
 

 

 

 

FABRICATION AND CHARACTERIZATION OF 

HYBRID MICROWAVE ASSISTED SINTERING 

Sn-0.7Cu + 1.0wt.% Si3N4 COMPOSITE SOLDER 
 

 

 

 

 

 

 

 

 

FLORA SOMIDIN 

 

 

 

 

 

 

 

 

 

 

 

 

UNIVERSITI MALAYSIA PERLIS 

2015 

 

 

 

 

 

 

 

©
 T

his 
ite

m
 is

 p
ro

te
ct

ed b
y o

rig
in

al
 co

pyr
igh

t 



 

 

 

 

 

 

Fabrication and Characterization of  

Hybrid Microwave Assisted Sintering  

Sn-0.7Cu + 1.0wt.% Si3N4 Composite Solder 

 
 

 

 

 

By 

 

 

Flora Somidin 

(1230410796) 
 

 

 

 

A Thesis Submitted in Fulfillment of the requirements for the degree of 

Master of Science (Materials Engineering) 

 

 

School of Materials Engineering 

UNIVERSITI MALAYSIA PERLIS 
2015 

 

 

 

 

 

 

 

©
 T

his 
ite

m
 is

 p
ro

te
ct

ed b
y o

rig
in

al
 co

pyr
igh

t 



i 

 

 

 

 

 

 

 

 

 

©
 T

his 
ite

m
 is

 p
ro

te
ct

ed b
y o

rig
in

al
 co

pyr
igh

t 



ii 

 

APPROVAL AND DECLARATION SHEET 

 

This thesis titled Fabrication and Characterization of Hybrid Microwave Assisted 

Sintering Sn-0.7Cu + 1.0wt.% Si3N4 Composite Solder was prepared and submitted by 

Flora Somidin (Matrix Number: 1230410796) and has been found satisfactory in terms 

of scope, quality and presentation as partial fulfillment of the requirement for the award 

of degree of Master of Science (Materials Engineering) in University Malaysia Perlis 

(UniMAP). 

 

 

Check and Approved by 

 

 

…………………………………………………. 

(MOHD ARIF ANUAR MOHD SALLEH) 

Project Supervisor 

School of Materials Engineering 

Universiti Malaysia Perlis 

 

(Date: …………………….) 

 

 

School of Materials Engineering  

Universiti Malaysia Perlis 

2014 

 

 

 

 

 

 

 

©
 T

his 
ite

m
 is

 p
ro

te
ct

ed b
y o

rig
in

al
 co

pyr
igh

t 



iii 
 

AKNOWLEDGEMENT 

 

 

I would like to take this opportunity to express my heartiest gratitude to those who 

have provided me with help along the way, and the people who have shaped the person I 

am today.  

First of all, I would like to express my best and sincere thanks to my main supervisor, 

Mr. Mohd Arif Anuar Mohd Salleh for his continuous assistance, uncountable help and 

guidance, throughout the whole process to complete my research. He managed to teach 

me how to work independently, but at any time, his useful advice was continuously 

available to me. His enthusiasm for composite solder technology has always invigorated 

me with a desire to investigate new and interesting topics. I deeply feel that my success 

is directly linked to his guidance.  

I am also grateful to my co-supervisor, Dr. Norainiza Saud for her patient guidance, 

constant encouragement and invaluable suggestions for my research work. Her 

confidence in my capabilities has given me immense opportunities to stimulate my 

research potential. I greatly appreciate her continuous guidance and support. I am also 

would like to thank my co-supervisor from Universiti Sains Malaysia (USM), Prof. Dr. 

Zainal Ariffin Ahmad, who generously accommodated this research project by providing 

materials for the assembly of hybrid microwave assisted sintering setup and sharing his 

huge work experience on this research topic. His supports were extremely necessary for 

finishing this dissertation. 

A lot of thanks to Dr. Mohd Mustafa Al Bakri Abdullah from Center of Excellence 

Geopolymer and Green Technology (CEGeoGTech), UniMAP, for his continuous 

assistance, uncountable help and guidance, throughout the whole process to complete my 

research. I am very grateful to him for keep having faith and confidence to entrust me 

with many important projects. The knowledge and experience I’ve gained throughout the 

various projects were remarkable.  

My gratitude is also extended to lecturers and technicians of School of Materials 

Engineering, UniMAP, for assisting in putting my research work into action and for their 

help and guidance during laboratory works. Many thanks also to my friends and fellow 

course mates, especially for their friendship and advice.  

A warm thank you to my beloved special friend Benjamin Daniel for his enormous 

job reviewing and helping me to correct the English grammar in this dissertation. Also, 

to those who have helped directly or indirectly, I wish I could have put their names here, 

thanks for being helpful, cooperative and supportive. 

Finally, I give my deepest love to my supportive and loving family members for 

their continuous support, encouragement, and understanding through these years. Their 

endless and unconditional love has encouraged and supported me ever since I was born. 

 

 

 

 

 

 

 

 

 

 

©
 T

his 
ite

m
 is

 p
ro

te
ct

ed b
y o

rig
in

al
 co

pyr
igh

t 



iv 
 

TABLE OF CONTENTS 

 

 PAGE 

THESIS DECLARATION i 

ACKNOWLEDGEMENT iii 

TABLE OF CONTENTS iv 

LIST OF TABLES vii 

LIST OF FIGURES viii 

LIST OF ABBREVIATIONS xii 

LIST OF SYMBOLS xiv 

ABSTRAK xv 

ABSTRACT  xvi 

  

CHAPTER 1 INTRODUCTION  

1.1 Background 1 

1.2 Problem Statements 4 

1.3 Aim and Objectives 6 

1.4 Work Scopes 7 

1.5 Thesis Outline 9 

  

CHAPTER 2 LITERATURE REVIEW  

2.1 Introduction to Solder Interconnects in Electronic Packaging 

Assemblies 

 

11 

2.2 Soldering Technologies 12 

 2.2.1 Reflow Soldering 13 

2.3 Sn-Pb Solders 16 

 2.3.1 Effects of Pb Exposure on Human Health 17 

 2.3.2 Forces and Legislations against Pb-based Solders  

  Utilization 

 

18 

2.4 Development of Pb-free Solders 20 

 2.4.1 List of Pb-free Solders Alternatives 21 

 2.4.2 Sn-0.7Cu Solder Alloy 23 

2.5 Reliability of Pb-free Solder Joints in Electronic Assemblies 27 

 

 

 

 

 

 

 

©
 T

his 
ite

m
 is

 p
ro

te
ct

ed b
y o

rig
in

al
 co

pyr
igh

t 



v 
 

2.6 Introduction to Pb-free Composite Solders 28 

 2.6.1 Ceramic-reinforced Composite Solder 30 

 2.6.2 Sn-0.7Cu + 1.0wt.% Si3N4 Composite Solder 31 

2.7 Composite Solder Fabrication via Powder Metallurgy (PM) Routes 33 

 2.7.1 Mixing/Blending and Forming 34 

 2.7.2 Sintering 35 

2.8 Theoretical Aspects of Microwave Sintering 38 

2.9 Summary of Literature Review Findings 42 

  

CHAPTER 3 MATERIALS AND EXPERIMENTAL PROCEDURES  

3.1 Experimental Work Overview 44 

3.2 Raw Materials 45 

3.3 Phase 1: Design, Assembly and Calibration of an Experimental Hybrid 

Microwave Assisted Sintering Setup 

 

46 

 3.3.1 Design 46 

 3.3.2 Temperature Measurements 48 

3.4 Phase 2: Synthesis of Monolithic and Composite Bulk Solders 50 

 3.4.1 Dry Blending 51 

 3.4.2 Cold Compaction 52 

 3.4.3 Conventional Sintering 52 

 3.4.4 Microwave Sintering 53 

3.5 Phase 3: Characterization Studies 54 

 3.5.1 Density and Porosity Measurements 55 

 3.5.2 Microhardness Testing 56 

 3.5.3 X-Ray Diffraction (XRD) Analysis 57 

 3.5.4 Microstructure Characterization of Bulk Solders 57 

 3.5.5 Solderability Test Preparation 58 

 3.5.6 Wettability Measurements 59 

 3.5.7 Intermetallic Compound (IMC) Layer Thickness   

  Measurements 

 

60 

     

CHAPTER 4 RESULTS AND DISCUSSION  

4.1 Introduction 61 

4.2 Development of Sn-0.7Cu + 1.0wt.% Si3N4 Composite Solder Green 

Compact 

 

62 

 

 

 

 

 

 

 

©
 T

his 
ite

m
 is

 p
ro

te
ct

ed b
y o

rig
in

al
 co

pyr
igh

t 



vi 
 

4.3 Evaluation of Experimental Hybrid Microwave Assisted Sintering 

Setup 

 

65 

 4.3.1 Influence of Microwave Power Output and Microwave  

  Suscepting SiC Crucible on Heating Rate of Setup 

 

65 

 4.3.2 Hybrid Microwave Heating Behavior of Composite Bulk 

  Solder 

 

67 

 4.3.3 Influence of Microwave Exposure Time on Microhardness of 

  Bulk Solder 

 

71 

 4.3.4 Processing Time and Energy Efficiency of Setup 74 

4.4 Effects of Different Sintering Methodologies on Properties of 

Monolithic and Composite Solder 

 

76 

 4.4.1 Observation of Sintered Bulk Samples 76 

 4.4.2 Density and Porosity Measurements 77 

 4.4.3 Microhardness Measurements 81 

 4.4.4 X-Ray Diffraction (XRD) Analyses 84 

 4.4.5 Microstructural Characterization 86 

 4.4.6 Wettability Test on Cu-substrate 96 

 4.4.7 IMC Thickness of the as-reflowed Solder on Cu-substrate 99 

4.5 Overall Results and Summary of Findings 101 

  

CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS  

5.1 Conclusions 103 

5.2 Recommendations 105 

  

REFERENCES 106 

  

APPENDIX A 117 

APPENDIX B 118 

APPENDIX C 119 

APPENDIX D 120 

  

LIST OF PUBLICATIONS 121 

 

 

 

 

 

 

 

 

 

 

 

 

 

©
 T

his 
ite

m
 is

 p
ro

te
ct

ed b
y o

rig
in

al
 co

pyr
igh

t 



vii 
 

LIST OF TABLES 

 

NO.  PAGE 

1.1 Sintering control factor allocation in this research. 8 

2.1 Pb-poisoning effects in human (EPA, 2012). 17 

2.2 List of various categories of typical Pb-free solder alloys (AIM 

Solder, 2006). 

 

22 

2.3 Characteristic of the Sn-0.7Cu + Xwt.% Si3N4 composite solder 

fabricated via PM methods (Mohd Salleh et al., 2011, 2012). 

 

32 

3.1 Description of materials used in the research. 45 

3.2 Function description of the design features for hybrid microwave 

assisted sintering setup. 

 

47 

3.3 Power setting of microwave SANYO oven. 48 

3.4 Description of synthesized solders systems. 50 

4.1 Energy consumption analysis of conventional and hybrid microwave 

assisted sintering process. 

 

75 

4.2 Density and porosity of SC and SC1SN. 78 

4.3 Results of Vickers microhardness across the diameter of sintered SC 

and SC1SN bulk solders. 

 

81 

4.4 Morphological characteristic of grains. 93 

4.5 Overall results in this research work. 102 

 

 

 

 

 

 

 

 

 

©
 T

his 
ite

m
 is

 p
ro

te
ct

ed b
y o

rig
in

al
 co

pyr
igh

t 



 

 viii   

 

LIST OF FIGURES 

 

NO.  PAGE 

1.1 Number of publications retrieved from Scopus website database by 

year when using the search term “lead-free composite solder” and 

“lead-free composite solder AND powder metallurgy” in the Article 

Title, Abstract, and Keywords fields for all document types. 

 

 

 

2 

2.1 The typical hierarchy of electronic packaging technologies in 

electronic products (Illyefalvi-Vitéz et al., 1999). 

 

12 

2.2 The general stages and features in reflow soldering profile (Vivari, 

2007). 

 

14 

2.3 The Sn-0.7Cu composition in Cu-Sn binary phase diagram (ASM 

International, 1992). 

 

24 

2.4 The optical micrograph of as-solidified Sn-0.7Cu showing the large β-

Sn grains or dendrites (grey area) surrounded by a network of the 

lamellar eutectic (dark area) structure containing β-Sn and fine 

intermetallic Cu6Sn5 structures (Wu & Huang, 2002). 

 

 

 

24 

2.5 Interfacial IMC layer of Sn-0.7Cu solder-Cu joint (a) as-soldered at 

260 °C and thermally aged at 150 °C for (b) 10 days and (c) 20 days 

(Wang et al., 2005). 

 

 

26 

2.6 Schematic illustration showing the damage (D) resulting from 

multiple fields and their complex interactions that affects the 

reliability of electronic solder joints (Subramanian, 2012). 

 

 

27 

2.7 Diagram of typical powder metallurgy (PM) process routes used in 

composite manufacturing industry (MPIF, n.d.). 

 

34 

2.8 Schematic diagram of two-directional microwave assisted rapid 

sintering setup inside normal household microwave oven (Gupta & 

Wong, 2005). 

 

 

37 

2.9 Schematic of two-directional heating during hybrid microwave 

assisted sintering (Gupta & Leong, 2007). 

 

37 

2.10 Schematic diagram showing materials interaction with microwaves: 

(a) transparent, (b) opaque, and (c) absorber (Oghbaei & Mirzaee, 

2010). 

 

 

39 

3.1 Flow chart of the research work. 44 

3.2 Schematic diagram of the experimental hybrid microwave assisted 

sintering setup. 

 

46 

3.3 Photograph showing the actual plan view of the hybrid microwave 

assisted sintering setup cavity. 

 

47 

   

 

 

 

 

 

 

 

©
 T

his 
ite

m
 is

 p
ro

te
ct

ed b
y o

rig
in

al
 co

pyr
igh

t 



 

 ix   

 

3.4 Schematic illustration showing the temperature measurements in three 

different arrangement conditions inside the setup cavity; (A) without 

SiC crucible and without sample, (B) with SiC crucible and without 

sample, (C) with SiC crucible and with sample. 

 

 

 

49 

3.5 Flow chart of synthesis of monolithic and composite bulk solder 

samples. 

 

51 

3.6 Conventional sintering profile for SC and SC1SN green compact 

samples. 

 

53 

3.7 Flow chart of characterization studies. 54 

3.8 Electronic Density Hydrometer HZ-2712 for bulk density 

measurement. 

 

56 

3.9 Reflow profile used for the F4N reflow oven. 58 

3.10 Schematic illustration of sample preparation for solderability test. 59 

3.11 Illustration of the area of IMC layer and length of the measured area. 60 

4.1 SEM secondary electron images of as-received raw powder particles: 

(a) Sn-0.7Cu powder and (b) Si3N4 powder. 

 

62 

4.2 SEM secondary electron images of mechanical mixture of SC1SN 

composite prepared by dry blending.  

 

63 

4.3 SEM backscattered electron shadow (BES) image of SC green 

compact sample at 500X magnification. Insert is the OM micrograph 

showing clear image of pores and grain structure of the deformed Sn-

0.7Cu particles. 

 

 

 

63 

4.4 SEM backscattered electron shadow (BES) images at 100X 

magnification showing the distribution of Si3N4 particles (dark 

inclusions). Insert shows the 500X magnification of the SEM image. 

 

 

64 

4.5 Effect of microwave power output with and without SiC crucible on 

the heating rate of setup. Measured without the presence of green 

compact sample. 

 

 

66 

4.6 Heating behavior of SC1SN compact when sintered using the 

experimental hybrid microwave assisted sintering setup at 800 W. 

 

68 

4.7 Schematic diagram illustrating the (a) microwave energy directions 

into the setup cavity and the (b) hybrid heating mechanisms inside the 

setup cavity resulted from the microwave energy. Notes that the 

sample experienced hybrid heating both from its interaction between 

microwave energy (green arrows) and radiant heat (red arrows) from 

susceptors. 

 

 

 

 

 

70 

4.8 Influence of microwave exposure time on average microhardness of 

SC and SC1SN samples. The indicated temperatures were obtained 

from the heating behavior of SC1SN compact. 

 

 

71 

 

 

 

 

 

 

 

©
 T

his 
ite

m
 is

 p
ro

te
ct

ed b
y o

rig
in

al
 co

pyr
igh

t 



 

 x   

 

4.9 Representative SC (a, b, c) and SC1SN (d, e, f) compacts surfaces 

before (Usint) and after sintering (Csint, Msint) taken using stereo 

microscope. 

 

 

76 

4.10 Photographs showing the representative SC and SC1SN bulk solder 

compacts after conventionally and microwave sintered. Swelling can 

be seen in SC/Csint sample. 

 

 

77 

4.11 (a) Density and (b) porosity against methods of sintering for SC and 

SC1SN samples. 

 

78 

4.12 Schematic illustration showing the microhardness indentations at 

selected points across the diameter of the bulk solder sample. 

 

81 

4.13 Microhardness measurements against methods of sintering for SC and 

SC1SN samples before (bulk only) and after reflowed on Cu-

substrate. 

 

 

83 

4.14 Schematic illustration showing microhardness indentation points of 

bulk solder samples reflowed on Cu-substrate. 

 

84 

4.15 X-ray diffractograms of the unsintered, conventionally sintered and 

microwave sintered of (a) SC and (b) SC1SN samples. 

 

85 

4.16 EDS analysis results as indicated in SEM micrograph of (a) 

SC1SN/Msint sample at point (b) 001, (c) 002 and (d) 003. 

 

87 

4.17 OM micrograph showing the monolithic SC grains structure at 50X 

magnification in (a) SC/Usint, (b) SC/Csint and (c) SC/Msint solder 

samples. 

 

 

88 

4.18 OM micrograph showing the base matrix particles grains and Si3N4 

distribution in (a) SC1SN/Usint, (b) SC1SN/Csint and (c) 

SC1SN/Msint at 50X magnification. 

 

 

89 

4.19 OM micrographs of SC samples (left side) at 20X magnification 

showing clear morphological features of the Sn-0.7Cu grains 

particles. The binary images (right side) of the grain structures edited 

in ImageJ processing software shows the complete grain (highlighted 

in grey) within the micrographs perimeter. 

 

 

 

 

91 

4.20 The original OM micrographs (a, b, c) of SC1SN microstructure at 

20X magnification. The reinforcement particle distribution in the 

micrographs (b, d, f) dispersed at the grain boundaries are highlighted 

as red using threshold process in ImageJ software. 

 

 

 

92 

4.21 Frequency distributions of grains size (area) in SC bulk solders with 

different sintering approach. 

 

94 

4.22 OM micrographs (left side) of SC microstructures at 10X 

magnification in: (a) unsintered, (b) conventionally sintered, and (c) 

microwave sintered samples. The post-processing binary images 

(right side) show the full grains within the respective micrographs. 

 

 

 

95 

4.23 A representative OM micrograph showing the contact angle (θ) 

measurement. 

 

97 

 

 

 

 

 

 

 

©
 T

his 
ite

m
 is

 p
ro

te
ct

ed b
y o

rig
in

al
 co

pyr
igh

t 



 

 xi   

 

4.24 Contact angle measurements on Cu-substrate against method of 

sintering for SC and SC1SN solder samples. 

 

97 

4.25 OM micrographs in the cross-sectional view of the as-reflowed 

solder-substrate interface. 

 

99 

4.26 IMC thickness measurements of SC and SC1SN on Cu-substrate for 

conventional and microwave sintering. 

 

100 

  

 

 

 

 

 

 

©
 T

his 
ite

m
 is

 p
ro

te
ct

ed b
y o

rig
in

al
 co

pyr
igh

t 



 

xii 
 

LIST OF ABBREVIATIONS 

 

Ag Silver 

Al2O3 Alumina 

Au Gold 

Bi Bismuth 

Cd Cadmium 

Cr6+ Hexavalent Chromium 

CTE Coefficient of Thermal Expansion 

Cu Copper 

EDX Energy Dispersive X-ray 

EEE Electrical and Electronic Equipment 

EPA Environmental Protection Agency 

EU  European Union 

HCl Hydrochloric acid 

Hg Mercury 

HNO3 Nitric acid 

IC Integrated Circuit 

IMC Intermetallic Compound 

In Indium 

ISM Industrial, Scientific and Medical 

ISO International Standard Organization 

MCV Maximum Concentration Value 

MMC Metal-matrix Composite 

NC No-Clean 

NEMI National Electronics Manufacturing Initiative 

Ni Nickel 

N Nitrogen 

OM Optical Microscope 

Pb Lead 

PBB Polybrominated Biphenyls 

PBDE Polybrominated Diphenyl Ethers 

PCB Printed Circuit Board 

 

 

 

 

 

 

 

©
 T

his 
ite

m
 is

 p
ro

te
ct

ed b
y o

rig
in

al
 co

pyr
igh

t 



 

xiii 
 

PD Penetration Depth 

PM Powder Metallurgy 

PWA Printed Wiring Assembly 

RoHS Restriction of the Use of certain Hazardous Substances in Electrical and 

Electronic Equipment 

SAC Sn-Ag-Cu 

SEM Scanning Electron Microscope 

Si  Silicon 

Si3N4 Silicon Nitride 

SiC Silicon Carbide 

SMT Surface Mount Technology 

Sn Tin 

SnO2 Tin Oxide 

TiB2  Titanium Diboride 

VPS Vapour Phase Soldering 

WEEE Waste Electrical and Electronic Equipment 

XRD X-ray Diffraction 

ZrO2 Zirconia 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

©
 T

his 
ite

m
 is

 p
ro

te
ct

ed b
y o

rig
in

al
 co

pyr
igh

t 



xiv 
 

LIST OF SYMBOLS 

 

Tm Melting temperature 

λ Wavelength 

ρ Density 

ν Volume 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

©
 T

his 
ite

m
 is

 p
ro

te
ct

ed b
y o

rig
in

al
 co

pyr
igh

t 



xv 

 

 

Fabrikasi dan Pencirian Pateri Komposit Sn-0.7Cu + 1.0wt.% Si3N4 Disinter 

Secara Hibrid Melalui Bantuan Gelombang Mikro 

 

 

ABSTRAK 

 

 

 

Salah satu kaedah untuk meningkatkan ciri-ciri aloi pateri bebas plumbum yang sedia ada 

adalah melalui pendekatan teknologi komposit, di mana partikel-partikel seramik 

berteknikal tinggi boleh ditambah masuk ke dalam matriks aloi pateri. Oleh yang 

demekian, pateri komposit Sn-0.7Cu + 1.0wt.% Si3N4 telah disintesis menggunakan 

kaedah-kaedah metalurgi serbuk yang terdiri daripada proses pengadunan, pemadatan dan 

pensinteran di dalam kajian ini. Kajian ini juga telah memperkenalkan proses pensinteran 

secara hibrid melalui bantuan gelombang mikro yang berkebolehan untuk mensinter 

pateri komposit bertetulang seramik pada suhu 185 ˚C dalam masa 2 minit tanpa masa 

pemanasan dan perlindungan gas lengai. Dalam usaha untuk menilai keserasian 

pendekatan pensinteran secara hibrid melalui bantuan gelombang mikro terhadap 

pembangunan pateri komposit bertetulang seramik, perbandingan pemprosesan dan sifat-

sifat pateri komposit Sn-0.7Cu + 1.0wt.% Si3N4 melalui kaedah pensinteran konvensional 

dan pensinteran gelombang mikro telah dijalankan dengan lebih terperinci. Suhu 

pensinteran yang sama iaitu 185 ˚C telah digunakan untuk kedua-dua jenis pensinteran, 

di mana pensinteran konvensional dilakukan di dalam tiub relau dengan kehadiran gas 

argon selama 2 jam. Sampel pateri monolitik Sn-0.7Cu juga telah disintesis sebagai 

sampel kawalan dengan cara yang sama. Pensinteran secara hibrid melalui bantuan 

gelombang mikro menunjukkan kelebihan dalam pemprosesan berbanding kaedah 

pensinteran konvensional, seperti kadar pemanasan yang tinggi, masa pensinteran yang 

singkat, kadar penggunaan tenaga yang kurang dan peralatan yang jauh lebih murah. 

Pengaruh perbezaan metodologi pensinteran pada sampel pateri komposit Sn-0.7Cu + 

1.0wt.% Si3N4 telah dikaji berdasarkan ketumpatan, keliangan, kekerasan, mikrostruktur, 

kebolehbasahan dan ketebalan sebatian antara logam ke atas Cu-substrat. Didapati 

bahawa kaedah pensinteran secara hibrid melalui bantuan gelombang mikro mampu 

memadatkan kompakan pateri komposit Sn-0.7Cu + 1.0wt.% Si3N4 dalam masa yang 

lebih singkat, bagaimanapun, kaedah pensinteran konvensional di dalam kajian ini 

menunjukkan kepadatan dan keliangan sampel yang lebih baik. Menariknya, mendakan 

yang lebih halus dan agihan mendakan yang lebih menyeluruh telah diperhatikan dalam 

sampel gelombang mikro tersinter. Hal ini juga telah membawa kepada peningkatan 

prestasi kekerasan pada sampel gelombang mikro tersinter (12.0 ± 0.2 HV) berbanding 

dengan sampel konvensional tersinter (11.2. ± 0.1 HV). Prestasi kebolehbasahan Sn-

0.7Cu + 1.0wt.% Si3N4 pada Cu-substrat telah dikurangkan sedikit dengan pendekatan 

pensinteran gelombang mikro, walaubagaimanapun, perbezaan ketebalan sebatian inter 

metalik yang tidak ketara telah diperhatikan bagi kedua-dua sampel gelombang mikro 

tersinter dan sampel konvensional tersinter. Secara keseluruhannya, kaedah pensinteran 

hibrid melalui bantuan gelombang mikro telah menunjukkan pemprosesan yang lebih 

baik dengan ciri-ciri yang menjanjikan pada seramik bertetulang pateri komposit Sn-

0.7Cu + 1.0wt.% Si3N4. 
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Fabrication and Characterization of Hybrid Microwave Assisted Sintering Sn-

0.7Cu + 1.0wt.% Si3N4 Composite Solder 

 

 

ABSTRACT 

 

 

 

One of the leading choices in upgrading the properties of existing lead-free solder alloys 

is by composite technology approach, whereby high technical ceramic particles can be 

added into the solder alloy matrix. Accordingly, Sn-0.7Cu + 1.0wt.% Si3N4 composite 

solder was synthesized using powder metallurgy routes which consist of blending, 

compaction and sintering. This research introduced a hybrid microwave assisted sintering 

process which can sinter ceramic-reinforced composite solder at approximately 185 ˚C 

within 2 minutes without holding time and protective inert gas. In order to evaluate the 

compatibility of hybrid microwave assisted sintering approach in ceramic-reinforced 

composite solder development, a detailed comparison of the process and properties of 

conventionally sintered and microwave sintered samples of Sn-0.7Cu + 1.0wt.% Si3N4 

composite solder was performed. Identical sintering temperature at 185 ˚C was used for 

both types of sintering, in which conventional sintering was performed using a tube 

furnace in an argon atmosphere for 2 hours. The monolithic Sn-0.7Cu solder sample was 

also synthesized as control sample in a similar way. Hybrid microwave assisted sintering 

method showed significant advantages in processing compared to conventional sintering 

method, such as rapid heating rate, shortened sintering time, less energy consumption and 

much less expensive equipment. The influence of different sintering methodologies on 

Sn-0.7Cu + 1.0wt.% Si3N4 bulk solder sample were investigated based on the density, 

porosity, microhardness, microstructures, wettability and intermetallic compound 

thickness on Cu-substrate. It was noted that microwave sintering method can densify the 

Sn-0.7Cu + 1.0wt.% Si3N4 composite bulk solder green compact in a short time, however, 

conventional sintered sample showed better density and porosity. Interestingly, finer and 

well-distributed precipitates were observed in microwave sintered samples. This has led 

to higher microhardness performance observed in microwave sintered sample (12.0 ± 0.2 

HV) compared to the conventionally sintered sample (11.2 ± 0.1 HV). The wettability 

performance of Sn-0.7Cu + 1.0wt.% Si3N4 composite solder on Cu-substrate was slightly 

reduced with microwave sintering approach, however, insignificant difference of 

intermetallic compound thickness was observed in both microwave sintered and 

conventionally sintered samples. Overall, hybrid microwave assisted sintering showed 

better processing with promising properties on ceramic-reinforced Sn-0.7Cu + 1.0wt.% 

Si3N4 composite solder.  
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 Background 

 

Over the past few years, the electronic packaging industry is constantly adapting to 

consumer demands for more advance electronic devices. According to Accenture (2013) 

annual report, the current trend of electronics products shows the consumers’ purchase 

intentions are focused on multi-function devices that can offer convenient handling, such 

as smartphones, tablets, personal computers and high-definition televisions. As a 

consequence, there are increasing demands for higher interconnections count to be 

expected in a smaller electronic package. This has led to an urgent need for development 

of new solder interconnects that can provide high dimensional stability and reliability of 

joints during processing and usage. Lead-free solders and its soldering processing have 

been well established in the electronic packaging industry. Interconnect technology is, in 

fact, presently restructuring towards the second generation of lead-free solder materials 

(Schueller et al., 2010). 

One of the possible choices in upgrading the existing lead-free solder alloys is by 

introducing secondary particles in the alloy matrix so as to form lead-free composite 

solder (Guo, 2007). Previous studies on composite solder as summarized by Liu et al. 

(2012) have shown some valuable results that proved composite solder can effectively 

enhance solder joint performance. Besides, the number of publications per year retrieved 

from the Scopus database also shows a clear rising interest within the research community 
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in studying lead-free composite solder (see Figure 1.1). Whilst there has been a recent 

interest detected within the publications to combine lead-free composite solder and 

powder metallurgy (PM) method.  

 

 

Figure 1.1: Number of publications retrieved from Scopus website database by year 

when using the search term “lead-free composite solder” and “lead-free composite 

solder AND powder metallurgy” in the Article Title, Abstract, and Keywords fields for 

all document types. 

 

Accordingly, this study is carried out to explore the increasing research interest in 

composite solder using ceramic reinforcement materials through PM routes. Although the 

PM method was regularly utilized among the researchers to synthesis ceramic-reinforced 

composite solder (Mohd Salleh et al., 2013), the sintering step is still quite a challenge as 

it consumes significant amount of energy, time, and cost. Thus, there exists a great need 

for exploring advance heating method capable of providing a rapid heating rate for the 

sintering of ceramic-reinforced composite solder compacts.  
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Literature studies show microwaves can be utilized to sinter composite solder when 

in compacted powder form (Rybakov et al., 2013). Gupta and Wong (2005) have 

successfully produced an experimental setup that utilizes energy efficient two-directional 

microwave heating mechanism that is capable of sintering metal-based materials rapidly. 

The two-directional microwave assisted heating mechanism may also be called hybrid 

sintering. This is because the heating of the compacted powder come from two directions, 

i.e., direct heating within the compact materials and radiant heating from the microwave 

susceptor material arranged around the compact. 

Further investigation has been carried out by Babaghorbani and Gupta (2008) to 

compare the effects of different sintering methodologies, i.e., conventional radiant 

sintering and the prior hybrid microwave assisted sintering setup initially developed by 

Gupta and Wong (2005) on the commercial lead-free Sn-3.5Ag solder alloy compacts. It 

was revealed that the tensile properties of Sn-3.5Ag samples were enhanced when using 

microwave assisted sintering method approach. The microwave sintered Sn-3.5Ag 

samples showed 21%, 17%, and 19% higher in 0.2% yield strength, ultimate tensile 

strength, and work of fracture, respectively, when compared to conventionally sintered 

samples. 

In fact, ceramic-reinforced Sn-0.7Cu/Al2O3 and Sn-3.5Ag/SnO2 composite solders 

have been successfully synthesized by Nai et al. (2010) using the same experimental 

hybrid microwave assisted sintering setup. It was found that the microwave technology 

can be a great assistant in a sintering process since it consumes much lower energy than 

conventional sintering with lesser heating time.  
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1.2 Problem Statements 

 

Among the developed lead-free solders available in the market nowadays, eutectic 

Sn-0.7Cu solder alloy was widely used as the alternative standard for both lead- and 

silver-free solder alloys. However, eutectic Sn-0.7Cu solder alloy has a high tin (Sn) 

composition which can induce coarsening of phases within the solder matrix and the 

solder/substrate interfaces when imposed by thermal stress for a period of time. 

Moreover, eutectic Sn-0.7Cu solder alloy has low mechanical properties credibility since 

this alloy composition prone to brittle whisker intermetallic compound growth that can 

leads to serious reliability issues (Delserro, 2006).  Recent studies attempted by various 

researchers to reincorporate small addition of non-reactive secondary particle such as 

Al2O3, ZrO2, and Si3N4 (Zhong & Gupta, 2008a, 2008b; Mohd Salleh et al., 2012) to form 

composite solders have shown great enhancement in mechanical properties of the 

monolithic Sn-0.7Cu solder matrix. Hence, more efforts should be done on upgrading the 

promising lead-free Sn-0.7Cu alloy solder through composite technology. 

In electronic packaging, lead-free solders are used to join a ceramic cap and a 

multilayer ceramic substrate in a multichip module. However, the solder joint suffers 

from a poor resistance to thermal fatigue since the monolithic solder alloy generally has 

much higher thermal expansion coefficient (CTE) than that of a ceramic (Tong, 2011). 

Since there is a need for a solder with a low CTE, the composite solder can be modified 

using specific ceramic reinforcement that possess low CTE properties. Among the various 

ceramic reinforcement materials that have been introduced in the lead-free composite 

solder development nowadays, the high technical ceramic materials such as Si3N4 can be 

a great candidate as a reinforcement material to enhance the monolithic Sn-0.7Cu solder 

matrix. Accordingly, Si3N4 is a light ceramic material with a low CTE and has been 
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widely used for extreme engineering applications because of its excellent mechanical 

performance at both ambient and elevated temperatures (Trice & Halloran, 2000). Prior 

studies have simultaneously shown improvement in both solderability and mechanical 

performance in Sn-0.7Cu solder matrix by adding 1.0 weight percentage (wt.%) of 

micron-sized Si3N4 particles (Mohd Salleh et al., 2011, 2012). Realizing the capability of 

the Sn-0.7Cu + 1.0wt.% Si3N4 composite solder, more testing should be done on such 

composition to fully explore the composite solder potential.  

The ideal way to reincorporate ceramic powder particulates into the monolithic 

solder matrix is by utilizing PM routes under solid state processing consist of mixing, 

compaction, and sintering. However, the sintering step consumes significant amount of 

energy, time, and cost. Regarding the sintering step, literature studies showed microwave 

technology can be utilized to sinter composite solder in compacted powder form. Among 

the primary advantages given by this method are microwave assisted sintering consumes 

much lower energy with lesser heating time compared with conventional sintering 

method. Usually, enhanced mechanical properties of ceramic-reinforced composite 

material can be obtained with finer microstructures distribution. While, fine 

microstructures distribution can be obtained through the manipulation of sintering 

temperature and time. Microwave technology can be a great assistant in a sintering 

process since the heat produced by this method is self-generated by the sintered material. 

Hence, its utilization in ceramic-reinforced lead-free composite solder is highly 

recommended.  

The result of the literature search at the start of this present research revealed that 

no hybrid microwave assisted sintering work has been made to synthesize ceramic-

reinforced Sn-0.7Cu + 1.0wt.% Si3N4 composite solder. Accordingly, the purpose of this 

research is to evaluate the possibilities of implementing hybrid microwave assisted 
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sintering technique through powder metallurgy routes, particularly for ceramic-reinforced 

Sn-0.7Cu + 1.0wt.% Si3N4 composite solder production. The nature of the topic focuses 

on the impact of different sintering methodologies related to processing and properties of 

Sn-0.7Cu + 1.0wt.% Si3N4 composite solder, since comparisons of the sintering 

adaptation of powder metallurgy made with different sintering techniques are still 

lacking.  

 

1.3 Aim and Objectives 

 

The main aim of this research is to clarify any properties enhancement or advantages 

that hybrid microwave heating process can possibly offer if such attempt is preferred 

rather than conventional radiant heating on Sn-0.7Cu + 1.0wt.% Si3N4 composite solder. 

The research intends to achieve this aim through the following objectives: 

 

i) To assemble and calibrate an experimental set-up capable of sintering solder 

compacts using both microwave heating and radiant heating simultaneously. 

ii) To synthesize Sn-0.7Cu monolithic solder and Sn-0.7Cu + 1.0wt.% Si3N4 

composite solder via powder metallurgy routes using different sintering 

methodologies, i.e., without sintering, with conventional sintering, and with 

hybrid microwave assisted sintering. 

iii) To investigate the influence of different sintering methodologies on the density, 

porosity, microhardness, microstructure, and solderability performance of Sn-

0.7Cu monolithic solder and Sn-0.7Cu + 1.0wt.% Si3N4 composite solder. 
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