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List of abbreviation

The symbols are listed according to the order of appearance in the text.

Symbol Description Units
to Spreading time s
E, Activation energy kJ/mol
R Universal gas constant J/K.mol
T Absolute temperature K
I Amount of adsorption cm?
c Total concentration mol/L
v Surface energy of molten solder k N/m
o Density g/cc
g Weight 8
Pc Contact perimeter pm
Pnc Non-contact perimeter pm
B Skewness
q Total number of quadrats
Ngi Number of reinforcement particles in the it"

quadrat (i =1,2,..,q),

Ngrean Mean number of reinforcement particles/
quadrat

o] Standard deviation
Xt Average thickness pum
A Area of the IMCs um?
L Length pum
Xt IMCs layer thickness at time t pum
t Aging time S
Xo Initial layer thickness pum
D Diffusion coefficient um?/s
n Time exponent

F Applied load g




d Sample diameter mm
St Spread factor

h Sample height mm
S Spread ratio

0 Contact angle °
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1. CHAPTER 1: Introduction

Customer demand has shown the industry to progress for smaller, faster, and low-cost electronics
products. People need always smaller and faster devices with good performance and integrity by
utilizing minimum energy and materials. The manufacturer starts to produce smaller mechanical,
optical, and electronic products and devices (for example mobile phones, chips, and computers).
Thus, electronics miniaturization has challenged to fabricate materials, processing conditions, and
reliability of the product. Cost and performance are important technological keys for product
evaluation [1].

The execution of lead-free solders is generated remarkable new challenges in the microelectronics
sector [2]. Soldering is a metallurgical process that is used to join two (or more) materials by using
a third material, which is called solder alloy that has a lower melting temperature than materials to
be joint. Solder alloys are usually eutectic (63Sn-37Pb) or near-eutectic (60Sn—40Pb) alloys
consisting of an Sn matrix with reinforcements of one or more elements used to reach certain
desired physical, mechanical, and chemical properties of the alloy [3].

However, in the 1950s, the United States Environmental Protection Agency (EPA) considered Pb
to be one of the dangers that posed the greatest risk to humans and the environment [4]. When lead
released into the atmosphere, the kidneys, brain, and nervous system directly affected it. Lead not
only affects humans, but also the environment. Two types of risk (direct and indirect) are possible
from the lead. The direct risk includes workers who are working in the electronics industry to
whom solder fumes and fine lead-retaining particles are exposed during the manufacture of
electronic components. The indirect risk is caused by the leaching of the electronic waste
components by the effect of rain and groundwater contamination [2]. To prevent environmental
pollution, the European Union (EU) banned Pb material after 2006 and it is proposed the Waste
for Electronic and Electrical Equipment (WEEE) and the Restriction of Hazardous Substance
(RoHS) directive in January 2008 [5][6][7][8]. The purpose of these directives is to reduce waste
electrical and electronic equipment and to minimize the hazardous substances in electrical and
electronic equipment. This directive stated that electronic products sold to European consumers
must be Pb—free and this is called lead-free for electronics [9].

Sn-Pb solders require lead-free (green) replacement. Higher melting temperature (~ 220°C) and
the cost of the metals are the main problems in the transformation to lead-free solders. High

temperatures can propagate in lamination, low thermal fatigue, and crack formation in solder joints



[10][11]. For Pb—free soldering, several potential alloys have been developed, most of the alloys
which contain Sn as the primary element. Sn—based solder alloys are a good choice because they
have excellent wetting and spreading properties. Combining Sn with copper (Cu) and silver (Ag)
looks like a probable Pb-free applicant [12].

New solders are usually Sn-based and the main benchmark for the selection of lead—free solder is
that the alloy should be eutectic alloy close. The Sn-Ag-Cu (SAC) is the strongest opponent of
Pb-free soldering because it is near to eutectic. NEMI (National Electronics Manufacturing
Initiative), Japan Electronics and Information Technology Industries Association (JEITA)
suggested an Ag rich composition Sn-3.9Ag-0.6Cu(SAC396), Sn-3.0Ag-0.5Cu(SAC305), and
Sn-3.5Ag-0.7Cu(SAC357), and The European Consortium - BRITE-EURAM recommended
95.5wt%Sn-3.8wt%Ag-0.7wt%Cu; Sn-3.8Ag-0.7Cu(SAC387), etc. [13][14].

To improve dimensional stability and mechanical reliability of electronic interconnections, there
were several attempts to incorporate suitable reinforcement (including metal, ceramic, IMCs, and
carbon nanomaterials, etc.) into lead-free solder matrices to prepare the composite solders and it’s
interconnection. The existence of different reinforcement added could refine the morphology of
composite solders and its interfacial IMCs between solder joints and substrate. The added
reinforcements could improve the wettability of the composite solder. The refinement of the IMCs
greatly improves the reliability of the solder joint and mechanical properties of the solders it might
also help to improve the creep resistance and mechanical properties of composite solder joints
under harsh service conditions (including high temperature, large temperature gradient, and high
current density) when compared with the plain solder joints.

The present dissertation is concentrated on the preparation and characterization of 96.5Sn-3Ag-
0.5Cu(SAC305) composite solders containing reinforcement (SiC and SiC-Ni) and the
investigation of the microstructural and mechanical properties of composite solder and its joints
under the conditions of isothermal aging. The formation of IMCs in lead-free solders with weight
variation during the reflow process due to lack of proven data. This research is examined the
distribution of the reinforcement in the solder matrix, optimal reflow settings for lead-free solder,
and the factor that influences the process are investigated.



2. CHAPTER 2: Literature review

1.1 Composite solder material

For many years, solder alloys containing the combinations of tin (Sn), lead (Pb), antimony (Sb),
copper (Cu), silver (Ag), bismuth (Bi), indium (In), zinc (Zn), gold (Au), silicon (Si) and
germanium (Ge) have been used in many industrial applications. Among these, tin-lead (Sn-Pb)
solder alloys, particularly with compositions ranging between Sn95-Pb5 and Sn2-Pb98 (wt.%)
have been attracted much attention due to their low cost and low/moderate melting temperatures
(183 to 316°C) [4].

Even it has been already commercialized; the Sn—Ag—-Cu alloy system has several problems to be
solved. One of the major problems is the formation of large intermetallic compounds (IMC) in
these alloys [15]. The presence of large IMCs greatly reduces the reliability of the solder joint.
These IMCs act as stress concentrators and negatively affects the mechanical properties of the
solders. Another problem is the poor wetting of the solder alloys. To have a reliable solder joint,
there must be a strong bonding between the solder and the surfaces to be jointed. To achieve this
strong bond with the smallest amount of solder volume, the solder alloy must wet the largest
possible area. The importance of wetting of the solder alloy has increased vitally in the past decade
since the sizes of the microelectronic devices have decreased drastically.

There are many different lead-free alloys available nowadays. A solder alloy that is being proposed
for the replacement of the traditional Sn-Pb eutectic composition should have its melting point as
close as possible to the tin-lead eutectic temperature. The selections are based on a variety of
considerations, including toxicity, physical properties (melting temperature, surface tension,
wettability, thermal and electrical conductivity), mechanical properties, microstructure
characteristics, electrochemical properties (corrosion, oxidation and dross formation, and
compatibility with non-clean fluxes), manufacturability, cost, and availability [16][17][3]. The
preference is given to the Sn—Ag-Cu (SAC) alloy family, followed by alloys containing, silver,
copper, bismuth, antimony, indium, zinc, and aluminum.

Among all the requirements, wettability (bondability) and suitable melting temperature are the two
basics. First, the solder must be capable of wet and bond which indicates that it should be able to
form intermetallic compounds with Cu. Second, the melting temperature should be sufficiently
low enough to be reflowed as a paste and high enough to avoid the defects due to operating

temperatures. Currently, the replacement alloys candidates include ternary, binary, and some
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quaternary alloys of Sn with Ag, Zn, In, Sh, Bi, and Cu [4]. Solder composites developed by other

investigators have been summarized in Table 2.1.

Table 2.1 Existing solder composites

Matrix Reinforcement Author Conclusions

Sn—3.5Ag—0.5Cu Zn0 [18] e The results showed a slightly increased melting
temperature, increased the tensile strength, and
inhibited the growth of the grain size as well as the IMCs
AgsSn and CusSns.

ZrO; [19] o The results showed the improvement of the wettability.
Y203 [20] e The results showed the refinement of the IMCs grains
and improved the shear strength.

Al>,O3 [21] e The results showed exhibit lower density, CTE, refined
the Ag3Sn, Increased the YS and UTS, increased ductility
of the composite solders.

[22] e The results indicated the refinement of the IMCs grains,
improved shear strength and the thickness of the IMC
layer increased continuously with increasing numbers of
reflow cycles.

[23] e The results displayed the refinement of the Ag3Sn,

improved the microhardness and wetting behavior.

Sn-3.7Ag-0.9Zn SiC [24] e The results indicated the decrease of the [-Sn

dendrites, IMCs, and increase the microhardness.

Sn—3.5Ag—0.25Cu TiO2 [25] e The results showed the increase in the liquidus
temperature, refine both the grain size and morphology
of Ag3Sn, increase the microhardness, 0.2YS, and UTS of

the composite solder.

Sn—0.7Cu—0.05Ni TiO2 [26] e The results indicated the decrease of wetting
properties, suppressing the growth of the CueSns IMC
layer, improved the shear strength, and decreased the

CTE value.

Sn—1.0Ag—0.5Cu Fe203 [27] o Theresults showed the refinement of the 3-Sn grain and

reduce the CTE, the suppressing formation, and growth




of interfacial IMCs during reflowing and thermal cycling

SiC [28] (TC), enhancing the shear strength of the solder joints.
The results showed the improvement of the plasticity
[29] and refinement of the primary B-Sn grain.
The results displayed smaller 3-Sn sub-grains, refined
IMCs with the greater eutectic area, an improvement in
the 0.2 % YS and UTS, and decreased ductility.
Sn—3.5Ag-0.7Cu TiO2 [30] The results displayed the suppression of the IMC layer
and improved the wetting.
Sn—3.5Ag SnO2 [31] The results showed the improvement of the hardness
and tensile strength.
[32] The results showed the lower porosity, improvement of
microhardness, higher 0.2% YS and UTS.
Sn—3.8Ag—0.7Cu SiC [33] The results displayed the lower melting, improvement
of microhardness, and refined IMCs grains.

SWCNT [34] The results indicated an increase in tensile strength,
hardness, better melting characteristics, and a slight
decrement in elongation to failure.

Sn—4In-4.1Ag—-0.5Cu Al2O3 [35] The results showed lower density and CTE values and
increasing both 0.2% YS and UTS.
Sn—3.5Ag 72r0; [36] The results showed the refinement of the IMCs grains
and the improvement of the microhardness.
Sn—9Zn Al,03 [37] The results indicated the improvement of the
microhardness and the shear strength.
Sn—3.0Ag—0.5Cu SiO2 [38] The results displayed improved the wettability and
refined microstructure.
Zn0 [39] The results showed the refinement of the PB-Sn,
improvement of the shear strength, and microhardness.
[40] The results showed the improvement of the wettability,
behavior, and reduction of the thickness of IMCs layers.
Ce02 [41] The results indicated the reduction of the IMCs layer
thickness.
SrTiOs [42] The results indicated the improvement of the shear

strength and the reduction of the IMCs layer thickness.




TiO2 [43] e The results showed the refinement of the
microstructure and the reduction of the IMCs layer.

TiC [44] e The results displayed the lower CTE value, improved the
wettability, and the reduction of the IMCs' growth.

La203 [45] e The results showed improved Wettability, refined
microstructure.

NiO [46] e The results displayed the reduction of the IMCs layer
thickness, improved hardness, and refined morphology.

Fe2NiO4 [47] e The results showed the improved hardness and the
reduction of the IMC thickness.

Sic [48] e The results showed the refined IMCs grains, slightly
decrement of the melting temperature, and
improvement of the tensile strength.

Ni-coated GNS [49] ¢ The results displayed the improvement of the hardness
and shear strength.

Sn—3.5Ag NiTi Shape [50] e The results indicated a significant reduction of the

memory alloy creep rates and strain ranges.

Sn—-3.5Ag—0.7Cu TiB2 [51] e The results indicated an improvement in wettability,
0.2% YS, UTS, and reduction in ductility.

o The results showed an improvement in wettability, 0.2%
MWCNT [52] YS, UTS, and reduction in ductility.
Sn—3.5Ag—0.7Cu ZrO2 + 8 mol. [53] e The results showed the lower density and ductility
% Y203 improved, however, improved the 0.2% YS, UTS, and
CTE values.

Sn—0.7Cu Al>,O3 [54] e The results indicated the improvement of the
microhardness, 0.2% YS and UTS, an increasing number
of pores, pore size, and irregularity.

Geopolymer [55] e The results showed the improvement of the hardness
Ceramic and the compressive strength.

Sn—-58Bi Y203 [56] e The results indicated the improvement of the wetting
properties, the shear strength; however, the growth
rate of the IMC layer decreases slightly.

Sn—Ag Ce02 [57] e The results showed the improvement of the wear,

friction resistance, and microhardness.




According to Table 2.1, various researchers have used the ceramics reinforcements in the lead-
free solder matrix and prepared the different types of solder composites. Ceramic reinforcements
have some favorable properties (ex. chemical stability, abrasion and wear resistance, high strength,
hardness, high melting point (thus high-temperature capability), low density) which makes a
promising candidate for the reinforcements. Apart from this, they have poor wetting behavior and
due to the brittle nature, high hardness, resistance to creep, and high strength, conventional

machining methods are difficult to perform because of cracks, brittle fractures, and edge chipping.

1.1.1 Type of reinforcements

Due to the reactive properties of reinforcement and molten solder, it can be divided into three
parts: (1) non-reactive (2) reactive, and (3) composite reinforcement. The advantages and

disadvantages of reinforcement are listed in Table 2.2.

Table 2.2: Type of reinforcements

Type Materials Reinforcement Advantages Disadvantages
Non- Oxide Al;03, TiO, Fe203, ZnO [58][23] | Stable physical and | Poor wetting
reactive [37] [21][43][26][27] [59] | Chemical properties
[40][18][39] during the reflow
Carbide TiC, SiC [60][29] process

Carbon-based CNT, GNS [61][34][62][63][56]

nano-materials

Reactive Metals Ag, Cu, Fe, Ni, Al, Cr, Mn, Co | Good wetting Corrosive, Coarsening
[64][65][66][67][68]1[69][70][71] during reflow and
aging
Hybrids Metal/X Ni—coated CNT, Ag—coated GNS | Good dispersibility Potential risk on
[62][72][73] reliability; high cost

Carbon-based materials, Metal oxide, carbide, and nonmetallic elements are non-reactive
reinforcements because they do not react with the solder matrix during the aging and reflow
process, and they do not coarsen during their service life. However, such types of reinforcements
cannot be wetted by the molten solder, during the reflow process generally reveals that they are

expelled from the molten solder [74][49].



The reactive reinforcement, which is mainly metal (or alloy) materials and IMCs. This type of
reinforcements is easily reacted with molten solder during the reflow process and preserved in the
solder joint in the form of IMCs layers. Reactive reinforcement is likely to be coarsening during
service life, resulting in a decreasing reinforcing effect. Recently, L. Ma et al. [75] produced novel
reinforcement (polyhedral oligomeric silsesquioxanes polyhedral oligomeric silsesquioxane
(POSS)) and composite reinforcement; these types of reinforcements were shown good stability
in a soldering process. However, the relatively poor thermal and electrical conductivity of such
reinforcement can affect the electrical performance of the solder joint. Also, complexity, high
energy consumption, and high costs have limited the practical progress of such reinforcement.

SiC is used because of its low cost and the wide range of sizes and grades available. The addition
of SiC increases Young's modulus and tensile strength of the composite materials and it is also
increased in wear resistance [76]. Ageeli et al. [76] reported that SiC can help transfer the shear
load at the matrix/reinforcement interface, strengthen the matrix and at the same time retain some
ductility. However, while the yield and ultimate strength of the matrix increase with increasing
concentration of ceramic particles, the ductility of the composites deteriorate significantly at higher
concentrations. SiC has the self-organized dispersive systems property and it can help to formation
of the heterogeneous nucleation, thereby distributing stress homogeneously in the solder joints
[77]. The addition of SiC particles can also improve the sinterability of processed powders. Woo
and Zhang [78] investigated the SiC-reinforced Al-7Si—0.4Mg composite powders and an increase
in the sintering rate of the composite powder was reported due to the increased diffusion rate.

Some researchers [29][48][24][33] are prepared for the lead-free solder composites (SAC105/SiC,
SAC305/SiC, Sn—3.7Ag-0.9Zn/SiC and SAC387/SiC) with the addition of SiC by mechanically
mixing. SiC particles were found to provide additional nucleation places for the formation of the
primary B—Sn phase and AgsSn IMCS. The strengthening effect of the composite solders is
dependent on the reinforcements and the refined IMCs because these prevent dislocation slipping.
Tsao and Chang [79] produced Sn—3.5Ag—90.25Cu composite solders with the addition of x-TiO2
nanoparticles; it shows that 1wt%TiO- is the best composition and significant improvements in
the mechanical properties. Nai et al. [32] also produced the Sn—0.7Cu/Al203 and Sn—3.5Ag/Sn0>
lead-free solders composites and evaluated mechanical and physical properties; however, the best
results are obtained on the 1.5vol% Al,O3 and 0.7vol% SnO2, which are better than the Sn—Pb

solder. They have also investigated the microstructure of the pores because it is most that the



morphology of pores was observed to be one of the most influencing factors which can affect the
strength of composite solder.

As mentioned above, non-reactive reinforcements are evicted from the molten solder during
reflow, so it needs to form a bridge between solder and matrix. Au and Ni are considered ideal
bridge materials because they are capable to react with Sn-based soldered alloys to form IMCs in
a soldering process [49][49]. Mokhtari et al. [80] and Yang et al. [81][82] produced the solder
composite with the addition of Au coated Silica and Ni—coated carbon nanotubes (Ni-CNT); Their
experimental results showed that the addition of coated reinforcements provided to the
improvement of the microstructure, mechanical properties and wetting behavior of the solder

alloys.

1.2 Fabrication of composite solders by PM (powder metallurgy) method

1.2.1 Mixing method

In the current literature, researchers have described several processing methods for synthesizing
complex composite solders. These methods can be broadly divided into two parts: (i) powder
metallurgy technique and (ii) liquid metallurgy technique. The powder metallurgy technique was
applied in the present work. In the mechanical mixing process, reinforcement particles are added
as reinforcement to a solder powder, solder paste, or molten solder alloys to produce composite
solders. Figure 2.1a shows a schematic diagram of the reinforcement and matrix powder mixture

and Figure 2.1b the homogeneous distribution.
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Figure 2.1 Schematic diagram of reinforcement and matrix powder (modified): (a) before milling (zero-hour milling)

and (b) after milling (homogeneous distribution) [83]



However, it is not easy to achieve a homogeneous and fine dispersion by the liquid metallurgy
method due to the dispersion of the oxide particles is uneven due to the counter diffusion of
alloying elements towards the surface and sometimes, large oxide particles precipitate at the grain
boundaries leading to degradation in the mechanical properties of the composite.

But this method also has some advantages. Because the particles formed in this method are
thermodynamically stable, the matrix—particle surfaces are generally clean, free of adsorbed gases,
oxide films, and harmful reaction products, and thus much stronger. From the above discussion, it
becomes clear that composites are difficult to produce by liquid processing methods, and therefore
solid—state processing methods are the most suitable for this purpose [84]. The advantages of the
solid-state processing method are reduced pollution, low costs, and simplicity in process and
handling. Also, these factors are especially important in the industry. Parts can be made from a
variety of compositions. It is therefore much easy to have parts of desired mechanical and physical
properties like density, hardness toughness, stiffness, damping, and specific electrical or magnetic
properties. However, this method has some limitations such as the high cost of metal powders
compared to the cost of raw material used for casting or forging a component. A few powders are
even difficult to store without some deterioration. Large or complex shaped parts are difficult to
produce by the solid-state process.

1.2.2 Mechanical mixing method (Powder metallurgy)

Powder metallurgy (PM) is the most popular manufacturing process. In general, Metal powders
are used in the PM process with the specific characteristics of size and shape and then changes it
into strong, accurate, and high-performance finished products. There are three main steps to this
approach, mixing, compressing, and sintering.

The three main steps (mixing, compacting, and sintering) in the powder metallurgy process are
illustrated in Figure 2.2. The process employs automated operations with low relative energy
consumption, high material consumption, and low cost of capital. The PM method can cost-
effectively synthesize complex components, such as automotive components. Accuracy and cost
are very important in the casting process; however, the casting process poses several issues such
as segregation, machining, and maintaining accuracy. Alloy powders can be fabricated below the
melting temperature, segregation and other defects can be eliminated. PM technique can be used

to produce porous metals, oxide dispersion alloys, ceramic-metal composites, and cemented
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carbides. The powder metallurgy technique is popular because all processes can be performed in
the solid-state and microstructural damage caused by elevated temperatures can be avoided. The
important properties which lead to the continued development of the PM method are given below
[85][84][86]:
I.  Production of high-quality precision structural and complex parts.
Il.  Production of difficult-to-process materials where fully dense, high-performance alloys
can be produced with uniform microstructure.
I1l.  Economical consolidation of high-performance materials including composites containing
mixed/non-equilibrium phases.
IV.  Synthesis of non-equilibrium materials such as amorphous, microcrystalline, or metastable
alloys.

Figure 2.2 Process of powder metallurgy technique

A more efficient method is to mix each particle (reinforcements and matrix) by solid-state
processing methods, such as mechanical grinding of a mixture of metal particles and ceramic
nanoparticles. Sintering is an important step in the PM method in which densification and bond
formation takes place. Sintering can be done by conventional heating methods, such as resistance
heating, or by microwaves or by plasma, etc. [87][88][89].
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1.3 Selection of Materials for Investigation

1.3.1 Solder Matrix Material

As discussed in section 2.1, Sn-3.0Ag-0.5Cu has superior mechanical properties compared to the
other lead-free solders and particularly conventional eutectic Sn-Pb, Therefore, commercial lead-
free solder alloy, Sn-3.0Ag-0.5Cu (SAC305) was selected as a matrix material.

1.3.2 Reinforcement Materials

In comparison to other ceramic reinforcing particles, SiC is also a typical ceramic material with
excellent chemical stability, low density (3.21 g/cm3), and high melting temperature (2,730 °C); it
also exhibits good mechanical properties. Additionally, it has also high electrical and thermal
conductivity; so for this reason, SiC a potential reinforcement for composite solders without
affecting significantly their performance. SiC is supported to form self-organized dispersive
systems that can help to formation of the heterogeneous nucleation so that stress can be distributed
homogeneously in the solder joints. SiC particles were found to provide additional nucleation
places for the formation of the primary p-Sn phase and AgsSn IMCS. The strengthening effect of
the composite solders is dependent on the reinforcements and the refined IMCs because these
prevent dislocation slipping [29][48][24][33]. Table 2.3 shows the advantages of SiC ceramic

reinforcement.

Table 2.3 Advantages of the SiC ceramic reinforcement

Reinforcement Advantages Reference

SiC e Low cost and a wide range of sizes and grades available. [76]

It increases Young's modulus, tensile, and wear resistance.
oIt can be helped the transfer the shear load at the

matrix/reinforcement interface,

Strengthen the matrix and at the same time retain some ductility.

It has a self-organized dispersive systems property. [24][77][33][78]

It can help to formation of the heterogeneous nucleation.

It can improve the sinterability of processed powders.
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1.4 Main problems in the composite solders studied

1.4.1 Distribution of reinforcements in a solder matrix

Generally, the reinforcements are found at the grain boundaries of solder alloys and enhance the
mechanical properties of the solder and joint. However, the addition of excessive reinforcement is
probably to accumulate and agglomerated in the solder matrices, which can reduce the mechanical
strength of composite solders. Therefore, the reinforcement must be homogeneously distributed in
the matrix during the mixing process.

However, it is practically difficult to make a composite solder with homogeneously distributed
reinforcements. The mixtures (solder powder and reinforcement particles) are milled for a long
period and agglomeration is formed in the composite solder matrices. Some researchers have been
used the mechanically mixing method to solve this problem and this method is provided a
relatively uniform distribution of reinforcement particles in the matrix; however, some fractures
are developed at the surface between reinforcement and the matrix due to plastic deformation
during a long time mixing [90][91]. Various researchers have been successfully fabricated a
composite solder with a uniform distribution of reinforcement particles [92][93][94][55][36].

In their experiments, an inert gas was used to remove the oxidation of the molten alloy. Due to
different densities of reinforcement and solder matrix, the contact of the reinforcement particles
will cause the non-uniform distribution in the solidification. Hence, to obtain a homogeneous
distribution of the reinforcement within the composite solder, the composite alloy needs to be
mixed in a proper method. The powder metallurgy technique would be a better option for the
homogeneous distribution of the reinforcing particles in the solder matrix since the reinforcing
particles can be formed by the precipitation of the IMC phase particles during the melting process.
These reinforcing particles are homogeneously distributed in the solder matrix or at the interface
of solder/copper without agglomeration.

1.4.2 Reliability of the bonding between the solder matrices and the reinforcements

To enhance the performance of the solder, it is needed the strong bonding between reinforcement
and solder matrix particles during the soldering process. If the bonding will be poor between the
solder matrices and reinforcement particles, pores, cracks, and other impurities will easily be

existed at the surface of particles during melting.
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Also, cracks, pores, poor bonds, and interfacial strength will be normally developed due to
mechanical deformation and it is directly affected the performance of the composite solder.
Metallic and IMC particles have a strong bond with the solder matrix because these are the reactive
reinforcement and it can be easy to react with the solder matrix and form a strong bond during the
melting process. However, inert particles (ceramics and carbon-based materials) are non-reactive
material and these do not react with the solder matrix and form a reliable bonding. Therefore,
wetting or reaction of non-reactive particles and soldered alloy matrices is a very serious concern.
It should be noted that reinforcement must be successfully embedded and homogeneously
distributed into the solder matrices, most of the researchers studied that non-reactive reinforcement
particles were expelled from the solder matrix during the soldering process. To solve this problem,
the coating of the Au and Ni has been used by some researchers because these are formed a bridge
between solder and non-reactive reinforcements and it can be easily reached with the solder

particles during the melting process [49].

1.4.3 Stability of the reinforcements and IMCs

Another important problem is the stability of the reinforcement in the reflow and aging process.
Non-reactive reinforcement particles will not be coarsened in the solder alloy. The same problem
happens with the metal reinforcement particles; however, they usually coarsen at high
temperatures.

It is very important to define the morphology of the composite solder before and after melting.
Some researchers explained that AgsSn IMC particles formed in the solder matrix after
solidification will not be nano-sized particles but in the form of platelet shapes [95] [96]. Due to
the brittle properties of the IMCs, they can directly influence the mechanical properties of the
solder joints. Hwang et al. [96] reported that the CusSns IMC particles were homogeneously
distributed in the bulk area but did not re-melted during reflow because the melting temperature
of these IMC particles was higher than the reflow temperature. In the general case, most nano-
sized IMC particles dissolve in the solder matrix during reflow and coarsen after aging. However,
when using solid-state bonding techniques, these IMC particles can be kept in the solder matrix
with initial size and it can affect directly the strength of the solder. Therefore, further research on

new solid-state bonding techniques is required to solve this issue.
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1.4.4 Poor wettability

The soldering process and the strength of the joint depend on the contact and the formation of the
bond between the liquid material and the solid substrate material. Wettability tends to spread the
liquid on a solid substrate and is generally considered by the contact angle. A liquid that spreads
on a substrate and does not react by the substrate material is called non-reactive wetting, while the
wetting process affected by the reaction between the spreading liquid and the substrate is called
reactive wetting [97]. Young's equation gives the contact angle concerning the triple point.
Young's equation provides the contact angle in terms of the interfacial energy or interfacial
tensions occurring at the three-point interface. Several factors (For example system conditions,
liquid properties, roughness, heterogeneity of the surface, atmospheric conditions, and substrate
properties) can be influenced by the wetting property. On the other hand, the reactive wetting
process is influenced by a few more factors, such as soldering temperature, flux, the addition of
impurities, etc. However, the correct mechanism which can control the kinetics of wetting is very
difficult to predict because reactive wetting is influenced by a lot of the factors, such as interfacial
reactions, chemical reaction, diffusion of components, dissolution of the substrate, etc. Whenever
the solidified liquid is spread on the solid substrate interface, the various condition of the solidified

liquid as shown in Figure 2.3.
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Figure 2.3 Schematic diagram of different wetting phases on the solid substrate
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(&) surface roughness: The rough surface can create the new surface area for the solidified liquid
and the actual contact angle would be different from the nominal contact angle. The new
surface area is given by the rough surface and it increases the surface energy. Surface
cleanliness is an important parameter that can affect the wettability property of the composite
solder. Surface roughness is unavoidable because of the impurities on the surface of the
substrate. Rough surfaces create a metastable state of equilibrium for the joints and it
provides multiple contact angles [97].

(b)  Flux: The key role of the flux is to overcome the oxidation in the solidification process. The
reduction of the oxide layer can obtain the real wetting on the solid substrate and it can
change the interfacial properties of the solder joint. It can provide oxidize-free surface and
help the solder particles to wet on the solid substrate. It can also protect from re-oxidation
and directly affect the surface tension of the solidified solder in the direction of solder
spreading [98].

(c) Temperature: Temperature plays a key role in the solidification process and it can affect the
solidified liquid as well as a solid substrate. Oxidation behavior, reaction rate, surface
tension, and viscosity are influenced by temperature. It is a general phenomenon that the
viscosity and surface tension of a liquid decrease with increasing temperature. Therefore,
wettability in all systems should improve with increasing temperature [99]. The diffusion
rate increases with increasing temperature in reactive wetting. However, in some cases, it
may be attributed to adverse effects because of oxidation, changes in reactivity, and phase
changes. As a result. This kind of trend is often noticed during the solidification of solders
in the existence of flux at different temperatures. Lopez and Kennedy [100] reported that the
wetting process is showed a temperature dependence and it is followed by the spreading time
and temperature dependence Arrhenius eq. (2.1).

L =K exp (=2) Eq.(2.1)

to

Where, to = Spreading time (s), K = Pre-exponential factor, Ea = Activation energy (kJ/mol), R =

Universal gas constant (J/K.mol) and, T =Absolute temperature (K)

16



Eacan be calculated by plotting the graph between In(1/to) vs 1/T and slope of the graph achieved
as activation energy. On other hand, the activation energy of the spread liquid can also be obtained

by applying the base radius, contact angle, and the height of the solidified liquid.

1.5 Achievements with the composite solders developed

1.5.1 Microstructural modification & growth of IMC particles

In recent studies, most of the added reinforcement particles may have changed the microstructure
of the solder matrices, and these variations have generally been positive and have contributed to
improving the mechanical properties of the composite [33][48][101][102][52][51][36]. This
theory was based on the added reinforcement, because this is helped to the reduction of the particle
size of the solder matrices and improved the strength of the solder alloy according to the Hall—-
Petch relationship [103].

Kumar et al. [34] described the refinement of the CusSns and AgsSn in the lead-free solder matrix.
It was about 3.75 to 4.25 um and 0.5 to 0.8 um with (1wt% SWCNT) and without reinforcement.
Various researchers have reported similar results with the addition of reinforcements into the lead-
free solder matrix [36][28] [101][33][104][105][106][90]. Lin et al. [101] investigated, the
addition of TiO2 nanoparticles in the lead-free solder has formed some agglomeration due to
different microstructure than the conventional lead-based solder. However, for Sn—3.0Ag-0.5Cu
solder alloy, two types of IMCs (AgsSn and CusSns) were observed, and SiC and Ni-coated SiC

dispersed homogeneously in the B-Sn matrix.

1.5.2 Variations in wettability

Sharma et al. [45][107] [108] reported that wetting behavior enhanced with the addition of La2O3,
Graphene Nano-platelets, and Copper—Coated Carbon Nanofibers in the SAC305 and Sn—-3.5Ag
solder alloy. Lee et al. [109] also reported the wettability of an Sn—0.7Cu solder with the addition
of 0.5% Ag nano-particles and it found the better wettability than the monolithic solder. Ni and
NisSns reinforced composite solder showed an enhanced wettability when compared with the
unreinforced solder paste [96]. The addition of an appropriate amount of MWCNT improved the
wettability of Sn—Ag-Cu composite solders [52][110]. However, Nai et al. [51] found the
maximum contact angle on the 1.5vol.% of TiB: in then Sn—Ag—Cu composite solders and on the
5vol.% of TiB», the wettability was degraded. This phenomenon was attributed to the amount of
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reinforcement in the matrix, the presence of too many reinforcement particles repressed the flow
of molten solders by increasing its viscosity, and further reducing the spread-ability of the solder
on the substrate. Sharma et al. [45] reported that the reinforcement of the La>Os into the matrix
reduces the interfacial energy and thus achieves better wetting because the wettability depends on
the surface tension and the surface tension depends on the surface energy of the material.
However, it is not clear an exact mechanism for the variations of wettability between molten solder
alloys and substrates with the addition of minor alloying elements. Therefore, further research is
needed to explain the mechanism of wetting change.

1.5.3 Effect on the growth of IMC particles

The growth of IMCs grains and the IMCs layers in solder matrices (bulk area) and at the interface
has been studied by many authors [36][28] [101][33][104][105][106][90] [52][110] [45][107]
[108]. IMC phases are formed between the grains and IMCs layers are developed due to interfacial
and chemical reaction between the solder and substrate

According to the current literature, most of the ceramics and carbon nanomaterials
[58][111][112][113][44][48][114][115][63][116][62][33][105][101][110][52][34][51][117] have
been shown that these are very useful in suppressing the growth of IMC phases in solder matrices
and interfaces during reflow or the thermal aging process.

Some researchers have studied the growth of the IMCs on the lead-free solder by using metal
reinforcement particles (Co, P, Cu, In, Sb, Pt, Al, Zn, Ge, Ni, Ag, and Au). Amagai [118] indicated
that Ni, Co, and Pt nano-particles were very beneficial in refining the growth of IMCs grains and
layers because these are reactive reinforcements and it can be reacted easily with the lead-free
solder particles. The microstructural analysis of the IMCs layers between Sn-3.5Ag and Sn—
3.5Ag-0.7Cu and pure Cu and Ni substrates were investigated by Yu et al. [119]. It was found that
during solidification, AgsSn nanoparticles were presented on the surface of the IMC layer, which
would reduce the interfacial energy and suppress the excessive growth of the IMC layer. Shen et
al. [36], Liu et al. [33], and El-Daly et al. [120] added ZrO. and SiC nanoparticles into an Sn—Ag
and Sn—Ag-Cu lead-free solder and found the refinement of the IMCs.

Problems are developed with inert particles (non-reactive particles) because they do not react with
the solder material (metallic elements) and it is agglomerated at the grain boundaries or IMC layers

in the solder alloys. Surface absorption theory can be helped to describe the mechanism of
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refinement (suppression) of the growth of IMCs in the solder during the reflow and aging process.
According to the surfactant adsorption theory, the amount of absorption of reinforcement particles
on the molten solder k is explained as follows Eq. (2.2) [19][117][121]:

= —— Eq.(2.2)

Where, T is the amount of adsorption of reinforcement particles on molten solder k, ¢ is the total
concentration of reinforcement particles in the solder, R is the ideal gas constant, T is the absolute
temperature and v is the surface energy of molten solder k without reinforcement particles.
When molten solder k adsorbed a layer of ceramic particles, the surface tension can be explained
from the integral of the Eq. (2.3):

Fk
Tk YAk = i (YIS —RT focjdc) Ay Eq.(2.3)

Here, Ax is the area of the crystal planes k, y& is the surface tension of the initial crystal planes k
without adsorption, V(kc) is the surface tension of crystal planes k with adsorption, T'¥ is the

adsorption of surface-active material at crystal planes k, c is the concentration of the surface-active
material, T is the absolute temperature, R is the gas constant. If the crystal volume is constant; the
surface energy of the crystal planes can be kept to a minimum in the equilibrium state. As shown
in Eq. (2.4):

rk .
Yk Y(oyAk — RT Xk Ay foc?dc - min. Eq.(2.4)

Where, Zkylgo)Ak is assumed to be constant because of the independence of the concentration of

k
surface-active materials. So RT ), Ay foc%dc should be maximized, which means the effect of the

crystal plane with the maximum amount of adsorption, is most active.

In general, the crystal plane with maximum surface energy increases rapidly while the adsorption
amount of surfactant is maximized. However, reinforcement particles, which are considered to be
effective surfactants, can significantly reduce the surface energy of the crystal and therefore reduce
the growth rate of the crystal plane. In this regard, this nano or micron-sized reinforcement can be
adsorbed on the surface of the IMC particles or IMC layers to suppress their uncontrolled growth.
The development of the IMCs involves various theories, including volume diffusion, grain

boundary diffusion, dissolution, and coarsening into the solder [122]. Hence, these elements need

19



to be seriously investigated to recognize how the reinforcements are influenced by the solder
matrix. Gain et al. [121] and Liu et al. [33] reported that TiO2 and SiC particles suppress the
AgsSn and CueSns phase because adsorption of TiO2 and SiC nanoparticles reduces the surface
energy of primary AgsSn crystals. So, SiC and TiO: is a powerful surface-active agent that can be

absorbed on the surface of IMCs particles and refine excessive growth.

1.5.4 Enhancement of mechanical properties

Most of the researchers are reported that reinforcement (metal, ceramic, IMC nanoparticles and
carbon nanomaterials (such as carbon nanotube and graphene) or the reinforcement particles
increased the mechanical properties of the solder composites and it has shown the desirable
performance (such as high hardness, high tensile strength, and high shear strength) compared with
monolithic solders. Liu et al. [33] and EI-Daly et al. [92] reported that the tensile and yield strength
of solder joints enhanced with SiC nanoparticles addition than that of monolithic SAC solder
joints. Oher researchers also investigated the addition of ceramic nanoparticles, such as ZrO> [36],
Al>;O3 [123][124][58][35], TiO2 [101][125][126], that these particles significantly enhanced the
hardness, tensile strength and creep resistance of nano-composite solders. However, CNTs added
composite solders disclosed that the reinforcement of MWCNTSs and SWCNTSs in solder matrices
increased the yield strength (YS) ultimate tensile strength (UTS), and micro-hardness of solder
joints while the ductility of composite solders decreased significantly [102][110][52][34].

Also, MWCNTs and SWCNTSs were established dimensionally stable in the lead-free solder due
to the low coefficient of thermal expansion (CTE). According to the classical theory of
strengthening dispersion [127], the improvement of the mechanical properties of composite solders
depends on the distribution of reinforcement particles in the solder matrices and at the grain
boundaries. These reinforcement particles try to change deformation by preventing the grain-
boundary sliding as well as obstructing dislocation movement in the solder matrix [127][128]. To
understand the dependency of the size and mechanical properties, Shi et al. [106] studied the result
of the reinforcement particle size scale on the mechanical properties of the solders. They
investigated the thermal creep resistance with the addition of Cu and Ag particles in the Sn—Pb,
and Sn—Cu solder alloys, and results show that tensile shear strength with the addition of nano-
size particles are higher than the micro-size particles; however, micro-sized particles have shown

better creep strength than the nanoparticles. The reason for this improvement was that nano-sized
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particles refine the alloy grains and the fine grain size causes a decrease of the creep strength,
which was more effective than the increase of creep resistance by impeding grain boundaries
sliding.

However, to produce composite solders with high overall properties, more in-depth studies are
needed to understand the optimal size of the reinforcing particles for solder alloys of different

compositions and structures.

1.6 Research aims and objectives

Several studies have demonstrated that the SAC series is the most promising alternative for the
lead-free solder alloy due to its excellent overall properties [129][130][131]. Although some
studies have indicated that the mechanical properties and microstructural defects of the SAC solder
under different experimental conditions, further work is needed to eliminate these disadvantages.
Sn-3.0Ag-0.5Cu (SAC305) was selected for the current study because it is a widely used Pb-free
solder in the assembly of electronic devices. Unfortunately, SAC solder has lower reliability and
mechanical properties than the Pb—solders. The joint strength of the SAC305 solder alloy can be
improved with various modifications of reinforcement and the solder contents. Hence, optimal

composition and process condition must be consider during soldering process [132].

1.6.1 Knowledge gap

Most of the previous and recent investigations are preliminary studies to identify mechanical
properties and interfacial microstructures of composite interconnect with the addition of alloying
elements under thermal aging and reflow condition.

Just a few studies investigated the distribution of the reinforcement particles, optimum
composition, and connection between the reinforcement matrix particles. There is a gap in
understanding the effect of the connection between the reinforcement and matrix particles. The
knowledge is also missing in the systematic qualitative examination of average neighboring
particles distance and morphological mosaic analysis of the ceramic reinforcement in the solder
matrix.

In addition to this, IMCs layer growth was confirmed with various reflow, aging time, and
temperature. The development of the IMCs layer is due to the higher diffusion of the Cu atoms.

However, some literature is provided that the growth of the IMCs layers is surpassed with an
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increase in temperature. There is a need to clarify the behavior of the IMCs layer of the Different

time and temperature under reflow and aging condition.

1.6.2 Scientific goals

Based on these, the present dissertation is emphasized on the preparation and characterization of

Sn-3.0Ag-0.5Cu (SAC305) composite solder with various content (0.5, and 1.5 wt. %) of SiC and

Ni—coated SiC reinforcements and the examination of physical, microstructural and hardness of a

lead-free solder Sn—3.0Ag-0.5Cu. After careful literature review and finding of the knowledge

gap, the following scientific aims have been defined:

(1) Identify the optimum composition of the reinforcement in the solder matrix.

(2) Investigate the relative contact perimeter between the reinforcement and lead—free solder
particles.

(3) To investigate the average neighboring particle distance and morphological mosaic analysis of
the ceramic reinforcement in the solder matrix.

(4) Observe the change in the thickness of the IMCs layer at the Cu—Sn interface and establish the
relation between the growth thickness, time, and temperature under reflow and aging condition.

(5) How does the SiC and nickel-coated SiC reinforcements affect the microstructural evolution?

(6) How does the SiC affect the wettability and how does the nickel coating change this?

(7) What effect does increasing the amount of SiC have on wettability and hardness as well as on
microstructure?

(8) What changes occur in the microstructure as a result of aging in the case of the composites?

(9) Does nickel coating matter for aging?

(10) What kind of processes takes place during reflow and aging?

(11) How does the thickness of the IMC layer change as a function of time and temperature during

reflow and aging?
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3 CHAPTER 3: Development of lead—free Sn—3.0Ag-0.5Cu/SiC and Sn—3.0Ag—
0.5Cu/SiC(Ni) solder composite

3.1 Introduction

The recent research trends in lead—free solders moved in the direction of reinforcement by a fourth
alloying element in the ternary solder alloy. This is devised to improve their mechanical properties,
electrical properties, and also improve the microstructural stability. Tsao et al. [133] investigated
the mechanical properties of SAC solder reinforced by ceramic particles like TiO2 and Al2O3
nanoparticles. They found an improvement in the mechanical properties of the quaternary solder.
Rare earth oxides were used as reinforcing particles with a marked improvement in obtained
microstructure and properties of SAC solders [134]. However, the scientific community moved
towards reinforcing carbide-based reinforcement owing to its low cost and ease of production.
Some researchers have shown the reinforcement of SiC has significantly improved the
microstructure, mechanical properties, and wetting behavior of the SAC solder alloy [24][33]
[120][135][136].

Fathian et al. [93], Chellvarajoo et al. [47], and El-daly et al. [120] concluded that the best way to
prepare the solder composite is the powder metallurgy method. They stated that this method gives
the best distribution of the reinforcement in the matrix. SAC305 lead-free solder powder was
purchased as prepared from Cobar Europe B.V., Breda, the Netherland with an average particle
size of 20-24 um and SiC particles used in this study were procured as prepared from SIKA TECH

(Switzerland) with an average particle size of 1-3 pm.

3.1.1 Synthesis of nickel-coated silicon carbide (SiC-Ni) particles by EN (Electroless nickel) method

The electroless plating method is employed here for the coating of Ni on to SiC particles for the
simplicity and non-hassle freedom associated with the process. Metallic Ni is obtained from the
EN method by reduction of the nickel sulphate solution using a reducing agent. The entire process
is carried out in presence of SiC particles being used as carriers.

As stated above, the SiC particles are preferred as carriers for Ni electroless plating. Vaezi et al.
[137], Pavlatou et al. [138], Zimmerman et al. [139], and Ahmad [140] studied the effects of co-
precipitation and co—deposition mechanisms involving SiC. As stated, Ni is reduced from its salt
solution by using Sodium hypophosphite as a reducing agent [140]. The three—step used in the

research work for the deposition of Ni onto SiC using EN plating method is shown below in Figure
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3.1. The steps contain (i) ultrasonic cleaning, (ii) acidic pre-treatment (sensitization and
activation), and (iii) EN plating.

The first step was purified the SiC in an acetone bath for about 30 min. The concentration of SiC
particles with acetone was used 4g/100 ml during this study. In the second step, dried SiC powders
were mixed with the solution of Sodium hypophosphite (60g/l), Lactic acid 98% (40ml), and
distilled water, and this process was accomplished with a magnetic stirring speed of 300 rpm at
85°C for 40 min. After that, the solution was dried in the furnace at 120°C. In the third step, the
solution was prepared for 569/l nickel sulfate (NiSO4.7H20), 60g/l sodium hypophosphite
(NaH2PO2 .H20), 40ml lactic acid 98% (C3HsO3), and distilled water. The solution was stirred at
the temperature of 85°C for 40min, and the pH value of the solution was adjusted at 4-5. One hour
later, the solution was washed/rinsed with distilled water four to five times. Finally, the solution
was dried at room temperature in the air. Complexing agents are added to prevent nickel oxidation
and pH control. Thus, Ni coating on SiC particles was achieved before imparting them into the

solder matrix.

| Step I: Ultrasonic cleaning | Step II: Acidirpre—treatmeml
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NaH:PO, H.0 +CHO,

Figure 3.1 Schematic diagram for Ni-coated SiC process

Figure 3.2(a-d) shows an SEM image of Ni-coated SiC and the corresponding elemental maps,
and the elemental maps were confirmed that nickel particles were deposited on the surface of SiC.
However, the existence of Si, Ni, O, and P was determined by EDS (Figure 3.3) analysis.
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The main reason for Ni—coated SiC is to avoid unnecessary reactions between ceramic SiC
reinforcement and SAC solder matrix. Jiagiang, Gao et al. [141] reported that reaction temperature
was dependent on the size of the SiC particle because nickel atoms easily diffuse on the surface of
the SiC particles. During electroless plating, firstly, nickel atoms are deposited as a form of clusters
on the SiC particles surface. During the heating process, Ni atoms diffuse on the interface of the

silicon carbide particle because clusters of the Ni atom are thermodynamically metastable.

Figure 3.2 (a) SEM image of Ni-coated SiC and corresponding elemental maps (b) Ni and Si (c) Ni (d) Si
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Figure 3.3 EDS analysis of the SiC(Ni)
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3.2 Preparation of composite solders

Once the SiC particles are coated with Ni particles, the next logical step is to reinforce these
particles into the lead-free SAC305 solder matrix. For this purpose, the powder metallurgy method
was chosen. The SAC305 powder is blended with SiC and SiC(Ni) powders at various weight
fractions. The composite lead-free solders from here on would be marked as SAC-x%SiC(Ni),
where x stands for 0, 0.5, 1, and 1.5wt% for SiC and SiC(Ni). As stated above, we employed a
powder metallurgy route for its consistency and homogeneous distribution of the reinforcements
in the matrix. The SAC305 powder and reinforcements (SiC and SiC—Ni) powder particles were
pre-weighed and put in a milling jar. They are mixed to achieve homogenization in a planetary
ball mill for 1 hour. The rotational speed of the milling process was 200rpm and the ball to powder
ratio is 10:1 (BPR). The steel balls used in this process were 3mm in diameter. Ethanol was used
as milling media (40 ml). Figure 3.4(a) and Figure 3.4 (b) indicate the schematic view of the ball
milling process and SEM picture of SAC305/SiC after 60 min of ball milling. Once this process is
completed, we get a homogenously mixed SiC/SAC305 and SiC(Ni)/SAC305 powder. This
powder is then compacted under a pressure of 200MPa in a cylindrical die of 15mm diameter. Oil
lubricant was used to make the ejection and densification of the post process sample smoother.
Following the compaction, the substrate was sintered in a furnace for 3 hours at 200°C under Ar

inert gas environment.

:
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(a)
Figure 3.4 (a) Schematic diagram of ball milling with mixture powder (matrix and reinforcement)[142] (b) SEM

micrograph of SAC305/SiC after ball milling
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3.3 Results and discussion

3.3.1 Microstructural evolution of lead- free solder composite

Post-processing and experimentation on coating Ni on SiC particles and reinforcing the SiC and
SIC(Ni) into SAC305 solder matrix and mounting, the microstructural examinations were
conducted by using SEM. The first investigation is the microstructure of the SiC reinforced
SAC305 matrix. Figure 3.5 (a-b) shows the distribution of the SiC in the SAC305 solder matrix
at lower and higher magnification; however, EDS analysis confirmed the presence of the SiC in

the matrix.
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Figure 3.5 Distribution of SiC in the SAC305 solder matrix (a) lower magnification (b) higher magnification (c) EDS

data

Figure 3.6 (a-d) shows the SEM micrograph of the SAC305 solder composite with addition of 0,
0.5, 1.0 and 1.5%SiC(Ni). The SAC matrix with 0 wt% SiC showed no defects or cracks. However,
with the inclusion of ceramic Sic particles, cracks, and defects are developed in the solder matrix.
Pores and agglomerates of SiC reinforcements were noticed in the matrix which did not join
completely with SAC particles. As the concentration of SiC increased in the matrix, more pores,
more agglomerates, and thicker grain boundaries are visible due to the SiC agglomeration. The
first observation from microstructural examinations shows that by increasing the content of

SiC(Ni) above a certain limit in the matrix, the bonding between the lead-free solder and
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reinforcement particles decreases which would have adverse effects on the final mechanical
properties of the composite. Figure 3.6 (b-d) attached below, shows the composite microstructure
with pores associated with the SiC(Ni) reinforcements. Porosity is of significant interest for
research as the mechanical properties depend directly on the porosity in the matrix. The least

amount of defects were found in the pore lead-free solder (Figure 3.6 (a)).
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Figure 3.6 SEM micrographs of SAC305 solder with addition of (a) 0 (b) 0.5 (c) 1.0 and (d) 1.5 wt% of SiC(Ni)

3.3.2 Physical properties

3.3.2.1 Relative density

Density is an important parameter to be considered while selecting a solder material. Hence, it is
considered before carrying on further investigations with ceramic reinforced lead-free solders. The
particles come into contact, a neck growth develops, and the neck then becomes larger in the early
stages of heating the sintering process. As the sintering time is extended, the particles are
completely merged to form larger particle grains that are about 1.26 times larger than the diameter
of the original particles. Also, the pores that are initially trapped between the particles are reduced
during sintering [143].

Figure 3.7 and Figure 3.8 shows the relative density of SAC305 PM composite samples with
varying composition of Sic and SiC(Ni). The following equation is used for the calculation, Eq.
(3.2).
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Eq.(3.1)

Where, g1 (9) is the weight of hook in air, g2 (g) is the total weight (weight of hook and weight of
sample) in the air, gz (g) is the total weight (weight of hook and weight of sample) in the water and
g4 (g) is the weight of hook in the water, pf (g/cc) is the density of water.

100.0

I Green density [l Sintered density|

99.5 4

99.0

98.5 4
98.0 4
97.5 4
97.0 4
96.5 <
96.0 4
95.5 4
95.0 <

Relative density (%)

Amount of relnforcement (wt.%)

Figure 3.7 Relative density of SAC305 lead-free solder PM composite samples with the addition of SiC
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Figure 3.8 Relative density of SAC305 lead-free PM solder composite samples with the addition of Ni coated Sic

Monolithic lead-free solder shows a small difference of relative density between green and
sintered lead-free solder as shown in Figure 3.7 and Figure 3.8. In other compositions (0.5%, 1%,
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and 1.5%) of lead-free solder composites, the relative densities were varied with the weight
percentage of reinforcement. The green density is affected by its micro-porosity. The sintered
density can be increased by adding much smaller particles (reinforcement) providing the gap
between the larger ones. In general, the sintered density increases with the range of particle size
distribution, and this trend is more pronounced in more densely arrangements than in loosely
packaged ones [144]. Ni-coated SiC is more homogeneously distributed in the lead-free solder
matrix than the SiC reinforcement and it filled the gap more than the SiCparticles due to metallic
bonding. All samples are pressed at 200 MPa and provide high-density values (both green and

sintered) and indicate the higher relative density in all compositions.

3.3.2.2 Porosity analysis

As mentioned in the above sections, porosity is a really important parameter in the fabrication of
lead-free solders as it directly affects the mechanical properties. Porosity depends on the grain
refinement of the matrix and hence we assume naturally that porosity would have a negative effect
on grain refinement. The pores are understood to form as a result of the agglomeration of particles
on the surface coupled with non-uniform distribution of SiC particles in the SAC305 powder
matrix.

In addition, the pores that are initially trapped between the particles are reduced during sintering.
The porosity reduction during sintering where the pores between the grain boundaries are reduced,
resulting in a denser sintered material. These initial large pores become spherical and smaller after
sintering [143]. Hence, after a series of careful trial and error run of experiments, the reinforcement
composition was limited to 1wt% of both SiC or SiC(Ni) particles.
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Figure 3.9 Porosity analysis of the SAC305 solder composite with the addition of SiC and SiC(Ni)

We can observe higher porosity for the samples at 1.5wt% reinforcement (Figure 3.9). We can
also observe the trend that the larger the content of reinforcement, the greater is the pore size (avg).
The increasing number of reinforcement particles leads to a higher irregularity of pores [145]. In
the present work, Figure 3.9 which has 1.5wt%SiC(Ni) reinforcement in SAC305 solder showed
the highest ratio of porosity. All other samples show pores and agglomerates of SiC(Ni) particles
in between the SAC305 matrix. There is no complete bond between these agglomerates and matrix
particles. The percentage of pores in composite increase with an increase in the amount of
reinforcements and monolithic lead-free solder is showing the least amount of agglomerates and
porosity and 1.5 wt% reinforced SAC305 solder composite showing the highest amount of
agglomerates and porosity. Fine microstructure and reduces the porosity which may translate into
increased solder reliability. SiC is a ceramic bonded material and it is not contacted directly to the
lead-free solder material, however, Ni is a metallic material and it is easily contacted to the lead-

free solder particles during the sintering process and fill the gap between the reinforcement and
the matrix.
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3.3.3 Compressive strength of the PM solder composite

Compressive strength is another mechanical property that needs measurement to effectively
determine the solder composite strength. Homogeneous distribution of reinforcement particles
means more refined phases which inhibit mechanical deformation more effectively.

The compressive strength of SiC and Ni-coated SiC reinforced lead-free solder composite are
shown in Figure 3.10. The increase in reinforcement content increased the strength of the solder
under compression. The maximum value for SiC and Ni-coated SiC addition was obtained at
1.0wt% but beyond this, the compressive strength decreased again. The average compressive
strength for monolithic SAC305 solder was 34.21MPa while for 1wt% reinforced composite the
compressive strength was 42.75MPa for SiC and 45.29MPa for Ni-coated SiC.
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Figure 3.10 Compressive strength of the SAC305 lead—free solder composite with the addition of SiC and SiC(Ni)

Strength is increased due to the addition of ceramic particles because ceramic particles have a
higher hardness. In general, the strength of metal matrix composites increases due to the decrease
in elongation [93]. However, the strength is still higher than the monolithic sample. For a 1% added
reinforcement sample, the strength decreased compared to 1.5% by weight because of the
presumed increased porosity.

However, the addition of reinforcement particles has some negative effects, including increased

porosity in liquid processes. On the other hand, it has been reported that in powder metallurgy
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methods, the addition of reinforcement particles should not exceed a certain limit, otherwise the
properties will decrease as in this study in 1% reinforced sample because of the increased number
of reinforced particles may increase the number of micro-pores. Microscopic pores determine the
strength because these are potential zones of crack initiation that ultimately lead to failure
[110][51] [93].

3.3.4 Relative contact perimeter (RCP) of reinforcement and matrix

Contact perimeter is defined as a contact surface between metallic solder and ceramic
reinforcement particles. Some reinforcement particles are not fully connected with the surface of
the metallic solder i.e non-contact perimeter. The contact and non-contact perimeter of SiC and
SiC(Ni) particles are determined by ImageJ software. In Figure 3.11(a), the black line indicated
the non-contact perimeter, and the rest of the portion is the contact perimeter. Following these
analyses carried out for all the samples, the relative contact perimeter follows from following Eqg.
(3.2).

Pc

RCP =

-100 Eq.(3.2)

C+ nc

Where, RCP is relative contact perimeter, Pc (um), and Pnc (um) are contact and non-contact
perimeter respectively. The maximum RCP was found at 1.5wt% of reinforcement while the
minimum RCP was found for 0.5wt%SiC reinforcement. Figure 3.11(a) shows the RCP of the
matrix and the reinforcement particle. Figure 3.11(b-c) shows the SEM micrograph of lead-free

solder composite with contact and non-contact interfaces between the matrix and reinforcement.
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(b)

SiC

SAC305

Figure 3.11 (a) Schematic diagram of contact and non—contact perimeter analysis (b) SEM image of SAC305/SiC

composite solder (c) SEM micrograph of SAC305 solder composite with contact and non—contact interface

Figure 3.12(a) shows the SEM micrograph of the lead-free solder composite with the
reinforcement (SiC or Ni-SiC) particle and Figure 3.12(b) indicates the segmented reinforcement
particles in the matrix, which was measured the RCP. The process of evaluating the RCP is shown

in Figure 3.13.

(a) (b)

SAC305 SAC305

Sic Segmented
SiC

Figure 3.12 (a) SEM micrograph of the SAC305 lead—free solder with the addition of SiC particle (b) Segmented SiC

particle in the solder matrix
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Figure 3.13 Process of measurement of the RCP of the reinforcement particles

Figure 3.14 shows the results of the RCP of lead-free solder composites at a different weight
fraction of SiC and SiC(Ni). The interface of SiC and SAC305 has poor mechanical bonding which
is a direct effect on the result of weak adhesion and additionally agglomeration of SiC particles
was also observed. To reduce the agglomeration and to improve the adhesion between SiC and
SAC305, the coating of SiC with Ni was carried. Some portion of the reinforcement (SiC and SiC-
Ni) was found not to be incomplete contact with the lead-free solder i.e. loss of adhesion
(deadhesion). Compared to SiC reinforcement, SiC(Ni) reinforcement has shown improved
adhesion with SAC305.

During this study, Ni surface coating was applied on SiC to overcome the weak bonding between
lead-free solder and SiC particles. Silicon carbide consists of two types of atoms, the first is silicon
atoms and the second is tetrahedral carbon atoms which have strong bonds in the crystal structure.
Silicon carbide is a ceramic material with a covalent bond and has stable chemical properties. Ni
is a metallic bonded material and it has good wetting characteristics with Sn-based solder because
SAC solder has also metallic bonding. In these solder composites, SiC(Ni) is reacted with the
SAC305 solder and forms a strong metallic-metallic bond at the interface between reinforcement
and solder matrix.

Figure 3.11(c) shows that the matrix particle was not filled between the two SiC particles.
Therefore, it is concluded that stress concentration has existed between the two particles easily

under external load, which reduces the interfacial bond strength of the composite. The result of
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Figure 3.14 shows that the SiC content decreases the contact between the particles and Ni appears
at the appropriate position. It is presumed that the Ni particles promotes the RCP of SiC in the
solder matrix and avoids direct contact between two or more SiC particles due to metallic bonding.
Therefore, micropore formation and agglomeration are significantly reduced. The highest RCP
was measured in SiC(Ni) reinforced samples (1.5wt%), while the lowest is in the case of 0.5wt%
SiC reinforcement. It is also observed that with the addition of Ni-coated silicon carbide, the

relative contact perimeter of composite solders increased drastically.

100

Il sAc305/sic [l SAC305/SiC(Ni)

95 +

Prep (%)

0.5 1 1
Amount of reinforcement (wt.%)

Figure 3.14 Relative contact perimeter of SAC305 lead—free solder composite with the addition of SiC and SiC(Ni)

3.3.5 Average neighboring particles distance

The average neighbor’s particle distance, dmn, is defined as the distance between the centers of
gravity between neighboring particles in a matrix. It is not analogous with the mean free path
between the particles and closest neighbor distance. In estimating the impact on the matrix of the
reinforced particles, the distribution of both SiC and SiC(Ni) reinforcement particles were
analyzed by Cprob. Figure 3.15 (a) demonstrates a schematic outline of estimating the average
neighbor’s particle distance and Figure 3.15 (b) shows the average neighbor’s particle distance

image generated by software Cprob.

36



Mag= 1.00KX SignalA=CZBSD Date 23 Aug 2019 ZEISS ]
WD = 85mm EHT =20.00kV Time :14:5724
~

1

Figure 3.15 (a) Schematic diagram of the neighbor’s particle distance (b) Average neighbor’s particle distance

image generated by software (Cprob)

Figure 3.16 (a) depicts the variation in average neighbor particle distance, dm, between the
reinforcement and matrix particles for various weight fractions. Overall, the distribution of dmn
values suggests a consistent pattern with processing. The parameter dmn is used to distinguish the
different MMC. Thus, it is an identifier for measuring the dispersion of the reinforcement in the
solder matrix. However a useful technique average neighbor particle distance has proven, it has
certain drawbacks. For instance, if the neighbor's particle distance technique is applied to a
composite system in which the particles are bunched together in gatherings of at least two, the
subsequent closest neighbor’s distance tends to the particle diameter, erroneously indicating best

clustering, if the second, third, fourth, and so on neighbor’s distances are considered [146] [147].
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Figure 3.16 (a) Average neighbor’s particle distance of SAC305 solder composites with the addition of SiC and
SiC(Ni) (b) Skewness of SAC305 solder composites
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Where, dmn is the distance between neighbor’s particles, m is the first particle, and n is the
neighbour’s particle. Higher average inter-particle distance inside the matrix might affect the
mechanical properties of the composite. The quadrat analysis of the lead-free solder composite is
shown as a skewness diagram of the number of SiC & SiC(Ni) particles/quadrant, Nq in Figure
3.16 (b). Skewness diagram reveals that the overall shape of the Nq distribution varies significantly
with the degree of clustering. An increase in the amount of reinforcement particle clusters has
skewed the Nq distribution further. Skewness (B) indicates the degree of asymmetry in the
statistical distribution, which is represented by the Eq. (3.3) below [146].

. (q) (N ;= Nmean) 3
b= /[(q -1(q - 2)]2[ v /(a)] Eq.(3.3)

Where, f = Skewness

g = Total number of quadrats studied,

Ngi = Number of SiC or SiC(Ni) particles in the i'" quadrat (i = 1,2,..,q),

Ng*4" = Mean number of SiC or SiC(Ni) particles per quadrat, and

o = Standard deviation of the Ngq distribution
An increase in B indicates the increase in SiC and SiC(Ni) clusters. Figure 3.16 (b) shows a
variation in § with the varying weight fraction of SiC and SiC(Ni) clusters. The skewness ranges
between 1.3 to 0.91 for SAC305/SiC composite and between 1.08 to 0.7 for SAC305/SiC(Ni)
composite. We see the skewness for SAC305/SiC(Ni) is much broader compared to SAC305/SiC
composite solder, which is in agreement with the dissemination of reinforcement particles in lead—
free solder. Exact statistical relation can be utilized comfortably for determining the cluster
distribution using the quadrant analysis. In conclusion, the analysis of reinforcement distribution
is an important factor because it is improved the dispersion of reinforcement particles in the
MMCs. In both reinforcements, it is small changes in skewness i.e. impact of Ni coated SiC is

more than SiC.

3.3.6 Morphological mosaic analysis
The general definition of a mosaic picture is a segmented picture of a plane. Each class of the
segment has a mark. Segments are usually produced under object-oriented image coding where

the image is partitioned into homogenous zones. The clustering of particles in the matrix is
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demonstrated by cell size appropriation and the segmented binary was investigated further.
Another technique is the morphological mosaic analysis. Under this method, there arises the issue
of characteristic point and it generally overlooks object form. This method requires a constant
dilation of the objects, tessellation based on the size and state of the object. However, analyzing

the size of the cell carrying from mosaic would reveal the cluster of objects.

@ . ¥ . . (b) _ Cellarea |
[ ] 4 o s f p
e . ] 4 R d )
sic i i N N AN
¢ \ % R
v v FEIAT N
W/ 4 u o |
B-Sn , & N h
. ‘ 3 I~ % A g I el
) g JU% ; 4 \ .\ v b
® N . ol ,
4 4 R ) sic |*
%3 i g

L
10pm Mag= 100KX SigndA=CZBSD Date 23 Aug 2019 7E1SS |
- m WD= 85mm EHT =20.00kV Time :14:58:04
o~ S -

- 4

T

s
| [ 10pm g Mag= 100KX SgnslA=CZBSD Date23Aig20te [ |
P o ssem  eenoow  Tmetestae
- S LY

Figure 3.17 (a) Analyzed segmented SEM micrograph of SAC305 solder with the reinforcement (b) Morphological

mosaic of the image.

FIB-SEM micrographs are taken from the polished samples of the inspected tests of SAC305
solder with the addition of Sic and Ni-coated SiC. The blue colored particles belong to
reinforcements (SiC and Ni-SiC) in the micrograph. The cells in which the reinforcement’s
particles are distributed are visible in Figure 3.17(a) and Figure 3.17(b). Larger and smaller
mosaic structures can be seen. In this manner, the size (region) dissemination of the cells is
considered and the size (area) distribution of cells is studied. Figure 3.18(a) shows the larger effect
in SAC305/Ni-SiC solder composite. The average cell area of both composite solders seen to
increase as the weight fraction of reinforcement increased, Figure 3.18(b) shows the skewness
variation of both composites and Ni-coated SiC reinforced composite skewness is much lower
than SiC composites i.e. Ni is very effective in the distribution of the particles in the SAC305

solder matrix.
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Figure 3.18(a) Average cell area of SAC305 solder composites with the addition of SiC and Ni—coated SiC (b)

Skewness of SAC305 solder composites

3.4 Summary

The homogeneous distribution of the reinforcements in the matrix is very important for the
composite material because it is directly affected the mechanical properties of the composite. It
was achieved by the powder metallurgy method, Ni—coated silicon carbide (SiC—Ni) are
synthesized by EN (Electroless nickel) method, and PM composites were fabricated.
Microstructural analysis, physical and mechanical properties were comparatively studied of lead-
free solder composite. RCP (relative contact perimeter), average neighboring particles distance,
and morphological mosaic are investigated by the Cprob and ImageJ software. SiC particles were
perfectly coated with Ni particles by electroless nickel plating method (Figure 3.2) and SiC and
SIC(Ni) particles were homogeneously distributed in lead—free solder matrix by ball milling
(Figure 3.5). The relative density of sintered and green samples was increased with the increase of
the reinforcement composition, however, Ni—coated SiC composite solder samples have higher
relative density than SiC reinforced samples. Ni—coated SiC reinforced composite solder has a
lower porosity than SAC305/SiC composites and porosity was increased with an increase of
composition. SAC305/SIiC(Ni) solder composite has higher compressive strength than the
SAC305/SiC and the maximum is shown at 1% composition. RCP (relative contact perimeter) was
increased with an increase of Ni—coated SiC reinforcement in the solder, however, in the case of
SiC reinforcement, it was decreased with an increase of composition. The average neighbour’s

particle was decreased with the addition of reinforcements.
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4 CHAPTER 4: Morphology and IMCs of composite solders under reflow and

thermal aging
4.1 Introduction
Thermal aging and reflow testing at low and high temperatures are the main approaches to evaluate
the reliability of solder joints, as the microstructure and mechanical properties of solder joints
deteriorate at relatively high operating temperatures. In this chapter, we evaluated and discussed
morphology (including solder matrices and interfacial IMCs) and microhardness as a mechanical
property to understand the performance of composite solders fabricated under reflow and
isothermal aging conditions.
4.2 Experimental procedures
4.2.1 Preparation of samples for reflow and thermal aging
To perform the reflow and thermal aging test, a cylindrical sample (3:3 mm in diameter and height)
containing two different reinforcements with different compositions were soldered on the Cu
substrate. These two types of composite solders were SAC/SIC and SAC/SIC(Ni). Figure 4.1
shows the top and front view of the specified tool, which was used for preparing the samples. This
tool was specifically designed and fabricated by the Institute of Physical Metallurgy, Metal
forming, and Nanotechnology, University of Miskolc. The weight of the powder and the
compaction pressure was 0.1g and 200MPa. (SAC305)100—x(SiC) solder powder was uniaxially
compacted in a die (cold pressing at room temperature) to form a cylindrical bar of 3 mm in
diameter. The base/substrate was a square copper plate (15 x 15mm) was grinded from sandpaper
to achieve a smooth surface for the measurement of contact angle (0), spread factor (Sr), and spread
ratio (Sr) of the solder, 2mm thick copper sheet. Acetone was used to clean and polish the copper
plate. A small amount (0.029) of activated rosin (RA) flux was used on the surface of the sample
and in between the solder sample and the Cu substrate. The main objective of the flux is to

eliminate oxidation and other contaminants before and during the melting process.
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Figure 4.2 The schematic diagram of the powder metallurgy and melting process of the composite solder

Figure 4.2 depicts the schematic diagram of the powder metallurgy and melting process of the
composite solder. The solder sample was put on the center of the copper substrate and then the
reflow process was conducted. Then, the samples were put in the furnace for melting. In chapter
2, itis proven that 1%SiC composition is optimal as compared to other weight percentages (0, 0.5,
1, and 1.5). SAC305/1%SiC is melted at various reflow temperature (240°C, 260°C, 280°C, and
300°C) at different time (30, 60, 90, & 120min.). When performing the thermal aging test, the
thermal aging temperature was set to 140°C, 150°C, 160°C, and 170°C, while the thermal aging
times were 0, 25, 50, 75, and 100h. Different samples that perform at different thermal aging times
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were studied concerning the evolution and hardness of their microstructure. The detail of

experimental conditions can be seen in Table 4.1, Table 4.2, and Table 4.3

Table 4.1 Experimental analysis of SAC305/SiC and SAC305/ SiC(Ni) composite solder

SAC305/xSiC(Ni,
x=0,051&15

Composite Atmosphere Reflow Aging Aim
solder temperature temperature
(°C)/Time (min.) | (°C)/Time (h)
SAC305/xSiC, Room 260, 30 140, 100 Microstructures (Fig. 4.3 and Fig. 4.4)
x=0,0.51&1.5 | temperature Microstructures at interfaces (fig.4.6-

Fig. 4.8)

IMCs layer thickness (fig. 4.11-Fig.
4.13) (Table 4.4 and Table 4.5)
Hardness (Fig. 4.15)

Contact angle (wettability) (Fig. 4.17)
Spread ratio, spread factor (Fig. 4.18
and Fig. 4.19)

Table 4.2 Experimental analysis of SAC305/1%SiC composite solder at different reflow time and temperature

Composite Atmosphere Reflow Reflow time Aim
solder temperature (°C) (min.)
SAC305/1% SiC Room 240°C 30, 60,90, & | e Microstructures at interfaces
temperature 260°C 120 (Fig.4.21)
280°C e IMCs layer thickness [multiple
300°C reflows (Fig. 4.22 and Table 4.6)]

e IMCs layer thickness (Table 4.7, Fig.
4.23-Fig.4.25)

e The activation energy (Table 10 and
Fig. 4.31)
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Table 4.3 Experimental analysis of SAC305/1%SiC composite solder at different aging time and temperature

Composite Atmosphere Aging Aging time (h) Aim
solder temperature (°C)
SAC305/1%SiC Room 140°C 25,50, 75, & | e Microstructures at interfaces (Fig.
temperature 150°C 100 4.26)
160°C e IMCs layer thickness (Table 4.8, Fig.
170°C 4.27-Fig.4.29)

e The activation energy (Table 11 and
Fig. 4.32)

4.3 Results and discussion

4.3.1 Microstructural evolution in the solder matrix

For microstructural observation, all samples were first mounted in epoxy before being grinding

and polishing after different reflow and aging process. All polished samples were etched with

etching reagent; the metallographic etching reagent consists of a mixture of ethanol and

hydrochloric acid. The morphologies of the solder matrix and solder joints at the solder/Cu

interface were examined using a FIB-SEM (Focus ion beam-scanning electron microscope).

All the composite solders with different composition (0, 0.5, 1, and 1.5%) reinforcement and 100h

aging at 140°C were determined for a comparative study of the microstructural examination of the

solder matrix; the morphology of the matrix structures of the different solder with the addition of
SiC and SiC(Ni) are shown in Figure 4.3 and Figure 4.4.
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Figure 4.3 Microstructure of SAC305/xSiC solder composites after 100 h aging (a) monolithic SAC305 (b) 0.5% (c)
1.0% (d) 1.5%

After 100h aging, it can be observed that the grain boundary of the p—Sn phase disappeared, while
the AgsSn IMC showed coarsening and CusSns has a rod-like structure in the monolithic SAC305
solder matrix. It can be seen that after the addition of SiC and Ni—coated SiC, the size of AgsSn
IMC and CueSns IMC decreased significantly compared to monolithic SAC305 solder. As
discussed in the literature [9] that the added reinforcement particles tend to adsorb to the IMC
surface during the melting process; interatomic diffusion is thus reduced. After 100h of aging, the
grain boundary of the f—Sn phase also becomes disappeared in the SAC305/1.0%SiC matrix;
however, the total size of the IMCs range was smaller than for monolithic SAC305 alloy. In
addition, the size of AgzSn and CusSns IMCs showed an increasing trend in the aged composite
solder matrix; however, the rate of increase was smaller than that of the monolithic SAC305
sample. In the SAC305/1.0%SiC matrix, it was also observed that the growth of AgsSn and CueSns
IMC was suppressed and their size was smaller than that of the monolithic SAC305 solder. In the
case of SAC/SIC(Ni), the most obvious phenomenon is that after 100h of aging, abundant bulky
(Ni, Cu)sSns IMCs were formed in the solder matrix. This may be due to nickel atoms that were

not fully reacted in the solder matrix in the reflow process and some atoms are continued to
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participate in the inter-diffusion reaction with the copper substrate and tin atoms in the aging

process, thereby CueSns IMC layers were formed.
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Figure 4.4 Microstructure of SAC305/xSiC(Ni) solder composites after 100h aging (a) monolithic SAC305 (b) 0.5%
(c)1.0% (d) 1.5%

The reinforcement of SiC and SiC(Ni) particles affects the growth and size of the IMC in the solder
matrix. Compared to the monolithic solder, the IMC size of the solder composite is smaller
carrying 0.5wt.% and 1.0wt.%SiC and SiC(Ni) particles. Lin et al. [101] reported similar results
in the refinement of IMCs growth. However, for the other composition (1.5%) of the solder
composites, the IMCs size have homogeneous and it did not reduce with increasing of SiC and
SiC(Ni). The refinement of the grain size can be attributed to the segregation and agglomeration
of SiC and SiC(Ni) particles in bulk solder because the van der Waals forces cause the
reinforcement particles to connect with each other. The morphology and size of the IMCs are a
very important parameter to investigate the influence of the reinforcement in the solder composite.
The IMCs were refined with the addition of the SiC and SiC(Ni) particles to the SAC305 solder.

Figure 4.3 and Figure 4.4 shows the SEM image of the composite solder with the addition of the
SiC and SiC(Ni); however, the development of the CusSns (gray), CusSn, AgsSn, and (Ni, Cu)sSns
(dark) IMCs are analyzed by EDS. The IMCs size is analyzed by ImageJ software and
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approximately 100 particles are considered. The average size of AgsSn and CusSns IMCs particles
were identified as 1.0 t0 2.5 um and 2 t0 4 pm in the SAC305/SiC lead—free composite solder. SiC
particles were coated with nickel because the presence of IMCs in the SAC305/SiC alloy is not
sufficient to provide alloy strength. The addition of small amounts (1%) of SiC(Ni) particles in
the SAC305 solder alloys shows that the average size of IMCs (AgsSn and CueSns) grains were
reduced and this is due to the strong adsorption effect of the reinforcing particles [36]. Decreasing
the IMCs are followed by the theory of heterogeneous nucleation and adsorption effect [24][28].
Ni has a higher adsorption effect and it decreases the surface energy and therefore decreases the
growth velocity of IMCs.

The reduction of IMCs grains in the composite solders also indicates the grain refining effect is
caused only by the addition of nickel-coated silicon carbide. The average size of AgzSn and CusSns
grains were identified as 0.5 to 1.5pum and 1 to 2.5um in the SAC305/SiC(Ni) lead—free composite
solder. SiC particles provide the supplementary nucleation sites for the development of refined
IMCs (AgsSn and CusSns) and it was observed that SiC particles and IMCs prevent dislocation
slippage and thus helped to a strong strengthening effect in composite solder. Such IMCs are
played a key role in the matrix since IMCs provide the strength of the matrix —Sn [33][29].

It is observed that the best morphology of the SAC305/SiC and SAC305/Ni-SiC are achieved at
1.0wt.% of reinforcements because it shows the fine refinement of the IMCs in the solder
composites, after that the particle size of the IMCs are increased by 1.5wt.% (Figure 4.3(c) and
Figure 4.4(c)). The SiC and Ni—coated SiC particles have been observed to be present in
agglomerated form, causing cracks and pores to form in the composite, as shown by the enclosed
areas. This can be related to the high amount of SiC and SiC(Ni) in the molten matrix (1.5wt.%),
the distance between the particles decreases, and the particles get closer to the formation of

agglomerates and are easily segregated.

4.3.2 Microstructural evolution at solder/Cu interface

The morphology of the interfacial IMCs is an important factor that significantly affects the
reliability of the solder joint [148]. The formation of CueSns on the interface in the solder joint is
required to build a strong metallurgical bond and this is due to the interfacial reaction between Sn
and Cu substrate during reflow. Several researchers [149][150][151][152][153][154] reported that

the CusSn would originate between CusSns and Cu substrate during higher temperature and long
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term aging process. The excessive growth of IMCs can weaken the strength of the solder joint
during the reflow and aging process due to the brittle nature of IMCs [155][156][157]. Thus, the
kinetics of the interfacial reaction between the solder and the Cu substrate is an important issue in
evaluating the reliability of the solder.

Very few literature have reported on the played role of SiC reinforcements in lead-free solder
played during the growth of IMCs in the solder matrix. It is known that SiC cannot react with the
Cu because SiC is a non-reactive reinforcement but Ni is reactive and forms a CusSns phase on
the Cu—Sn interface. In general, the thickness of the interfacial IMCs increases continuously during
thermal aging; however, interfacial IMCs mostly consists of a brittle nature, the large-scale growth
of interfacial IMCs would serious problem for the reliability of solder joints. The development and
growth of the IMCs (CueSns and CusSn) layers in microstructural characterization were described
after the reflow and aging process as shown in Figure 4.5

(Solder + Flux + Heat)

Ag;Sn  CugSns cy sn, layer Ag,;sn  CugSns Cugsn. layer
Molten SAC Molten SAC
Cu,Sn layer

(b) (c)

Figure 4.5 Schematic diagram of the IMCs layers growth (a) solid SAC305 sample on the Cu substrate (b) diffusion
of the SAC305 molten solder on substrate and formation of the CusSns IMC after reflow (c) formation of the CusSn

(sandwich structure) layer exists between CusSns/Cu interfaces after aging

Figure 4.6 and Figure 4.8 show the SEM images of the Sn—3.0Ag-0.5Cu composite solder of the
joint interface with the addition of SiC and SiC(Ni) after 100h aging. After aging, both IMCs
(CueSns and CusSn) layers are developed at the Sn-Cu interface. Figure 4.7 is confirmed the

CueSns and CusSn layers.
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Figure 4.6 SEM micrographs of SAC305/xSiC lead—free solder composites after 100h aging at 140 °C (a) monolithic
SAC305 (b) 0.5% (c) 1.0% (d) 1.5%

Point-1
Element | Weight (%)
SnlL 35.7
Cuk 64.3
Point-2
/ Element | Weight (%)
Cu,Sn Cu SnlL 59.9
{oyn;tmx .zidookv oQ})nA ,;a-s Ixn - 2‘0“7‘pm "j..f: Cu K 40'1

Figure 4.7 Verification of the IMCs in the SAC305 solder composite with the addition of SiC
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Figure 4.8 SEM micrographs of SAC305/xSiC(Ni) lead—free solder composites after 100h aging at 140°C (a)
monolithic SAC305 (b) 0.5% (c) 1.0% (d) 1.5%

The average thickness of IMCs layers in the Sn—Cu interface in different conditions were
determined by the SEM images. The irregular shape of CusSns layer and thick plate-like CusSn
layer on the surface of the Cu as shown in schematic Figure 4.9 and IMC thickness is measured
by the ‘‘Image]’’ software. The average thickness (x;) was calculated by the total area (A) of the
individual IMC divided by the total length (L) of the layer, as shown in Eq. (4.1):

Solder

Figure 4.9 Schematic diagram of interfacial microstructure on Cu substrate
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A

Xp = — Eq.(4.1)
L

Where, x: = Average thickness (um),
A = Total area of the individual IMCs and (um?),
L = Total length of the IMCs layer (um)
ImageJ is used for the analysis of the CueSns and CusSn layer thickness. Figure 4.10 (a—c) displays
the segmented area of the CusSn, CusSns, and total layer (CusSn + CusSns). The thickness of the

IMCs layer is calculated from these areas of the IMCs divided by the length of the image.

Solder 3 Solder

Figure 4.10 Thickness analysis of the IMCs layer by ImageJ (a) segmented area of CusSn (b) segmented area of
CusSns (c) total area of the IMCs

The thickness results for all composite (SAC305/SiC and SAC305/SiC-Ni) solders are shown in
Table 4.4 and Table 4.5 respectively.

Table 4.4 Average thickness of CusSns and CusSn in lead—free solder composites with the addition of SiC

Composite solder Aging temperature (°C) | Agingtime (h) IMC thickness layer (um)

CueSns CusSn Total

140 100 7.57 1.21 8.78
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SAC305/0.5SiC 6.08 1.01 7.09

SAC305/1.0SiC 4.24 0.73 4.97

SAC305/1.5SiC 5.27 0.96 6.23
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Figure 4.11 Variation of CusSns thickness in the SAC305 lead—free solder with the addition of SiC

In the monolithic solder, the almost intermittent IMC morphology became smaller in size after the
addition of different amounts of SiC and Ni—coated SiC particles. However, the almost intermittent
IMC structures became thin and continuous after reinforcing particles were added to the SAC305.
Most of the added particles are involved in the formation of the IMCs. The chemical reaction
between SAC305 and the Cu substrate also induced the growth of a thin layer of the CuzSn phase.
The growth of CueSns and CusSn layer thickness on the Cu substrate was suppressed by the
addition of different amounts of reinforcement (SiC and Ni—coated SiC) particles in the solder
matrix after 100h aging, as shown in Figure 4.11, Figure 4.12, and Figure 4.13. It was noticed
that the minimum thickness of the IMC layer was obtained by the addition of 1% by weight of SiC
and Ni—coated SiC particles. This was due to the added reinforcement particles in the solder matrix
which were inhibited the Cu atom. Most of the Cu atoms came from the Cu substrate; however, a
few percent came from the solder matrix [158]. This pathway of Cu atoms was retarded due to the
formation of the Sn-Cu phase between molten solder and the Cu substrate during the reflow

process.

52



Table 4.5 Average thickness of Cu6Sn5 and CusSn in SAC305 composites with the addition of SiC(Ni)

Composite solder

Aging temperature (°C)

Aging time (h)

IMC thickness layer (um)

CueSns CusSn Total
SAC305 140 100 7.57 1.21 8.78
SAC305/0.5%SiC(Ni) 5.44 0.85 6.29
SAC305/1.0%SiC(Ni) 3.78 0.53 4.31
SAC305/1.5%SiC(Ni) 4.95 0.80 5.75
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Figure 4.12 Variation of Cus Sns thickness in the SAC305 lead-free solder with the addition of SiC(Ni)

The thickness of the CusSns and CusSn IMCs layer was decreased by 43.8% and 39.6% in the
SAC/1%SiC; however, CusSns and CuzSn IMCs layer was reduced by 50.06% and 56.19% in the
SAC/1%SiC(Ni) composite solder. The outcome shows that the development of the CusSns and
CusSn IMC layer on the Sn—Cu interface was suppressed by a small addition of SiC and SiC(Ni)
particles. These reinforcement particles reduce the surface energy and inhibit the growth of IMC
layers. Several researchers reported the same trend after using different types of reinforcements in
the lead—free solders [159][160][22][161][26][162][163][114][47][43][164][165][56].

However, with the reinforcement of 1.5wt%SiC and SiC(Ni) (Figure 4.3d and Figure 4.4d),
coarse scallop type CusSns particles were developed on the interfacial layer and the number of

AgsSn IMC was not increased in the solder composite solder. Furthermore, the reduction of the
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IMCs layer thickness was lesser than the other composition (Figure 4.11, Figure 4.12, and Figure
4.13) and this is due to the agglomeration and segregation of the reinforcement particles in the
bulk solder. The segregation and agglomeration are happened due to the van der Waals forces and
this force is entangled of the reinforcement particles as used of more amount (1.5%), therefore
IMC:s layer thickness and number of AgsSn grains are decreased [159]. Similar research is reported

for the morphology of the bulk solder with the addition of SiC by Liu [33].
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Figure 4.13 Variation of CusSn thickness in the SAC305 lead-free solder with the addition of SiC and SiC(Ni)

4.3.3 Microhardness
To estimate the effect of thermal aging on the microhardness of SiC and Ni-coated SiC reinforced

composite solder with various composition was examined. Specifically, the microhardness test
was performed with a Vickers hardness tester at room temperature; the details of the process are

shown in a schematic diagram (Figure 4.14).
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Indenter d

= K

Solder sample impression

Figure 4.14 Schematic diagram of a microhardness test

During the hardness test, the applied load was 10g, while the dwell time was 10 seconds. For each
solder sample, three points were tested by removing the minimum and maximum values. Using
the size of the diagonals of the impression, the microhardness data of the different samples were
calculated using Eq. (4.2) and Eq. (4.3):

F

HV =1.854 x — Eq.(4.2)
d; +d,

d= ( > ) Eq.(4.3)

Where, HV is the Vickers hardness, F is the applied load (g) and d is the diameter of indentation

(um) and it can be calculated by the mean value of d; and d>.
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Figure 4.15 Microhardness of monolithic SAC305, SAC305/SiC, and SAC305/SiC(Ni) composite solders
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The microhardness of monolithic SAC305, SAC305 and SAC305/Ni-coated SiC composite solder
are shown in Figure 4.15. It is examined that the microhardness values of composite solders are
increased as compared to that of the monolithic SAC305 solder. The higher values are 15.25 and
15.98Hv for SAC305/1.0%SiC and SAC305/1.0%SiC(%) composite solder. Compared to the
monolithic SAC305 solder, these results show the ~10.8% and ~16.0% increment in the
microhardness of composite solder with the addition of 1.0wt.%SiC and SiC(Ni). The reason for
the improvement of microhardness is the finely distributed intermetallics (AgsSn and CusSns) in
the composite solder [107]. The hard AgsSn IMCs can resist indentation more strongly than the
monolithic SAC305 solder. This improvement can be related to (1) The existence of the harder
SiC and Ni-coated SiC and (2) Reinforcements act as an obstruction to the localized matrix

deformation and dislocation movement due to the presence of reinforcement [45].

4.4 Wetting behavior of composite solder

Wetting concerning composite solders plays an important role in understanding the spreading
behavior of the solder as a function of temperature, time. Besides time and temperature, in a
composite solder wetting is affected by flux composition, reflow temperature, and surface
roughness of solid. Here, as stated earlier, SiC and SiC(Ni) was chosen as the reinforcement in
the SAC solder matrix to obtain the composite. The wettability was evaluated by measuring the
spreading area on copper substrates and wetting angles. Solder specimen (3 mm x 3 mm) is placed
on the center of the Cu plate with flux and melted in the furnace at a 260°C for 30min. For good
wetting of solders, a perfect metallurgical bond must be established at the interface between the
solder (liquid) and the Cu (solid) substrate. Due to interfacial reaction, the IMCs grains or the
intermetallic layers are composed at the surface. Figure 4.16 shows the schematic diagram for the

evaluation of the relative spread area, contact angle, spread factor, and spread ratio.
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Figure 4.16 Measuring process for the contact angle and spread ratio (a) solder sample (b) after melting (c) cross-

section of the molten droplet on Cu substrate

4.4.1 Contact angle (wettability) of composite solder
The contact angle of the solder on the substrate changed as a function of the amount of
reinforcements. The contact angles were calculated by using the following equation Eq. (4.4)
[166],

2

sinf = @/n+ h/d Eq.(4.4)

The variation of contact angles of composite solders was shown in Figure 4.17. The largest contact
angle was observed of monolithic SAC305 solder. Initially, the contact angle is decreased from
30.87° to 19.80° for 1%SiC and 16.70 for 1%SiC(Ni), however, an increasing trend was seen
afterward. These results verify that the improved wetting performance of the solder matrix at a
limited composition can be achieved by marginally increasing the quantity of SiC particles. Non-
uniform segregation and increased viscosity of melted solder on Cu have to lead to de-wetting
[45].
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Figure 4.17 Contact angle variation of SAC305 solder with the addition of Sic and SiC(Ni) on Cu substrate
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4.4.2 Spread ratio and spread factor

Spread ratio (Sr) is calculated by measuring the spherical area achieved by the melted solder
specimen on the substrate. It is done by measuring the diameter (d) and height (h) of the cooled
solder area on the substrate. Spread ratio is taken as the ratio of total plane area wetted by the
molten solder on a solid substrate to the plane area of the original solder sample, which is expressed
by Eqg. (4.5) and Eq. (4.6) [166].

_ Total plane area wetted by the molten solder on the solid substrate
=

Eq. (4.5
Plane area of the original spherical metal sample g (4:3)

4d2? [h?

S =
T+ 3d2/h2)]?3

Eq.(4.6)
Where, d is the diameter of the solder sample (mm) and h is the height (mm). Spread factor (Ss) is
calculated as the consequence of spread ratio and is given in Eq. (4.7) and Eq. (4.8):

s Diametre of the original solder sample (d) — Height of the spreaded molten metal (h)
f =

Eq.(4.7
Diametre of the original solder sample (d) q-(47)

1
Se=1-— Eq.(4.8
4 [1+3d2/h?]'/3 9.(48)

Figure 4.18 and Figure 4.19 shows the variation of spread ratio (Sr) and spread factor (S) with
the corresponding amount of reinforcements and it was observed that the spread ratio (Sr) and
spread factor (Sf) of SAC305 solder increased at 1.0% with an addition of SiC and SiC(Ni). The
lowest value obtained for the spread ratio and spread factor is 4.46 and 7.08 for monolithic SAC305
solder, whereas the maximum values were observed to be 6.12 and 7.84 for SAC305/1.0%SiC and
6.88 and 8.08 for SAC305/1.0%SiC(Ni) respectively.
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Figure 4.18 Spread ratio factor trend of SAC305 solder composites with the addition of SiC and SiC(Ni)
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Figure 4.19 Spread factor trend of SAC305 solder composites with the addition of SiC and SiC(Ni)

It is noticed that SAC305/1.0%SiC and SAC305/1%SiC(Ni) has the maximum spreading ratio and
spreading factor. The spreading ratio and spreading factor increases until 1.0% composition and
then decreases. The higher amount of reinforcements interrupted the flow of the solder because it
is increased the melt viscosity and decrease the spreading of the solders on the substrate
[9][45][107].



4.5 Interfacial reactions between Sn—Ag—Cu solder and Cu substrate

SAC305/1%SiC composite solder is selected for examination of the thickness of the CusSns and
CusSn at the different aged conditions and different times because this composition showed the
best results as already discussed in chapter 3. The SAC305/1.0%SiC solder was reflowed for
different temperatures (240°C, 260°C, 280°C, 300°C) at time (30min, 60min, 90min, 120min) and
same composite solder was aged at different temperature (140°C, 150°C, 160°C, 170°C) at time
(25h, 50h, 75h, 100h). Figure 4.20(a—b) shows the morphology of the reflow and aged solder
sample, however, AgsSn grains are distributed on the CueSns layer and in the bulk solder area and
it is frequently widespread in the CusSns surface layer with increasing aging time. Figure 4.21
shows the morphology of the SAC305/1.0%SiC solder at the Cu substrate after various reflow
temperature. The scallop—type CusSns and plate-like CusSn IMCs were observed at the Cu-Sn
interface. Generally, CusSns and CuzSn layers are formed in the Sn—based solder alloys at the Cu—
Sn interface, and the thickness of these two layers are increased with increasing aging time. Figure
4.21 shows the increasing thickness of IMCs with increasing time.

Cu
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Figure 4.20 SEM Image of composite solder after (a) reflow process and (b) aging
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Figure 4.21 Morphology of SAC305/1%SiC composite solder at different reflow temperature (a) 240 °C (b) 260°C
(c) 280°C (d) 300°C

Figure 4.22 shows the IMCs layer thickness of SAC305/1%SiC(Ni) composite solder after
multiple reflow cycles. The diffusion rate is very quick at reflow temperature because the reflow
process involves diffusion between modes of transport due to the melting of the solder particles.
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Figure 4.22 IMCs layer thickness of SAC305/1%SiC(Ni) composite solder as a function of reflow number
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Table 4.6 shows the effect of multiple reflows on the growth of the IMCs layer and it is thickness
increased very fast. The average thickness of CugSnsand CusSn IMCs layer grows from ~6.46 and
~0.64 um after the first reflow cycle to a maximum of ~14.6 and 1.56 pum thickness after the ninth

reflows.

Table 4.6 Average layer thickness of the SAC305/1.0%SiC(Ni) composite solder with various reflow cycle

Composite solder Reflow temperature Number of reflows IMC thickness layer (um)
(°C)/Time (min) CusSns CusSn Total
SAC305/1.0%SiC(Ni) 260/30 1 6.46 0.64 7.10
3 7.01 0.76 7.77
5 10.53 0.92 11.45
7 13.23 1.46 14.69
9 14.6 1.56 16.16

The mean thickness of the IMCs layer in SAC305/1%SiC composite solder on Cu substrate at
different reflow time and temperature are shown in Table 4.7. The thickness of the IMCs layer
developed at the Cu-Sn interface was examined quantitatively as a function of aging time. To
kinetics of the IMCs growth layer at the Sn/Cu interface, IMC growth was assumed to be controlled
by volume diffusion, i.e., the growth rate is proportional to the square root of time. The IMC
thickness as a function of time can be expressed by the Arrhenius Eq. (4.9):

Xy = xo + Dt™ Eq.(4.9)

Where, xt = IMC layer thickness at time t (um),

t = aging time (s)

Xo = Initial IMC layer thickness after aging (um),

D =Diffusion coefficient as a function of temperature (um?/s), and n = Time exponent.

When plotting the thickness of the intermetallic layer (x;) against the square root of the aging time
(t?) from Eq. (4.10), the slope of the graph is equal to the square root of the diffusion coefficient
(DY2). The diffusion coefficient was determined from a linear regression analysis of x vs t'/2, where

the slope is D2,
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In(x; — x9) = InD — n. In(t) Eq.(4.10)

Where, the exponent n is equal to the slope of the In(x; — x,) vs In(t) curve. The value of n will
be 1/2 when the IMC formation is controlled by the volume diffusion mechanism [167]. In this
study, the value n under isothermal aging was 0.50, however, Shen et al. [168] reported for
isothermal aging, thermal cycling, and thermal shock has considered 0.51, 0.6, and 0.62,
respectively. When, plotting the thickness of the IMC layer (x;) versus the aging time (t*/?), the
slope of the graph is equal to the square root of the diffusion coefficient (D). The thickness of
the IMCs layer in SAC305/1%SiC composite solder on Cu substrate at different reflow time and

temperature are shown in Table 4.7.

Table 4.7 Thickness of IMCs layer of the SAC305/1%SiC composite solder at different reflow time and temperature

Reflow temperature Reflow time (min) IMCs thickness (um)

(°c) CueSns CusSn CueSns +CusSn

240 30 3.07 0.43 3.50
60 5.06 0.59 5.66
90 6.49 0.83 7.34
120 7.71 0.96 8.66

260 30 3.81 0.55 4.32
60 6.53 1.08 7.62
90 8.22 1.30 9.52
120 9.76 1.51 11.34

280 30 5.82 1.01 6.83
60 8.42 1.42 9.84
90 10.08 1.76 11.84
120 12.41 2.15 14.56

300 30 6.75 1.35 8.10
60 9.95 1.84 11.79
90 12.38 2.39 14.77
120 14.63 2.60 17.23
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Figure 4.23, Figure 4.24, and Figure 4.25 show the IMCs layer thickness (CusSns, CuszSn, and
total thickness) are developed on the Cu-Sn interface at different reflow time and temperatures.

The thickness of the IMCs layers is increased with an increase of reflow time and temperature.
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Figure 4.23 Average thickness of CusSns layer of SAC305/1%SiC composite solder at different reflow temperature
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Figure 4.24 Average thickness of CusSn layer of SAC305/1%SiC composite solder at different reflow temperature
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Figure 4.25 Total Average thickness layer in SAC305/1%SiC composite solder at different reflow temperature

The morphology of the SAC305/1%SiC composite solder after aging at different temperatures
(140 °C, 150°C, 160°C, and 170°C) is shown in Figure 4.26 and the thickness of the IMCs layer
at different aging time and temperature are shown in Table 4.8. The IMCs layer thickness is
increased with an increase in time and temperature. Figure 4.27, Figure 4.28, and Figure 4.29
show the IMCs layer thickness (CueSns, CusSn, and total thickness) developed at the Cu—Sn
interface as a function of t'2 (aging time). The CusSns, CusSn, and total thickness layers enhanced
linearly with the t“2. Moreover, the square root of the aging time sown that the enhanced IMCs

layer thickness is a diffusion-driven process [169].
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Figure 4.26 Morphology of SAC305/1%SiC composite solder after 100h aging at different temperature (a) 140 °C (b)
150°C (c) 160°C (d) 170°C

Table 4.8 Thickness of IMCs layer of the SAC305/1%SiC composite at different aging time and temperature

Aging temperature (°C) Aging time (h) IMCs thickness (um)
CueSns CusSn CueSns +CusSn
140 25 3.99 0.47 4.46
50 4.59 0.58 5.17
75 5.31 0.73 6.04
100 5.84 0.84 6.69
150 25 4.43 0.72 5.14
50 491 1.06 5.97
75 5.49 1.10 6.59
100 5.80 1.21 7.01
160 25 6.06 0.93 6.99
50 6.14 1.45 7.59
75 6.34 1.48 7.82
100 7.58 1.77 9.35
170 25 6.79 1.08 7.87
50 6.90 1.66 8.56
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75 7.62 1.69 9.31

100 7.98 2.39 10.37
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Figure 4.27 Average thickness of CusSns layer of SAC305/1%SiC composite solder at the different aging temperature
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Figure 4.28 Average thickness of CusSn IMC layer of SAC305/1%SiC composite at the different aging temperature
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Figure 4.29 Total Average thickness layer in SAC305/1%SiC composite solder at the different aging temperature

The diffusion coefficient of the IMCs layer at the Cu-Sn interface is listed in Table 4.9. The
diffusion coefficient of the IMC layers are varied with aging temperature and it is increased with
increasing aging temperature. The diffusion coefficient of CuzSn IMC was higher than the CueSns
IMC at aging temperatures of 140 and 170°C, indicating that CuzSn IMC increased rapidly at high
temperatures. CusSn IMC enhanced slowly at low aging temperatures of 140°C, as shown in Table

4.9. The slopes of the curve can be considered as the diffusion coefficient of the IMC.

Table 4.9 Diffusion coefficient of intermetallic phases of SAC305/1%SiC composite solder at the different aging

temperature
Temperature (°C) Intermetallic phase Slope, D¥2 (m/s/?) D (m?/s)
CusSns 3.00E-09 9.00E-18
140 CusSn 1.00E-09 1.00E-18
CusSns +CusSn 4.00E-09 1.60E-17
CueSns 4.00E-09 1.60E-17
150 CusSn 2.00E-09 4.00E-18
CusSns +CusSn 6.00E-09 3.60E-17
CusSns 8.00E-09 6.40E-17
160 CusSn 3.00E-09 9.00E-18
CusSns +CusSn 1.00E-08 1.00E-16
170 CusSns 9.00E-09 8.10E-17
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CusSn 5.00E-09 2.50E-17

CueSns +CusSn 1.00E-08 1.00E-16

To the development of the IMCs layer thickness, the growth process of the IMC needs to be
understood. In the diffusion between lead-free solder and Cu, the development of the IMCs occurs
in two ways. First is the interdiffusion and the second is an interfacial reaction. From the Sn—Cu
phase diagrams, Sn can react with Cu to form the IMCs layer, while there is no interaction between
SiC and Cu because Sic is non-reactive reinforcement and it is gathered in the solder matrix. It is
clear from the Sn—Cu phase diagram that Cu has a concentration bandgap in each phase of the
IMCs and the Cu concentration gradient must be in the IMCs layer during the solder—Cu interface.
Chen et al. [170] and Chung et al. [171] reported that Cu is dominant in the Sn-Cu inter-diffusion
process and Cu diffuses towards the Sn with a higher rate because Cu atoms have a lower atomic
radius (0.128 nm) than Sn atoms (0.141nm). In the diffusion process, Cu gives sufficient Cu atoms
for the origination of the IMCs. The CusSn is developed by consuming CueSns, so kinetics IMCs
are very important to solder reliability. The growth kinetics of IMC CueSns is almost identical to
the kinetics of all IMCs [172]. The chemical reaction allows the atoms to enter the IMC; however,
the diffusion process gives the atoms for the reaction. Figure 4.30 shows the development process

for IMCs in the solder—Cu interface.
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Figure 4.30 Schematic diagram of the development of CusSn and CusSns layer between Cu and Sn during aging (1-2,
2-3 and 3-4)
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The interfacial reaction starts at the Cu/CusSn interface and local chemical equilibrium is
recognized at C.cu (phase 1-2), as shown in Figure 4.30. Cu atoms come from the substrate and
enter into the ¢ phase by chemical reaction expressed by Eq. (4.11). Some amount of them remain
at the Cu/CusSn interface and the others form the Cu diffusion flux (Je), which is controlled by Cu
concentration gradient in the g-phase.
3Cu + Sn < CusSn Eq. (4.11)

Some amount of J; reacts with CueSns phase to develop the CusSn phase at the CusSn/CueSns
interface, which is demonstrated by EqQ. (4.12) and the remaining amount of J. moves into the #

phase to develop diffusion flux (J,) (phase 2-3).

9Cu + CusSns «» 5 CusSn Eq. (4.12)
Some amount of J, moves at the CusSns/solder interface to develop the CusSns and the remaining
amount dissolves in the solder, which is shown by Eq. (4.13).

6Cu + 5Sn < CusSns Eq. (4.13)
Shang et al. reported that the CusSn phase develops through nucleation and growth at both sides
of the interfaces (CusSns/CusSn and Cu/CusSn). The Cu can react with CugSns to form the CusSn
phase at the CusSn/CusSns interface; however, Sn can react with CusSn to form the CusSns phase.
This is the reversible process and it is expressed by the following Eq. (4.14) [173]:

Cu
CusSns §] CusSn Eq. (4.14)

At the same time, Sn can diffuse across the volume or particle boundary to the Cu/CusSn interface
and react with Cu to form CuzSn. Laurila et al. [174] reported that Sn is the main diffusing species
in the CusSns layer between 60 and 200°C. Both Cu and Sn diffuse into the CuzSn layer, but Cu
diffusion is about three times faster than Sn. Therefore, the reaction of the CusSns/CusSn interface
should influence the growth of the CusSn layer [174].
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4.5.1 Calculation of activation energy

The diffusion coefficient at different temperatures was often expressed by Arrhenius Eq. (4.15):

(7F)
D = D, e\RT Eq.(4.15)

Where, Do = Temperature-independent diffusion coefficient (m?/s),

Q = Activation energy (kJ/mol),

R = Universal gas constant (8.3145 J/K mol),

T = Absolute temperature (K)

The activation energy of the intermetallic phase can be determined by (Eq. 4.15) and the diffusion

coefficient can be indicated as Eq. (4.16):

1
In(D) = In(Dy) — %(T) Eq.(4.16)

EqQ. 16 can be expressed as the linear equation y = mx + ¢, where, y = In(D), m = (-Q/R) and ¢ =
In(Do); however, In(D) is dependent and (1/T) is independent variable. If the diffusion coefficient
(D) is plotted against the aging temperature (1/T), the activation energy (Q) can be computed from
the slope of the graph and the diffusion coefficient (Do) can be determined from the intercept of
the graph. Table 4.10 and Table 4.11 shows the diffusion coefficient and the activation energy of
the intermetallic phase CusSn, CusSns, and (CusSns + CusSn) after reflow and aging process.

Table 4.10 Diffusion coefficient and activation energies of intermetallic phases after reflow

Intermetallic phases Activation energy, Q (kJ/mol) Diffusion coefficient, Do (m?/s)
CusSns 54.57 2.73E-09
CusSn 86.06 7.45E-08
CusSn + CueSns 58.83 9.51E-09
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Figure 4.31 Arrhenius plot for the growth of the IMCs layer after the reflow process

Table 4.11 Diffusion coefficient and activation energies of intermetallic phases after aging

Intermetallic phases

Activation energy, Q (kJ/mol)

Diffusion coefficient, Do (m?/s)

CusSns 58.59 2.14E-10
CusSn 91.74 4.52E-07
CusSn + CueSns 68.62 7.46E-09
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Figure 4.32 Arrhenius plot for the growth of the IMCs layer after the aging process
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Figure 4.31 and Figure 4.32 shows the Arrhenius plots for the growth of the CusSns, CusSn, and

total thickness layers formed at the solder joint after reflow and aging. The activation energies are
54.57, 86.06, and 58.8371kJ/mol for reflow and 91.74, 58.59, and 68.62kJ/mol for aging

respectively. The activation energy of the CusSns phase was created to be lower than that of the

CusSn phase. This states that the formation of the CueSns layer is more thermodynamically stable

than the CusSn phase; however, the activation energy of the total (CusSns + CusSn) layer found to

be between CueSns and CusSn phases, which seems to be acceptable. Some researchers are
reported the same trend with related literature [150][175][169]. Table 4.12 shows the activation

energies obtained by the other researchers and comparable with this study. This research shown

that the activation energies are in acceptance with literature.

Table 4.12 Comparison of activation energies obtained here to those from other literature studies

Solder/substrate Soldering Aging Aging Time IMC Phases Activation Reference
method Temperature (s) energy
(K) (kJ/mol)
Sn—3.0Ag—0.5Cu- Reflow 413-443 9.0E+04—- CusSn 91.73 Current work
SiC/ Cu 3.6E+05 CueSns 59.68
CusSn + CueSns 64.71
Sn—0.3Ag—0.7Cu/Cu | Dipping 373-443 0-3.6E+6 CusSn 119.04 [176]
CueSns 51.59
CusSn + CueSns 80.65
Sn—3.8Ag— Reflow 373-423 0-3.6E+6 CusSn 119.80 [169]
0.7Cu/CSP/OSP
Sn—3.5Ag Dipping 343-443 0-3.6E+6 CueSns 58.59 [175]
CusSn + CueSns 75.16
Sn—5Bi Reflow 343-443 0-2.6E+6 CusSn 90.50 [177]
CueSns 98.35
CusSn + CueSns 107.10
Sn—3.0Ag—0.5Cu/ Reflow 373-443 0-5.2E+6 CueSns 41.30 [178]
CSP/OSP CusSn + CueSns 79.90
Sn—3.0Ag—0.5Cu/Cu Reflow 373-443 0-5.2E+6 CueSns 41.3 [169]
(THX) CusSn + CusSns 79.9
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Sn-3.0Ag-0.5Cu/Cu Reflow 373-443 0-5.2E+6 CusSns 49.7 [169]
(THO) CusSh + CueSns 85.5
Sn-3.8Ag—0.7Cu/Cu Reflow 398-443 0-5.4E+6 CusSn + CugSns 92.6 [179]
Sn-3.5Ag-0.7Cu/Cu Reflow 393-463 0-3.6E+6 CusSn + CugSns 88.2 [180]
Sn—3.0Ag—0.5Cu/Cu Reflow 373-443 0-2.4E+6 CusSn + CueSns 75.1 [169]

4.6 Summary

The solder joint microstructure is essential for the reliability of the solder joint and it is obtained
through a metallurgical reaction. In this chapter, solder joint metallurgy, microstructure, wetting
behavior and hardness evolution of two composite solders under thermal aging was comparatively
studied. According to the experimental result, SiC and Ni-coated SiC reinforcements effectively
suppress the growth of CueSns and CuzSn IMCs under thermal aging and wetting properties are
improved. In addition, Ni-coated SiC reinforcement improved the hardness of the SAC305 solder
alloy to some extent. Fundamental concepts associated with IMCs formation and growth in solder
joints have been presented in this chapter. These include diffusion, solid-state growth, and growth
amongst others. The experimental procedure and methodology used for the study of IMCs layer

formation and growth in SAC305 solder joint are presented in chapter 4.
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5 CHAPTER 5: Thesis points

Based on the presented experimental results, the main conclusions are presented in the following

thesis points:

PM process
(1) As increasing the amount of SiC, the relative density also increased due to the press of SiC
into the large-sized solder grains by milling.
(2.a) Ni—coated SiC reinforced composite solder has a lower porosity than SAC305/SiC
composites because the reinforcement particles distributed homogeneously. As a result of this
homogeneous distribution, the SiC was less clustered, thus a reduced amount of porosity

formed around the clusters.

(2.b) According to the lower porosity content, the changes in the compressive strength of the
composite solders were observed and the SAC305/SiC(Ni) solder composite has higher
compressive strength than the SAC305/SiC.

Reflow process:
(3) The RCP (relative contact perimeter) was increased in the Ni—coated SiC reinforced
samples. In the case of non-coated samples, it was decreased. Higher RCP results in the
homogenous distribution in the SiC(Ni)samples because the reinforcement grains can
distribute better in the melt. Consequently, the average neighbour’s particle shows that in the
case of SiC(Ni) samples the clustering was less relevant than it is in SiC samples, i.e.

reinforcements were homogeneously distributed in the SiC(Ni) samples vs. SiC samples.

(4) 1 have proved that SiC decreases, contact angle and increases the spread area, and
application of Ni coating further reinforces this tendency. Think about why these parameters

will be better if SiC is added and even these particles are coated with nickel?

Kinetics

(5) I have developed a method that can be used to simulate how the IMC layer changes during

reflow under the influence of time and temperature (Fig. 5.1-5.3)
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(6) Using the procedure, | proved that the change in the thickness of the IMC layer is a diffusion

process. | determined the diffusion coefficient and the activation energy, which can be used to

estimate the layer thickness during the given technological process (Figure 5.4 and Figure 5.4).
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Figure 5.4 Arrhenius plot for the growth of the IMCs layer after the reflow process
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Figure 5.5 Arrhenius plot for the growth of the IMCs layer after the aging process

(7) 1 proved that the change in IMC layer thickness is a diffusion process. | determined the

diffusion constant and the activation energy, which can be used to estimate the extent to how

the IMC layer courses during aging (Fig. 5.6-5.8)
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