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PERFORMANCE EVALUATION OF COPPER BRAZING USING CU-NI-

SN-P FILLER METAL

ABSTRACT

Joining pure copper by brazing techniques using electric heated tube furnace has been
done to brazed copper for heat exchanger application. Brazing temperatures specify
within range of 660 °C to 700 °C using two different commercial alloy metals Cu-Sn-P
base, VZ2200 and MBF2005. The filler metals were places between copper substrates
layer. Heating processes was conducted in tube furnace at specific holding times of 5 to
15 minutes for each type of filler metal. Microstructure observation of the joints visibility
was done using light optical microscope (OM) and field emission scanning electron
microscopy (FESEM) and the element composition was analyzed by energy dispersive
spectroscopy (EDS). Universal testing machine (UTM) was used for the inspection of
mechanical property specifically for shear strength to measure the performance of the
joints. Capture image under OM with the assist of computer software was conducted to
measure the profile of intermetallic compound of the brazed layer. The brazed copper
using filler metal of VZ2250 exhibited maximum shear strength 148 MPa when brazed
at 680 °C with holding time of 15 minutes. While brazed pure copper using filler metal
of MBF 2005 show its maximum shear strength 168 MPa when brazed at 680 °C with 10

minutes holding time.
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Microstructure



PENILAIAN PERKEMBANGAN PENDAKAP KUPRUM MENGGUNAKAN
ISIAN METAL CU-NI-SN-P
ABSTRAK

Penyambungan kuprum tulen dilakukan dengan kaedah pendakap menggunakan relau
pemanas elektrik untuk tujuan penggunaan komponen penukar haba bagi komponen
sambungan kuprum.Suhu pendakap telah ditetapkan dalam lingkungan 660 °C hingga
700 °C menggunakan dua jenis isian metal berasaskan Cu-Sn-P yang tersedia dipasaran.
Isian metal VZ2250 dan MBF2005 telah diletakan diantara permukaan kuprum yang
hendak disambungkan.Proses pemanasan menggunakan relau tiub dibiarkan dengan masa
penahanan yang spesifik antara 5 hingga 15 minit untuk kedua-dua jenis isian metal
tersebut. Penelitian terhadap struktur mikro bagi penyambungan boleh dilihat
menggunakan mikroskop cahaya optic dan mikroscop (OM), lapangan pancaran imbasan
electron (FESEM) dan analisis pecahan elemen dengan menggunakan EDS.Mesin ujian
universal (UTM) digunakan utk penelitian kekuatan ricih bagi perkembangan sifat
mekanikal bagi kekuatan penyambungan kuprum. Imej yang diimbas oleh OM dengan
bantuan perisian computer profil lingkungan antara metalik bagi lapisan pendakap
penyambungan tersebut.Pendakap kuprum menggunakan isian metal VZ2250
mencatatkan kekuatan ricih tertinggi iaitu 148 MPa apabila suhu pendakap pada 680 °C
dengan masa tahanan 15 minit, Manakala pendakap kuprum menggunakan isian metal
MBF2005 mencatatkan kekuatan ricih tertinggi 168 MPa apabila suhu pemanasan

pendakap pada 680 °C ketika masa tahanan 10 minit.
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masa penahanan
Struktur mikro
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CHAPTERL: INTRODUCTION

1.1 Study Background

This study observe on joining performance of two metals. The selection type of joining
method is brazing, a process of joining 2 or more metal using filler. Brazing is suitable
method for joining metal due its convenience, cost effectiveness and high quality process.
The selected material in this study is pure copper (99.99% wt). The samples of same pure
copper brazed using two different type of filler. Commercial alloy filler used to join the
two copper. The most important criteria of joining material investigation is their
morphology. Brazing of the element of the iter first wall by rapidly quenched filler metals.
Optimization of the composition of alloy filler metals based on the Cu-Sn-P system.
Conducting metallographic investigations of the zone of brazing. This study will focus to
determine the effect of heat treatment such as temperature and holding time on
intermetallic compound and mechanical property i.e shear stress of the Cu-Cr-Zr (its
composition). The temperature and holding time of annealing were chosen with
consideration for brazing regimes of a particular product. Previous study discover
temperature is raise adequate to melt the filler metal (Kalpakjian,2006). Related filler and

it composition shown in Table 1.1.



Table 1.0: Filler metal composition

Composition (wt %) Composition Fillers

Material Nickel ( Ni) Tin (Sn) Ph‘(’gg’homs Copper (Cu)
Filler VZ 2250 7 9 6 8
Filler MBF 5.7 9.7 7.0 776
2005

In this study the brazing factor i.e brazing temperature and holding time investigated
to identify the performance of brazing on the two part joining copper surface using two
different filler. The process of brazing temperature set at 660° C, 680°C and 700°
respectively. The holding time for the process set at 5,10 and 15 minutes. In this study
involve 9 samples for each filler, means in total 18 samples brazed in the tube furnace for
each investigation i.e shear test, optical microscope (OM) analysis. The optimum sample
select to be further investigated using field emission scanning electron microscope

(FESEM) and energy dispersive spectroscopy (EDS).

1.2 Scope and limitation

The study involve new commercial alloy filler Cu-Ni-Sn-P used to joint pure copper
(99.99% wt) with pure copper (99.99%wt).During experiment the temperature of the
furnace increased until liquidus temperature of the filler metal is reached. Then the molten
filler metal will flow into the gap two substrates by capillary action. Selected new foil
type (40micron) of filler metal containing Cu—7.0Ni-9.3Sn-6.5P (VZ2250) and Cu-—

5.7Ni-9.7Sn—7.0P (MBF2005) is heated base on three level of brazing temperatures (660,



680,700 ° C) and treated by three differences holding time (5,10,15mins) were selected

in order to investigate that quality and reliability of brazed joint.

The dry-argon purge into tube furnace during experiment to reduce the oxidation
effect. The effect optimization of the composition used filler metals based on the Cu—Ni—
Sn—P system will investigate. Comparative tests of two filler metals of brazing of pure
measure by their mechanical properties i.e. shear test. The metallographic investigations
of the zone of brazing joint will be observe using light Optical Microscope (OM), Field
Emission Scanning Electron Microscope (FESEM) and Energy Dispersive X-ray
Spectroscopy (EDS). This research will focus to determine the effect of difference brazing
temperatures and holding times treatment on the mechanical properties of the Cu/Cu-Ni-

Sn-P/Cu joint.

1.3 Objectives
Successful research aims clearly target to achieve. This research also aims clearly

objective to be set as follow:

1. To evaluate the mechanical property (shear strength) with annealing treatment

using various temperatures also need to relate with the effect from filler metal

2. To investigate microstructure analysis using light Optical Microscope (OM),

FESEM/EDS and IMC apparatus.



1.4 Organization of report
There are 6 chapters in this report. Different topics delivered during study done. The

topics listing of brief content chapters as follow.

Chapter 1

In this chapter the background of the study to gives as guideline and ideas to get the

whole pictures of this study be done.

Chapter 2

Focus on literature review from previous related studies. Previous reports been screen

and wrote in this chapter as guideline to run this study to get the aim objectices.

Chapter 3

This chapter stated the procedures of experiment been done in this study. Base from

previous research methodology were apply to this chapter.

Chapter 4

In this chapter all the result from the experiment reported according to the limitation
objective as set in chapter 1.The output from finding represent in the form of figures,

tables and schematic graft.

Chapter 5

The result finding of research being discuses related to the outcome with the theory

Chapter 6



The last chapter that conclude the overall results and discussion that found in this

study.

Also provide suggestion for future improvement for next investigation.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction of materials

Copper widely used as a conductor of heat and electricity, as a building material, and
as a constituent of various metal alloys, such as sterling silver used in jewelry, cupronickel
used to make marine hardware and coins, and constantan used in strain gauges and
thermocouples for temperature measurement. Copper is soft, malleable and one of the
most ductile metals, thus copper can be shaped in to thin sheet, drown into wires and
made into pipes. Strength and hardness are appreciably increased by cold-working
because of the formation of elongated crystals of the same face-centered cubic structure
that is present in the softer annealed copper. Common gases, such as oxygen, nitrogen,
carbon dioxide, and sulfur dioxide are soluble in molten copper and greatly affect the

mechanical and electrical properties of the solidified metal.

The unique performances of copper includes heat conductivity, higher electric
conductivity and corrosion resistance makes copper widely applied in engineering

structure (Liu et all. 2008).

The second half of last century, comprehensive studies of the coloration between

mechanical properties and microstructure have been performed (Murphy 1981).

General fact copper are commonly alloyed with another metals to make it more reliable
according to the needs. Tin, zinc or gold often used during alloying copper to become
new metal entity such as bronze (alloyed copper with tin) and brass (copper with
zinc).Brass copper produces for better corrosion resistance than pure copper (Earth
science for society 2011). Copper alloy stronger and more ductile as temperature

decrease.



2.2 Brazing

There are several method of joining two or more copper. Copper brazing normally
used for heat exchanger, EGR cooler and dissimilar metal joining. Brazing is one of the
joining process using filler metal placed in between the metal surface to be joined by
melting and flowing a filler metal into the joint. Brazing involve heating temperature and
time for the purpose of melt the filler metal. The melting temperature for filler metal
typically above 450°C and below the melting point of base metal to be joined. The filler
metal having a lower melting point than the joining metal. Copper alloy filler usually used
to joint pure copper to other metal. Flux is often used during brazing. It is a liquid that
promotes wetting, which lets the filler flow over the metal parts to be joined. It also cleans
the parts of oxides so that the filler bonds more tightly to the metal parts. In addition,
fluxes are used in welding to clean the metal surfaces. Soldering temperatures and joining
strength are lower than brazing (Kalpakjan 2006). The filler metals are mainly alloy of
silver, aluminum, nickel, cobalt or copper (Sulzer Metco 2011). The important factor to
achieve good joint ability of brazing are influenced by the filler properties, wetting and
spreading by molten filler metal and the interfacial reaction between the molten filler and
interfacial reaction between base material and filler material (American Welding Society

Handbook AWS 2007).

2.2.1  Cycle of Heating

There are varies of heating cycle depend on the study case. The study of heating cycle
for 304 stainless steel plate-fin braze with BNi2 filler metal conducted by Jiang, Giong
and Tu (2011) use seven steps. Beginning with the step by pumping vacuum of the
furnace to 0.001 Pa, then the stacked structure of plate—fin is heated up to 850° in 50
minutes. The third step the temperature is held at 30 minutes to reduce the gradient

temperature for the whole joints. After that, step four set the heating is resumed until



brazing temperature reach 1050°C during 30 minutes, and it will lead the best capillary

flowage of nickel-base filler metal.

The fifth step brazing time controlled in 25 minutes to control the thickness of the base
metal and the complexity of the joints. The carbide of the austenitic stainless steel
achieved during this cycle by preferable solid solution treatment. Sixth step of vacuum
self-cooling while the temperature reduces from1050 to 620°C within 40 minutes. The
final step while lowest temperature reached 620°C, immediately the quick cooling is
performed using dry nitrogen by filling into the furnace. The wind cooling system also
take places at same time starting up within 50 minutes. The whole body temperature set

about 40°C, plate-fin brazing structure removed from the furnace then lets cool in the air.

The same procedure conducted in another research by Miab and Hadian (2014) shows
similar techniques. The case of braze cubic boron nitride (cBN) /steel (CK45) joint with
Cusil-ABA uses using active brazing filler alloy. A constant brazing temperatures of 920°
was set-up during brazing process in a tube furnace surrounded high purity argon

atmosphere and the brazing time range between 5 and 15 minutes.

2.2.2  The temperature effect

The most important parameter that effect the brazed joint performance is brazing
temperature. The range of temperature depending on type of metal be joined and the filler
are used. Difference value of temperature give different value of effect such as
microstructure and strength of brazing. Temperature has big influence to change the
microstructure and mechanical properties of brazing metal. The case brazing of sapphire
with Inconel 600 by variation of 830-900°C using thin sapphire and thin Inconel 600. The
fail brazing result occurred at low brazing temperature 830° due to high residual stress.
Meanwhile successful joining result archived at high temperature 900°C as the specimen

could preserve (T.Zaharinie et al, 2014).The higher the temperature gives the higher



strength of joining (J Liu et al, 2013). High brazing temperatures inhibit the joining to the

base metal and the fluidity of brazing filler metals diminishes with increasing Cu content.

The studies on graphite and copper using Ni-Cr-P-Cu filler alloy also supported the
effect of brazing temperature. The number and size of Cu-based solid solution increase
while the brazing thickness layer reduces when the brazing temperature increased. The
interface of graphite and filler alloy reaction layer increases effect the thickness of brazing
result. Result shown the higher brazing temperature faster reaction speed between the

elements (Zhang et al.2014).

High brazing temperatures inhibit the joining to the base metal, and fluidity of brazing
filler diminishes with increasing Cu content (Tatsuya et al 2014). Apart from that, the
joint strength will be affected by spreading area and wetting angle of the copper base

alloy filler.

Surface roughness of the base metal consider as another important role in braze joint
strength and spread ability of filler. Shabtay and co-worker have reported that copper and
its alloys can withstand high-temperature brazing process without substantial loss in
strength (Y.L Shabtay et al 2004). A study reported that the successful brazing and good
wetting achieved by the least void by using and intermediate surface roughness ( average
Ra value) and the Ra value around 0.20 um found to the most appropriate for brazing of
copper conducted at the specified process parameters (T. Zaharinie et al, 2015). Similar
finding have also been reported by other research which indicate the the molten filler

metal is able to wet a rough surface well rather than a fine surface (. Li et al, 2012).



2.2.3  Holding time effect

A research done by Miab and Hadian (2014) to study brazing time effect on the
mechanical and microstructure properties changes. Cubic boron nitride metal are chosen
to joints using active brazing alloy, Cusi-ABA. The result of the study shown that the

increment of brazing time significant gave changing of microstructure brazed layer.

The increment of brazing time will affect the braze layer microstructure. The changed
can be identified by observation on dendritic shape on the dark phase translocate and
concentrated across the interfaces. The reaction of Ti and cBN caused the phenomenon
during brazing process. Ti is an important element as activator to react with cBN to form
wettable portion. This Ti activate element used as interfacial reactions during brazing
process. Increase of dwell time will affect the change of Ti to diffuse toward cBN/Cusil-

ABA interface to produce Ti-rich phase along the interphase.

Copper brazing holding time allow sufficient period for molten filler metal to interact
with the base metal. The wetting behavior of the filler can investigate using light optical
microscopic (OM) that shows an effective spreading flow of the filler metal over the base
metal. The strong braze result achieved when the filler metal has diffused into the base

metal through the grain boundaries. This strong braze joint having a high shear strength.

2.3 Mechanical Properties of Joints

Pure copper joints brazed with amorphous Cu68.5Ni5.7Sn9.3P6.5 filler metal using
vacuum furnace investigated by Jing Zhang show that the tensile strength affected by
increased and decreased time and brazing temperature. The maximum value of tensile
strength 135MPa of brazed copper was found when brazing performed at 680 °C for 20

min (J. Zhang et al 2013).
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Cu-P filler metal are used due to their low melting point, superior wettability, perfect
self- fluxing and low cost. Content of P 5wt % or more filler alloy used in brazing copper,

a brittle intermetallic compound (IMC), Cu3P tend to form at room temperature.

A new brazing cycle design for brazing copper been develop by T Zaharini and team
which involve the best process parameter 650 °C and holding time 5 minutes. The shear
test result for this parameter gave the highest value of 190 MPa in the braze joint (T

Zaharini et al, 201).

Very difficult processing but discover new kinds of new Cu-P filler metal been
manufactured using rapid solidification (W. Liu et all 1990). The brazing joint using Cu-
Ni-Sn-P amorphous filler metal been investigated by influence of brazing temperature
and time to the phase constitution and tensile strength. The effect of brazing time on joint
strength at temperature 680 ° C increase up to 20 min to 30 min and give the maximum
value of tensile strength 135.19 MPa for 20 min. Short brazing time (5min) leads to
insufficient atomic diffusion between the melting metal and copper substrate just give the

value of tensile strength lower as 80.5MPa (J Zhan et al, 2013).

2.4 Phase diagram

Phase diagram is basic foundation material investigation guide in performs basic
material research include solidification, joining, phase transformation, crystal growth,
solid state reaction and etc. Phase diagram plays as a road map for process optimization
and materials design as it is the starting point in the manipulation of process variables in

order to achieve the desired microstructure (Austin Chang, 2004).

The element relationship show in phase diagram includes temperature, the
composition and the phase present under equilibrium condition for the specific alloy.

Known as an equilibrium or constitutional diagram, phase diagram refers to it equilibrium
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phase for the metal. It stable condition present equilibrium as defines the static or constant
state of a system that maintain over an indefinite period of time. For constitutional
indicate the link between the composition, structure and physical make-up of the alloy

(Kalpakjian, 2006).

Distinguish of phase diagram by it characteristic of a metal to change the phase of solid

solution with the other materials. The characteristic listed in 3 conditions

Condition 1: two metal are completely soluble in each other in all proportions in the

solid state.

Condition 2: two metals are completely insoluble in each other in the solid state

Condition 3: two metals are partially soluble in each other in the solid state

The microstructure will be produce when alloys cooled under equilibrium conditions.

The microstructure indicate by the alloy phase diagram.

2.5 Intermetallic compound

Intermetallic compounds are defined as solid phases involving two or more metallic
or semi metallic elements with an ordered structure and often a well-defined and fixed
stoichiometry (C.C Barlow 2001). Intermetallic compounds have a high melting point
and are generally brittle at ambient temperature. They often offer a compromise between
ceramic and metallic properties when hardness or resistance to high temperatures is
important with sacrificing some toughness and process abilities (K. Suganuma
2013).Intermetallic is an electrochemical bonding between the brazed and the copper

surface.
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It takes place during reflow when the Tin in the filler reacts with the Cu substrate or
layer. In Sn-rich solders on a Cu substrate, Cu6Sn5(n) or Cu3Sn (¢) intermetallic layers

are formed at the solder/substrate interface.

2.6 Optimum process parameter of brazing copper

Set of pure copper metal selection for purpose of braze using filler metal was
conducted by Tuan Zaharinie and team test brazing process using vacuum furnace at
temperature range 650-750 °C. The holding time was set at 5-15 minutes. During the
study they concentrate on surface roughness investigation as main effect to relate with

the strength of joint.

The best brazing parameter has found at highest shear strength of 190MPa in the
copper braze joint. The successful brazing and good wetting can be achieved by the least
voids by using an intermediate surface roughness and the Ra value around 0.20 pm was
found to be the most appropriate for brazing of copper conducted at the specified process

parameters ( Zaharinie et all. 2015).
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CHAPTER 3: METHODOLOGY

3.1 Preparation of Sample

The brazing procedure begin with the selection of the metal to be joined. This study
used two pieces pure copper (99.9 % W) during brazing process. Selected upper using
copper rod to be cut into small pieces sized 8mm diameter x 5mm thickness and for the
lower copper substrates the size is cut into 15mm x 15mm x 3mm.The sample assembly
dimension show in Figure 3.1. The copper surface clean up and grind using 1500 grade
sandpaper to become mirror image. The grind sample then clean and dry up in a safe dry

place to avoid oxidation and unwanted impurities on the material.

8 mm
>

5 mmT <— Copper
Filler alloy Rod
(foil) T c—

15 mm/ 3 mm
; i

—

IS mm Plate

-

Figure 3.1: Dimension of sample assembly preparation
Carefully preparation of surface to be joint will get optimum strength of brazed copper.
Thus in order to have good sample the surface must be checked before applying filler

metal for brazing purpose.

Two copper alloy filler as brazing metal filler (BFM) being use in the study. Selection

of commercial filler metal of VZ2250 (filler 1) and MBF 2005(filler 2) foil type thickness
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40 um expected as suitable filler metal for copper joint purpose of heat exchanger
application. The filler metal liquidus at 630 °C and solidus at 600°C. The foil filler cut to
size 10mm diameter X 40um of thickness. Double ply of filler prepared to be placed at

the surface of joining pure copper. It means that the thickness of filler metal become 80

um

3.1.1  Cleaning Solution Preparation

The copper surface must be clean up by using cleaning solution. The cleanliness of
this metal surface to avoid any unwanted impurity or dirt and to get better join. Cleaning
solution prepared using sulphuric acid and distils water. The portion of 5 ml sulphuric
acid and 95ml distils water mix in a container. The solution mixture ready to clean the
sample. The copper soak in the solution container for two minutes. Then the copper

remove from the solution using tweezer to get it dry.

3.1.2 Sample Preparation

Cleaned and dried material is a must procedure to join metal. Two copper sample
arrange layer by layer to form of sandwich type. Square size pure copper placed at the
bottom part, then foil copper alloy filler and cutting rod copper on the top. Complete
sandwich assembly are clamped by a jig before brazing procedure as shown in Figure 3.2.

This assembly are ready to be braze in a vacuum tube furnace.
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Heating zone
Alumina Tube (100mm) Thermoblocks

Inside tube furnace

Figure 3.2 Sample clamp using jig inside tube furnace

3.2 Brazing Procedure

The join copper braze in a furnace, KYK tube uses argon gas as protective agent
atmosphere gas. Clamped sandwich inserted into the furnace tube. The sample are pushed
and placed to the center of tube by using a cylindrical rod. Furnace tube tightly closed.
Sample place in furnace arranging and programmed according to the study requirement
as stated in Table 3.2. This study set the brazing temperature at 660°C,680°C and 700°C
and holding time at 5, 10 and 15 minute. The same brazing parameter used for brazing
copper using 2 different brazing filler metal, VZ2250 and MBF 2005 commercial copper

alloy filler.
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Table 3.1: Programmed brazing temperature and holding time

Sample Brazing temperature (°C) Holding time ( min)
1 660 5
2 680 5
3 700 )
4 660 10
5 680 10
6 700 10
7 660 15
8 680 15
9 700 15

3.3 Heating process

Heating for brazing purpose involve two important parameter, temperature and time.
The programmed procedure set up according to the requirement of the join profile
segment illustrated in Figure 3.3. There are 4 segments for brazing process of copper
using alloy filler in a furnace. Segment 1 as example the temperature set to 30°C let the
furnace initial temperature rise up to 30 °C before heating process begin. Temperature
increasing at segment 2 up to require setting temperature (e.g. 650°C, 680°C,700°C) and
control by certain temperature rate (°C/min). For illustrated sample takes 5°C/min it
means 5 °C increase in a minute. Different set of sample the heating temperature will
have different heating time. The target of heating temperature for sample reached, the
burning in furnace will stop for a specific period of time. This is represent by segment 3
known as holding time. Each sample set the holding time (5, 10, 15 min) as stated in

Table 3.2. After holding time completed the temperature will decrease for cooling

17



purpose. Segment 4 show the cooling stage by controlling the temperature decreasing rate
as example 5°C/min, means 5°C decrease in a minute. The complete process of brazing

copper went through up 4 stages involve pre-heating, heating, holding and cooling steps.

650 -+~

SC/min

350~

$C/min i S iiliit

Temperature (*C)

cooled
30 oo T S e T _— in furnace

0 350
Time (minutes)

Figure 3.3: Profile segment sample illustrate copper brazing at 650 °C
temperature and 5minutes holding time

To perform shear strength for braze copper, samples directly test after complete
brazing process from furnace without any mounting procedure. Shear test using universal
testing machine with 3 samples for each test. In total 27 samples of filler VZ2250 and 27

samples of filler MBF2005.

34 Mounting procedure

The brazed sample cool by air-cool then to be mount. Mounting the sample to get
easier handling grip during preparation and investigation purposes. The sample is cut,
grind and polish for the investigation. Mounted sample prepare by few apparatus consist

of resin, plastic container, hardener and wooden stick.

All the apparatus must be in cleanliness condition. Dry and clean plastics container

being use to mix the mounting ingredients before pour into brazed sample in mold. The
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portion of 8 spoons of resin and 2 spoons of hardener mix together in plastic container.
The mixture being stir to blend and make sure no present of bubble. Blending mixture
then pour into mold with the brazed sample inside. Make sure the mixture are fully cover

the sample in the mold. This procedure finish by given twelve hours to harden itself.

35 Cutting process

Harden mounting sample removes from the mold to cut for microstructural observation
purpose. A cross section cut begin with marking point then clamp with a jig for easy cut
process. A jig tighten using screws by mounting sample align to cutting blade. Linear
Precision Machine being use to cut the clamped sample. The cutting machine use

diamond blade for cutting process.

Machine speed and feed rate must be consider during this process. The copper
mounted cutting for this sample is set the blade rotation speed 280 rpm with feeding rate

about 2mm per min.

3.6 Grinding and polishing

Excellent surface layer is a requirement for best observation of microstructure. Best
preparation to get best result the sample begin with grind and polish. To grind copper
sample selection of high grade of sand paper is choose to avoid surface scratch. Five
grades of sand paper being use to grind the cutting sample. Begin about three minutes
grinds by using 600 grade follow by 800 grade for same rate. After 600 and 800 grade
completed the repeat process by using 1500 and 2500 then 4000 grade. While using high
grade, 2500 and 4000 sandpaper grinding time increased to 20 minutes. High grade of
sandpaper and longer time of grinding process could get better surface good condition

better as mirror image surface.
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Grinding machine shown in Figure 3.4, set at low speed about 250-300 rpm for low
grade sandpaper (600, 800, and 1500). High speed of 400 rpm set for high grade
sandpaper (2500, 4000). High speed will assist to get faster good surface condition. To
avoid heat occur from friction on the surface, tab water is use to cool the heat between

sample and sandpaper.

Figure 3.4: Grinding and polishing machine

The same grinding machine as shown in Figure 3.4 is use for polishing process
.Sandpaper is not required for the process. Polishing the sample uses ultra —gum cloth
with additional of micro polish with metal solution. Two micro polish solution being use
3u and 1p diamond suspension. Polish 3 of diamond suspension for 5 minutes follow

by 1u suspension for the same 10 minutes polishing duration. The complete polish sample
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observe under optical microscope (OM) to make sure no scratch surface, void, dirt’s and

unwanted impurities before etching process.

3.7 Etching Sample

After OM observation shown that complete polish sample in optimum condition
etching is ready for next process. In order to get best quality surface condition etching
purpose are to clean and remove unwanted dirt or impurities on the surface by using
chemical solution. The etching solution prepare using three component, sulphurid acid,
distils water and iron chloride. Solution mixture consist of 100 ml distils water mix with
50ml sulphuric acid and 5g of iron chloride. The mixture stir adequately before use to
etch the sample. The prepared portion of solution can use for etch 3 samples. Polished
braze copper sample are soaked for 5 second sink in the solution. Sample remove from
the solution clean by distils water and dry up using hair drier fan. Etching sample kept in
dry container with silica gel as shown in Fig 3.5 to avoid contaminant and oxide surface.

The dry and clean sample can to be observe under OM and FESEM.

Figure 3.5: Container for sample
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3.8 Testing Apparatus

Mechanical performance testing of shear strength are using universal testing machine
(INSTRON) as shown in Figure 3.6. The machine set up with a low cross-head speed of
0.5 mm/min (Zaharinie et all 2015). Brazed sample being test after completely remove

from furnace. The assembly of copper run the test without mounting procedure.

Figure 3.6: INSTRON universal testing machine

Light Optical Microscope (OM) been used for microstructure observation as refer to

Figure 3.7. The sample grinded and polished then etched before perform OM test. OM
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link with computer software for image processing and analysis. Result can obtained from

OM are images and sizes of profile.

Figure 3.7: Light Optical Microscope (OM)

Same sample used to performs microstructure investigation using field emission
scanning electron microscope (FESEM). Surface copper brazed observation for the effect
of brazing temperature and brazing time and its composition by energy dispersive
spectroscopy (EDS) using the same table top machine. FESEM machine as shown in

Figure 3.8.
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Figure 3.8: Field emission scanning electron microscope (FESEM)

24



CHAPTER 4: RESULT

4.1 Light optical microscopy observation

Microstructural observation was performed with a light optical microscopy (OM) after
the sample been grinded and polished. Before observation under OM to get it better image
view etching was done to all samples. Each sample show different image of
microstructure. The various pattern of image presented according to each brazing
parameters such as temperature and time. The image of observation captured and presence
in this chapter to identify the contras in each sample by measurement technique. The
comparison method between each sample used to identify the effect of brazing parameter

to the brazed copper.

4.1.1  Microstructure comparison within the same holding time

Brazing holding time for this experiment was set up to 5, 10 and 15 minutes for
selected 2 type of BFM filler metal (filler metal 1 : V22250 and filler metal 2: MBF2005).
The microstructure of brazing area for each filler also show different pattern related to
alloy filler composition. The capture from OM camera can clearly show in Figure 4.1 for

filler 1 VVZ2250 for brazing holding time at 5 minutes.
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a) 660°C b) 680°C c) 700°C

Figure 4.1: Brazing copper using filler metal of VZ 2250 for holding time 5
minutes

Time holding at 10 minutes for filler 1 VZ2250 show in Figure 4.2. Brazing
temperature 700 °C clearly show that more grey area at brazing layer as compare to

680 °C and 660 °C.

a) 660 °C b) 680 °C c) 700°C

Figure 4.2: Brazing copper using filler metal of VZ 2250 for holding time 10
minutes
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a) 660 °C b) 680 °C c) 700°C

Figure 4.3: Brazing copper using filler metal of VZ 2250 for holding time 15
minutes

Optical observation result for brazing filler metal (BFM) of MBF 2005 copper alloy

filler

a) 660 °C b) 680 °C c) 700°C

Figure 4.4: Brazing copper using filler metal of MBF2005 for holding time 5
minutes
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a) 660 °C b) 680 °C c) 700 °C

Figure 4.5: Brazing copper using filler metal of MBF2005 for holding time 10
minutes

Brazing filler metal of MBF 2005 used at holding time 15 minutes show in Figure 4.6.
At temperature 660 °C looks more continuous grey as compare to temperature 680 °C

and 700 °C

a) 660 °C b) 680 °C c) 700°C

Figure 4.6: Brazing copper using filler MBF2005 for holding time 15 minutes
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4.1.2  Microstructure comparison with the same temperature

Observation under OM can compare within similar temperature and different holding
time. Brazing temperature was set up to 660 °C, 680 °C and 700 °C respectively.
Microstructure of brazing copper show different pattern according to brazing temperature

even the same period of time.

a) 5 min b) 10 min c) 15min

Figure 4.7: Brazing copper using filler metal of VZ 2250 for brazing
temperature 660 °C

a) 5 min b) 10 min ¢) 15 min

Figure 4.8: Brazing copper using filler metal of VZ 2250 for brazing
temperature 680 °C
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a) 5 min b) 10 min c) 15 min

Figure 4.9: Brazing copper using filler metal of VZ 2250 for brazing
temperature 700 °C

Optical observation result for brazing filler metal (BFM) of MBF 2005 copper alloy
filler of temperature 660 °, 680 °C and 700 °C respective with indicated holding time 5,10

and 15 mins.

a) 5 min b) 10 min c) 15 min

Figure 4.10: Brazing copper using filler MBF2005 for brazing temperature
660°C

Figure 4.11 and 4.12 show the different images of microstructure brazed at temperature
680 °C and 700 °C respective to the holding time of 5 ,10 and 15 minutes. The

microstructure of joints brazed at different holding time for specific temperature shows
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the change of brazing layer thickness with the grey phase condition. At this temperature
a large amount of continuous grey phase (Cu3P) and show less scattered dark grey phase

( (CuNi)2P) former in between the copper subrates.

a) 5 min b) 10 min ¢) 15 min

Figure 4.11: Brazing copper using filler MBF2005 for brazing temperature
680°C

a) 5 min b) 10 min c) 15 min

Figure 4.12: Brazing copper using filler MBF2005 for brazing temperature
700 °C
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4.2 Shear strength result

Mechanical property investigation for the brazed sample using INSTRON universal
testing machine (UTM). Three sample been test for each brazing parameter set (temp
°C/time min). The test run at 0.5 mm/min and the reading was recorded. Best two value
from each set sample present in the report selected base on the best standard deviation

value. Shear strength test result for BFM filler VZ2250 show in the Table 4.1

Table 4.1: The shear strength result for MBF filler VZ2250

Sample Shear strength Shear Stdev | Shear strength
S1 strength S2 Average

°C/min (MPa) (MPa) (MPa)
660°C/5min 138.66 139.2 0.38 138.93
680°C /5min 146.86 144.16 191 145.51
700°C /5min 138.35 132.24 4.32 135.30
660°C /10min 137.68 133.39 3.03 135.54
680°C /10min 113.32 106.95 4.50 110.14
700°C /10min 110.52 110.16 0.25 110.34
660°C /15min 144.04 146.87 2.00 145.46
680°C /15min 145.07 150.51 3.85 147.79
700°C /15min 140.73 144.4 2.60 142.57

From the Table 4.1 the optimum value for shear strength available when the sample
was brazed at 680°C at holding time 15 minutes. The highest shear strength for this

brazing parameters is 147.79 MPa. Base on optimum shear strength values the brazed
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sample with same parameter 680 °C/15 min selected for further investigation using

FESEM and EDX.

The following Table 4.2 show the shear strength test result for BFM filler MBF2005.

The same procedure of testing sample using INSTRON universal testing machine at rate

of 0.50 mm/min.

Table 4.2: Shear strength of braze copper using MBF filler MBF2005

Sample Shear Shear Stdev Shear

strength S1 strength S2 strength

°C/min Average

(MPa) (MPa)

(MPa)
660°C/5min 158.26 154.68 2.53 156.47
680°C /5min 157.33 146.94 7.35 152.14
700°C /5min 159.91 152.23 5.43 156.07
660°C /10min 122.09 132.51 7.37 127.30
680°C /10min 169.79 165.32 3.16 167.56
700°C /10min 149.1 148.05 0.74 148.58
660°C /15min 153.11 175.47 15.81 164.29
680°C /15min 142.99 154.36 8.04 148.68
700°C /15min 142.92 162.04 13.52 152.48

From the result refer to the table the highest value of shear strength show at the brazing

temperature 680 °C and holding time 10 minutes. The shear strength value at this

parameter is 167.56 MPa.
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4.3 Inter metallic compound (IMC) profile

Microstructure investigation concentrate on brazing filler metal (BFM) layer. The
layer within subtract copper lower and upper being investigated to profile the
intermetallic compound (IMC) profiling. The layer that contact within copper and filler
being measure and recorded. Figure 4.13 show the schematic brazed copper of IMC
profile been measured. Brazing within 2 surface of copper (brazing layer) image capture
under OM and measure using computer software. The measure layer marked as I

(diffusion layer) 11 (brazing filler layer).

F I : Diffusion layer
. II: BFM Layer
Brazing layer (Brazing filler
metal)

2.0g susceptor

Figure 4.13: Schematic measurement of joint copper sample for IMC profile layer
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Intermetallic compound (IMC) profile measurement brazing copper using brazing

alloy filler V22250 layer result. The result of profiling measurement show in Table 4.3.

Table 4.3: measurement of brazing profile thickness of VZ2250 filler metal

Sample Brazing layer BFM layer Diffusion layer
(°C/min) (um) (um) (um)
660/5 64.72 36.39 18.52
680/5 84.10 36.39 22.88
700/5 71.68 37.26 17.39
660/10 67.99 27.08 21.15
680/10 78.90 31.83 23.98
700/10 89.56 37.26 25.28
660/15 78.01 33.58 19.61
680/15 79.75 39.00 24.19
700/15 90.21 32.90 24.41

The profile thickness measurement of brazed copper using brazing filler metal of

MBF2005 layer result. The result of thickness profiling measurement show in Table 4.4.
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Table 4.4: measurement of brazing profile thickness for MBF2005 filler metal

Sample Brazing layer BFM layer Diffusion layer

(°C/min) (um) (Lm) ()

660/5
680/5
700/5

The table of thickness profile for both two filler metal of VZ2250 and MBF 2005 used

to plot bar chart to discuss the research output in next Chapter 5.
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CHAPTER 5: DISCUSSION

Result from the experiment discussed in this chapter. Discussion of research output

present in this section assisted with graphics of figures, graph and bar charts.

5.1 Effect of brazing parameters to shear strength

As brief in previous chapter, brazing parameters will affect the properties of copper
joints. This section focus on the affect brazing temperature and holding time to the
mechanical property i.e shear strength. The data analyzed and plot by line graph to see
the change and to discuss the effect of these two brazing parameter to shear strength.
From shear test result it show the effect of brazing temperature within specific holding

time.

5.1.1 Effect of brazing temperature

Brazing temperature plays the main factor of brazing parameter to the mechanical
property (shear strength). From the experiment the output from the test carry out with the
graph to see the different and changes of brazing temperature. Figure 5.1 show the plot
of brazing temperature versus shear strength for brazed copper using metal brazing filler
metal of VZ2250. From the result of the test found that the highest value of shear strength
occur at brazing temperature 680°C at holding time 15 minutes of joint copper using
brazing filler metal of VZ 2250. The highest strength recorded at this brazing parameter

is 148 MPa.

The effect of this parameter caused joint crystallization process will increasingly with
brazing temperature and directly and certainly degrade the mechanical properties of the

joints (J. Zhang et all)
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Figure 5.1: Result of shear strength test brazed copper at brazing temperatures
ranges using filler metal of VZ 2250

Brazing copper using of MBF 2005 filler metal show the different pattern effect of
brazing temperature to shear strength. Brazing sample in furnace temperature 680 °C at
holding time 10 minutes get the highest value of shear strength. During brazing
temperature 660 °C and holding time 5 minute appear the lowest shear strength and
brazed at 700 °C show the average value for all holding time. The highest value of shear

strength, 168 MPa held at 10 minute.

Figure 5.2 show the effect factor brazing temperature to mechanical property, shear

strength for brazed copper using filler metal of MBF 2005.
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Figure 5.2: Result of shear strength test brazed copper at brazing
temperature 660°C, 680°C and 700°C using filler metal of MBF 2005

5.1.2 Holding time effect

Holding time exerts liter influence compare to brazing temperature parameter. The
sample test begin with 5 minute holding time show the shear value nearly same with all
the brazing temperatures 660°C, 680°C and 700°C. However the second test attempt at
holding time 10 minutes show little difference shear strength range about 15%. Holding
time for brazing copper at 15 minute as can see from Figure 5.3 show that it appear the
closer value of shear strength for all brazing temperatures parameter. From this
investigation can see the prolonging of brazing time, especially 15 minutes for both alloy
filler the thickness of the reaction layer similarly increase. Figure 5.3 and 5.4 show the

evident of increasing holding time will increase value of the strength.
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Figure 5.3: Effect of holding time to shear strength brazing copper using filler
alloy VZ 2250

The brazed copper strength using filler alloy VVZ 2250 archived the highest value of
shear strength when the holding time set at 15 minutes. This is most suitable holding time
for brazing copper compare other 5 min and 10 minutes. Shear strength show the lowest
value when the holding time at 10 minutes due to the softening effect during brazing
process. The highest strength brazed copper when holding time 15 minute brazing in

furnace at temperature 680 °C is 148 MPa.

Brazed copper using brazing alloy filler MBF 2005 give the highest value of shear
strength at 10 minute holding time. Figure 5.4 show the comparison effect of holding time
for each brazing temperature 660 °C, 680 °C and 700 °C. From the graph clearly can see
the highest shear strength value 168 MPa when brazing temperature 680 °C at holding

time 10 minutes.
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Figure 5.4: Effect of holding time to shear strength brazing copper using filler
metal of MBF 2005

5.2 Intermetallic compound thickness profile region

Brazing within 2 surface of copper (brazing layer) image capture under OM and
measure using computer software. The measurement layer list as brazing layer and
diffusion layer for purpose of analysis. From result in chapter 4 the brazed copper
investigation for brazing thickness profile plotted in the bar chart. Figure 5.5 show the
brazing layer effect by brazing parameter (holding time and temperature) for filler metal
of VZ2250. Brazing thickness show the highest value at 15 minute holding time. The
thinnest layer occur when holding time at 5 minutes. Means for short period of holding
time (5 minutes) leads to insufficient atomic diffusion in between the melting filler metal
and the copper substrate. For the prolonging holding time it show the thickness of this
layer increase. However further prolonging the holding time reduce the bonding strength

because of grain growth.
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Figure 5.5: IMC profile brazing layer effect of brazing temperature using filler
metal of VZ2250

Diffusion layer of brazed copper for filler metal of VZ 2250 recorded thickness range
27 — 44 um. Prolonging times at 15 minutes show decrease of the thickness with while
increasing of brazing temperature. It can be evidence that the thickness of residual filler
metal layer decrease with increasing brazing holding time. By statement show that
dwelling time does not affect to the formation of the irregular interface. Figure 5.6 show
the diffusion layer thickness effect by brazing parameter of brazed copper using of

V72250 filler metal.
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Figure 5.6: IMC profile diffusion layer effect of brazing temperature using filler
metal of VZ 2250

The brazed copper using of MBF 2005 filler metal show brazing thickness highest
value when brazing temperature 680 °C. The holding time at 5, 10 15 minutes show range
brazing thickness of 109- 143 um. By increasing the brazing temperatures can see that
the brazing thickness decrease for all parameter of holding time. Figure 5.7 show the
comparison of brazing thickness brazed at indicates temperature and holding time. From
the chart it found that 10 minutes is suitable time for sufficient atomic diffusion of melting
filler react with copper substrate at brazing temperature 680 °C. This ideal brazing
parameter give the strongest bonding of joint for the brazed copper using the filler metal

of MBF 2005.
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Figure 5.7:Brazing layer thickness for filler metal of MBF 2005

Diffusion layer for brazed copper using filler metal of MBF2005 show the quite similar
pattern when brazing temperature 680 °C at all holding time. It decrease with the increase

of the temperature.

From Figure 5.7 observation can conclude too short or too long holding time could not
assist strong joint whereas a medium brazing time is capable to make a joint with higher

strength.
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Figure 5.8: Diffusion layer thickness for filler metal of MBF 2005

44



5.3 EDS analysis

Microstructure investigation of brazed copper also observe under field emission
scanning electron microscopy (FESEM) and EDS analysis being discus in this section.
The sample tested select from optimum value of joint strength for both filler metals of
VZ2250 and MBF 2005. Brazing copper using of VZ 2250 filler metal only the sample
with brazing temperature 680 °C and holding time 15 minute been tested. For another
filler metal of MBF 2005 joints the optimum sample select is 680 °C and holding time 10
minutes. Figure 5.9 and 5.10 show the optimum sample image and it element composition
weight percent (%wt) at specific point marked as A, B and C using filler metal of V22250

(Figure 5.9) and MBF2005 (Figure 5.10)

SH5.0kV x500 20pm —

Figure 5.9: EDS image for optimum strength joints of brazed copper using
filler metal of VZ2250

Element composition of braze layer show in Table 5.1 show that point A have highest
composition of phosphorus (14.65 % wt) with less nickel (6.61 %wt). Tin element only

detected at B point 2.47 % and C 6.63 %. Darker region as see from Figure 5.9 present
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phosphorus and tin element for brazed copper using Cu—7.0Ni-9.3Sn—6.5P filler metal.

While at grey area from the image near copper substrate show present of most phosphorus

element.

Table 5.1: Element composition brazed copper layer using of VZ 2250 filler

metal
Point Element composition (% wt )
P Cu Ni Sn
A 14.65 78.71 6.61 -
B 1.10 84.62 11.81 2.47
C 0.92 88.4 4.46 6.63

Brazing copper using of Cu-5.7Ni-9.7Sn-7.0P (MBF2005) filler metal show the

result as in Figure 5.10. The points for EDS analysis were marked as A, B and C. The

sample for this inspection brazed at brazing temperature 680 °C held for 10 minutes. For

this parameter the darker region A and C show the highest present of phosphorus and

nickel. At point B near to copper substrate surface show less present of phosphorus and

nickel.
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Figure 5.10: EDS result for highest strength brazed copper using filler metal of
MBF 2005

From the optimum sample observed under FESEM and EDS analysis it show that P-
rich phase appear for both brazed copper using of VZ2250 and MBF2005 filler metal.
Also can see the P-rich phase concentrated in middle of joining with appear darker region.
The present of tin detected just the end of outer darker region. This holding time 15
minutes for VZ filler and 10 minutes for MBF filler tin is fully diffused and solidified in

copper, and achieving the eutectic phase.
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Table 5.2: Element composition for brazed copper (optimum strength sample)
using filler metal of MBF 2005

Point Element composition (%owt)
P Cu Ni Sn
A 15.34 80.76 3.90 -
B 1.23 97.1 1.66 -
C 1.38 93.57 1.64 341
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion

Brazing pure copper (99.9 %) where joint copper substrate and copper upper part was
set at certain parameters i.e temperature and holding time using alloy filler Cu—7.0Ni-
9.3Sn-6.5P (VZ2250) and Cu-5.7Ni-9.7Sn—7.0P (MBF2005) show a significant effects

to it morphology and joint strength of the joint. Some of it effect list as follow:

- Copper braze interface, joining of brazing is occurred by formation of diffusion

layer at the area of joints.

- The brazing layer’s microstructure show the changes by increment of brazing

holding time

- The microstructure of copper braze join are varied with the brazing temperature.

Increasing of temperature give nearly full solidification of filler.

- The joints strength effect by it brazing temperature, at higher temperature better

joint strength when held at intermediate holding time.

The brazed copper filler metal of VZ2250 obtained exhibited maximum shear strength

148 MPa when brazed at 680 °C with holding time 15 minutes.

While brazed pure copper using filler metal of MBF 2005 show its maximum shear

strength 168 MPa when braze at 680 °C with 10 minutes holding time.

From the research found that by prolonging the holding time, more copper substrate

was dissolve into the filler alloy with higher brazing temperature.
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6.2 Recommendations
Some recommendation may consider for future improvement of this research area.

The suggestion to get better outcome includes:

- Materials selection — pure copper without any oxidation and surface layer
preparation without any void. Cleans and good sample of material is one of requirement

to get better quality of joints.

- Sample cutting — using linear cutting machine to make sure sample cutting
symmetrical for best observation under OM and other microscopy apparatus. The straight
cutting easy for grinding and polishing process. Copper is soft metal so the right cutting
speed of cutter to be consider in order to avoid the hard scratch of the cutting surface.

Cutter with sharp blade and constants speed also need to be care during cutting process.

- Surface clearing and clearness — for better observation of microstructure cutting
surface of joints must be free from any scratch and dirt or avoids. Grinding process start
with low speed for long time. The quality of high grade sand paper to be use during the
process by use of 1500, 2000 and 4000 grade. Prolong grinding is better for surface

clearness.

- Parameter of brazing — Need to be consider brazing temperature for further
investigation by increasing the temperature range 700 °C- 800 °C. For holding time may
consider for 20 - 30 minutes. By increasing these brazing parameter any major different

effect to the joint strength may be seen.

- Tensile strength and hardness test — Mechanical properties of brazed copper need

to get further strength test to see the effect of brazing parameter to the joint performances.
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These brazing testing sample prepared by using vacuum electric furnace, meanwhile
to have more strength performance microwave heating furnace can be consider for future
investigation. The comparison within braze using two brazing method electric furnace

and microwave furnace could be another gap to fill in this area.

51



REFERENCES

A. Hassap, N. N., C. Kanchonomai. (2014). The microstructure and strength of copper
alloy brazing joints. Welding Research, 93, 116-123.

AWS2007. (2007). American Welding Society C3 Committee on Brazing Soldering (5
ed.). United States of America: AWS.

B.W. Zhang, X. L. S., S.Y Zhu. (1999a). Study on the thermal stability of Cu-P based
amorphous alloy system. Journal of Material Processing Technology, 91.

B.W. Zhang, X. L. S., S.Y Zhu. (1999b). Study on thermal stability of Cu-P based
amorphous alloy systems. Journal of Material Processing Technology, 91(05),
90-99.

Barsoum, M. W. (2000). Program solid state Chem.

Casalegno, V., Al. (2014). Proposal for a modified non-active brazing alloy for joining
CFC composites to copper. Composites Part B: Engineering, 56(0), 882-888.

Chen, C. H. a. C. Y. D. (2011). Study on the thermal behavior and cooling peformance
of a nanofluid-cooled microchanner heat sink. International Journal of Thermal
Sciences, 50(3), 378-384.

Chen, S. a. B. A. C. (1995). Low activation braze joint of dispersion-strengthened
copper. Journal of Nuclear Materials, 225(0), 132-136.

Chen, S. E. (1996). Braze joints of dispersion strengthened copper. Journal of Nuclear
Material, 2(0), 233-237 ; 902-905.

Hosford, W. F. (2007). Material Science. United State of America: Cambridge
University Press.

Huda, Z. (2007). Development of heat treatment process for a P/M superalloy for
turbine blades. materials and design, 28(5), 1664-1667.

J. Zhang, G. C. W., Y.M. He,Y.Sun, X.D. He. (2013). Effect of joining temperature and
holding time on microstructure and shear strength of Ti2AIC/Cu joints brazed
using Ag-Cu filler alloy. Material Science and Engineering A, 0921(5093).

J.G. Lee, G. H. K., M. K. Lee, C.K. Rhee. (2010). Intermetallic formation in a Ti-Cu
dissimilar joint brazed using a Zr-based amorphous alloy filler. Intermetallic 18,
4,529-535.

Jing Zhang, W. Y., Wenjiang Lu. (2015). Mechanical properties and microstructure of
pure copper joints brazed with amorphous Cu68.5Ni15.7Sn9.3P6.5 filler metal.
IJSSST, 10(5013).

K., S. R. (2009). Copper brazing response of some advanced high strength steel grades.
Journal of Material Processing Technology, 209(1), 70-76.

Kalpakjian Serope, S. S. (2006). Manufacturing Engineering and Technology. Jurong
Singapore: Prentice Hall.

52



Kuzay, T. M. (1999). Boiling liquid nitrogen heat transfer in channels with copper
inserts. International Journal of Heat and Mass Transfer, 42(7), 1189-1204.

LiJ,L.Y., TanY, LiY, Zhang L, Wu S and Jia P. (2013). Effect of tin addition on
primary silicon recovery in Si-Al melt during solidification refining of silicon.
Journal of Crrystal Growth, 371, 1-6.

Molleda, F. (2008). Copper coating of carbon steel by a furnace brazing process using
bras as the braze. Materials Characterization, 59(5), 613-617.

Nakajima, H. (2007). Fabrication, properties and application of porous metals with
directional pores. Progress in Materials Science, 57(7), 1091-1173.

Q. Y. Zhang, H. S. Z. (2008). Brazing Handbook. Beijing: China Machine Press.

S., W. (2015). Characterization of low alloy ferritic steel-Ni base alloy dissimilar metal
weld interface by SPM technique, SEM/EDS, TEM/EDS and SVET. Materials
Characterization, 10, 50-60.

Saeed, A. M. (2010). The effects of welding parameters on the weldability of different
materials using brazing alloy fillers. materials and design, 31(7), 3339-3345.

Shen, Q. (2013). Interfacial microstructure and mechanical properties of diffusion
bonded TC4/0Cr18Ni9/Oxygen free Copper joints. materials and design, 50(0),
230-234.

Smith, W. F. (1993). Structure and Properties of Engineering Alloys. United State of
America: Mc Graw-Hill.

T., Z. (2014). vacuum brazing of sapphire with inconel 600 using Cu/Ni porous
composite interlayer for gas pressure sensor application. materials and design,
54, 375-381.

Tatsuya F, Y. W., Yasuyuki M and Fumio K. (2014). Brazing of copper to stainless
steel with a low -silver-content brazing filler metal Material Science and
Engineering, 61(012016).

Tuan Zaharinie, Z. H., Mohd Faalig 1zuan,Mohammed Hamdi. (2016). Developement
of optimum process parameters and a study of the effect of surface roughness on
brazing of copper. Applied Surface Science.

Vasenjak, M. K. (2012). Compressive properties of lotus-type porous iron
Computational Materials Science, 65(0), 37-43.

W N W M N Hissyam, A. M. H., T Kurniawan, M Ishak and T Ariga. (2017). Effect of
copper base fillers composition on spreading and wetting behaviour. Material
Science and Engineering, 238(012020).

W. Liu, S. L., X. Li. (1990). Crystallization of amorphous Cu-6Ni-10Sn-7P alloy
ribbons. Journal of materials science letters, 9(01), 904-905.

53



W.Y. Yu, W.J. L., T.D. Xia. (2013). Formation process of joint brazing with
amorphous filler metal. Rare Metal Materials and Engineering, 42(11), 688-
691.

Y. Li, W. L., D.P. Sekulic, P. He. (2012). Reactive wetting of Ag-Cu-Ti filler metal on
the TiAl-based alloy substract. Applied Surface Science, 259, 343-348.

Yong Jing, Q. Y. W. X., Bin Huang,Baolong Li,Man Zhang. (2016). Microstructure and
shear strength of brazed joints between Ti(C,N)-based cermet and steel with Cu-
Ag-Ti filler metal. Journal of Alloys and Compounds.

Zhang, H. J. (2013). Experimental study on heat transfer performance of lotus type
copper heat sink. International Journal of Heat and Mass Transfer, 56(1-2),
172-180.

Zhang, J. H. (2014). Effect of Brazing temperature on microstructure and mechanical

properties of graphite/copper joints. Material Science and Engineering A,
5940(0), 26-31.

54



APPENDIX A - PROJECT GANTT CHART
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APPENDIX B - PERIODIC TABLE

= Periodic Table

o

2 3 4 5 6 7 8 9 10 n 12 13 14 15 16

. Other nonmetals . Halogens

~

. Alkali metals . Transition metals

l Alkaline earth metals . Post-transition metals ...-
. Lanthanoids
e ey

3.
4.

For elements with no stable isotopes, the mass number of the isotope with the longest half-life is in parenth
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