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EFFECT OF ADDITION WITH EPOXY POLYMER TO Sn-Bi
SOLDER PASTE

ABSTRACT

Eutectic tin-bismuth (58Bi42Sn) alloy is commonly used in low-temperature soldering
because of its low melting temperatures, superior wettability, and low thermal
expansion coefficients. The structure created using Sn-Bi solder paste has low strength
due to the brittleness of the Bi phase, which prevents a good solder connection. This
circumstance limits the applications of Sn-Bi solder paste. To overcome this
disadvantage, a new solder paste was created by combining epoxy resin with Sn-Bi
solder paste. We got the reflow profile by evaluating the melting parameters of the
solder paste and the epoxy system's hardening reaction using differential scanning
calorimetry (DSC). By these means, the solder paste was soldered at the optimal
temperature. This new solder paste was tested for contact angle, spreading area, and
drop test. The findings revealed that when the epoxy resin content was optimal, the
mechanical characteristics of the solder improved, and a considerable improvement in
the spreading area was observed with a higher contact angle when compared to Sn-Bi
solder paste. In the study, it was observed that the solder made with epoxy addition
was much more durable than normal solder in drop tests. The solder with 5 wt.%
content, which we consider ideal, performed 2.6 times better than the epoxy-free
solder. For this reason, the use of epoxy-added solders in vehicles sent to space or
structures that will be exposed to high vibration will provide a significant advantage
in terms of solder strength. In addition, covering the exterior surface of Sn-Bi solder
paste with epoxy polymer provides a protective layer against external influences.
Epoxy's ability to stick to diverse surfaces allows solder paste to be soldered on a

variety of surfaces.

Keywords: Sn-Bi solder paste, epoxy resin, contact angle, spreading area
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Sn-Bi LEHIM PASTASINA EPOKSIi POLIMER iLAVESININ

ETKISI
oz
Otektik kalay-bizmut (58Bi42Sn) alasimu, diisiik erime sicakliklari, iyi 1slanabilirligi
ve disiik termal genlesme katsayilari nedeniyle diisiik sicaklikta lehimlemede yaygin
olarak kullanilmaktadir. Sn-Bi lehim pastast ile elde edilen yapi, iyi bir lehim
baglantis1 saglamayan Bi fazinin kirilganligindan dolayi diisiik mukavemete sahiptir.
Bu durum Sn-Bi lehim pastasinin kullanim alanlarini sinirlamaktadir. Bu ¢alismada bu
dezavantaji ortadan kaldirmak amaciyla Sn-Bi lehim pastasina epoksi regine ilave
edilerek yeni bir lehim pastasi elde edilmistir. Bu lehim pastasinin erime 6zelliklerini
ve epoksi sisteminin sertlesme reaksiyonunu diferansiyel tarama kalorimetrisi (DSC)
ile 6lcerek yeniden akis profilini elde ettik. Bu sayede lehim pastasinin optimum
sicakliklar kullanilarak lehimlenmesi saglandi. Bu yeni lehim pastasi temas agisi,
yayilma alan1 ve diisme testlerine tabi tutuldu. Sonuglar, epoksi regine igerigi optimum
aralikta oldugunda lehimin mekanik 6zelliklerinin daha iyi oldugunu ve Sn-Bi lehim
pastasina kiyasla daha iyi temas acisiyla yayilma alaninda 6nemli bir iyilesme
goriildiiglinii gosterdi. Yapilan calismada epoksi ilavesi ile yapilan lehimlerin diisme
testlerinde normal lehimlere gére cok daha dayanikli oldugu gdzlemlendi. Ideal oldugu
diisiiniilen agirlikca %35 epoksi katkist bulunan lehimin epoksi katkist bulunmayan
lehime gore 2.6 kat daha dayanikli oldugu gozlemlendi. Bu sebeple uzaya gonderilen
araglar veya yiiksek titresime maruz kalacak yapilarda epoksi ilaveli lehimlerin
kullanilmasi lehim dayanimi agisindan 6nemli bir avantaj saglayacaktir. Ayrica Sn-Bi
lehim pastasinin dis yiizeyinin epoksi polimer ile kaplanmasi aym1 zamanda dis
etkenlere karsi koruyucu bir kalkan gorevi de gérmektedir. Epoksinin farkl yilizeylere
tutunabilme ozelligi sayesinde lehim pastasinin farkli yiizeylerde lehimlenmesini

saglar.

Anahtar Kelimeler: Sn-Bi lehim pastasi, epoksi regine, temas agisi, yayilma alani
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Acronyms

DSC Differential Scanning Calorimeter

SEM Scanning Electron Microscope

EDX Energy Dispersive X-ray Spectroscopy
IMC Intermetallic Compound

Zn@Sn  Sncoated Zn

mN Millinewton

Sn-Pb Tin-Lead

SAC Tin-Silver-Copper

SAC305 0.5% copper, 3% silver and 96.5% tin

Sn-58Bi 42 wt.% tin 58 wt.% bismuth

Ag Silver

Ti Titanium
Co Cobalt
In Indium

BPA Bisphenol A

OH Hydroxide

BaTiOs  Barium titanate

CisH1602  2,2-Bis (4-hydroxyphenyl) propane

0 Contact angle



um Micrometer

KHz Kilohertz

mm Millimeter

Tmax Temperature maximum
Tmin Temperature minimum

°C Degree Centigrade

Yes Gas/solid surface tension
Yis Liquid/solid surface tension
Yel Gas/liquid surface tension

Wad The adhesion work

Sr Spreading ration
D Diameter of sample
SE Secondary electron

BSEs Backscattered electrons
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CHAPTER 1

INTRODUCTION

Since lead, a heavy metal, is harmful to human health, its use is restricted or banned.
Steps have been taken to restrict the use of lead in Europe, which came into force in
2006. Therefore, this ban caused major problems in reflow soldering at that time. We
can say that the surface mount technology industry was the most affected at that time
[1]. Before the ban, Sn-Pb (tin-lead) alloys were preferred due to their low surface
tension [2], good mechanical properties [3] and low melting point [4]. At first, solder
pastes contained SAC (tin-silver-copper) were preferred instead of solder paste
containing lead [5]. SAC305 (0.5% copper, 3% silver and 96.5% tin), a type of alloy
with a high melting temperature of 218 °C. Considering the reflow temperature of this
alloy, it becomes re-solderable when subjected to temperatures of 240 °C — 270 °C [6].
This temperature requirement requires high carbon dioxide emissions and high energy
consumption. This situation is not a desired situation when considered in industrial
terms. Due to this situation, researchers have started to make solder paste with alloys

with different components. A few typical lead-free solders are shown in Figure 1.1.
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Figure 1.1 A few typical lead-free solders [7]



However, the Sn-Bi (tin-bismuth) alloy has eutectic melting point of 138 °C. Sn-Bi
equilibrium phase diagram is shown in Figure 1.2. This will reduce energy
consumption and carbon dioxide emissions. That's why we chose Sn-Bi solder paste

due to both its cost and its ability to be soldered at low temperatures.
300

271.442°C

250
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Figure 1.2 Sn-Bi equilibrium phase diagram [8]

1.1 Sn-Bi Solder Paste

After the use of lead in solder pastes was banned, manufacturers turned to solder pastes
with different structures. Solder paste is a structure consisting of metal solder particles,
a combination of powder and paste-like adhesive flux. The most important feature of
solder paste is that it can be soldered easily. Sufficient solder paste is applied to the
surface, then the applied surface is heated enough to re-flow and the soldering process
is completed. In this way, it is possible to obtain a very durable solder by using solder
paste compared to normal soldering methods. In this context, it is possible to see at
what temperature the Sn-Bi solder paste we have chosen enters liquid form in different
combinations with the help of differential scanning calorimetry (DSC). According to
the DSC results, the liquid state temperatures of Sn-Bi solder paste in different
compositions are included. Liquidus temperature, solidus temperature and

solidification interval for different Sn-Bi solder alloys are shown in Table 1.1.



Table 1.1 Liquidus temperature, solidus temperature and solidification interval for different Sn-Bi

solder alloys.
Solder Solidification
o Solidus (°C) | Liquidus (°C) Reference

Composition Interval (°C)
Sn-35Bi 138.0 186.0 48.0 [9]
Sn-40Bi 138.0 178.0 40.0 [9]
Sn-45Bi 138.0 168.0 30.0 [9]
Sn-50Bi 138.0 155.0 17.0 [9]
Sn-55Bi 138.0 144.0 6.0 [9]
Sn-58Bi 140.3 146.0 5.7 [10]
Sn-58Bi 139.6 147.4 7.8 [11]
Sn-58Bi 139.4 148.0 8.6 [12]
Sn-58Bi 139.5 147.6 8.1 [13]
Sn-58Bi 139.3 147.6 8.3 [14]
Sn-58Bi 139.0 143.1 4.1 [15]
Sn-58Bi 136.1 139.1 3.0 [16]
Sn-58Bi 136.1 139.1 3.0 [17]
Sn-58Bi 130.2 139.0 8.8 [18]
Sn-58Bi-0.1Ag 136.2 139.7 3.5 [17]
Sn-58Bi-0.5Ag 135.7 138.2 25 [17]
Sn-58Bi-1Ag 137.0 176.0 39.0 [9]
Sn-58Bi-1Ag 137.0 142.0 5.0 [9]
Sn-58Bi-2Ag 139.1 145.4 6.3 [11]
Sn-58Bi-0.5Ti 138.9 142.7 3.8 [15]
Sn-58Bi-1Ti 139.1 143.4 43 [15]
Sn-52Bi-1Sh 140.6 168.7 28.1 [12]
Sn-58Bi-1.4Sh 141.2 170.4 29.2 [12]
Sn-48Bi-1.8Sb 140.9 172.7 318 [12]
Sn-44Bi-1.8Sb 141.9 180.5 38.6 [12]
Sn-48Bi-1.8Sb 140.6 152.0 11.4 [12]
Sn-48Bi-2Sh 142.2 169.6 27.4 [12]
Sn-48Bi-2.4Sb 142.9 169.3 26.5 [12]
Sn-48Bi-2.8Sb 1436 168.4 24.8 [12]
Sn-40Bi-0.1Cu 125.1 132.2 7.1 [18]
Sn-58Bi-0.5Co 140.1 145.0 4.9 [10]
Sn-58Bi-2In 129.7 135.0 53 [11]
Sn-58Bi-3In 119.8 140.4 20.6 [11]




Based on the table containing the DSC results, we can say that the transition
temperature of Sn-58Bi alloys to the liquid phase is between 139 °C - 147.6 °C. The
main disadvantage of Sn-58Bi alloys is that they have a brittle structure due to the
natural properties of bismuth [19]. To eliminate this brittle structure, we produced
epoxy polymer reinforced Sn-58Bi solder paste. Thanks to the epoxy polymer, we had
a cured layer. This both protects us from external factors and eliminates the problems
caused by the fragile structure of bismuth. This shows us that we have actually

obtained a composite solder paste.
1.2 Epoxy Polymer

Epoxies are formed as a result of cross-linking of the curing agent and epoxy resin
[20]. Therefore, epoxies are a thermosetting polymer. Thermosetting polymers are a
type of polymer that is irreversibly. Once it is shaped and cured, it is not possible to
put it into a different form again. Epoxy resins are named after the epoxy functional

groups in their structure. Epoxy functional group are shown in Figure 1.3.
2

Figure 1.3 Epoxy functional group [21]

Cross-links are formed as a result of the hydroxyl groups and epoxy groups contained
in epoxy resins reacting with the second component, which is called a hardener or
curer, and these bonds ensure the structure is solid. These cross-links do not allow
reflow of the polymer. Epoxy has very high resistance to chemicals, water, burning,
and alkaline substances [21,22]. Its biggest advantage is that epoxy does not undergo
a volumetric change after hardening and maintains its original state [23]. The size of
the product does not deteriorate. Epoxy product has high resistance to fatigue. Thanks
to its ability to adhere to epoxy surfaces, it can combine different products and preserve

them securely [24]. Itis a polymer structure whose hardness and flexibility are adjusted



during the production phase of epoxy. Additionally, the toughness value of the product
Is very good [25].

Epoxy compounds can be obtained by two methods. The first is obtained as a result of
the interaction of halogen hydrins with bases. Secondly, we can say that it is a process
resulting from the oxidation of alkenes with peracids. Figure 1.4. and Figure 1.5. are

also shown.

R—— CH——CHy 4 NaOH o R — O —— CHp 4 NaGI+H0

o \/

OH Cl

Figure 1.4 The epoxy compound formed by the reaction of halogens with bases [26]

0
H

OH—— CH + RCOOH

0

R==CH— CH, + RCOOH —» R

Figure 1.5 The epoxy compound formed by oxidation of alkenes with peracids [27]

1.2.1 Bisphenol A

The name of the Bisphenol A (BPA) polymer is 2,2-Bis (4-hydroxyphenyl) propane.
Its molecular weight and formulation are Ci1sH1602 = 228.29 g/mol. The production
method is obtained by mixing acetone and phenol in sulfuric acid or hydraulic acid in
a ratio of 2:1 and concentrating them by catalysis [28]. Bisphenol A is completely
soluble in organic solvents. But it is very slightly soluble in water. Bisphenol A is a

colorless and odorless type of polymer. Bisphenol A is the most widely used polymer



group in the production of epoxy resins [29]. Chemical structure of bisphenol A are
shown in Figure 1.6. Epoxy resin obtained from Bisphenol A has a viscous structure
[28]. This ensures good adhesion and resistance to corrosion. Chemical structure of

bisphenol A is shown in Figure 1.6.

/ Bisphenol A (BPA)

CHs

2,2-Bis(4-hydroxyphenyl)propane |

\
CisH4502 = 228 29 g/mol /!
\ e

Figure 1.6 Chemical structure of Bisphenol A [30]

1.3 Curing Agents

Curing agents react with the OH group and as a result the polymers become cross-
linked. Curing agents are generally auxiliary agents that help the product bond in
whatever way it is desired to achieve the desired properties. Curing agents have a
structure that makes the product flexible or harder. Curing agents are divided into the

following subheadings.
1.3.1 Aliphatic Polyamines

We can give diethylene tetramine, ethylenediamine and triethylene tetramine as
examples of aliphatic polyamines. Aliphatic polyamines can operate at low
temperatures and low viscosity. When considered dangerous, aliphatic amines have a

high molecular weight as a result of the reaction, which makes them more reliable. In



general, if the epoxy system has low vapor pressure, amidoamine is used to strengthen
the reactive polyamides, so that the structure becomes stronger [31,32]. Chemical

structure of ethylenediamine and triethylene tetramine are shown in Figure 1.7 and

NH
HZN/\/ 2

Figure 1.7 Chemical structure of ethylenediamine [31]

Figure 1.8.

H
HQNWH%NWNHE

Figure 1.8 Chemical structure of triethylene tetramine [32]

1.3.2 Modified Aliphatic Polyamines

Room temperature is sufficient to synthesize curing agents of this class. Extrafollicular
amines and the components of the resin react in the epoxy resin. In this case, amines
decrease and the molecular weight increases inversely with the decrease in amines.

Aliphatic polyamines and amine curing systems have the ability to be mixed [33].
1.3.3 Aromatic Amines

Most commonly used aromatic amines are m-phenylenediamine, 4,4-diaminodiphenyl
sulfone and 4,4-methylenedianiline. Aliphatic amines are more reactive than the other
amine group, aromatic amines, and requires 149 °C for the curing process [34].
Chemical structure of 4,4-methylenedianiline and 4,4-diaminodiphenyl sulfone are

shown in Figure 1.9 and Figure 1.10.



H N’ ' ' "NH,

Figure 1.9 Chemical structure of 4,4-methylenedianiline [34]

NH,
O

\"'!.

D S,
O

HN D
D

Figure 1.10 Chemical structure of 4,4-diaminodiphenyl sulfone [34]

1.3.4 Carboxylic Acids

It is a curing agent formed as a result of cross-linking of carboxylic acid-based epoxy
resins. The component that stabilizes the functional groups is the OH group. It reacts

epoxy resins to form stabilized [35]. Chemical structure of carboxylic acid is shown in

T
C
R™ “OH

Figure 1.11 Chemical structure of carboxylic acid [35]

Figure 1.11.



1.3.5 Acid Anhydrides

It is the second most preferred curing agent. Its electrical properties are better when
compared with aromatic amines. However, it requires higher temperatures than
aromatic amines. Commonly used acid anhydrides include methylenedic anhydride,
trimellitic acid, and thallium [36,37]. Chemical structure of trimellitic acid is shown

in Figure 1.12.

HO O

HO

O
O OH

Figure 1.12 Chemical structure of trimellitic acid [36]

1.4 Review of Related Works

Fengjiang et al. [38] studied the mechanical properties and interface reaction of Sn-Bi
solder joints. Information is given about the differences in Sn-Bi solder paste as a result
of increasing the amount of bismuth added by weight and how this affects the structure
of the solder. Within the scope of this information, it has been observed that the lower
the content of bismuth, the soldering temperature increases inversely proportional to
it until the eutectic bismuth value is reached. Bismuth provided the lowest soldering
temperature when it had eutectic tin bismuth content. It shows that excessive adding
of bismuth triggers morphological fracture and increases the shear strength of the

solder joint.
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Asit et al. [39] examined the effect of nanoparticle-added nickel on the mechanical
properties of Sn-Bi solder paste. When the pure Sn-Bi solder paste was soldered to the
Cu surface, an island-shaped Cu6Sn5 intermetallic compound (IMC) layer was
detected. However, thanks to the added nickel nanoparticles, the formation of CuéSn5
was prevented. In this case, Sn-Ni provided IMC formation. Thanks to this formation,
the formation of compounds between copper and tin was prevented. Sn-Bi provided

the solder paste with better mechanical properties.

Hui-Wei et al. [40] studied conditions that occur in the microstructure as a result of
the aging process of Sn-Bi solder paste and Sn-Bi-Cu solder paste. These two solder
pastes were aged by subjecting them to 100 °C heat for 100 days. At the end of this
process, the microstructures were examined and coarsening was observed in the Bi
phase of the Sn-Bi solder paste. However, it turns out that adding copper to the Sn-Bi-

Cu solder paste significantly reduces Bi coarsened.

Yang et al. [41] examined the improvements in mechanical properties of Sn-58Bi
solder paste as a result of as-reflowed. During the re-soldering process, the grain size
of the B-Sn phase increased as the product is exposed to high temperatures. In this

case, it causes the elastic modulus and hardness of the solder to decrease.

Hyejun et al. [42] touched upon the effects of alloying and nanoparticle addition to Sn-
Bi solder paste in terms of mechanics and microstructure. Addition of Co, Ti and Ag
to Sn-Bi solder paste does not cause a change in melting temperature. However, adding
Indium (In) lowers the melting temperature. Addition of Sb increases the melting
temperature of Sb-Bi solder paste. Addition of alloying elements such as Cu, Ag, In
and Sb in ideal proportions causes an increase in the wettability of Sn-Bi solder paste.
However, high adding affects wettability negatively. When nanoparticles were added

at the ideal ratio, positive results were obtained in elongation and tensile strength.

Fengyi et al. [43] examined the changes in the microstructure of Sn-Bi solder paste
reinforced with Sn-coated Zn(Zn@Sn) particles as a result of thermal cycled. Zn added
to Sn-Bi solder paste subjected to thermal cycling reduced the nucleation energy. It
also contributed to improvements in the eutectic structure. It significantly reduced the

coarsening of the bismuth-rich phase, which was expected to coarsen in this process.



11

Zn-rich phase structures were distributed in different places in the solder joints and did
not move. In this case, it acted as a barrier and prevented the bismuth phase from

diffusion from the hot end to the cold end.

Li et al. [44] examined the effects of adding nanosized graphite to Sn-Bi solder. The
addition of nano-sized graphite to Sn-Bi solder pastes negatively affected the
spreadability value. The added graphite caused a decrease in the tensile strength of the
Sn-Bi solder. However, compared to Sn-Bi solder, the structure which contains nano-
graphite showed better creep value. The reason for this is that nanosized graphite

dislocations.

Xiao-Guang et al. [45] included the properties of Sn-58Bi solder with epoxy content.
Epoxy additive resulted in a positive improvement in the wettability of Sn-Bi solder
paste. Because solders with a curable flux system contained volatile substances, which
negatively affected fluidity. However, epoxy-containing solders have good fluidity
due to the absence of volatile substances. An improvement of 1/4 was achieved in the

shear strength of epoxy-containing Sn-Bi solder.

Li et al. [46] examined the effects of adding nanoparticle-sized BaTiOs to Sn-Bi solder
on the microstructure and mechanical properties of the solder. Different weight
percentages of BaTiOs were added and their effects on Sn-Bi solder paste were
examined. In this study, the best soldering angle was BaTiO3z with a content of 1% by
weight. Additionally, BaTiOsz additives up to 3% improved the mechanical properties
of Sn-Bi solder. Finally, it can be said that BaTiOz added 1% by weight improves the
ductility of the solder to a certain extent.

Cheng et al. [47] examined the effects of adding Sb to Sn-Bi solder on the properties
of the solder. First, when the added Sb content is increased, the soldering temperature
increases. However, when a certain threshold is exceeded, the soldering temperature
decreases. The main reason for this is due to the decreasing Bi content. The addition
of Sb significantly affects the spreading area of the solder, but Bi does not have any
effect on the spreading area. The best spreading rate was obtained by adding 2% Sb

by weight. It is thought that when this ratio increases, the shear strength will increase.
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Here we can say that the Sb ratio, when used correctly, has a significant positive effect
on the structure of the solder.

Meng-Ying et al. [48] examined the solder ball spatter formation and dynamic wetting
behavior of Sn-Bi solder paste in the reflow soldering process. When Cu is
subsequently added to the Sn-Bi solder paste, solder ball spatter is observed when
exposed to reflow. The way this occurs is if there is un-melted solder powder in the
solder pastes, this powder pushes the melted solder towards the corners, which causes
solder ball smearing. Other precursor metals that cause solder ball spatter originate

from Bi solder balls obtained as a result of the redox reaction of Bi, and Sn oxides.

Fu et al. [49] examined the resistance change occurring in the solder during the
electromigration process of Sn-58Bi solder. As a result of this article, a valley structure
is observed on the surface where the cathode was located. This structure shows that
the resistance increases gradually over a long period of time. However, in the later
process, it suddenly jumps in places where the free surface solder was connected. In
terms of microstructure, it was observed that Bi and Sn-rich phases were present in
high-temperature solders. Additionally, no change was observed in the microstructure

of the solder at low temperature. This did not cause a change in resistance.

Xin et al. [50] examined how the Sn-Bi alloy solder affects the electrical resistance
depending on temperature. Resistivity increases with increasing temperature and
increasing bismuth. At temperatures below 70 °C, the resistivity increases linearly
depending on the temperature. However, at temperatures above 80 °C, bismuth
dissolved faster than tin, caused greater sensitivity to temperature. This causes solder
not to give reliable results if used at high temperatures. For example, the results of an
experiment held below 70 °C differ from the results of an experiment conducted above

80 °C. The biggest reason for this is changes in the microstructure.
1.5 Aim of the Study

Today, leaded solder is prohibited by European standards. For this reason, interest in
lead-free solders is increasing day by day. Commonly used solder pastes require higher

temperatures of 50 °C and above for the soldering process compared to the Sn-58Bi
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solder pastes used in the project. This difference is quite high considering the
temperatures at which the soldering process takes place. We can say that the solder
paste composition to be used in this study is a composition that can be soldered at low
temperatures. In this way, it will be possible to reduce the amount of energy used and
thus prevents a large energy loss. It has a suitable contact angle for surface soldering
and offers the possibility of layered soldering by choosing solder with more than one
melting temperature on the same electronic board. Otherwise, desoldering all

components at the same time may cause problems in production.

One of the biggest problems with Sn-Bi solder pastes without epoxy polymer additives
is that bismuth easily oxidizes during the reflow soldering process. This creates black
oxide and affects solder joint performance. It is possible to say that black residue has
been reduced or even completely eliminated thanks to the flux used in the project. The
second problem is that external factors cause the solder to interact with the surface and
the solder composition to change over time. To prevent this, we created a polymer
layer on the surface by adding a certain amount of epoxy resin to our solder paste.
Thanks to this situation, the solder has become very resistant to external factors. In
addition, thanks to this layer, it is possible to prevent cracks in the solder. In this way,
it is aimed to significantly increase the service life of the solder. In addition, thanks to
the added epoxy, the solder angle decreased. This decrease shows us that the soldering
ability has increased even more. In this way, the solder will show better structural

properties.

Another important issue is to ensure that the solder can be soldered to different
surfaces. Because solders generally enable soldering between two metals. However,
solder paste containing epoxy is famous for its ability to be applied to different surfaces
thanks to the high adhesion properties of epoxy. In addition, protection of the soldering
surface against external factors thanks to the polymer layer on the outer surface is a

very important development.
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CHAPTER 2

EXPERIMENTAL PROCEDURE

2.1 Preparation of Sn-Bi Solder Paste

An alloy containing 42 wt% tin and 58 wt% bismuth was purchased. The procuring
organization was BBIEN technology limited. The grain size of this purchased alloy
was 20-38 um. This powder form was used in solder paste. The flux was added after
purchasing the desired size powder. The flux was supplied by the same company. The
flux selected was the solder flux compatible with Sn-Bi powder. Experiments were
made with the selected flux and the amount of flux to be added was determined. Solder
paste are metal powders with 88.5% metal by weight and 11.5% flux by weight. The
points taken into consideration when finding this ratio were the contact angle of the
solder and solderability. When less was added, a very high soldering angle was
obtained. It was observed that the solder did not melt at the desired temperature when
it was lightly added. Additionally, the soldering angle was high. Thanks to the added
flux, the soldering angle decreased to the desired value range. Sn-Bi phase diagram.
are shown in Figure 2.1. By looking at the phase diagram, we can say that the melting

temperature will be 139 °C.
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Figure 2.1 Sn-Bi phase diagram [51]
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2.2 Obtaining Epoxy Polymer

The first of all, epoxy polymer used was an epoxy polymer belonging to the bisphenol
agroup. It was an epoxy polymer obtained from bisphenol-A and epichlorohydrin. We
added curing agent to this epoxy polymer. The curing agent used was an aromatic
amine compatible with the epoxy used. This aromatic amine was chosen by the
supplying company. Our supplier company was marker resin technologies company.
Epoxy resin and curing agent were mixed in the recommended ratio. This ratio is 3:1.
As a result of this mixture, air bubbles were observed in the epoxy. We placed the
epoxy polymer in an ultrasonic bath to remove these air bubbles. The temperature
value used in the ultrasonic bath used was 32 °C. Under this temperature, the epoxy
polymer stood for 10 minutes. The applied frequency is 53 KHz. Machine power was

set to 60%. The used ultrasonic bath is shown in Figure 2.2.

/\ WARNING

Do not use flammable or corrosive solvent,or using the machine in.the
with or explosive gas.To avoid electric shockfire
or explosion as this machine without explosion-proof equipment.
Do not use acidic (pH=4)or alkaline (pH=>11)or other corrosive solution to
avoid corroding cleaning trough to leakage.
Do not start the machine while there is no water or cleaning liquid in the
trough.Otherwise,t will cause abnormal heating or fire. For machine with
heater, the water surface should not be lower than “MIN HEATING LEVEL"
to prevent damages to heating device.
® Do not directly place the work pieces on the bottom of the trough, they shall
be placed on a tray or parts basket so as to avoid damaging energy converter.

a Power supply must have good earth wire,if not,it may cause elactric shock,fire
or bodily injury or death.

Figure 2.2 The used ultrasonic bath
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2.3 Adding Epoxy to Solder Paste

Epoxy polymer was added to the resulting solder paste. 1 wt.%, 3 wt.%, 5 wt.%, 7
wt.%, and 9 wt.% flexible epoxy polymer was added to the resulting solder paste,
respectively. In order to added epoxy polymer to be soldered to an equal amount of
copper surface, holes with a thickness of 1 mm and a diameter of 4 mm were created
from the aluminum plate. As a result of placing equal amounts of solder paste through
these holes, equal amounts of solder paste were placed in all trials. Figure 2.3 shows
an aluminum plate that allows equal amounts of solder paste to be placed on the copper

plate.

=0

Figure 2.3 Aluminum plate that allows equal amounts of solder paste to be placed on the copper plate

2.4 Soldering Process to Copper Surface

In order to the soldering process to be good, the correct temperature and ambient
conditions are required. When the correct temperature is given to the solder paste, first
of all, the flux in the solder paste flows outward. The solder starts to flow 20 seconds
after the flux flows out. The solder will completely flow after 30 seconds and solder
the surface. The average soldering time with the generally used Sn-Bi solder paste is
90 - 100 seconds. The temperature value at which we applied was 160 °C for soldering.
This is because we want to apply the same heat to each sample due to the epoxy.
During this process, the volatile substances in the flux will first leave the environment.
After soldering, the surface of the solder paste with flux content must be cleaned.
Because when the flux is not cleaned, it will cause blackening after a certain period of

time. Therefore, after soldering, the surface is cleaned with isopropyl alcohol
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(CH3CH(OH)CH3). Thus, only solder remains on the surface. Heat-blown soldering

iron used in this study for the soldering process shown in Figure 5.
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Figure 2.4 Heat-blown soldering iron used
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Table 2.1 Applied treatments on samples

Sample Solder paste Epoxy content by
Number content weight Treatment

1 Sn-58Bi 0% Sun exposure
Sn-58Bi 1% Sun exposure

3 Sn-58Bi 3% Sun exposure

4 Sn-58Bi 5% Sun exposure

5 Sn-58Bi 7% Sun exposure

6 Sn-58Bi 9% Sun exposure

7 Sn-58Bi 0% Sun exposure

8 Sn-58Bi 0% 100 °C oven for 3 days

9 Sn-58Bi 1% 100 °C oven for 3 days

10 Sn-58Bi 3% 100 °C oven for 3 days

11 Sn-58Bi 5% 100 °C oven for 3 days

12 Sn-58Bi 7% 100 °C oven for 3 days

13 Sn-58Bi 9% 100 °C oven for 3 days

14 Sn-58Bi 0% Only soldered

15 Sn-58Bi 1% Only soldered

16 Sn-58Bi 3% Only soldered

17 Sn-58Bi 5% Only soldered

18 Sn-58Bi 7% Only soldered

19 Sn-58Bi 9% Only soldered

20 Sn-58Bi 0% One step soldering

21 Sn-58Bi 0% Double step soldering

22 Sn-58Bi 0% Thermal Cycling

23 Sn-58Bi 1% Thermal Cycling

24 Sn-58Bi 3% Thermal Cycling

25 Sn-58Bi 5% Thermal Cycling

26 Sn-58Bi 7% Thermal Cycling

27 Sn-58Bi 9% Thermal Cycling

Table 2.1 shows the applied treatments to the samples. From sample number 1 to 7
samples were exposed to the sun. Samples 8 to 13 were exposed to 100 °C oven for 3
days. Samples 14 to 19 were not exposed to additional treatment they were only
soldered. Samples 14 to 19 were used for soldering angle and spreading area. Sample
number 20 soldered one time. Sample number 21 soldered two times. Samples 22 to

27 were treated with thermal cycling.
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2.5 Thermal Cycling Test

Thermal cycling testing of solder joint is a test used to determine the ability of solder
interconnects and analyze mechanical stresses caused by extremely varying high and
low temperatures. A thermal cycle with a test condition between Tmin (temperature
minimum) -20 °C and Tmax (temperature maximum) 100 °C was used. The duration of
each cycle was 22 minutes, and the duration of stay at high and low temperatures was
10 minutes. The sample is kept at room temperature for 2 minutes while changing from
hot to cold air. This thermal cycling test was repeated 400 times. As a result of this
test, it tested what differences the solder joints will showed. Additionally, it is planned
to perform a thermal shock test. In this method, the durability of the solder joint tested
by cooling the surface of the solder joint with dry ice (-78.5 °C) and then exposing it
to a temperature of 100 °C at a time. The solders were also placed in a 100 °C oven
for 3 days. As a result, the changes in the samples were analyzed. After these tests, the

surface was examined with the help of an SEM microscope.
2.6 Sn-Bi Solder Paste Sun Exposure Test

It is a test based on exposing epoxy and non-epoxy solders to sunlight. This test is
performed to examine the microstructure changes and conditions that may occur on
the surface as a result of exposure to sunlight for 8 hours a day for 28 days. In addition,
thanks to this test, it was tested whether the epoxy polymer will turn yellow or not.
The air temperature during this test was in the range of 32-39 °C. The average

temperature is calculated as 36 °C.
2.7 Contact Angle of Solder

Equations (2.1) through (2.3) of the Young-Dupre equations used to characterize the
wettability [52,53]. The connection between adhesion work, metal surface energy, and
contact angle. The schematic representation of molten solder wettability on a metal
substrate is seen in Figure 2.5. An experimental measurement of the contact angle can
be used to assess the wettability of lead-free solders [54,55]. In order to assess the
wettability of solders, the contact angle values are crucial [56,57]. A value of 0°<0<

30° indicates very good wetting, 30°<0< 40" expresses good wetting, 40°<0<55
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indicates acceptable wetting, 55°<0< 70° expresses poor wetting, and 6>70" indicates

very poor wetting. The metric may be applied to assess lead-free solder's wettability.

Yes = Vg1 €OSO + Vi 2.1)
Wad = vyes + el - Vs (2.2)
Wad = 7g1 (1 +cos0) (2.3)

Yes : gas/solid surface tension
vis : liquid/solid surface tension
vel : gas/liquid surface tension
Waq : theadhesion work

0 : contact angle

Figure 2.5 The wettability of molten solder on a metal substrate is shown schematically [54]
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2.8 Spreading Area and Spreading Ratio of Solder

Lead-free solders' wettability may be assessed by using the spreading ratio [58]. The
spreading ratio calculation equation is displayed as Equation 2.4 in accordance with
the Japanese Industrial Standard JIS-Z3198-3 [59]. The lead-free solder's wettability
improves with increasing spreading ratio [60]. In addition, the Chinese National
Standard GB/T1136-2008 states that the spreading area of solder may be used to
calculate the wettability of solder [61]. The distribution area of lead-free solder may
be computed by software once the sample has been photographed and entered into a
computer. The wettability calculation parameters are displayed in Figure 2.6. Solder's
wettability correlated with its spreading area; this relationship used to examine how
TiO2 nanoparticles affect the wettability. The impact of TiO2 nanoparticles on the
wettability of Sn-Ag-Cu solder has examined, with the wider the spreading area, the
better the solder's wettability [62]. It discovered that the 0.1 weight percent

nanoparticles can increase solder's wettability.

D—-h
Sr = —B X 100 2.4
Sr: spreading ration

D: diameter of sample

h: maximum height

L‘D )‘h [

Metal substrate

Figure 2.6 Wettability parameters for computation [60]
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2.9 Drop Test for Sn-Bi Solder

The card level drop test designed as follows. First, the sample was prepared for the
drop test. The prepared solder was fixed to the upper layer of the machine. The fixed
solder sample was exposed to free fall movement. A device was developed to achieve
the same speed and the same impact rate in all experiments. This device stops by
hitting the samples from a height of 120 cm onto the rubber polymer on the ground
with a fixed axis. It exhibits vibration movement during the stopping process. This test

device is shown in Figure 2.7.

Component

Solder joints

Moving metal table PCB

Guide metal mds/

Rubber surface

Metal base

Figure 2.7 Schematic arrangement of the drop test device

In fact, it is the vibration movement that occurs after the fall that damages the solder.
This vibration movement is the most important factor that damages the structure of the
solder. Therefore, this test gives us an idea of how long it takes for the solder to lose

its function depending on the conditions of use.
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2.10 Characterization

2.10.1 Differential Scanning Calorimeter (DSC)

Differential scanning calorimetry measures variations in heat flow according to this
principle. A sample whose temperature is gradually raised and then lowered was
examined using DSC, and it was then contrasted with a reference probe. As a result,
the enthalpies and melting points of any polymeric fiber can be found. In this case,
changing the relevant parameters provides an opportunity to infer fundamental
characteristics like equilibrium values; nevertheless, in terms of how the experiment
is carried out, every parameter that could be changed must be carefully considered in
order to do DSC appropriately. A furnace that has uniform heating and cooling
capabilities is necessary for DSC. Two mountings for samples were located within this
oven, and each mounting has a highly sensitive temperature sensor. Figure 2.8

illustrates the whole configuration.

Oven
Sample crucible Reference crucible Inlet:
sample gas
0
0
Reference
: temperature
Cooling
Purge gas
- Thermocouples )
Inlet: o O Inlet:
purge gas  Temperature difference cooling gas

Figure 2.8 Schematic image of DSC [63]
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The crucible holding the prepared sample has one mounting (left mounting in Figure
2.8). There is at least one opening in the crucible lid that allows for air exchange with
the surroundings. Moreover, vaporization of sample particles prevents pressure build-
up in the crucibles. An empty crucible was used as a reference in the other installation
(right mounting in Figure 2.8). The final thermogram only shows effects that are
induced by the sample itself because of the use of such a reference. To study transitions
and chemical reactions in various atmospheres, a gas (sample gas) was used to purge
the oven. During the DSC process, a protective gas (such as Ar or N2) can be employed
to establish an atmosphere surrounding the sample in order to prevent oxidation
reactions. Otherwise, you can choose oxygen or air. In addition, a protective gas (N2)
was pumped into the area surrounding the oven to prevent ice formation in the winter
[63].

2.10.2 Scanning Electron Microscope (SEM)

Scanning electron microscopy (SEM), produces high-resolution images of the subject.
Using a scanning electron microscope, this procedure yields details on the object's
composition and physical attributes. Anode, condenser lens, objective lens, scanning
coils, and electron source are all crucial parts of the SEM apparatus. SEM images were
captured with Hitachi's FlexSEM 1000 Il device. The SEM device used can be seen in
Figure 2.9.

The condenser lens and the scanning coils work together to regulate the beam produced
by the electron source. Apertures may be used to modify the beam size, which
determines the picture resolution. The objective lens focuses the beam into a single
spot on the sample, while the scanning coils deflect the beam along the x and y axes.

SEM lenses are electromagnetic, made out of wire coils wound around metal poles.
The magnetic field created by these coils manipulates electrons, giving the microscope
control over them. When electrons contact with a sample, they can create two different
forms of extra electrons: photons and irradiations. Imaging requires both secondary
electrons (SEs) and backscattered electrons (BSEs). While BSEs are detected deeper
and are more sensitive to changes in atomic number, SEs are reflected back when the

main electron beam comes into contact with the sample element [64].
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Figure 2.9 The used SEM device

The elemental composition of the structures may be ascertained both subjectively and
quantitatively using energy dispersive X-rays, or EDX. This device was used to take
images for Sn-Bi solder paste and Sn-Bi epoxy solder paste. Schematic diagram of a
SEM is shown in Figure 2.10.

Sn-58Bi solders were prepared metallographically for SEM. The specimens were
sanded with (1000, 1200, 1800, 2000, and 4000) silicon carbide emery paper. After
this process, the samples were subjected to polishing. Polished with diamond
suspensions. The samples were then etched with 3% diluted HCI. The samples were

examined in SEM.
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Figure 2.10 Schematic diagram of a SEM [64]

2.10.3 Hardness Measurement

Hardness is one of the most important properties to know about a material. Because
there is a relationship between hardness and material mechanical properties. In Vickers
hardness measurement, a tip harder than the material is immersed on the material with
a certain time and load. In this method, a diamond pyramid tip with a square cross
section and a peak angle of 136 degrees is used. As a result of this process, the
indentation formed on the material is measured to find out which hardness degree these
dimensions correspond to. The size measurement is done with an optical measurement.

Soft and hard material hardness can be measured with Vickers hardness measurement
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[65]. Figure 2.11 illustrates visuals related to this method. Within the scope of this
study, HV 0.025 (245.2 mN) load was applied to the samples. Hardness values were
measured with a Shimadzu digital micro-Vickers hardness tester. The hardness

measuring device used in the tests is shown in Figure 2.12.

#@%

impression

square based —-
pyramidal indenter

sample —
(a) Vickers indentation (b) measurement of impression
diagonals

Figure 2.11 Vickers hardness measurement [65]

Figure 2.12 The hardness measuring device used in the tests
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CHAPTER 3
RESULT AND DISCUSSION

3.1 Obtained Epoxy Polymer Result

In the epoxy preparation process, when epoxy resin and curing agent are mixed, a
white wave structure is first obtained. At the end of the 5-minute mixture, we obtain a
transparent epoxy. There are air bubbles in the epoxy mixture obtained. We can see

these air bubbles in Figure 3.1.

Figure 3.1 Epoxy containing air bubbles

To remove these air bubbles, we placed the epoxy polymer in an ultrasonic bath. The
temperature used in the ultrasonic bath was 32 °C. Under this temperature, the epoxy
polymer was kept for 10 minutes. The applied frequency is 53 KHz. The machine
power was set to 60%. After this process, no air bubbles remained in the epoxy. We

can see this in Figure 3.2.
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Figure 3.2 Air bubble free epoxy

3.2 Result of Soldering to Copper Surface

The soldering process was done in two different structures. The first is a solder paste
without added epoxy. Secondly, epoxy added solder paste. These two solders are
different from each other. Because the solder without epoxy addition will spread flux
around during the soldering process. This spreading flux needs to be cleaned. Because
it will darken after a certain period of time. Therefore, isopropyl alcohol was used as
a surface cleaner. Thanks to the soldering station, we were able to solder our solder
pastes easily. The soldering process was flux cleaned in epoxy-free solder pastes,
which you can see schematically in Figure 3.3. A schematic representation of epoxy-
containing solder paste can be seen in Figure 3.4. These two figures show the structure
of the solder after soldering.



- Sn-B1 solder powder

Solder surface cleaning
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Figure 3.3 Schematic of flux-only Sn-Bi solder after soldering

.. 0 o Sn-Bi solder powder
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Sn Bi solder bump

Figure 3.4 Schematic of Sn-Bi epoxy solder after soldering
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3.3 Thermal Cycling Test Result

There was no visible change on the surface as a result of the thermal cycling test. This
is due to the structure of the Sn-Bi solder obtained. Because bismuth has a relatively
expanding structure as it cools. But Sn has a shrinking structure when it cools down.
Therefore, it is possible to say that these two metals balance each other. There was
also no deformation in the epoxy polymer. Because polymers have a thermosetting
structure after curing, they do not undergo a change in shape. Visual inspection also
did not reveal any negative results. This experiment was repeated 5 times and the
products showed the same properties in all trials. We can see the sample in Figure 3.5.

Epoxy Content

Figure 3.5 Sn-Bi solders with different epoxy content

3.4 Sn-Bi Solder Paste Sun Exposure Test Result

After 8 days of exposure to the sun, the solder around the solder with no epoxy added
darkened. This is due to the exposure of the flux to sunlight. No blackening occurred
on the flux cleaned surface. The flux in this sample was not cleaned to see what would
happen if the flux was not cleaned. No change was observed in the cleaned state. No
interference was observed. This is because the temperatures exposed are low for

solder. In fact, epoxy solder, which acts as a protective wall against all factors that will
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be exposed in the external environment, also dries against the sun. We can see the
solder from Figure 3.6.

Epoxy Content

0 wt.% - L wt.% 3 wt.%

Figure 3.6 Sn-Bi solders with different epoxy content

3.5 Solder Contact Angle Results

We measured the solder angle measurements with a computer-aided program. Thanks
to this program, we were able to see how many degrees of contact angle the solder
made with the surface. According to these results, the solder paste without epoxy
addition has the largest solder angle. This solder angle value was found to be 29.
According to the literature, this is a very good solder angle value. It is possible to say
that the lower the solder angle value, the better the solder is. Because the lower the
solder angle, the larger the spreading area. From this we can understand that these two
values are opposite to each other. The soldering contact angle of Sn-58Bi solder paste
with 1 wt.% epoxy is 23. The soldering contact angle value of Sn-58Bi solder paste
with 3 wt.% epoxy is 18. The soldering contact angle of Sn-58Bi solder paste with 5
wt.% epoxy is 13. The soldering angle value of Sn-58Bi solder paste with 7 wt.%
epoxy is 21. The soldering contact angle value of Sn-58Bi solder paste with 9 wt.%
epoxy is 18. However, there is a difference in soldering angles on the right and left
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sides equally in the product, so this was not a desirable feature. According to these
results, the addition of epoxy caused a decrease in the solder angle up to a certain level.
However, as the amount of epoxy added increased, the solder angle increased. In order
to verify the accuracy of the results obtained and that the same results were obtained
each time, 5 trials were performed for each sample. The results were very close in all
trials. According to the results, the Sn-Bi solder with the best solder angle was the

solder added with 5 wt.% epoxy. We can find the solder angles in Figure 3.7.

Figure 3.7 Solder contact angle, (a) Epoxy-free Sn-Bi solder, (b) Sn-58Bi solder containing 1 wt.%
epoxy, (c) Sn-58Bi solder containing 3 wt.% epoxy, (d) Sn-58Bi solder containing 5 wt.% epoxy, (e)
Sn-58Bi solder containing 7 wt.% epoxy, (f) Sn-58Bi solder containing 9 wt.% epoxy

It was seen that the soldering property improves when epoxy was added to Sn-Bi
solder paste at the ideal ratio. With the amount of epoxy added, the outer wall of the

surface was covered with epoxy and acts as a protective barrier.
3.6 Solder Spreading Area Results

The spreading area of the solder is proportional to the angle the solder makes with the
surface. The smaller the angle at which the solder was soldered, the larger the area
over which it can spread. The test was repeated 5 times for each sample. The results
were very similar. When the spreading area calculations were made, it was seen that

the solder with the best spreading area was the solder containing 5 wt.% epoxy.
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Compared to the epoxy-free Sn-Bi solder, the solder containing 5 wt.% epoxy had 2.8
times more spreading area. This shows that the most ideal solder is Sn-Bi solder paste
with 5 wt.% epoxy content. Excessive addition of epoxy also affects the soldering
properties of Sn-Bi solder paste. Because thermoset epoxy retains the applied heat on
its surface. When the amount of epoxy increases, the epoxy on the surface thickens at
that rate. When the epoxy thickens, the heat conduction value decreases. Because
polymers have poor thermal conductivity. When this thick layer was high, the
soldering of the solder is badly affected. We can see the prepared samples in Figure
3.8.

Figure 3.8 Solder spreading area, (a) Epoxy-free Sn-Bi solder, (b) Sn-58Bi solder containing 1 wt.%
epoxy, (c) Sn-58Bi solder containing 3 wt.% epoxy, (d) Sn-58Bi solder containing 5 wt.% epoxy, (e)
Sn-58Bi solder containing 7 wt.% epoxy, (f) Sn-58Bi solder containing 9 wt.% epoxy

As seen in figure d, the solder with the best spreading range is the solder with 5%
epoxy content. Looking carefully at figure e, we cannot say that the solder is a uniform
solder because of the epoxy. So, it is very important to add the right amount of epoxy.
A graph of the spreading area and soldering angle are shown in Figure 3.9.
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Figure 3.9 Spreading area and contact angle curves of Sn-58Bi solder paste for different epoxy resin

contents
3.7 Drop Test Results for Sn-Bi Solders

In the drop test, an oscillation occurs as a result of the drop and this oscillation is what
destroys the structure of the solder. There was a noticeable difference in the specimens
subjected to the drop test. The test was repeated 5 times for each sample. The drop test
results were obtained based on the average of the results. The drop test results are as
follows. Sn-58Bi solder without epoxy lost its solder function after 820 drops. Sn-58Bi
solder with epoxy content of 1 wt.% lost its solder function after 865 drops. Sn-58Bi
solder with epoxy content of 3 wt.% lost its solder function after 1311 drops. Sn-58Bi
solder with epoxy content of 5 wt.% lost its solder function after 2124 drops. Sn-58Bi
solder with epoxy content of 7 wt.% lost its solder function after 2932 drops. Sn-58Bi
solder with epoxy content of 9 wt.% lost its solder function after 3340 drops. As a
result of these results, the epoxy-free solder paste exhibited the lowest performance.
The solder with 5 wt.% content, which we consider ideal, performed 2.6 times better
than the epoxy-free solder. Although solders with higher epoxy content perform better
against drop, the best one is Sn-58Bi with 5 wt.% content in all conditions, considering

the other properties. The graph of the drop test result can be seen in Figure 3.10.
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Figure 3.10 Shows the drop test results

3.8 Differential Scanning Calorimeter (DSC) Results

First, we looked at the DSC graph of our Sn-58Bi solder paste to find out at what

temperature it melted. The solder paste we used melted at 139.1 °C, in line with the

literature. The DSC graph gives us the most accurate information about how many

degrees the Sn-58Bi solder will melt. 10 °C/min heating was preferred as the DSC

operating temperature. We can see the DSC graph of Sn-58Bi solder paste in Figure

3.11.
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Figure 3.11 DSC curve of the eutectic Sn-58Bi alloy
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In epoxy polymers, the results generally seen in DSC analysis are glass transition
temperature and melting temperature. Since the polymer we use is in liquid form, it is
very difficult to see the glass transition temperature. Therefore, a temperature above
the glass transition temperature was preferred. 100 °C was preferred as the starting
temperature. For the same polymer, 5 °C/min and 10 °C/min heating was preferred as
DSC operating temperature. As a result of DSC obtained with 5 °C/min heating, the
curing peak temperature was measured as 142.3 °C. As a result of DSC obtained with
10 °C/min heating, the curing peak temperature was measured as 153.2 °C. The curing
of epoxy resin is an exothermic process. We can see the DSC graph of the epoxy used
in Figure 3.12.
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Figure 3.12 The thermoset epoxy DSC curves at different heating rates
3.9 Scanning Electron Microscope (SEM) Results
3.9.1 SEM Images of Sn-58Bi Solder Pastes Exposed to Sun

We can see SEM images of samples exposed to the sun in Figure 3.13. When taking

SEM images of the samples, 3000X magnification was used.
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Figure 3.13 SEM images of Sn-58Bi Solder Pastes Exposed to Sun, (a) Epoxy-free Sn-Bi solder, (b)
Sn-58Bi solder containing 1 wt.% epoxy, (c) Sn-58Bi solder containing 3 wt.% epoxy, (d) Sn-58Bi
solder containing 5 wt.% epoxy, (e) Sn-58Bi solder containing 7 wt.% epoxy, (f) Sn-58Bi solder
containing 9 wt.% epoxy, (g) epoxy and flux-free Sn-Bi solder, 3k magnification
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3.9.2 SEM Images of Sn-58Bi Solder Kept in an Oven at 100 °C for 3 Days

We can see SEM images of Sn-58Bi solder kept in an oven at 100 °C for 3 days in
Figure 3.14. When taking SEM images of the samples, 3000X magnification was used.

FuaSEM1000 5008V 5.0mm L-x3.00x SE

Figure 3.14 SEM images of Sn-58Bi solder kept in an oven at 100 °C for 3 days, (a) Epoxy-free Sn-
Bi solder, (b) Sn-58Bi solder containing 1 wt.% epoxy, (c) Sn-58Bi solder containing 3 wt.% epoxy,
(d) Sn-58Bi solder containing 5 wt.% epoxy, (e) Sn-58Bi solder containing 7 wt.% epoxy, (f) Sn-58Bi
solder containing 9 wt.% epoxy, 3k magnification
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3.9.3 SEM Images of Sn-58Bi Solder

We can see SEM images of Sn-58Bi solder in Figure 3.15. When taking SEM images

of the samples, 3000X magnification was used.

FlaxSEM1000 5.00kV 5 3mm L-x3.00x SE
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Figure 3.15 SEM images of Sn-58Bi solder, (a) Epoxy-free Sn-Bi solder, (b) Sn-58Bi solder
containing 1 wt.% epoxy, (c) Sn-58Bi solder containing 3 wt.% epoxy, (d) Sn-58Bi solder containing
5 wt.% epoxy, (€) Sn-58Bi solder containing 7 wt.% epoxy, (f) Sn-58Bi solder containing 9 wt.%
epoxy, 3k magnification
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3.9.4 SEM Images of Sn-58Bi Solder Subjected to Thermal Cycling Testing

We can see SEM images of Sn-58Bi solder subjected to Thermal Cycling Testing in
Figure 3.16. When taking SEM images of the samples, 3000X magnification was used.
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Figure 3.16 SEM images of Sn-58Bi solder subjected to Thermal Cycling Testing, (a) Epoxy-free Sn-
Bi solder, (b) Sn-58Bi solder containing 1 wt.% epoxy, (c) Sn-58Bi solder containing 3 wt.% epoxy,
(d) Sn-58Bi solder containing 5 wt.% epoxy, (e) Sn-58Bi solder containing 7 wt.% epoxy, (f) Sn-58Bi
solder containing 9 wt.% epoxy, 3k magnification
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3.9.5 SEM Images of Single-step and Double-step Sn-58Bi Soldering

We can see SEM images of single-step and double-step Sn-58Bi soldering in Figure
3.17. When taking SEM images of the samples, 3000X magnification was used.

Figure 3.17 SEM images of single-step and double-step Sn-58Bi soldering, (a) single soldering
process of epoxy-free Sn-58Bi solder, (b) double soldering process of epoxy-free Sn-58Bi solder, 3k
magnification

As a result of SEM images, it is possible to say that epoxy added Sn-58Bi solders are
generally better protected in terms of microstructure. Because there is an outer wall
that protects the structure against external factors. This outer wall is a strong structure
that protects the product against moisture, oxidation and chemical corrosion.
Therefore, if the epoxy addition is sufficient enough to cover the surface of the solder,
our solder is protected. It is possible to say that this protective layer is present in solder
where the epoxy addition is 5wt.%. As a result of higher epoxy addition, pits were
observed on the surface of the solder. This will prevent the solder from exhibiting the
desired properties.

SEM images, the biggest reason why some samples could not be imaged is due to very
etching. The other reason is that the metallography process is difficult because our
sample is a soft metal product. The softness of the solder obtained made this process
difficult and it was difficult to get clear images in some products. In SEM images,
bright area was Bi and black area was Sn. Because the etching material used interacted

with the Sn surface.
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3.10 Hardness Results

It is possible to say that the hardness values were in line with our expectations. In the
solder kept in the sun, epoxy-added solder gave better results in terms of hardness. The
hardness difference between them is between 2-4 HV. In the samples kept in the oven
for 3 days at 100 °C, the hardness values were very close to each other. The biggest
reason for this is that the heat is evenly distributed to all samples after a certain period
of time. The sample subjected to the re-soldering process showed a hardness difference
of 1 HV in terms of hardness. The hardness of all specimens decreased as a result of
the thermal cycling test. The main reason for this is due to prolonged exposure to heat
and cold air. The hardness value of epoxy added solders was 1HV higher. The test was
repeated 5 times for each sample. The results of the hardness values were obtained
based on the average of the results. From this we can draw the following conclusion.
The added epoxy has a positive effect on the hardness of the solder. Because Sn-58Bi
maintains the hardness value of the solder. The table of hardnesses is given in Table
3.1



Table 3.1 Hardness results
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Epoxy Hardness

Sample | Solder paste | content by | Value (HV)

Number content weight (245.2 mN) Treatment
1 Sn-58Bi 0% 28.2 Sun exposure
2 Sn-58Bi 1% 30.0 Sun exposure
3 Sn-58Bi 3% 29.4 Sun exposure
4 Sn-58Bi 5% 30.3 Sun exposure
5 Sn-58Bi 7% 31.0 Sun exposure
6 Sn-58Bi 9% 31.9 Sun exposure
7 Sn-58Bi 0% 27.0 Sun exposure
8 Sn-58Bi 0% 26.5 100 °C oven for 3 days
9 Sn-58Bi 1% 26.5 100 °C oven for 3 days
10 Sn-58Bi 3% 26.7 100 °C oven for 3 days
11 Sn-58Bi 5% 26.9 100 °C oven for 3 days
12 Sn-58Bi 7% 27.1 100 °C oven for 3 days
13 Sn-58Bi 9% 27.0 100 °C oven for 3 days
14 Sn-58Bi 0% 27.9 Only soldered
15 Sn-58Bi 1% 27.8 Only soldered
16 Sn-58Bi 3% 27.9 Only soldered
17 Sn-58Bi 5% 28.2 Only soldered
18 Sn-58Bi 7% 28.1 Only soldered
19 Sn-58Bi 9% 28.2 Only soldered
20 Sn-58Bi 0% 28.0 One step soldering
21 Sn-58Bi 0% 29.0 Double step soldering
22 Sn-58Bi 0% 20.8 Thermal Cycling
23 Sn-58Bi 1% 21.0 Thermal Cycling
24 Sn-58Bi 3% 21.2 Thermal Cycling
25 Sn-58Bi 5% 21.6 Thermal Cycling
26 Sn-58Bi 7% 22.2 Thermal Cycling
27 Sn-58Bi 9% 22.3 Thermal Cycling
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CHAPTER 4
CONCLUSION

In this thesis, thermoset epoxy was added into Sn-58Bi solder. Thanks to the added
epoxy, the brittle structure of Bismuth was eliminated. This gives us a more reliable
solder structure. DSC, SEM, hardness measurement was used for characterization.
Another important parameter is the contact angle. Solder angles were characterized

and it was subjected to drop test.

In the first part of the study, a 20-38 um grain size powder alloy containing eutectic
425n58Bi was mixed with flux to produce a solder paste with the best results. The flux
added was 11.5 wt.%. After this step, the Sn-58Bi solder paste was mixed with
thermoset epoxy. With this mixture, we obtained a composite structure. The product
with the best properties in this composite structure was solder with 5 wt.% thermoset

epoxies.

The results obtained from the DSC analysis determined our roadmap. It showed that
our Sn-58Bi solder melted at 139.1 °C. It also gave us the curing temperature of the
polymer used, allowing us to obtain our samples at low temperatures. Thus, the
increasing energy need in the world will reduce the energy need to some extent by
using low temperature solder pastes. It has a suitable contact angle for surface
soldering and offers the possibility of layered soldering by choosing solder with more
than one melting temperature on the same electronic board. Otherwise, desoldering all

components at the same time may cause problems in production.

According to the solder contact angle results, thermosetting epoxy adding reduces the
solder angle. Solder angle has a very important place in solder paste. Because the lower
the solder angle, the higher the spreading area. This parameter is one of the most
important factors determining the life of the solder. Our composite structure with the
best solder angle was Sn-58Bi with 5 wt.% epoxy content. This solder angle reduced

the solder angle by more than half compared to Sn-58Bi solder without epoxy addition.

According to the drop test, there was a big difference between the solder without epoxy

addition and the solder with epoxy addition. The main reason for this difference is that
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epoxy prevents the formation and progression of cracks on the surface of the solder.
In addition, thanks to the high adhesion properties of epoxy, it can adhere more firmly
to the surfaces. Thanks to this feature, it will offer the possibility of soldering to
different surfaces, not only soldering between metals. In the drop test, the solder with
5 wt.% content, which we consider ideal, performed 2.6 times better than the epoxy-
free solder.

SEM analysis, changes in the structures of Sn and Bi metals in the structure of Sn-
58Bi solder due to the addition of epoxy could be observed. As a result of this
observation, it can be concluded that there was growth in the structures without epoxy
addition and less growth in the added solder. Since the growth of the Bi phase is the
biggest factor that will cause the structure to be brittle, the addition of epoxy acts as a
preventive function against this brittleness. It is thought that the structure will maintain
its form as long as it is not exposed to high heat treatment. After the soldering process,
as long as the Sn-58Bi solder does not exceed 70 °C, there is no formation in the
structure that will affect the solder. However, epoxy-free solder is adversely affected
when it exceeds 70 °C and waits for a long time after soldering. Since the epoxy used
is a type of epoxy that can withstand 90 °C continuously, it can be easily used in many
places where solder is used.

The epoxy addition used in the study creates a protective layer on the solder. Since this
layer prevents the solder from being directly exposed to water and moisture, the
negative effect of these factors on the solder is eliminated. Electronic circuits used in
structures sent into space are exposed to humidity due to the large temperature change.
Since moisture will cause these circuits to oxidize and short-circuit, the circuits must
be protected against this effect. This can be avoided if epoxy added solder is preferred.
In drop tests, it was observed that solder made with epoxy addition was much more
durable than normal solder, so it is thought that epoxy added solder will protect the
solder against vibration. It will also protect the solder against sudden temperature

changes as epoxy has a bad heat conduction.

As aresult, the obtained Sn-58Bi composite solder with thermosetting epoxy resin has
great advantages. Since it allows soldering at low temperatures, it does not damage the

components around it. Most importantly, the epoxy allows the solder to be soldered on
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different surfaces. In this way, it will be easier to develop different compositions and
create different products. The Sn-58Bi composite solder paste with 5% epoxy content
by weight we obtained was the product that gave the best result as a result of these
trials. Since the outer side of this product is epoxy, it is not affected by water and
moisture. It acts as a protective barrier against oxidation or other external factors. The
biggest feature that distinguishes it from other epoxy structures is that it has a flexible

structure. Thanks to this flexible structure, there are no scratches on the surface.
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