation[82]. Neverthelessgevelopment of surface preparation methodstils

required tgoin partssuccessfullyithout a significant reduction in the thickness.

As an alternative approacbhughening of the base metal surfaces has been proposed
to overcome thexide film problemon the aluminum and aluminum alloy surfaces.
When sirface roughness is increasexcessive plastic deformation of tearface
asperitiesoccurs, as a result of which thide layer fractures at these local
deformation zonelgading toa higher contact area between two metal surfaces. Zuruzi
et.al. studid the effect of surface roughnesstbhabond strength of Al 6061 alloy. It
was concluded thafrinding the base metal surfaceish P180 grit SiC paper yields a
higher bond shear strength compaggohding themwith P1000 SiC emery paper.
Joints producedn surfaces with higher roughness values have a bond ratio of 76%
compared to the strength of the base mdtherefore, it may be possible to obtain
joints with strengths reaching up tilwose of thebase metal by adjustingthe initial

surface roughne440].

Introducing chemical reagents into the surface preparation process is an another
approach to remove the surface oxide film. Anodizing the alumisurface with an

alkali (NaOH) solutiorandthen neutralizingt with an acid (HNG) solutionapplied

after the fracture othe oxide film by grinding is the most commonly used chemical
cleaning technique for variety of aluminum alloys. Depending orotiher bonding
parameters (temperature, pressure and time) many successful joining operations were

reported for variety of aluminum alloys with the use of this mefBoY [83], [84].

Huang et. al. used an organic solution of acetone, styrene and polystyrene to protect
the surface ofthe Al-7075 superplastic alloy after mechanical and electrolytic
polishing. Main characteristic of the organic solutisthatit could be easily coated

to the faying surfaces to protect them from oxidatwhile it is possible for it to
volatilize completel before bonding under vacuumthe bonding chamber. They did

not only obtain joints with reasonable strengths but also found out that this strength

was achieved at temperatures where alloy shows optimum superplastic béfratior.
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is to saygrain boundar migration and grain growth at the interface are the main

mechanisms fatheremoval of initial bond interfacil1].

lon beam cleaning is also an accepted techniquénéaemoval ofthe surface oxide

film of aluminum and aluminum alloys. Chen et. al. used ion beam cleaning to
decrease the diffusion bonding temperature of pure aluminum. Results revealed that it
Is possible to remove the oxide film effectively by ion bedeaning making joint
formation achievable at lower temperatures. Residue of the surface oxide film is
apparently diminishing as the ideamcleaning time increases. Moreover, tensile
strengths of the jointewere determinetb be increasing with decreagithe amount of
theresidual oxide filn{85].

Enjoandlkeuchi studied an unorthodox way of diffusion dorg of Al-2017 alloyin

a temperature range between solidus and liquidus temperature of the alloy. Despite the
formation of a liquid phase this technique still referred as solid state diffusion bonding.
The idea was to disrupt the oxide film via formatwiha liquid phase at the bond
interfacedue topreferential melting. Successful bondingsachieved by this method.
However, obtained bond strengths were found to be strictly dependent on the fraction
of the liquid phase formed. Due to the cracking antbgity occurred during the
solidification of the melt lower bond strengthereobtained when the fraction of the

liquid phasehasincreased86].

After the removal of the oxide film, bonding is usually carried out in a protective
atmosphere (vacuum or an inert gas) to prevent the regeneration of the oxide film
during bonding. To reduce the cost of the process several diffusion bonding studies

were alsacconductedn ambient air atmosphere

Wu andLo has studied the use of liquid film protection to prevent the surface oxidation
and preserve the clean surface for jognifhis method involves chemical cleaning of

the surfaces using alkali and acid solutions after grindfigr thatfaying surfaces

are brought together in dehydrated alcohol to form a protective film at the surface. Use

of this method for both 8090 an®75 aluminum alloy$ave led tcsimilar results.
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Although removal of the liquid film without vacuum and interfacial reactions caused
by the presence of a liquid film need furtlmrestigation solid bonds were obtained

wherethe bondline between two sucksvanished87], [88].

Zuruzi et. al. developed an interfacial treatment method for diffusion bonding of Al
6061 alloy in air. Specimens were ground arehied in acetone prior to bonding.
Interface treatment technique involves creation of relative motion at the bond interface
by rotating the parts 38@erpendicular to the axis of applied pressure. Joint formation
has beerestablishedby this methog however unbondedregionswere observed
through the interface due to the entrapment of air. Therefore, conducting the DB
studies in air still requirefsirtherwork to achievecomplete closure of the voids at the

interface[89].

2.12. Use of Interlayers and Effect of AlloyingElements

Use of interlayer$ias beerstudied by Barta et.al. for solid state diffusion bonding of
Al-7075 alloy. Electroplated, vacuum deposited, plasma sprayedlad Al-7075

along withloose foils of silver, gold, nickel, aluminum, tin, zinc, iron, pep and
magnesiunhave beemised in this study for low temperature diffusion bonding of that
alloy. Although, low temperature joining has its advantages in terms of mechanical
properties of the base metal, the abmost of the mentioned interlayers yiettkither

no bonding or formation of bondghich have very poor mechanical properti@8].

Alloying elements also play an important role on the behavior of the oxide film and
bond characteristics. Meaell et.al. conducted a study to understand the effect of
magnesium and lithiuradditionon the morphology and high temperature behavior of
the surface oxide film of aluminum alloys. It was concluded that these alloying
elements cause disruption of thefage oxide film resultingn higher joint strengths

for bonded parts. Increase in the amount of these elemastalso determinetd
increase theamountof the fractured oxide filmand hence the ratio of the bond

formation[91].
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Work of Dunford, Partridge and Gilmotes yielded results which aire agreement
withthoseo f Ma d rhaslbdefpraven that lithium reacts with the oxide layer and
results inthe formation of a discontinuous film. TEM studies of the bond interface

proved the absence atontinuous oxide layer for A3090 alloys studiefB?2].

Ricks et.al. used thin foil interlayers of aluminum containing gallium, lithium and
magnesium to investigate the effect of alloying element on bond strength809@\I
alloy. Thicknesses of the used interl aye
in the bond strength of the alloys was observed. TEM studies proved that this increase
wascaused by the disruption of the stable oxide film due to formation of oxides more
stable than AlO3[93].
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CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1 Starting Materials

Wrought aluminum 6063 allogheetgFigure 3.1)were used for diffusion bonding in

this study. Wrought samples of 9 mm thickness and with nominal composition given

in Table 3.1 were supplied by ASELSAN A
treatment and artificial aging to a substantially stable camjitvas applied to atf

the samples after rolling to desired dimensjamsl surfaces dll of the samples were

machined after heat treatment.

Figure 3. 1. As received Al 6063 alloy sheet used in this study.
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Table 3.1. Chemical composition of the Al 6063 alloy used in the study.

Chemical Composition (wt%)

Si Mg Fe Al
0.489 0.553 0.100 balance

3.2. Diffusion Bonding Experiments

3.2.1. Surface Preparation

Surface preparation for diffusion bonding includes ruptutb@hativeoxide film on

the surface of thasreceivedaluminum 6063 allogheetwia grindingandthen further
removal of this film via chemical cleaning with acid and alkali solutions. #sttidy,
surfaces of all specimens wageoundwith #600 grit SiC paper until a completely
smooth surface is obtaing@droundspecimens were immersed into 6% NaOH solution
at room temperature for 2 minutes, then immediately immersed into 40% HNO
solutionfor another 2 minutes. Prepared surfacesvof samplesverethen brought

together for diffusion bonding.

3.2.2. Load Adjustment

Pressure is applied by bolting the two base materials between two stainless steel blocks
(Figure 3.2). Twqpairs ofsamples were pressurized in each experiment. Strain gauges
were used to measure the pressure applied to the samples prior to bBodithgs
purpose, a strainagigewasbonded to one of the four sides of the base metal, which

is not in contact with theteel blocks. Torque wrench was used to measure the applied
torque to eacbholt, and compressive microstrain values was measured as a function of

torque applied to the bolts.
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Figure 3. 2. Stainless steel die assembly usedpply pressure for diffusion bonding.

Elastic modulus of thasreceivedaluminum 6063 alloyvas determined as 62.8 GPa
using the standard tensile testing metW&ITM B 5 5 7 M94].5Since all of the
stresses applietly bolting in the stainless steel die assemblire in the elastic
deformation regioyH o 0 k e 'wasuskedatondetermine the appliedests as a function

of torque(Figure 3.3)
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Figure 3.3. Applied stress during diffusion bonding as a function of torque applied

to the bolts for AlI6063 alloy.

3.2.3. Experimental Setup

Due to fast oxidizing nature of aluminum alloys a top loading muffle furnace which is
working under high purity argon atmosphevas custombuilt to produce diffusion
bonded Al 6063 joints in this study (Figure&)3.Alumina refractory bricks wenesed
asthe internal liningof a steel box for heat insulation. Kanthal resistance wires were
coiledaround alumina bars and connected tontlaénselectricity for heageneration
Three holes were drilled inside the furnace for vacuum/gas inlet and asitietllas

for installation of the Ktype thermocouple. Glass wools were used at the top of the
furnace to reduce the heat conducted to the furnace daorg®and vacuum sealing

tapes were used to seal the furnateospherérom external environmertturing the

experiments.
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Figure 3.4. Muffle furnace used for DB.

3.2.4. Bonding Procedure

After surface preparation, base materiaksre immediately boltedn the steel die
assemblyand torquewvasapplied to thebolts according to lie desired stress value.
Two pairs of the surface prepared base meiadssurized in the steel die assembly
were therplacednto the homemade muffle furnace. Furnace is vacuumedmb@ar

and then flushed with argon two times to freeftiraace chamér from air before the
heatingprocedureFollowing this,furnace was heated to the desired temperature value
with a heating rate of 20 K/min and held at that temperature for required bonding time

under argon atmosphere.

Several set of experiments werendacted using the above mentioned surface
preparation methoébllowed by thebonding procedure. Experiments were divided
into 3 groups for lucidityaccording to the initial material and the presence of an
interlayer. @mples produced by applying various bonding parametersre
summarized in Table 3.3.
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3.2. Optimization of the Diffusion Bonding Parameters

Squareshapedpiecesof 15 mm side length were cut from the wrought Al 6063 alloy
shee$ via precisiomnabrasivecutting macine to be used in the diffusion bonding
experiments. Prepared surfaces os#éwjuareshapedpieceswerethen brought in
contactand pressurevasappliedin the steel die assembly

Temperature, pressure and time values were optimized for diffusionnigoodi
wrought Al 6063 alloy. Used temperature values were 450, 500 an@ 52@&ssure
values were 510,13 and17 MPa andolding times at the applied temperaturere
1,2 and 3 hours. Each parameter westedby keeping the other two constant. After
bonding under argon atmosphewewer of theurnace wasurned off,andthesamples
were left to cooldown in the furnaceunder argon atmosphefer the optimization

experiments.

To understand the effect of cooling rate on the propertigeegbint andthe base
material air cooled samples were produced using the optimum bonding parameters
(temperature, pressure and tinobained from previous experimenthese amples

were removed frorthefurnace after theompletion of thédonding time. Since cooling

rate of the steetlie assemblywould be much lower than the aluminum samples
pressurized inside of,ithe samples were removed from the steel die assemdlieft

to cool in air.

3.3. Investigation of the Effect of Interlayer Materials

3.3.1. Interlaya Materials

In the present study Silver, Nickel and Gold were used as interlayer materials in variety

of formsto investigate their effect on the diffusion bonding behavior
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3.3.1.2. Nickel Flakes

First material used as interlayemas nickel flakes (99.8% purity) supplicoy Alfa
Aesar (Figure %). Average diameter antitkness of the flakesweddand0 . 37 pm

respectively

Figure 3.5. SEM image of the nickel flakes used as interlayer material.

3.3.13. Silver Nanowires

As an alternative interlayer material two different forms of silver nanowires were used
in this study.The first onewasin the form of a selstanding film, whichwasO . 3 p m
thick. The film could be cut into desired dimensions td fit the bond interfacéhe
second one was in the form of a silver nanowire suspenkidh5and0.25mg/ml

silver nanowire and ethanslispension wgsrepared by a magnetic stiraard applied

on the prepared surfaces of the base materials.
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3.3.1.4.Gold Coating

Final material used as interlayer was gold. Ge&s deposited on to the surfaces of
the Al 6063 alloydy sputter coatingSC7640 Quorum Technologies, Ashford, UK)

Thickness of the gold coating wasntrolledusing the instrumental parareet.

3.3.2. Bonding Procedure

Surfaces of the squashaped base materiaifa side length of 15mm were prepared
by using theabovementioned surface preparation methloderlayer materials were
then applied to one side of the bond interface to actldfiaion sourceandtheeffect

of different interlayer materialen the diffusion bonding behaviaras investigated.

Different methods were used to apply interlayer materials depending on their forms.

To see the effect of nickel #einterlayer matedl prepared surface ohe of the two
basematerialsvasimmersed into the nickel flakes and excess of the flakes were blown

off from the surface.

Self-standing silver nanowi@m wascut with scissors to fit into thebond interface
and directly plaed between twdasematerials (Figure 8.a). As an alternate
method 1, 0.mnd0.25mg/ml silver nanowire and ethanol solutions were dripped on
to the prepared surfaces of one of blasematerials (Figure 8.b). Five drops othe
suspensionvere applie for all of the specimens, fowf which were applied to the
corners and onef which to the centerA hot plate was used during the dripping

procedure to volatilize the ethanol from the surface before bonding.

50



Figure 3.6. Silver nanowires a) shaped sstinding film b) dripped in solution with
ethanol.

Gold was applied to the bond interface laycommerciakputter coatingapparatus
(Figure 37.a). A homogeneous gold film havi2§0, 400 and800 nm thickness was

obtainedon the surface of the aluminum after sputter coating (Figtrk)3.

)

Figure 3.7. a) Sputter coating apparatus used in the study and b) gold sputter coated
Al 6063 sample surfaces.

After placement othe interlayer materialst the bond interface two surfaces were

brought together for bonding. Bondipgocess conditiongsed for all of the samples
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containing an interlayer material wes@0 C of maximumtemperature, 13 MPaf
pressureand 3 h of holding time at the maximum teperature Specimens bonded
under argon atmosphere were then cooled in air after bonding was completed.

3.4. Investigation of the Effect of Alloying Element Addition

Cast alloys were produced and diffusion bonded to investigate the effect of alloying
element additiomnthe properties of theasematerial and bond formatio@u and Sn
were used as the alloying elements. Either Cu or Sn was added iAtood@3 base

composition in three different amounts.

3.4.1. Production of the Cast Alloys

Alloys with compositions given in Table 3.2 were cast for diffusion bonding w@sing

lab scalenduction meltingand castingetup(MC 15+ InduthermGmbH W6 s s i,n g e n
Germaly) shown in Figure 3.a andb underargon atmosphere. Among these
compositions 0 wt% refers to the-east Al 6063 without further alloying element
addition. Alloying was done by aofd) high purity Cu (99.9 wt%and Sn (99.9 wt%)to
Al-6063 alloy. All compsitions were cast into copper motaen in Figure 3.8.and

rodshavingl2 mm diameter were obtained (Figur8.8).

Table 3.2. Compositions of the cast alloys.

Alloying Element Amount (wt %)
Cu 0 05| 25| 50
Sn 0 05| 25| 50
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Figure 3.8. a) Induction melting and casting setup with copper molds used in this
study, b) inside view of the setup and c) rod produced via casting.

3.4.2. Bonding Procedure

10 mm thick discs were cut from the cast rods via precawasivecutting machine

to be used in diffusion bondingxperiments Similar to the previously mentioned
specimens ignding was carried out on the sliced discs wi00 grit SiC paper in

order b break thenativesurface oxide layer. ®undspecimens were immersed into

6% NaOH solution for 2 minutes and then neutralized in 40% H&dMution for

another 2 minutes at room temperature. Prepared surfaces of the disc shaped specimens
were brought togeerin thestainless stealie assemblynd compressivstressvas

applied. Bonding was achievéy holding the specimens at 5ZDfor 3 h under 6.5

MPa pressure. Bonding was carried out under argon atmosphdreonded samples

were cooled in air.
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Table 3.3. Summary of diffusion bonded joints produced under varying conditions.

i Temperature | Pressure | Time | Cooling Alloying
Al-6063 (°C) (MPa) | (Hours) | Medium | "Me€MaYer | pjomant
Wrought | 450 5,10,13,17 3 Furnace | - -
Wrought | 500,520 13 3 Furnace | - -
Wrought | 520 13 1,2 Furnace | - -
Wrought | 520 13 3 Air - -

. Gold
Wrought | 520 13 3 Air Sputter -
Wrought | 520 13 3 Air Nickel
flakes
Wrought | 520 13 3 Air Silver 1 _
nanowires
Cast 520 6 3 Air - -
Sn
Cast 520 6 3 Air - 0.5,2.5,5
wt %
Cw
Cast 520 6 3 Air - 0.5,25,5
wt %
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3.5 Characterization Studies

Following thebonding procedurdiffusion bondedsamples were cut intovo halves
using gorecisionabrasivecutting machineBoth sides of theliffusion bondedamples
were grounduntil a 5<20 mn? smooth surface area is obtained for metallographic

examinatiormnd mechanical characterization studies.

3.5.1 Microstructural Characterization

Microstructural characterizatiowas conducted for botlbasematerials and boredl
interfaces. A scanning electron microscope (SEMNdva NanoSEM 430, FEI
Company, Eindhoven, The Netherlan@sjuipped with an energy dispersiveray
spectroscopy (EDS) analyzalong witha high capacity digitainicroscope (HDS
580Q Huvitz Corp.,Gyeonggido, Repwblic of Korea) equipped with a polarization

filter were used for microstructural characterization studies.

Diffusion bonded samples were examined under SEM in as polished condition to

investigate the integrity of the bond through the bond line.

In orderto understand the microstructural cgas during diffusion bonding, wrought

Al-6063 parts were examinecsing digital microscopender polarized light before

and after the bonding procedure. After standard metallographic sample preparation
steps (grinding,polishing etc.) electrolytic etchingvas applied for polarized

mi croscopy examinations. Samples wgre an:
(48vol.%)in 200 ml distilled water) under 20 voltage for 1 minute for electrolytic

etching.

As-cast samples were also investigated under SEM both before and after the diffusion
bonding to comment on the microstructural changes caugéealloying element
addition and high temperatudgfusion bondingprocess. Cast samples were etched

S reag e 8ml HCIL53ml HFHANIOOmI distilled water)

with Kell er

following the metallographic surfaggeparation steps.
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3.5.2 Structural Analysis by X-ray Diffraction (XRD)

XRD analyses were conducted with Bruker D8 Advaxcay diffractomete(Bruker
Corporation, MA, USA)usingGka (A = 1.5406 A) radiation to
present in the aseceived samplas well aghephases formed during castingdthe

subsequent diffusion bonding process applied. Grinding was carriegnousample

surfaces were cleaned with ethanol before XRD measurements. Scanning was
conduct ed be tol@l®oh with 8 fixed saan speed of/inin, andthe

diffractometer was operated at 40 kV and 30 mA.

3.5.3. Thermal Analysis by Differential anning Calorimetry (DSC)

Thermal analysis was conducted for the cast samples using differential scanning
calorimetry (DSC) (XDSC 7000, Seiko Instruments Inc., Chiba, Japan) to understand
the phase transformations occurrungder the appliedonding proessconditions

Samplesof 10-20 mgweightwere cut and cleaned before thermal analysisThese
samples were then placed into aluminum pans and encapsulated with aluminum
covers. The pacontainingthe sample is placed onto one holder of the DSC im&tnt

and reference sample is placed aihiother one. Samples were heated up to 600
under a protective Natmosphere. This temperature value is lower than some of the
chosen diffusion bonding temperatsirehich was dictatedby the limitations of the

DSC apparatus utilized. During the DSC experirgemeating and cooling rates were
kept at 20 and 60 K/mimespectivelywhich are comparable to those achieved during

the heating and cooling cyslef the diffusion bonding process.
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3.5.4. Mechanical Chaacterization
3.3.4.1. Microhardness Measurements

Microhardness measurements were conducted with 100 g load for 10 sesmgds
standard microhardness tes(gtMV-2, Shimadzu Scientific Instruments, Kyoto,
Japan) before and after the pBcessMicrohadness measurements were carried out

on the polished crossections of the specimens. 5 measurements with 2 mm intervals
were conducted before the bonding and results were averaged. For diffusion bonded
samples measurements were carried out across thiagetemd on the base metal.
One of the measurements was taken just on the inteaiadthe others were taken on

both sides of the bond linglong a line perpendicular to the interfagggh 5 mm
intervals. Five measurements were carriedoomwgachbase metal sideand the results

were averaged.
3.5.4.2 Shear Test

Shear strength of the joints were tested under egtast loading condition using
Instron 5582 mechanical testing equipment with max. 100 kN force. Shear strength
tests were performed by usirtbe fixture arrangemenschematically shown in
Figure3.9 af strain rate of I10s?. One side of thednded specimensasfixed in the

fixture and compressive loadas applied to the other side of the bond. All of the
specimens were fractured in shear maahel shear strengths were calculated by using
the bonded area. Two tests were conducted for each spepimeessed under

identical conditionsand results were aveged.
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Load

Figure 3.9. Mechanical testing arrangement used for the measurement of shear
strength of the bonded joints.

3.5.5. Fractography Analysis

After mechanical testing fracture surfaces of the joints were examined under 8EM wi
20 kV accelerating voltage to understand the mechanical behavior of the joints and to

comment on the fracture mode.
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CHAPTER 4

RESULT AND DISCUSSION

4.1. Optimization of the Diffusion Bonding Parameters

Solid state diffusion bonding is a compl@gkenomenon controlled mainly by 3
important parameters, namely, temperature, pressure and bonding time. Optimization
of these parameters is essential to obtain a solid bond that has properties close to those
of the parent material. Cooling rate after baowgis also effective on the pesbnded
properties of the base metal and bond strength. In the following section selection of
the optimum process parameters for diffusion bonding of aluminum 6063 alloy will be

discussed with the aid of obtained experimergsults.

4.1.1. Pressure Optimization

Aluminum 6063 alloys were diffusion bonded under argon athmergpat 450C for 3
hours. Four different pressure values (5, 10, 13 and 17 MPa) were used to determine

the optimum pressure value.

Crosssections of the ¢dnd interfaces were examined under SEM to comment on the
integrity of the bonds. Figure 4.1 shows the variation in the s®ssonal appearance

of the bonds with pressure. Bond interface was visible for the specimens bonded under
5 and 10 MPa pressurehd thickness of the bond line was found to be decreasing with
increasing pressure, which should be accompanied with an increase in the bond
strength. Bondline was almost invisible for the sample bonded under 17 MPa pressure.

Since selection of the optimubond structure based on the SEM micrographs would

be misleading, mechanical characterization of the bonds is crucial. These specimens
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were subjected to shear tests and no measurable strength was obtained for the first
three specimens bonded under 5, 1@ A& MPa. On the other hand, maximum shear
strength of 7.5 MPa was obtained for the specimen bonded under 17 MPa pressure
(Figure 4.4).

P = 0'NMPa

—_— 30 ym —————

=17 MPa

Figure 4.1. Crosssectional views of the interfaces diffusion bonded under a) 5
MPa,b)IOMPac) 13 MPa and Cdor3Harid chbrRdin farhace4 5 0 °

Both microstructural and mechanical characterization results proved that the bond
strength was increasing with increasing bonding pressure. To verify these results

fracture surfacesf these specimens were also investigated under SEM (Figure 4.2).
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Fracture surface of the bond should show similar characteristics to fracture surface of
the base aluminum alloy to be able to speak of bond formation. Therefore, in the case
of the diffusionbonded samples craosectional fracture surfaces should include

dimples proving that fracture has occurred in a ductile manner.

Investigation on the fracture surfaces proved that for 51@ndPa bonding pressure

at 450 C bond formation could not be aelvied. Fracture surfaces of these samples are
completely flat and grinding scratches remaining from the surface preparap@reste

still visible (Figure 4.2aand b). For the specimen bonded under 13 MPa pressure signs
of mechanical impingement are presen the fracture surface (Figure 4.2 c). This is

to say initial contact was maintained by deformation of surface asperities, yet bond
formation by grain boundary migration could not be achieved. Specimen bonded under
17 MPa pressure shows traces of dimpleigure 4.2 d) which explains the higher

bond strengths achieved at this bonding pressure.

Preservation of the initial dimensions is also a concern during the diffusion bonding
process. Therefore, plastic deformation of the base metals, in this caseuaium
samples, should be prevented. For this purpose, bonding pressure should be kept as
low as possible considering the fact that the yield strength of the metals decrease with
increasing temperature. Thicknesses of all of the samples were measuredihefore
after the diffusion bonding to comment on the plastic deformation behavior. For the
applied pressure values of 5, 10 and 13 MPa thicknesses of the samples were
maintained during the bonding. However, for 17 MPa bonding pressure reduction in
the thicknss of the samples was observed indicating plastic deformation under this
pressure condition. To prevent this 13 MPa was chosen as the optimum pressure value
which was sufficient to maintain an initial contact and formation of mechanical

impingement.
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P=10 MPa

Figure 4. 2. Fracture surfaces of the specimens diffusion bonded under a) 5 MPa, b)

10 MPa,c) 13 MPa and d) 17 MPa at 48Dfor 3 h.and cooled in furnace.

4.1.2. Temperature Optimization

After choosing the 13 MPa as optimuwnigling pressure at 450, diffusion bonding
experiments were conducted at higher temperature values to determine the optimum
bond strength. Experiments were conducted at 500 andC52@der 13 MPa for 3

hours under argon atmosphere.
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SEM micrographs of #hcrosssections of the bond interfaces are shown in Figure 4.3.
It is clearly seen that there is a reduction in the thickness of the bond interface for
higher bonding temperatures compared to the sample bonded & 4&sfhdline was

almost invisible folboth 500 and 52@ temperature values.

Shear tests were also conducted for these samples and results were shown in Figure
4.4. Since, no measurable strength was obtained for the sample diffusion bonded at
450 C under 13 MPa pressure for 3 hours, shear strength value obtained from the
sample bonded under 17 MPa pressure was used for comparison. Shear test results
proved that bond strength increases as the bonding temperature was increased.
Obtained shear strengtalues were summarized in Table 4.1. Maximum bond
strength of 32.3 MPa was obtained when diffusion bonding was conducted@t 520

It can be said that temperature is more effective on bond strength compared to pressure.
This can be explained by the expotial increase in diffusivity with increasing

temperature.

T=500 C | =320C

Figure 4. 3. Crosssectional views of the bond interfaces of the spensndiffusion
bonded at a) 50C, b) 520C under 13 MPa, pressure for 3dwoled in furnace.
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Figure 4. 4. Change in the shear strengths of the bonds with temperature.

Table 4.1. Summary of the shear test results for different diffusion bonding

temperature values.

P, T duts (MPa)
17 MPa450°C 7.5
13 MPa, 50€C 12
13 MPa, 526C 32.3

Fracture surfaces of these two samples were also verified the bond formation (Figure
4.5). Traces of dimples were observed on the fracture sunfabe specimen bonded

at 500C. Oval shaped dimples werdearly visible on the fracture sade of the
sample bonded at 520 which proves that bonding was achieved for this sample and
fracture occtred under shear mode. Thus 52@vas chosen as the optimum diffusion

bonding temperature.
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Figure 4.5. Fracture surfaces of the speeins, diffusion bonded at a) 5@) b)

520 C under 13 MPa pressure, for 3dwoled in furnace.

4.1.3. Time Optimization

After determination of the optimum pressure and tewmtpee values as 13 MPa and
5 2 O, time of bonding was optimized. For this purpose, specimens were diffusion
bonded for 1 hour and 2 hours and characterized. Shorter bonding times were tested

for efficiency of the process.

Crosssectional views of the bond interfaces showed that ceptits of the bond
interface were invisible while it is clearly visible in some parts (Figure 4.6). When two
micrographs were compared change in the thickness of the bond line was observed. It
gets thicker for shorter bonding time.
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Figure 4. 6. Crosssectional views of the bond interfaces of the specimens, diffusion

bonded for a) 2 hours, b) 1 hour under 13a\fiPessure, at 520 cooled in furnace.

Shear strengths of the specimens were again measured to detdrenimatitnum
bonding time. Figure 4.7 shows that shear strength of the bonds was decreasing with
decreasing bonding time. As it is seen in the Table 4.2 highest shear strength was
obtained for the specimen badlunder 13 MPa pressure at 32@or 3 hours ad it
decreases significantly for shorter times. Bond strengths of the specimens bonded for
1 hour and 2 hours were close to each other, proving that formation of a solid joint by

grain boundary diffusion takes place after 2 hours.
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Figure 4.7. Change in the shear strengths of the bonds with bonding time.

Table 4.2. Summary of the shear test results for different diffusion bonding times.

Tt duts (MPa)
520°C, 1hr 11.2
52C°C, 2hrs 15.6
520°C, 3hrs 32.3

Shear strength diagrams of the 1 and 2 hours bonded samples showed a serrated
behavior. This behavior can be explained with the presence of bonded and unbonded
regions on the fracture surfaces of this specimens. Sudden drop in the strength was
obseved when these unbonded regions were fractured. Dimples were again visible on
the remaining parts of the fracture surfaces verifying the formation and ductile fraction

of a diffusion bond on these regions. Fraction of the area covered by bonded regions

67



found to be decreasing with decreasing bonding time which is in consistence with the

shear test results.

Figure 4. 8. Fracture surfaces of the specimens, diffusion bonded for a) 2 hours, b) 1

hour under 13 MPa pressure, at 32@nd cooled in furnace.

4.1.4. Cooling Rate Optimization

Furnace was shut down after bonding and samples were left to cool in it during the
experiments conducted to determine the optimum pressure, temperature and time
parameter for DB. To understand théeet of cooling rate air cooled samples were
also produced. Air cooled samples were bonded atG2thder 13 MPa pressure for

3 hours since, those are the parameters that gives the highest bond strength.

Observations of the crosection of the bond linehowed that the interface was
disappeared, meaning that diffusion bonding is achieved for the air cooled sample

similar to the furnace cooled one (Figure 4.9.a).
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Figure 4.9. a) Crosssectional view of the bond interface,fgcture surface of the
specimen, diffusion bondeunder 13 MPa pressure, at 520for 3 h.and cooled in

air.

Shear test were conducted to understand the effect of cooling rate on bond strength
and it is found that increase in the cooling rate resaltani increase in the shear
strength of the bonds (Figure 4.10). Among the specimens bonded with same
parameters shear strength of the bonds were increased from 32.3 to 39.9 MPa when

samples were cooled in air instead of furnace (Table 4.3).

Fracture surfee of the air cooled sample proved that bonding was achieved and
fracture occurred on the bond interface. It is evident that the fracture mode was ductile

and oval shape of the dimples showed that fracture occurred under shear stress.
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Figure 4.10. Change in the shear strengths of the bonds with cooling rate.

Table 4.3. Summary of the shear test results for different cooling rate after diffusion

bonding.
From 520 C duts (MPa)
Furnace cooling 32.3
Air Cooling 39.9

4.1.5. Change in the Base Metal Properties During Diffusion Bonding

Maintaining the base metal properties during diffusion bonding is as important as
achieving a high bond strength. Therefore, change in the properties of Al6063 alloy

during DB were also examined.

XRD analysis were conducted both before and after the diffusion bonding & 520

for 3 hoursto comment on the phase transformations occurred during bonding. XRD
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results in Figure 4.10 proved presence of HBJ phase and Mgsi a n dAIFBSI
intermetallic phases before the bonding. After diffusion bonding (Al) peaks were
remained unchanged and intensity of 28igpeaks were increased slightly meaning

that the size or the amount of Mj precipitates present in the alloy would hereased

after diff ulslipenSibomaa kg . welr eAlFeSpeaksafter d 1 ns
bonding showing the diAaSo(AlsFeSi) mtermetafic or t h o
phase and f or AAFeS @QlBFeS) finterBié@alic phase during the

diffusion bonding proces®5]. All of the peaks that belong to intermetallic phases

were at low intensity due to their trace ambin the (Al) phase. Since the alloy was

in T4 condition presence d¥1g.Si phase as the age hardening precipitates was
expected before the bonding. Dissolution or coarsening of these precipitates is also a
commonly observed phenomenon during higmperature processing of Al 6063

alloy, which would explain the slight increase in the intensity of theSiAgeakg96].

L 3K 4 (A ® Mg2S;i
Eb-AlFeSi va- AIFeSi
9
¢

Before DB

T ememjolone | o) e

After DB
6o [Yeov ©® [ve e ,

. 4

Intensity (a.u.)

20 40 60 80 100
2q (Degrees)

Figure 4.11. XRD analysis of the Al6063 alloy before and after the diffusion

bonding process.
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Metallographic observations were also conducted to observe the changes during
diffusion bonding and compared with the XRD analysis resultth BlapS i and f
AlFeSi intermetallic phases were observed in the optical micrograph of the Al6063
sample taken before the bonding (Figure 4.12.a). Two different types i Mg
precipitates was observed in this sample. One of them was appeared as small black
dots and other one was the larger black particles in the micrograph. Among these two
larger particles does not contribute to the strength much while small ones are the age
hardening precipitates. AlFeSi intermetallic phase has two distinct morphologies
observed in tAHd&elSiit eorhatser dh.asPf needlFesSi | | ke
is observed as chinese scif@f]. Therefore, the gray needle like particles observed in

t he opti cal-AlfeRianteenetallic ghase Wwhech vilere also present in the
XRD analysis. After diffusion bonding ohé¢ alloy at 520C, M@:Si precipitates

formed after age hardening, were not appear and an increase in the amount of the large
Mg-Si precipitates was observed. It can be said that the age hardening precipitates
were either dissolved in the aluminum matrixcoarsened during the bonding. As it

was al so obser ve dAlke8i phade & chh&PB scdphnaofiplyokdys o
was al so o0bs eAlFeS2idthd image takendfteoDB Fifure (4.12.b).

Before DB | b) After DB

o- AlFeSi

Figure 4.12. Opticalmicrographs of the AlI6063 alloys a) before, b) after the

diffusion bonding process.
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Optical images taken under polarized light in Figure 4.13 shows that a significant
increase in grain size wabserved after bonding at 5&0or 3 hours. Grain growth
was an expected consequence of a high temperature joining process which would result

in degradation of the mechanical properties of the base [B2{al

Figure 4. 13. Optical micrographs of A6063 alloy a) before b) after DB under
polarized light.

Microhardness measurements were conducted to understand the changes in the
mechanical properties of the base metal during bonding. The average hardness value
of the aluminum alloys was measured as 106 HV before the bonding. Hardness
measurem@s were also conducted for the alloys diffusiamdied at 450, 500, and
520 C and then cooled in the furnace. Microhardness values of all the furnace cooled
specimens were close to each other and changing around 40 HV which is less than the
half of the intial microhardness value before the bonding. As it was seen both in XRD
and metallographic analysis, age hardening precipitates were either dissolved or
coarsened during the bonding meaning that they do not contribute to the strength of
the base metal &t the diffusion bonding. Therefore, a significant decrease in the
hardness was observed for these alloys. Microhardness value of the air cooled sample
was higher compared to furnace cooled ones. 6000 series aluminum alloys does not
require an additionalging process to achieve a moderate strength value when they are

73



guenched from a high temperature shaping or a joining pr{@#is®Pifferencein the
Microhardness values of the furnace cooled and air cooled samples can be explained
by this phenomenon. Decrease in the grain boundary area due to grain growth also
causes a loss in the strength of the base metal for all specimens. Althoughfeffect o
both grain growth and coarsening and dissolution of the precipitates were less in the

air cooled specimen the Microhardness value is still less than the as received sample
(Figure 4.14).
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Figure 4. 14. Change in the microhdness value of A6063 alloy during different

diffusion bonding conditions.

While choosing the optimum bonding parameters the most important concern was to
obtain a high bond strength without causing a major degradation in the properties of
the basametal. For this study, bonalj under 13 MPa pressure at 52@or 3 hours

and air cooling after the bonding not only gives the highest bond strength of 39.9 MPa

but also causes the least degradation in mechanical properties. However, further
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studies wereaquired to minimize the grain growth during bonding and these studies

would be conducted under these determined optimum bonding conditions.

4.2. Investigation of the Effect of Interlayer Materials

Diffusion bonding of aluminum 6063 alloy was achieved aptinoum bonding
parameters were determined in the previous experiments yet a decrease was observed
in the microhardness value of the base metal due to grain growth during bonding. To
maintain the initial mechanical properties grain growth should be mindmiganding

time and temperature should be decreased to minimize the grain growth without
altering the composition of the alloy. To obtain a bond at lower temperatures and in

shorter times faster bonding kinetics is required.

In this part of the study vaaty of interlayer materials were placed on to the bond
interface to see their effect on the diffusion bonding kinetics and obtained bond
strength.

4.2.1. Silver as Interlayer Material

Silver nanowires were the first material that was used as interlayeovias were
placed on to the interface by two different methods. First method was to drop a solution
of ethanol and silver nanowires on to the surface of the aluminum alloys. Solutions
containing 1 0.5 0.25mg/minanowires were used in these experimants diffuson
bonding was c¢ O uadercd3 MRh prassures2dofdr 3 hours. When
samples were removed from the furnace for air cooling, no bond formation was

observed for any composition of the applied interlayer.

These specimens were examinederfsEM after the application of the interlayer and
nonhomogeneous distribution of the silver nanowires were observed (Figure 4.15).
Silver nanowires were accumulated at the certain parts of the base metal surface
causing irregularities in the initial suda contact of the surfaces and it is impossible

to form a bond with atomic diffusion unless this initial contact is establigad
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wD mag HV HFW wD mag HV HFW 10 pm

20 ym 1]
8.7 mm |6 000 x| 20.0 kV |49.7 ym METE-METU 8.7 mm | 12000 x| 20.0 kV |24.9 pm METE-METU

Figure 4.15. SEM images of thelaminum surface after silver nanowire, ethanol

solution was applied as interlayer.

Second method was to use of a-s##inding film of silver nanowires as interlayer
material. Surface of the Al6063 alloys were prepared than-atselfling film of silver
nanowires were placed in between them. Diffusion bonding parameters were kept
constant and bonding was again unsuccessful for these samples. Diffusion bonding
would occur between the film and aluminum alloy in this condition. Therefore,
investigation of tk film surface was important to understand the failure of the bonding
procedure. Investigation of the setbinding silver nanowire films under SEM
revealed a wavy pattern (Figure 4.16). Although nanowires seemed to be
homogeneously distributed in higheagnifications, presence of irregularities were
observed at lower magnifications. Waviness of the material surface should be kept
minimum to form a better initial contact for diffusion bondB®2j. Bond formation

could not be achieved when silver nanowire film was used due to the presence of gaps
and high waviness of the film surface.
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WD mag HV HFW 5um 7 / HV HFW
5.5 mm | 20 000 x | 20.0 kV |14.9 pm METE-METU 0 KkV |124 pm

e X f y
wD mag HV HFW 100 ym WD | mag HV HFW 200 pm
5.5 mm | 1200 x| 20.0 kV | 249 uym METE-METU 5.5 mm | 600 x| 20.0 kV | 497 ym METE-METU

Figure 4.16. SEM images of the surface on the s#tnding silver nanowire film

used as interlayer material.

Use of silver nanowires as interlayer material either in solution with ethanol or-as self
standing films resulted in failure of the bond formation between two Al6063 alloys. It
can be concluded that interlayer material shaader the surface of the base metal
homogeneously and surface of the applied interlayer material should be smooth and
free from irregularities.
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4.2.2. Nickel as Interlayer Material

Second material to be used as an interlayer were the nickel flakes. \Weakgsaced

on to the aluminum surface by dipping the parts in to the flakes. Initial observations of

the nickel coated samples revealed that flakes were homogeneously distributed on the

surface of the base metal (Figure 4.17.a). After coating diffuaditg was carried

out a g a C,nundertl3 NBP2 @réssure and for 3 hours. Specimens were than

cooled in air and crossections of the bond interfaces were examined under SEM. The
average thickness of the nickewninFiguteer f ace wa
4.17.b. Elongation of the nickel flakes along the bond interface was also observed at

higher magnifications. Air gaps were also observed in between the elongated nickel

flakes (Figure 4.17.c).

Flattened nickel flakes were observed on thetdir@csurface of the specimen with
nickel interlayer (Figure 4.17.d). The elongated view of the flakes on the- cross
sectional observations of the interface could be explained by this flattening. The failure
was occurreat the nickel interface but not aetbase metal. Fracture surface proved
that failure occurred in between the nickel flakes which can be explained the presence
of the air gaps seen in the crasstional view. The fracture occurred due to widening

of these gaps under shear force.

Shear tets were conducted and bond strength of 21.8 MPa was measured (Figure
4.18). Use of nickel as interlayer material lead to bond formation yet the measured
bond strength was still lower compared to the sample bonded without the use of any

interlayer material.

Homogeneous distribution of the flakes was lead to a solid bond formation but
achieved bond strengths were low due to presence of the air gaps in between the flakes.
Therefore, use of an interlayer material with a more intact structure could be béneficia
for higher bond strengths.

78



£ ry Saade” o8 © 2uFioh
WD ) HFW —200 ym ——— WD mag HV
7.1 mm | 600 0 kV | 497 um METE-METU 5.8 mm |3 000 x| 18.0 kV |99.5 pm|H

= A, 4 - = 'y A
mag HV HFW | v 20 pm wD mag W | vac mode 50 pm ——
8 mm |5 000 x| 18.0 kV |59.7 pm | High v: METE-METU 6.3 mm |1 200 x| 2 3 9 um |High vacuum METE-METU

Figure 4.17. SEM images of a) aluminum surface after nickel flakes were placed b),
c) crosssectional view of the bond interface including nickel flakes as interlayer

material, d) fracture surfacf the sample that has nickel as interlayer material.
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Figure 4.18. Shear test results of the sample prepared with a nickel interlayer.

4.2.3. Gold as Interlayer Material

Gold layers having 200 nm, 400 nm and 800 nm thisgeg were sputter coated to the
aluminum alloy surface as the third interlayer material. Gold coated samgre

di ffusi on Coundbreld MRatpresEedfor 3 hours and cooled in air.
Presence of an interlayer was observed on the-sexd®on ofthe bond interface in
Figure 4.19.a, b, ¢ and thickness of this interlayer found to be increasing with
increasing coating thickness. The interlayer was disappeared by diffusion of gold in
aluminum at certain parts of the interface indicating a solidsidgfubond formation.

EDS elemental mapping was conducted from the part of the interface in Figure 4.19.d
to confirm that the observed interlayer was gold. It was clearly seen that the
composition of the aluminum decreases and composition of gold incratdies
interface where the interlayer was present (Figure 4.19.e, f). Meaning that the contact
between two base metals were prevented due to the presence of the gold coating at the

interface.
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Figure 4.19. Crosssectional viewor the interface of the diffusion bonded samples
with a)200 nm, b) 400 nm, c¢), d) 800 nm thick gold interlayer along with spatial

elemental distribution of €) aluminum, f) gold at the interface.
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EDS line scan analysis were also conducted to see thergkgndistribution of gold

and aluminum along with the major alloying elements magnesium and silicon at the
diffusion bond interface. Line scan analysis results in Figure 4.20 were in consistence
with the results obtained by elemental mapping. Compostioraluminum was
decreased at the bond interface while composition of gold as increasing. The decrease
in the aluminum composition gets larger as the gold interlayer gets thicker. Therefore,
it can be said that as the initial thickness of the gold interlage increased the contact

between the aluminum surfaces was decreased.

In the EDS line scan results of the sample having 800 nm gold interlayer, an increase
in the magnesium and silicon composition was also observed. Therefore, both major
alloying elemats of the Al6063 alloy were diffused toward the bond interface during
the diffusion bonding. In the case of thinner gold interlayers composition of the silicon
remained constant at the bond interface whereas an increase in magnesium
composition was stilbbserved but in lower quantities compared to the alloy with 800
nm gold interlayer. It can be said that no silicon diffusion towards to interface was
observed in the detection limits of EDS while magnesium diffusion was still
observable for alloys with 408m and 200 nm gold interlayers. Therefore, presence
of a gold interlayer not only impedes the initial contact between two base metals but
also causes the diffusion of the alloying elements in this metals towards to bond
interface during bonding. The mqstobable explanation to the diffusion of alloying
elements is the formation of an intermetallic phase or phases containing Au, Mg and
Si. However, due to their low amount it is impossible to detect these phases with

conventional XRD.
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Figure 4.20. Change in the elemental distributions of Al, Au, Mg and Si through the
diffusion bond interface with thickness of the gold interlayer.
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Bond strengths of the samples bearing gold interlayers were also measured by shear
testng and results were shown in Figure 4.21. Highest bond strength measured was
13.6 MPa for the alloy with 200 nm gold interlayer and decrease in this value was
observed as the interlayer thickness increased (Table 4.4). Even the highest obtained
strength wa very low compared to the strength of the bond without any interlayers.
Therefore, presence of a gold interlayer resulted in poor bond strengths due to the
prevention of the initial contact between the base metals hence the grain boundary
diffusion leadig to bond formation. Since the initial contact area decreased as the
interlayer thickness was increased, further loss in the bond strengths was observed for

the samples prepared with thicker interlayers.
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Figure 4.21. Changdan the shear strength of the diffusion bond with gold interlayer

thickness.
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Table 4.4. Summary of the shear test results for the samples bearing gold

interlayers
Coating Thickness duts (MPa)
200nm 13.6
400 nm 11.5
800 nm 10

Different features were observed for each gold interlayer thickness when their fracture
surface were examined. The fracture surface of the sample with 200 nm gold interlayer
was similar to the fracture surfaces of the alloys bonded without interi@yat.
dimples indicating ductile fracture under shear loading were observed along with
smooth areas indicating no bonding was occurred at that regions. Small shiny particles
were also observed at certain areas of the fracture surface proving the préseace o
gold at the interface (Figure 4.22.a, b). Both bonded areas with dimples and unbonded
areas were again observed when the interlayer thickness was 400 nm. However, the
area covered by the dimples were less and dimples were more shallow compared to
the sample with 200 nm gold interlayer. Gold agglomerates were observed on both
bonded and unbonded parts of this alloy. The decrease in the bond strength due to the
decrease in the bonded area could be explained by the significant increase in the size
and anount of the gold particles observed on the bond interface (Figure 4.22.c, d). For
the alloy with 800 nm thick gold interlayer grinding scratches from the surface
preparation step were still visible in the unbonded regions and no sign of ductile
fracture wa observed. When the bonded region was examined at higher magnification

it was seen that fracture occurred at the gold interlayer meaning that no contact was
establishes between the aluminum surfaces through diffusion bonding (Figure 4.22.e,
f). Therefore,amount of gold observed on the bond interface was increased as the
interlayer thickness was increased resulting in a decrease in the bond strength since it

prevents the bond formation between the aluminum alloys.
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Figure 4.22. Fracture surfaces of the diffusion bonded samples with a), b) 200 nm,
c), d) 400 nm, e), f) 800 nm thick gold interlayers.
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4.3. Investigation of the Effect of Alloying Elements

In this part of the study diffusion bonded parts were produced by usingghalloys

of Al6063 before further alloying element addition. Investigations on theasts
aluminum 6063 sample under SEM revealed a dendritic solidification structure (Figure
4.23.a). Surface of the-gsast sample were prepared with the same methodanedt
beforeand ondi ng was c¢c@ undar @\Pa pressure fot 3 héubs @orf all

the cast samples. During bonding a more homogeneous equiaxed grain structure was

formed.

500 pm ag / 500 pm

p 2l
METE-METU [ 50 X METE-METU

Figure 4.23. SEM images of the a) a=st b)diffusion bonded AI6063 alloy.

Average microhardness values were measured to see the effect of diffusion bonding
on base metal properties and results were shown in Table 4.5. Due to homogenization
and grain growth during DB grain boundary areas in tlegasiructure was decreased

resulting a decrease in the microhardness value of ibasaslloy.

Shear strength of the bond was also tested and found as 14.4 MPa. Obtained low bond
shear strength could be explained by examination on the fracture surfdce of
diffusion bonded sample. Oval dimples were observed on the fracture surface in Figure

4.24 proving that bond formation has occurred and this bond has fractured in shear
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mode. However, there were also some smooth regions in which grinding marks were
still present instead of dimples meaning that bond formation has not occurred in these
regions. The area covered by these smooth regions were almost the same as the area
covered by the bonded regions for these samples which explainsaheedbow bond

shar strength.

Table 4.5 Summary of the mechanical properties of cast Al 6063 alloy.
As-Cast Hardness (HV] Diffusion Bonded Hardness (HV Bond Strength (MPa

76.2 39.9 14.4

20 pm
METE-METU

Figure 4.24. Fracturesurface of the diffusion bonded cast Al6063 alloy.

To prevent the loss in the mechanical properties of the base metal and to obtain higher
bond strengths by eliminating the inhomogeneity of the bond interface alloying
elements were added to the base alloy. Pure copper and tin were added separately as
alloying elements and their effect on the properties of the base metal and the diffusion

bonding behavior were investigated.
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4.3.1. Effect of Copper as Alloying Element

Cast Al6063 alloys containing 0.5, 2.5 and 5 wt. % Cu were cast to investigate the
effect d copper as alloying element. It was observed that addition of copper effects
both the grain size and grain morphology of the as cast alloy. As cast microstructures
of the alloys in Figure 4.25 revealed that grain size was smaller and grains solidified
in a more dendritic fashion for the Cu containing alloys. The reduction in the grain size
was increasing with increasing copper content due to an increase in the solute content
of the alloy. Addition of alloying elements causes an increase in the solutatconte
hence the amount of segregation in the alloy which results in formation of smaller
grains by preventing the grain boundary mo{@@.
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Figure 4. 25 As-cast microstructures of the alloys containing &))0,5, ¢)2.5, d) 5
wt. % Cu

XRD analysis of the asast copper containing samples were conducted to comment
on the phases formed during solidification. Only FCC (Al) phase was observed in the
detection limits of the XRD analysis of the sample contaifirfigwt% Cu (Figure
4.26). When Cu composition was increased low intensity pdks were appeared
along with the (Al) phase. CuAphase was observed for both 2.5 and 5 wt% Cu
containing alloys. Both intensity and number of the Gyp&bks were increagas the
copper content of the alloy was increased. Therefore, addition of Cu to the Al, Mg, Si
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alloy system resulted the formation of Cufhase during solidification when the

copper content of the alloy was higher than 0.5 wt%.
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Figure 4.26. XRD patterns of the 0.5, 2.5, 5 wt% Cu containing\d-Si alloy in

ascast condition.

The increase in the amount of CuAdrecipitates with increasing Cu content causes
the reduction in the asast grain size of the copper containiaipys. As it was
mentioned before presence of these precipitates impedes the grain boundary motion
and yields formation of smaller grains during solidification.

After initial characterization of the alloys thermal analysis were conducted to
investigate fithere are any phase transformations during diffusion bonding. Samples
were heated up to a temperature lower than the DB temperature due to the limitations
forced by the DSC equipment. During the DSC analysis heating and cooling rates were
kept as 20 K/mi and 60 K/min respectively. Two exothermic peaks were observed in
the DSC pattern of the cast Al6063 alloy before the Cu addition (Figure 4.27). For Al,
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Mg, Si containing alloys precipitation sequence accepteithe literature wassP
zones -Bii- Bi- B(Mg2Si). The low temperature exothermic peak in the DSC
corresponds to the formation @@jj precipitate while high temperature peak

corresponds to formation @f precipitate of MgSi [62].

When Cu was introduced to the system the precipitation sequence of the alloy was
altered. In literature formation of either one or both ofGire6;i-6;-6 (CuAl,) andGP-

Si-S (CuMgAl) precipitates were reported for Cu containingMg-Si alloys[70]. In

the DSC patterns of all copper containing samples an exothpeaakcwas observed

at around 24QC corrresponding to thefmation of $precipitates. Therefore, addition

of Cu in to the Al6063 alloy system compeletely changes the age hardening behavior
of the alloy by preventing the precipitation of p#g phases and causing the
precipitaion of CuMgAd phase instead, duringgh temperature processing. A low
intensity endothermic peak follewed by an exothermic one was observed for the 5 wt%
Cu containing alloy at 20C. The endothermic peak corresponds to the dissolution of
the precipitates present after the casting and faigwow intensity endothermic peak
accounts for the formation of either GP zone$jpprecipitates ofCuAl,. Hence, as

the copper composition was increased further gulich is the main age hardening

precipitate of the Cu bearing aluminum alloys, tstéw form during bonding.
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Figure 4.27. Isochronal DSC curves of 0, 0.5, 2.5, 5wt% Cu containinyl§dSi
alloy at 20 K/min.

Microhardness value of the 0.5 wt% Cu containing alloy was lower compared to the
copper free alloyput an increase in the microhardness value was observed as the Cu
content increased (Figure 4.28). According to the XRD results JoAhation was
observed for the 2.5 and 5 wt% Cu containing sample. Therefore, presence of CuAl
precipitates causes arciease in the microhardness value of theass alloy. 5 wt%

Cu containing alloy had higher hardness value than th&dg@ualloy meaning that
hardness value continues to increase as the amount of i@uAE alloy increases.
Another set of measurementgere also conducted after the diffusion bonding to
understand the changes on the mechanical properties of the base metal during bonding.
A decrease was observed in the microhardness values of all the sample except the alloy
containing 5 wt% Cu. As it waslraady accounted for the coppeee sample
homogenization and grain growth causes this decrease in the hardness value. Most
significant decrease was observed for thefl@a sample the reason for that is the

hindered grain boundary motion due increasehm solute content caused by the
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alloying element addition. Thus, formation@§Mg2Si), Sj(CuMgAl,) precipitates did

not caused any increase in the hardness of the alloy. When the precipitation sequence

has proceeded up to the equilibrium precipitatensfthening effect of the precipitates

has decreases. The microhardness value of the 5 wt% Cu bearing alloy has increased
fom88. 7 HV to 119 HV (Table 4.6). For this al
0 precipitates was observed along with ®€CuMgAl,) precipitates in the DSC

analysis. Therefore, GP zones of @@ecipitates resulted a significant increase in the

hardness of the alloy during the bonding process. The hardening behavior of the alloy

became similar to the that of age hardanebld€aing aluminum alloys.
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Figure 4.28. Average microhardness values of the 0, 0.5, 2.5, 5 wt% Cu containing

alloys before and after the diffusion bonding.

Bond shear strengths of the Cu alloyeeMd-Si alloy joints were testeaind showed
in Figure 4.29. Two tests were conducted for each specimen and average was
calculated. Bond strengths of the Cu containing alloys were close to the bond strength

of the Cufree alloy. Therefore, addition of copper does not seem to contribtlie to
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bond strength. Maximum bond strength of 22.6 MPa was obtained for the 2.5 wt% Cu
containing sample which is slightly higher than the remaining samples (Table 4.6).
Therefore, it can be said that addition of copper to the Al6063 alloy system does not

yield any significant increase in case of bond shear strength.
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Figure 4.29. Shear strength of the diffusion bonded joints of 0, 0.5, 2.5, 5 wt% Cu
containing AtMg-Si alloys.

Table 4.6 Summary othe mechanical properties of the base metal and diffusion

bonded joints of Cu containing Al, Mg, Si alloy.

Mi croharl Microhar Bond Sh
Al T oyl (asagqtHVv) ( after [ StreqlNPh

Al 6 06 76. 2 4 4 14. 4
05wt .Cuh 63.7 54. 4 15. 9
2.5 @Wu. 7Q@. 56. 9 22.6
5 wtCu 88. 7 119.0 15. 7
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Fracture surfaces of the samples containing 0, 0.5, 2.5, 5 wt% Cu were shown in Figure
4.30. Similar features were observed on the fracture surfaces of the alloy which is in
consistence with thehear test results. Since bond shear strengths were similar fracture
surfaces was also expected to be similar. Both bonded ahdnated regions were
observed on the fracture surface of thef@e alloy. The unbonded regions remained
unchanged when Cu &dded to the system and area covered by thedmnuohed
regions were close to the area covered by the bonded region. Therefore, Cu addition
did not prevent the formation of an inhomogeneous fracture surface. Dimples
indicating the ductile fracture of theint were also observed in the bonded areas of
these alloys. When these dimples were examined at higher magnifications it was
observed that, the size and depth of these dimples were also inhomogeneous for all of

the alloys which explains the high deviaoon the shear test results of these joints.

It can be concluded that it is possible to prevent the loss in the hardness of the base
metal during bonding when it is alloyed with 5 wt% copper. However, it is not possible
to obtain higher bond shear strergyfor diffusion bonded joints of Alg-Si alloy

unless, the inhomogeneity on the bond interface were eliminated.

96



A - ; Lo { ) ' ¥
\ e 7 G ) e L 1 = \‘_“‘ " &
g te N 1 2 ¢ - A
0 A 5 ~ R ’ D
0 wt_ % Cu 0SS Wt Cu
e % - \ i P70 q } 1 : TR
3 , e I S 4 A X ! o 1\l A &
WD mag HV HFW 50 ym WD mag HV HFW vac mode
8.4 mm | 2000 x| 20.0kV | 149 ym METE-METU 7.1 mm |2 000 x| 20.0 kV | 149 pym [High vacuum

2.5'wt % Cu

WD | mag HV HFW | vac mode
7.5 mm |2 000 x ' 20.0 kV | 149 pm |High vacuum

Figure 4. 30. Fracture surface of the diffusion bonded joint of a) 0, b) 0.5, c¢) 2.5, d)
5 wt% Cu bearind\l-Mg-Si alloy.

4.3.2. Effect of Sn as Alloying Element

As-cast microstructures of the 0, 0.5, 2.5, 5 wt% Sn containing Al, Mg, Si alloys were
shown in Figure 4.31. As in the case of copper, addition of Sn also yielded the
reduction of the asast grain size. Since, all the casting parameters were ident&al, th
reason of this reduction was again the hindrance of the grain boundary motion due to
the increase in the segregation of the solute atoms in the alloy. It was reported in the

literature for many system introducing alloying elements causes an incredse in t
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solute content of the alloy. As a result, segregation at the grain boundaries increases
[66].

0.5wt % Sn

L T R — W v 3 d
METE-METU 3.5 500 597 pm METE-METU

pm
METE-METU

Figure 4.31. As-cast microstructure of a) 0, b)0.5, ¢)2.5, d) 5 wt% Sn containing Al
Mg-Si alloy.

XRD analysis conducted on the-east samples are shown in Figure 4.32. Low
intensity MgSn peaks were observed in the XRD pattern of the 0.5 wt% Sn containing
alloy apart from the FCQAI) peaks indicating the formation of Mgn phase during
solidification of this alloy. When the Sn composition was increased further amount

and number of Sn bearing phases in the alloy also increased. (Sn) formation was also
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observed along with FG(Al) and M@Sn phases during solidification of both 2.5 and

5 wt% Sn contaiing alloys. Sn rich phases appear brighter in theaas
microstructures of the alloys observed under SEM due to high atomic number of tin.
Increase in the amount of these brighter phases were clearly observed in the
microstructures for higher Sn compasns. This is accompanied by an increase in the
intensity of the both (Sn) and MgNn peaks in the XRD pattern of the alloys. &g

and Sn formation was reported in the literature when Sn is added as alloying element
to the AFMg-Si systen{73]. The data obtained in this study was also proved that the
addition of Sn to the AMg-Si alloy system triggers the formation of bEmn phase

when Mg and Sn composition are close to each other and further increase in the tin
composition yield to formation of (Sn) phase in addition to the$ig
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Figure 4.32. XRD patterns of the 0.5, 2.5 and 5 wt% Sn containinglgtSi alloys

in ascast condition.

Average microhardness values of the alloys weeasured in as cast condition and

showed in Figure 4.33 Addition of Sn to theMb-Si system caused a decrease in the
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hardness of the alloy in &sst condition. Comparison among the Sn bearing alloys
showed an increasing trend in the microhardness valilk increasing Sn
composition. This increase is caused by the increase in the amount9f [digase
formed during solidification with increasing Sn contdfien though this is the case,
microhardness values of the Sn containing sampleie never reachputo the

microhardness values of the-8ae alloy.
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Figure 4.33. Average microhardness values of the 0, 0.5, 2.5 and 5 wt% Sn
containing AIMg-Si alloys in ascast conditiorj100].

DSC analysis were conducted hgating the specimens up to 5Q0at a rate of
20K/min to seethephase transformations occurring in S containinglloys during
the heating and cooling cycles of the DB procdssFigure 4.34 a endothermic
reaction was observed in the DSC patterns of Sn bearing sampl2@3 &
corresponding to #heutectic transformatiom the MgSn phase diagrar(Figure
2.19. Thus, formation of a local liquid phase due to melting of (Sn) phase was

expected when AMg-Si system is alloyed with Sn. Intensity of this melting signal
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was higher for higher Sn compbens caused by the increase in the amount of (Sn)
phaseAlthough very low in intensity, the endothermic peeksstill seen for the 0.5
wt% Sn alloyindicating presence ¢6n) phase in this alloy at an amount ikdielow

the detection limit of conveiunal XRD.

Two exothermic peakaere observed at around 280d435 C. As it was mentioned
among them the low temperatuypee a k bel ongs to ' preci pi
temperatur e p(®g%) precgitaton kg this stualy, fhese two peaks
were observed in the DSC patternsif0 and 0.5 wt% Sn containing alloys and
disappear with increasing Sn contetie to similar crystal structures Bfg.Sn and
Mg2Si, Sn is known to replace Si in M8i andresults the formation dflg>Sn during
solidification [73]. Therefore, increase in the amount Mig2Sn formed during
solidification accompanied by the decrease in the amount of free Mg in the alloy.
When all of the Mg present in the allsyemployed irtheformation ofMg>Sn, MgSi
cannot be formeduring aging and alloy loses its precipitation hardening ability. That
is to say, alloys cannot be precipitation strengthened after theechppffusion
bonding process. Therefore, a limiting composition wasente® preserve the age
hardening ability of the alloy and theempositionwas found tde approximately 2.5

wt% Sn due to low intensity of Mi exothermic precipitation signals.
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Figure 4.34. Isochronal DSC traces of the@5, 2.5 and 5 wt% Sn containing-Al
Mg-Si alloys at 20 K/mirj100].

After diffusion bonding process, both microstructural examination and microhardness
measurements were conducted on the esesfion of the bond interface. The
microstructural view of the Sfiee sample after bonding shows irfstiént bonding

with pore formation at the bond interface (Figure 4.35.a). However, for 5 wt% Sn
containing alloy formation of a new phase was observed at the bond interface. A local
liquid (Sn) phase formation was observed in the DSC analysis of thenSintog
samples. EDS analysis proved that the observed phase at the bond interface was a Sn
rich phase spread through the interface (Figure 4.35.b).

102



Figure 4. 35. Diffusion bonded microstructures of theGaywt% and b) 5 wt% Sn

containing AtMg-Si alloys[100].

Previous findings in the literature suggests that, as the mechanical properties of the
diffusion bond approaches to the mechanical properties of the base metal it is possible
to talk about the formation of a solid bo[8%]. Microhardness measurements were
conducted to the diffusion bonded samples and results were shown ie Eig6r
Diffusion bonded microhardness profile of the-f&#e alloy revealed a significant
decrease at the bond interface which can be attributed to the insufficient bond
formation. This decrease in the hardness value can be explained by the pore formation
observed in the crossectional view of the bond interface of this alloy. Microhardness
profiles of the Sn containing alloys showed a constant trend throughout the sample.
Hardness of the diffusion bonds were close to the hardness of base metal indicating

the formation of a solid bond for these samples.

Microhardness values after the bonding were significantly lower compared to the
hardness values of these alloys incast condition (Table 4.7). Most significant
decrease was observed for theffae alloydue to homogenization of the grains during
diffusion bonding cycle. Among the Srearing samples the highest microhardness

value after diffusion bonding was observed for the 0.5 wt% Sn containing alloy. The
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hardness of this alloy after bonding was alsselto the hardness value measured in
ascast condition. As it was mentioned in the DSC analysis as the Sn content of the
alloy increases the exothermic signal indicating the precipitation of th8iNdgase
diminishes. That is to say, alloy loses its gretation hardening ability since all Mg
available was used to form I¢f§n during solidification. The loss of the precipitation
hardening ability is accompanied by a significant decrease in the hardness of the base

metal after the diffusion bonding procegsplied.
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Figure 4. 36. Microhardness profiles of the 0, 0.5, 2.5 and 5 wt% Sn containing Al
Mg-Si alloys across the bonded interface after DB prod€xy.

Shear strengths of the bonds were measured and an increasing trend with increasing
Sn content was observeddbre 4.37). Bond strengths of the Sn bearing samples were
almost two times higher compared to bond strength of thize8nsample. The low

bond strength obtained for this alloy can be explained by both porous structure of the

bond interface and the decseain the microhardness profile. When 5 wt% Sn was
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added to this alloy shear strength was increased from 14.4 to 29.0 MPa. Therefore, Sn
rich phase observed at the bond interface causes an increase in the bond strength of the
alloy. The difference betwedghe bond strength values of the Sn containing alloy was

not significant. Thus, addition of Sn to the-Mi-Si system yields to formation of

bond with higher strengths.
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Figure 4.37. Shear strengths of diffusion bonded joiatshe 0, 0.5, 2.5 and 5 wt%
Sn containing AIMg-Si alloys[100].
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Table 4.7 Summary of the mechanical properties obtained before and after DB of
the 0, 0.5, 2.5 and 5 wt% Sn containingMd-Si alloys.

Alloy Microhardness Microhardness Bond Shear
(ascast)(HV) (after DB) (HV) | Strength (MPa)
O wt. % Sn 76.2 447 144
0.5 wt. % Sn 642 58.2 25.8
2.5 wt. % Sn 71.0 43.1 234
Swt. % Sn 71.0 443 29.0

Fracture surfaces of the Sn containing samples were examined after shear testing and
SEM micrographs were shown in Figure 4.38. The unbonded regions causing poor
bond shear strengths for both unalloyed and Cu containing samples were eliminated
when Sn is dded as alloying element to the-Mig-Si system. DSC results indicated
formation of a local liquid phase during the bonding. This liquid phase was spread
through the interface under the applied load and lead to a more uniform bond formation
hence, a moredmogeneous fracture surface.

Fracture surface of the 0.5 wt% Sn containing sample consists of homogeneously
distributed oval dimples. Therefore, a solid uniform diffusion bond was obtained and
fractured in a ductile manner under shear load for this sankge higher Sn
compositions cleavage planes starts to appear on the fracture surface along with the
oval dimples. Therefore, a transition was observed in the fracture mode of the alloy
when Sn content was higher than the 0.5 wt%. Both XRD and DSC regglissts

that increase in the amount of local liquid phase was expected when the Sn content
was increased. When, the amount of liquid phase was increased the Sn rich layer at the
bond interface gets thickeRelatively high cooling rate applied after thending

caused rapid solidification alis (Sn) layer. As a result, cracks are also observed on

the fracture surface of these two samples.
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wt% Sn containing AMg-Si alloy[100].
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It can be concluded that 0.5 wt% Sn addition to the Al6063 alloy does not give the
highest bond strength but maintaining the properties of the base material during the
bonding is also as important as the bond strength. When the Sn content was higher
than he 0.5 wt% loss in the precipitation hardening behavior and transition in the
fracture mode were observed. Therefore, 0.5 wt% Sn containing alloy gives the
optimum results in terms of bond strength and preservation of the properties during

diffusion bondim.
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CHAPTER 5

CONCLUSION

In this study, i has beershownthat properties of the diffusion bonded joirie

closely controlled by the applidibnding parameters. Wrought Al 606Boys were

used for the optimization experimerasdtheeffect of pressure, temperature and time

on the bond shear strength was investigated. Increasing the time, temperature and
pressureduring diffusionbondingwas found to increase the shear strength of the
produced joint. Pressure increase yields highedsirengths due to larger initial
contact area caused by the higher deformation of the surface asperities. Increase in the
temperaturavasfoundto bemore effective compared thbe increase ipressure and

time due to exponential dependent the atomidiffusion to temperature. Maximum

bond shear strength of 32.3 MPa was obtained when samples were diffusion bonded

under 13 MPa pressure at 520for 3 hoursandcooled in the furnace.

High temperature processing and furnace cooling applied during thaizgiton
experiments resultad changes in botthemechanical and structural properties of the
alloy. Hardness of the base metal dropped from 106 HV to 40 HV after diffusion
bonding due to dissolution and coarsening of theS¥igrecipitates and grainauth.

To prevent this degradation air cooled specimens were produced with same bonding
parameters. Bond strength of the air cooled specimen was found as 39.9 MPa and
hardnessf the base allogfter the bonding was measured as 77 HV. Therefore, higher
cooling rates yield higher mechanical properties of libdbase metal and the joint.
Although, hardness of the air cooled samples were higherttizarof the furnace
cooled ones, they are still lower than the initial hardoé#ise base allaylT'o minimize

the deterioration of the properties of the base metal, both bonding time and temperature

should be minimized.
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To achieve thiseveral interlayer materials were applied to the bond interface to act as
a diffusion sourceand their effect on the bond forrm@t was investigated. Use of
silver nanowires either in the form of sstfanding films or irsuspensiomwith ethanol
resulted in failure in the bond formation. Investigation of the samples prepared with
ethanolsilver nanowire suspensionas interlayer material was showwo form
agglomeration of the silver nanowires at some parts creating irregularities at the bond
interface. Use of selftanding films of silver nanowiragas also not successfilie to

high waviness of the film surface. @tefore, bond formation via diffusion was
suppressedue to low contact ared.was concluded that thaterlayer material used

in diffusion bonding should be smooth and free from irregularities.

Nickel flakes werealsoused as interlayenaterial,sincethey are expected tmeet
these criteriaConsequentlysuccessful bonding with a bond shear strength of 21.8
MPa was achieved. After the bonding the observed interlayer aahefstlongated
nickel flakes and air gaps in between them. Failure of thesjaccurred due to
widening of these air gaps and resulted in a low bond strength companestlayer
materiatfree joint. Thus, to obtain higher bond strengths interleggerialshould be

more intact.

Lastly, gold was sputter coated in three ddferthickness as interlayer material.
Although, joint formation was observed when gold is used as interlayer material,
obtained bond shear strengths were very low. Maximum bond strength of 13.6 MPa
was measured for the sample with 200 nm gold inter)ayer a decreasing trend in

the bond strength was observed with increasing interlayer thickness. Elemental
mapping and fractography analysis conducted on these samples revealed that presence
of the goldinterlayerprevented the contact betwete two aluminun surfacesand

hence, retared the bond formation. It can be concluded that use of the interlayer

materials either prevented the bond formation or resulted in low bond strengths.

As a part of this studygast Al6063alloys werealsoproduced and diffusiobonded.
Bondingwas carrieddeu under 6 MP aC fogo 3 hewssfar albétheacast 52 0 °

sampledased on the results obtained in the initial optimization part of this. kfigy
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bonding microhardness of the cast alloy decreased from 76.2 H9.®HRV due to
homogenization and growth of the grains. Bond strength of the cast alloy was
measured as 14.4 MPa. The low bond strength achieved was found to be caused by the
presence of unbonded regipnghen thefracture surface of the allojias been
examned To prevent the loss in the strength of the base metal as weliresease

the bond strength Cu and Sn were added separately as alloying eJeandntiseir

effects on the properties ttie base metal ands diffusion bonding behavior were

investpgated.

Addition of Cu was accompanietly the formation of CpAl phase during
solidification,the amount of whichincreasedvith increasing Cu content. Increase in

the segregation as a result of the increase in the solute content resulted in decrease in
the ascast grain size. Therefore, grain size of the alloys was found to be decreasing
with increasing Cu content leading to increase in theaashardness. Precipitation of
CuMgAl> was observed instead of Mg for all Cu containing alloys during the
diffusion bonding cycle. DSC ressithowed formation of the GP zones of the GuAl

for 5 wt% Cu containing sample whidlstifies the increase in the hardness of the
alloy from 88.7 HV to 119 HV after diffusion bonding. Mechanical characterization

of the diffusion bonded parts revealed tRataddition does not contribute to the bond
strength of the cast AWg-Si alloy. Both fracture surfaces and measured bond
strengths were similar tihoseof Cu-free alloy. Consequently, addition of Cu to the

Al 6063 alloy system eliminated the decrease in the base metal strength during the
bonding cycle when the Cu amount wast3o, yet obtained low bond strengths were

remained unchanged.

When Srwasadded as alloying elemefdrmation of MgSn phase was obsed/for
similarMg and Sn contents. Further increase in the Sn content resulted in the formation
of additional (Sn) phase which cadsthe formation of a liquid phase at 208.
According to DSC resultamount of this liquid phase is directly related toaheunt

of the (Sn) phase formed during solidification. Precipitation hardening ability of the

alloy disappeared as the amount of Sn introduced into the system was increased, since
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Mg available to form MgSi is used for the formation of M8n phase. Therefe,
increase in the strength of the alloy via aging cannot be achieved. Mechanical
characterization of the joints revealed that shear strength of the diffusion bonded joints
increagsas more Sis introduced into the system. The unbonded regions observed

the fracture surface of the-aast AI6063 alloy were eliminated by Sn addition due to
formation of a local liquid phase. For 226d 5wt% Sncontainingalloys a significant
decrease in the hardness value of the base metal was observed due ®withidos
precipitation hardening ability of the alloys, and fracture mode was found to transform
from ductile to mixed fracture due to the liquid (Sn) phase spread through the interface
during the diffusion bonding process. Considering all of these reé3&ltwt% Sn
containing alloy was found to be the best choice for diffusion bonding, as it provides
higher bond strength compared tofgee alloy withoutdeteriorating thaetrength, age
hardening ability and ductile fracture behawbthe alloy

Further studies are recommendddr the future to comment thoroughly on the
diffusion bondingbehaviorof the A 6063 alloy to be used in electronics cooling

systems.

1 Thermal conductivity is one of the most important properties for a part to be
used in cooling systems. Therefore, thermal conductivity measurements of the
produced parts are requirezhce a diffusion bond suitable in terms of
mechanical propertigs obtaned.

71 For liquid cooled systems corrosion resistance of the alloy is also important.
Corrosion tests can be conductetthe diffusion bonded parts in case they are
integrated into a liquid cooled system.

1 Due to their low amount precipitates were hard etedt with conventional
XRD. Transmission electron microscopy (TEM) studies of the bonded samples
are required to better differentiate the phases formed during the bonding
process

1 In-situ synchrotron experiments would be beneficial for better understandi

of the phase transformationdich occur during the diffusion bonding cycle.
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1 Addition of Cu as alloying elemeried to an increase in the base metal
propertiesand addition of Sn increased the bond strength. Therefore, using the
0.5wt% Sn containing koy as an interlayer for the diffusion bonding oi®%

Cu containing alloy could be considered to increase the strength ofhleoth

base metal and diffusion bosanultaneously
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