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Alloy design of Bi system for high temperature solders and their characterizations

1.1 Introduction

High-temperature solders are extensively utilized as die-attach solders in power
semiconductor packaging, chip connections, solder ball connections, the bonding of
semiconductor devices on to solder alloys and so on 2. The application of power-
electronics are extended to various automobile, aerospace, energy production and
military industries 3. For a long time, Pb-Sn solder alloy with a Pb content of 85-97
mass.% Pb are the currently used as high-temperature solders in high-temperature
applications !9, Pb-5Sn and Pb-10Sn are the common compositions of Pb-Sn high-
temperature solders, which having melting ranges of 573-587 K and 541-574 K,
respectively ¥. The microstructures of the high-lead content solders are very stable and
both aging temperature and aging duration has little effect on the microstructures 'V,
The microstructure with any intermetallic compounds (IMCs) makes the wide
applications of high-lead content solders. Furthermore, because of the stability of the
lead oxide layer and the small galvanic potential difference between Pb and Sn, the
corrosion does not impact the reliability of high-lead content solders '* 1),

High-lead content solders are an extremely soft alloy. The high-lead content solders
exhibit excellent fatigue resistance, because of the softness of the alloy makes the joint
structure keep reliable by relaxation of the thermal stresses 4!, On the other hand, the
softness of high-lead content solders lead to thermo-mechanical failure by creep. In
summary, high-lead content solders are considered to be the ideal choice of high-
temperature solders due to the good wettability, thermal conductivity, fatigue resistance,
reliability and low cost & 17,

In late 20th century, because of the protection of the environment has attracted
worldwide attention with the continuous improvement of living standards, the use of
Pb was limited '¥. Pb is a heavy metal element. It is easy to accumulate in the human
body, especially the combination of lead ions and proteins, which would inhibit the
normalization of protein. Moreover, lead ions are also vulnerable to human nervous
system, that causing mental disorders. Lead is more harmful to infants and children. It
will destroy their intelligence quotient and normal development. In 1998, Japan revised

the law on the recycling of home electronics to promote the development of lead-free
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electronics '?. In June 2000, the Association Connecting Electronics Industries (IPC)
published the 4th edition of Lead-Free Roadmap, which advising the US companies to
launch lead-free electronics in 2001 and prohibit lead content electronics in 2004 29. In
February 2003, WEEE (Waste Electrical and Electronic Equipment) and RoHS (EU
Directive on the Restriction of the use of certain Hazardous Substances in electrical and
electronic equipment) orders are formally approved. These orders require the electrical
and electronic equipment sold in Europe become lead-free 2°. In December 2015, the
European Commission adopted a new Circular Economy Package, which included the
new orders of WEEE and RoHS. The species of the lead-free electrical and electronic
equipment are increasing in Europe (e.g. for medical equipment, monitoring and control
equipment, external diagnostic medical device). Moreover, the recycling rate of the
electrical and electronic products are also increase. From 2019, the minimum recycling
rate of each member country needs to reach each year shall account for 65% of the
average weight of EEE put into the market in the previous three years, or 85% of the
total weight of end-of-life EEE produced by each member country. Therefore, the
establishment of lead-free solders has been an inevitable trend in the electronics
industry.

Despite significant research and a large number of papers on lead-free solders
published in recent years, only few reports on the research and development of high-
temperature lead-free solders *. This is because the volume of high-lead content solders
used is very little compared with the volume the eutectic Sn-Pb solder alloy. However,
with the advent of high-temperature applications, the demand for high-temperature
lead-free solders will be increasing sharply ¥. Thus, the research of high-temperature

lead-free solders in electronic industry has great practical significance.



Alloy design of Bi system for high temperature solders and their characterizations

1.2 Development of high-temperature lead-free solders

The current choices for high-temperature solders are derived from Au—Sn, Au—Ge,
Zn—Al, Zn—Sn, and Bi—Ag solder alloys, as well as some other solder alloy systems. In
order to protect the environment and improve the reliability of products, the high-
temperature lead-free solder alternatives should satisfy the following conditions.

Firstly, in designing of high-temperature lead-free solder alloys, the melting behavior
is one of the basic critical. The solidus temperature should be higher than 533 K, so that
the solder will no melting until it passes secondary reflow at 523 K. And the liquidus
temperature should be below 673 K, due to the limitation of the glass transition
temperature of the polymers used in the substrate as dielectric materials. Therefore, the
melting temperature range (533-623 K) has been defined by the industries in order to
ensure efficient process control V. Table 1.1 summarized the melting temperature of

typical high-temperature solder alloys.

Table 1.1 Melting temperatures for typical high-temperature solder alloys.

o Solidus ..
Composition Liquidus
Alloys temperature References
(mass.%) temperature (K)
)
Pb-37Sn 456 521 4
Pb-30Sn 456 521
Pb-20Sn 456 552
Pb-Sn
Pb-10Sn 541 574
Pb-5Sn 573 587
Pb-2Sn 589 595
Au-20Sn 553 553 5
Au-Sn
Au-95Sn 488-490 488-490 33
Au-Ge Au-28Ge 633 633 68
Zn-6Al 654 654 4,5
Zn-Al
Zn-4Al1-3Mg-3.2Ga 582 620 80
Zn-20Sn 471 656 45
Zn-Sn Zn-30Sn 471 656
Zn-40Sn 471 638
_ Bi-2.5Ag 535.5 535.5 75
Bi-Ag )
Bi-11Ag 534.4 653.6 14
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Secondly, the joints should have excellent mechanical properties. For the high
temperature lead-free solder joints formed, the high service temperature makes the
joints prone to fatigue and creep failure. In the first-level packaging like chip
connections, the joints not only need to meet connection strength, but also should have
a lower shear modulus to ensure the good stability and reliability of the electronics at
higher service temperature.

Thirdly, the high-temperature lead-free solders should have good fluidity of liquid
solder and good wettability between substrates and solders. Moreover, because of the
high service temperature and current density for solder joints, good thermal
conductivity (>20 W-K-!-m™") and low electrical resistivity (<100 pQ-cm) are also basic
requirements of high-temperature lead-free solders.

Fourthly, the high-temperature lead-free solders should have the similar coefficient
of thermal expansion (CTE) between die and substrate. Due to the different coefficient
of thermal expansion between chips and substrates, thermal stress is prone to occur
during the thermal cycles in the service process. That may lead to the final failure of
electronic components.

Fifthly, the high-temperature lead-free solders should have good workability, that
easy to processed into wire, ribbon, or powder for the preparation of solder paste and
so on, to meet the different requirements of automated brazing process.

At last, the high-temperature lead-free solders should be non-toxic, pollution-free
and appropriate cost. Especially for the new lead-free interconnect technology instead
of reflow soldering, the process temperature should be not higher than the existing
brazing process temperature and hope to further reduce. Moreover, the solders can make
heavy use of existing equipment and improve the degree of automation.

The research on properties such as the melting and solidification behavior 2227,
microstructures 2437, interfacial compounds and structures *%*?), mechanical properties
26,3036 and reliability °7%% of the alternatives for high-temperature lead-free solder

alloys were introduced in the following.
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1.2.1 Pb-Sn solder alloys

High-lead containing solders have been commonly used as high-temperature solders.
Common compositions are Pb-5Sn and Pb-10Sn. In the case of high-lead content
solders, the concentration of Sn influenced the formation and growth of interfacial
intermecallics between the solder and substrate interface > . Wang et al reported
that the wettability between Pb-xSn and Cu substrate were improved with the content
of Sn. Moreover, an IMC was occurred between high-lead solders and Cu substrate 7
69 There was a spalling phenomenon between Cu substrate and CuzSn of IMC layer,
which is result of the high interfacial free energy between Cu and Cus3Sn . The
spalling formed from the Pb-rich regions between Cu and CusSn layer ¢”. And the
spalling region grow with the increasing reaction time ®”. The Sn in the Pb-Sn alloy
formed the IMC with the Cu substrate. Due to the decrease of Sn content in Pb-Sn alloy,
the local thermodynamic equilibrium between Cu substrate and CuzSn was broken 7.
And then the spalling becomes continuous. The grown of spalling also depend on the
Sn content in the solder. With the lower Sn contents of 0.5 and 1 mass.%, the solder
had already spalled with Cu substrate after 20 min, however, with the higher Sn contents
of 3 and 5 mass.%, the spalling was not finished after 600 min ®®. It is considered that
the Pb atoms penetrating the CuszSn layer through the grain boundary lead to the slower
spalling rate of CusSn 679,

In recent years, with the decreasing scale of chip, the solder joints to connect the chip
and substrate become smaller and smaller. Moreover, because of the increasing
electrical power for chip, the solder joints should have good mechanical properties and
high reliability. The creep and fatigue were most common reason of the failures for
high temperature solders. The high temperature creep behavior of Pb-5In, Pb-5Sn-
2.5Ag, Pb-3Sn-2Ag-2In was investigated by Schoeller et al ’?). It revealed that the stress
exponent of these alloys was between 3 and 8. The change of the stress exponent with
temperature was based on the rate controlling mechanism for dislocation creep '%. A
transition in the controlling mechanism from pipe to lattice diffusion was observed
around 0.77,,, where T, is the melting point of the solder alloys 7.

In present, high-lead containing solders are still widely used in high temperature
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applications. The mechanical properties like tensile property, creep property, fatigue
behavior and so on were investigated by many researchers. The reports of possible

alternatives for high-temperature lead-free solders were listed below.
1.2.2 Au-based solder alloys

Au-based solder alloys exhibit high strength, excellent electrical and thermal
conductivities, good resistance of corrosion and fatigue, which make them available to

be high-temperature lead-free solder alloys.
1.2.2.1 Au-Sn

There are several compositions of Au-Sn system solder alloys satisfied the
solidification criterion for high-temperature solders. The eutectic Au-Sn alloy Au-20Sn
(mass. %) is commonly used in electronic and optoelectronic packaging > V. The
melting point of Au-20Sn is about 553 K, which fits the requirement of solidification
behavior 2®. Moreover, the results of T. Zhou et al show that the tensile strength, shear
modulus, joint shear strength, electrical resistivity and thermal conductivity are 275
MPa, 25 GPa, 47.5 MPa, 0.164 pQm and 57 W-K!-m™!, respectively °". Therefore, it
is being considered as a high-temperature solder. Moreover, it also has excellent fatigue
and creep resistance. F. Yost et al. employed the microstructural evolution of Au-20Sn
solder alloy 2. The microstructure of the as-cast Au-20Sn solder alloy has { and {’
AusSn with the dendritic shape and eutectic of (-AusSn and 8-AuSn at room
temperature. The microstructure of Au-20Sn after thermally aged at 150 °C for 1 week
was comprised some large AusSn grains on the eutectic structure. In contrast, the
microstructure of Au-20Sn after thermally aged at 473 K for 1 week was only contained
(-AusSn and o6-AuSn phases. The temperature near 473 K is the transforming
temperature for {' AusSn phase transformed into {-AusSn phase. It considered that the
C- and {'-AusSn phases have different crystallography and properties, that {-AusSn is
more stable at higher temperatures. Because of the transformation, the thermal
expansion and the moduli measurements are changed. That cause the cracking and

decrease the joint reliability.
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The refolw reactions of the Au-20Sn solder on a Cu substrate were investigated by
H. M. Chung et al *?. The eutectic of {-(Au, Cu)sSn and §-(Au, Cu)Sn were observed
in the microstructure of the solder when the reflow time was 60 s. Due to the Cu
diffusion from the Cu substrate into the molten solder matrix, the dendritic {-(Au,
Cu)sSn phase were grown after the reflow time of 60 min. In this system, because of
the same behaves between Cu and Au, the composition of the solder changed from
eutectic into hypo-eutectic with the increasing Cu concentration. This transformation is
a eutectic reaction and a fine lamellar microstructure. On the other hand, both {-(Au,
Cu)sSn and 6-(Au, Cu)Sn phases will grow during subsequent cooling. Therefore, the
microstructure of fine lamellar eutectic and coarse eutectic was observed. It was also
revealed that with the decreasing volume of the solder, the dendrites grew faster.

In addition, practical applications of Au-20Sn were also investigated 3> 6>7?_ Y. C.
Liu et al study the effect of temperature from 298 to 473 K on hardness and creep
behavior of Au-20Sn solder alloy 2. This reseach reveal that the hardness of Au-20Sn
decreases with the increasing temperature. Moreover, creep makes a large contribution
to the plastic deformation during the nano-indentation process. G. S. Zhang et al
compare the tensile creep behavior between An-20Sn and Sn-37Pb solder alloys 72,
The results exhibit that compared with Sn-37Pb solder alloy, Au-20Sn solder alloy

shown lower steady-state creep rates and better anti-creep performance.
1.2.2.2  Au-Ge

Au-Ge system solder alloys do not have intermetallic compounds (IMC) which same
with Pb-Sn system alloys. The eutectic melting point of Au-Ge composition is 633 K.
It slightly deviates from the permissible liquidus temperature for high-temperature
soldering. The addition of little amounts of Sb to Au-Ge system solder alloy would not
only decrease the melting point, but also improve the ductility. Au-0.24Ge-0.05Sb is
one of the promising candidate alloys for step soldering proposed by V. Chidambaram
73 The microstructures of the Au-0.24Ge-0.05Sb solder alloy are contain three phases:
Au phase, Ge phase and AuSbz IMC. There is an age-softening effect of the Au-0.24Ge-

0.05Sb solder alloy due to the expansion of Au phase. However, the softening effect
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can be attributed to the refinement of the Ge phase that increase in hardness during
aging. Soft matrix and hard dispersed phases would be ideal for applications demanding
both creep and fatigue resistances. It was determined that the addition of In to the Au—
Ge eutectic would further enhance the hardness of the alloy due to the effective lattice
strains induced by the In atoms. Au-0.18Ge-0.10In solder alloy is a promising candidate
alloy for applications for high strength, low elastic modulus and stability of
microstructure at high-temperatures. The primary strengthening mechanism in the case

of Au-Ge-In system alloys was determined to be solid solution strengthening
1.2.3 Zn-based solder alloys

Zn-based solder alloy is currently study by many research groups, mainly included

Zn-Al, Zn-Sn system alloys and so on.
1.2.3.1 Zn-Al

Zn-Al system solder alloys are commonly used in the high-temperature range of
high-temperature solder, the range of operating temperature is about 650-723 K 3374,
Small additions of Cu, Sn, Mg and Ge into Zn-Al alloys would reduce the melting point
of this alloy and make the alloys adhere to the required solidification criterion for high-
temperature soldering 3% 4> 7). Interfacial reactions between Cu substrate and Zn-4Al
and Zn-4Al-1Cu (mass.%) solder alloys during the temperature range from 693 to 803
K were investigated by Takaku et al *®.The growth of IMCs is considered to be
controlled by volume diffusion during aging. The CusZng phase was creating from
substrate side and CuZn4 phase from solder side. In particular, the growth rate of CusZng
was quite fast over 473 K. With the addition of Cu to Zn-4Al solders, the suppression
of the consumption of the Cu substrate was observed, which resulted in a decrease of
the activation energy of IMC growth and subsequently enhanced the growth of the IMC
layers, particularly the Cu-Zn IMCs.

T. Shimizu et al investigate Zn-4A1-3Mg-3Ga solder alloy to replace Pb-5Sn solder
alloy for the use of die-attaching ’>. According to the research, the solidus and liquidus

temperature of Zn-4Al-3Mg-3Ga solder alloy are 582 and 620 K, respectively. There
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are never failure found in the temperature range from 208 to 423 K in the die-attaching
test until 1000 cycles or at the atmosphere of 358 K and 85% humidity until 1000 h.

The microstructure and shear strength of the high-temperature Zn-4AI-3Mg-xSn (x=
0, 7 and 13 mass.%) solder alloys were investigated in the temperature range of 298-
473 K by R. Mahmudi et al 7. The shear yield stress and ultimate shear strength of all
the alloys were reduce with the addition of Sn. The presence of the soft Sn reduces the
volume fraction of the eutectic structure and the hard MgZn; and Mg>Zn.

However, the wettability of Zn-Al system solder alloys is relatively poor due to the
oxygen affinity of Zn. According to the report from N. Kang et al, the increase of Al
content from 4.0 mass.% to 6.0 mass.% can improve the wettability and electrical

resistivity of Zn-Al, and also the hardness and tensile strength 2%,
1.23.2  Zn-Sn

Zn-Sn system solder alloys do not exist the IMCs phase in the microstructure, in
addition it has good mechanical properties and excellent electrical and thermal
conductivity, it is considered a promising solder alloy of high-temperature lead-free
solder alloy 3. Zn-xSn alloys (x = 20 mass.%, 30 mass.% and 40 mass.%) were
proposed by K. S. Kim et al** %477 The research indicated that the Zn-Sn system
solder alloys are suitable for high temperature solder applications including the
excellent electrical properties, oxidation resistance at high temperature, and the
improved ductility compared with other Zn-based system solder alloys due to the
microstructure with no IMCs **7”. Moreover, the stability during reflows, shear
strength and the thermal conductivity were also observed in these research *®. The
results demonstrate that the shear strength of the Zn-Sn system solder alloys and Cu
joint was 30-34 MPa, being higher than that of a Pb-5Sn solder (26.2 MPa). In addition,
there was no significant change in the shear strength of the joint after multiple reflows
up to 533 K. On the other hand, the thermal conductivities of Zn-Sn system solder alloys
are 100-106 W-K!-m™!, which are higher than both Au-20Sn (59.1 W-K!-m™) and Pb-
5Sn (35.6 W-K''m™) solder alloys.

10
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R. Mahmudi et al studied the shearing strength of Zn-Sn system solder alloys at high
temperature by shear punch testing °®. In the temperature range of 298-425 K, the shear
strength decreased with the increasing Sn concentration due to soft Sn-rich matrix and
hard Zn-rich particles contained in the microstructure of the alloys. This structure
exhibits similar behavior to composite materials, and the volume fraction and strength
of each phase controlls the deformation resistance. It is also concluded by the authors
that the yield stress of Zn-Sn system solder alloys at high temperatures should higher
than Pb-5Sn solder alloy.

1.2.4 Bi-based solder alloys

Bi is a non-toxic heavy metal, and both the shear modulus (12 GPa) and melting
point (544 K) are very close to Pb-5Sn solder alloy ’®. Therefore, Bi-based solder alloys
become promising alternatives for high-temperature lead-free solder.

Bi-Ag system solder alloys contain only a single invariant eutectic reaction at 97.5%
Bi (mass. %). There are no IMCs phases and low solubility of silver in Bi solid-solution
strengthening. The microstructure and properties of Bi-2.5/11Ag (mass.%) solder
alloys for high-temperature applications were investigated by J. M. Song et al *). The
results show that Bi-Ag alloys exhibited a non-equilibrium solidification structural
feature and a large undercooling *Y. Pure Bi shows greater undercooling than Bi-Ag
solder alloys. Primary Ag, Bi and the eutectic of Bi and Ag are existed in the
microstructure. The addition of Ag content effectively increase the tensile strength of
Bi-Ag solder alloys compared with pure Bi. Furthermore, Bi-11Ag solder alloy has
higher fracture strain than pure Bi due to the resisted of crack growth by primary Ag.
On the other hand, the cooling rate of the Bi-11Ag solder alloy was found that air cooled
Bi-11Ag solder alloy showed higher elongation than quenched ones by M. Shimoda et
al 2. J. E. Spinelli et al found that hardness is shown to be directly affected by both
solute microsegregation and morphologies of the phases forming the Bi-Ag solder
alloys 7. The interfacial morphology and tensile properties of the joints between Cu
and Ni were also investigated by J. M. Song et al ®?. At 623 K, Cu dissolved into liquid
Bi-Ag as the composition of Cu-35at%Bi-5at% Ag without forming IMCs. In contrast,

11
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Ni reacted with liquid Bi-Ag forming NiBi3 of IMCs on the interface. The joint of Bi-
Ag solder alloys and Cu shows a better tensile strength because of the brittle IMCs at
the interface. M. Nahavandi et al tested the wetting angles of Bi-1.5, 2.5 and 3.5Ag
solder alloy V. It is revealed that the wetting angle decreases with the increasing Ag
content. And 11.17 degree wetting angle is shown for Bi-3.5Ag solder alloy, which
means that it could easily spread on a Cu substrate.

The additions of Ge and Sb into Bi-Ag system alloys effect the properties of these
solder alloys %8384 J N. Lalena et al add small amount of Ge into Bi-Ag solder alloy
82) With the small amount addition of Ge, the Bi-11Ag-0.5Ge solder alloy shows lower
thermal conductivity and wettability, however, the lower shear modulus result in a high
thermal fatigue resistance. The composition of Bi-2.6Ag-0.1Cu-xSb solder alloys were
studied by B. Kim et al ®¥. The presence of Sb occurred Cu-Sb and Ag-Sb IMCs, and
emerged lower wettability or higher hardness. H. Zhang et al compared the tensile
properties of pure Bi, Bi-2.5Ag, and Bi-1.0Ag-0.3Sn-0.03Ge with Pb-2.5Ag-2.5Sn 9.
The results reported that the addition of Sn and Ge formed finer microstructure with
small grain size. The tensile strength and elongation of Bi-1.0Ag-0.3Sn-0.03Ge were
lower than those of Pb-2.5Ag-2.5Sn at room temperature and the brittle fracture occurs

in Bi phases.

12
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1.3 Development of alloy design methods

It’s a general method of material design adopted by most researchers to confirm
material components with best performance through seeking rules by a large number of
technological tests. Until now, almost all literatures on development of solder alloy
introduce the experimental method that adopts “tentative” test. Although some tests
adopt orthogonal test method to reduce tests amount, however, this “tentative” test is
not only time-consuming and laborious, but also needs significant economic losses.
This method will still take the essential aspect of solder alloys design methods for a
long term.

The alloy design refers to that researching alloy with specific target performance,
under guidance of theory, to confirm which alloy element needing to be added into base
metal and its quantity, and to forecast the property. Based on scientific, efficient,
economical and predictive requirements of science development to material design, it
will be the certain trend to conduct material design through calculation method. Along
with the condition that continuous development of metal materials on theory of
microstructure, phase structure, atomic structure (or electronic structure), energy band
theory, chemical bond theory, electronic theory and also the continuous development
of computer technology, the material scientific design continues to mature, and moves
toward practical stage gradually. The following contents will introduce variety methods

on alloy design.
1.3.1 Semi-empirical mode material design calculation method

This is a method that predicts material structure and property based on existing
experimental data. Since 1996, Japan Engineering Manufacturing Center (RACE) has
been funded by Japan Science and Technology Association for a long term, and has
established LPF (Linus Pauling File) database. This database covers structure,
diffraction, composition, intrinsic properties and other information of alloys,
intermetallic compounds, ceramics, minerals and so on %%, At least 200,000 data items
related to structure, diffraction, intrinsic properties, and 35 thousand data items

recorded since 1900 are stored in this knowledge information system. Based on this
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powerful material database with an accuracy beyond 95% to seek laws, in principle,
prediction for material properties can be realized only by entering atomic number and
considering of possible compound composition 3. This method has not been applied
in the field of solder alloy design

, but LPF researchers think that, based on LPF database, a knowledge-information
system can be established by taking advantage of existing science principles, and new

materials can be predicted and developed systematically by calculation.
1.3.2 Thermodynamic auxiliary solder design

Based on basic theory of thermodynamics, to establish a thermodynamic model can
conduct solder alloy phase equilibrium calculation, optimize phase diagram and predict
new alloy system. There are relevant researches aiming at binary, ternary and even
quaternary solder alloys.

Beijing University of Science and Technology has determined the Ag-Sn binary
phase model through Redlich-Kister polynomial and chemical metering composition
model; conducted system optimization by adopting software developed by Lukas et al.,
and the calculated alloy phase diagram satisfies thermodynamic experimental data 3¢,
T. M. Korhonen, has conducted Sn-In-Ag phase equilibrium calculation through
minimum Gibbs energy calculation according to second law of thermodynamics *”). The
Muggianu expression of three-phase structure thermodynamic model extending from
binary to ternary is as bellow ®):

G= i:xiGiO +RTZ3:x,. ln(xi)+22: ixij -ZzlLZ(xi —=x;)" +x,x,x,L, 55
i=1 i=1 n=0

i=1 j=i+l

where, G? is the Gibbs free energy of element #, 1 is phase state, x; and x; are the mole
fraction of i and j, Lf; is the interaction energy of i and j in n phase, L23 is the three-
component interaction energy. Through calculation, the solder alloy that can conduct
reflow soldering within temperature range approaching to Pb-Sn eutectic temperature
can be determined. The composition of the alloy is 3.5% Ag, 20% In, 76.5% Sn. The
experiment has confirmed the correctness of calculation results.

The Sweden Royal Institute of Technology has developed Thermo-Cacl
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thermochemical software, and S. W. Yoon et al. has applied it into phase equilibrium
calculations for quaternary alloys. Firstly, based on phase equilibrium, select several
alloy compositions that have eutectic temperature with Sn that is approaching to Pb-Sn
eutectic temperature, then conduct Sn-Bi-In-Zn system lead-free solder alloy
thermodynamic auxiliary synthesis design and performance evaluation 8. Comparing
the result of DSC with thermodynamic calculated phase transitions and melting
temperature values, both conclusions are consistent. Finally, determined to take Sn-Bi-

5In-6An solder alloy as replacement of Pb-Sn solder alloy.
1.3.3 Molecular orbital theory calculation and design method

Molecular orbital theory refers to research electronic motion status based on quantum
chemistry calculation. This method can design and predict the material structure and
performance from the microscopics. The molecular orbital theory is based on non-
relativistic  approximation, Born-Oppenheimer approximation and orbital
approximation, its basic concepts are: regard molecule as a whole; atomic orbitals
corresponding to each atomic in molecule consist several molecule orbitals; then
arrange atomics in a series of molecular orbits, and atomics belong to whole molecule.
Among them, ab initio method and Discrete Variational (DV)-Xa cluster method are

adopted in the field of material design more frequently.
1.3.3.1  Ab initio molecular orbital method

The ab initio method is a quantum theory all-electronic calculation method that uses
only Planck’s constant, electron rest mass and electricity quantity three physical
constants without any empirical parameters to solve the quantum electronic theory. This
method is based on three approximations of molecular orbital theory. In principle, any
suitable exact solution of approaching to self-constant field limit can be obtained as
long as one suitable function is selected and the number of self-consistent iterations is
sufficient. The ab initio method is rather better than semi-empirical method, can obtain
the electronic motion status of various systems (ions, molecules, clusters and chemical

reaction systems) and relevant microscopic information, and is able to explain or predict
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reasonably atomic bonding, molecular structure, chemical reaction process, nature of
material and related experimental observations. However, due to complexity of the
calculation system, the calculated amount and occupied computer storage spaces of the
ab initio method increase dramatically, and this puts forward new tasks for computer
technology constantly. On the other hand, the error of the ab initio method is mainly
from non-relativistic approximations and orbital approximations. At present, the
configuration interaction method is mainly adopted to correct these errors, however,
this method increases the demand for computer memory and machine hour obviously,
so that this method is hard to realize for larger molecules. This method has already been
widely used in the field of material research in Japan and the United States, but it has

not been reported to be used in the field of solder alloys.
1.3.3.2 DV-Xa cluster method

Xa method was put forward firstly by Slater in 1951. This method takes electronic
exchange function as statistical average value, and substitutes into Hartree-Fock
function to achieve Xa equation. DV-Xa cluster method is based on Hartree-Fock-
Slater approximation, and can provide rather accurate electronic structure even for
larger size cluster system. In this method, the potential energy of Slater’s local
electronic exchange involves the interaction between electrons. Vxc is given by
equation below:

Ve = —3a[3p(r)/8m]*/?
where, p(r) is the local electron density, the parameter a is fixed value 0.7. The
calculation adopts self-consistent electronic approximation, and uses discrete sampling
method to integrate matrix elements. Hamiltonian function matrix elements and
overlapping integrals are calculated by the method of random sampling®®. The
molecular orbital is consisted by linear combination of atomic orbit. Compared with the
ab initio method, DV-Xa cluster method doesn’t have unique physical model, but only
is an improvement in computational methods. Its accuracy is generally slightly lower
than the ab initio method. But because it has adopted the localized density functional

approximation of exchange potential, so that it doesn’t need to calculate a large number
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of multi-center integrals, and its calculated quantity is only 1/100 of the ab initio method.
This method is one of the common methods of calculating heavy atom-containing
molecules and solid atom clusters.

In 1984, M. Morinaga, et al. adopted DV-Xa cluster method to research the electronic
structure of elements of Fe, Ni and Ti system alloys, and obtained Fermi level
parameters of 20 alloy elements, and put forward the d-electrons concept for evaluation
of alloy phase stability and various properties °”. The two parameters, Bo and Md were
used in this approach. In 1993, they also predicted the mechanical properties of Al
system alloys through the same way, and established alloy design method by DV-Xa
cluster method®®. In this prediction, a new parameter Mk (s-orbital energy level of alloy
element) was introduced to describe the properties of the alloys °V. In 1994, R.
Ninomiya proposed a quantitative method for predicting the mechanical properties of
magnesium alloys based on electronic structure 3. The average value of Mk reflects
mechanical properties of the alloy. Figure 1.1 is the relations of Mk average value ( 7
Mk) and alloy hardness . Figure 1.2 is the relation of ./Mk and alloy tensile strength
) This method is extremely convenient and effective in predicting mechanical

properties of multi-component Mg alloys and design of high-performance Mg alloys.
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Fig. 1.1 Correlation of the Vickers hardness with ./Mk for magnesium alloys .
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1.4 Objectives of this study

With the rapid development of the electronics industry and the increasing attention
to environmental issues, the research of high temperature lead-free solders is imminent.
However, there is still no obvious cost-effective alternate for high-lead content high-
temperature solders. Table 1.2 summarizes the key advantages and disadvantages of the
alloys covered before. Au-based alloys have high strength and excellent creep
resistance. However, the high cost of gold is the major problem of developing Au-based
alloys as an alternative candidate to high-temperature solder. On the other hand, Zn-
based system solder alloys show low cost and the microstructure with no IMCs, but the
high corrosive of Zn and poor wettability limited the application. In the case of the
similar melting temperature of pure Bi to traditional high-lead content high-temperature
solder alloys and the affordable cost of Bi, Bi-based solder alloys is a very prospective

high-temperature solder alloy.

Table 1.2 Advantages and disadvantages of solder alloys for high-temperature

applications.
Alloys Advantages Disadvantages
Pb-Sn Ideal melting temperature, good Toxic
wettability, stable microstructure,
excellent mechanical properties
Au-Sn Good creep resistance Expensive, brittle Au-Sn IMCs
Au-Ge Low elastic modulus, stable Expensive, difficult to
microstructure, relatively high manufacture
strength
Zn-Al Low cost, easy to manufacture, High corrosive, poor wettability
no IMCs formed under
equilibrium
Zn-Sn Low cost, no IMCs formed under High corrosive, formation of
equilibrium, ductility improved liquid phase at 199 °C
compared to Zn-Al
Bi-Ag Acceptable melting point, Low thermal conductivity

affordable cost
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The main problem for Bi-based solder alloys is the mechanical properties and the
low thermal conductivity. This is due to the brittle of Bi, and the low thermal
conductivity of Bi (A = 8 W-K'!-m™), which is much lower than high-lead content
solders like Pb-5Sn (A =35 W-K!'-m™) 2. Thus, some alloy elements is added in Bi to
facilitate the mechanical properties and thermal conductivity. Table 1.3 shows the target

values of high-temperature lead-free solder alloy.

Table 1.3 Target values of high-temperature lead-free solder alloys.

Properties Target values References
Ultimate tensile strength at RT (MPa) >20
Fracture strain at RT (%) >5
Fracture strain at high temperature (%) >30
Solidus temperature (K) >533 85
Wetting angle (degree) <90
Thermal conductivity, (W-K!-m™) >20 85

The method of material design based on theoretical calculation has the characteristics
of saving time, high efficiency and economy, especially the prediction of material
properties will make it become the main trend of material design. In this study, DV-Xa
cluster method is used to design the Bi-based high-temperature solder alloys by the
parameter Mk, which is average value of s-orbital energy levels (Mk). The possibility
for prediction of the mechanical properties at room and high temperatures by the

parameter Mk were investigated.
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2.1 Introduction

In late years, elimination of lead was promoted in industrial fields, according to
RoHS (EU Directive on the Restriction of the use of certain Hazardous Substances in
electrical and electronic equipment) order and the ELV (End of Life Vehicles) threshold
of EU V. Therefore, the development of lead-free solders was carried out actively in the
world. However, the development of lead-free solders for high temperature applications
has not yet advanced % *). Many research groups paid the attention to the Au-Sn, Zn—
Sn and Bi—Ag system alloys as a candidate of lead-free alloys, in the viewpoint of heat,
electricity and melting point properties *'?. However, Au system alloys were restricted
in the application of high temperature solders because of high cost of Au. The
application of Zn system alloys was also limited because of oxidability of Zn. On the
other hand, the melting point of Bi was 544 K, which was similar with the conventional
Pb—Sn alloys. Moreover, Bi possessed not only cheap cost but also no harm to human
bodies and environment. Bi system alloys were one of candidate of lead-free alloys for
high-temperature solders with great promise '!12).

So far, the development of alloys with high performance had been performed relying
on many trail-and error experiments and a few empirical rules. In order to develop new
alloys more efficiently, a theoretical approach was strongly needed for the alloys design.
The d-electrons concept on the basis of the theoretical calculation of electronic
structures of alloys had been proposed on the basis of the Discrete Variational (DV)-Xa
13-19) cluster calculation, by Morinaga et.al ' '”. This concept was devised at first for
austenitic Ni, Co and Fe alloys, and phase boundary or some physical and chemical
properties were predicted by electronic parameters. The two parameters, Bo and Md,
were used in this approach. The Bo which was the bond order showed the overlapping
of electron clouds between atoms. Therefore, it was a measure of the covalent bond
strength between atoms. The covalency increased with increasing Bo. The value of Md
was related to the charge transfer, and hence to the electronegativity of elements. The
Md was also found to be associated with the atomic radius. Both the electronegativity

and the atomic radius were classical parameters which have been used in describing the

nature of the chemical bond between atoms in solids.
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The concept of alloys design had spread over the world since 1964 when PHACOMP
(Phase Computation) had been proposed '®. This was a prediction method for the
appearance of the undesirable brittle phases in the face-centered cubic (fcc) matrix. The
parameter used for this prediction is electron vacancy number (Nv) that was the number
of vacancies or electron holes existing above the Fermi level in the metal d-band
proposed by Pauling '?. The solid solubility problem of alloys had been treated by the
classical parameters of electronegativity and the atomic radius. The solid solubilities in
transition-metal based fcc alloys could be treated quantitatively using the Md parameter,
compared with the prediction by Nv 2. Therefore, Md-PHACOMP had been to be
superior to the current Nv-PHACOMP 2. Ti alloys were classified into the o, o+p and
B types according to the phases existing in alloys. Compositions of forty commercial
alloys were plotted on the Bo and Md coordinates. These three types of alloys were
clearly separated in the Bo and Md map 7. Moreover, the compositional optimization
of A12D system alloys as a simple metal were carried out by using s-orbital energy level
(Mk) >3, The interaction between the dislocation density (or hindrance for dislocation
migration) and Mk were investigated in the previous report 2V, It was concluded that
the Mk could be used as the indication of solid solution hardening level for ternary
Al-1.5Mn-xMg alloys.

In this study, DV-Xa cluster method was also used to obtain the s-orbital energy
levels (Mk) of some alloying elements in a Bi cluster. In contrast, the tensile properties
were measured using binary Bi-Cu/-Ag/-Zn alloys with a eutectic system. Their tensile
and hardness properties were tried to arrange by this electronic parameter, as well as Ni,
Al, Ti alloys. Further, the possibility for the prediction of the mechanical properties by
this parameter was explored, as case study of Bi alloy design for the high temperature

application.
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2.2 Composition of alloys

2.2.1 Electronic parameter representing alloying effects

The Mk parameter was calculated in the cluster (MBi7) presenting by an octahedron
as a model of triclinic Bi. This cluster was shown in Fig. 2.1, and contained an alloying
element M and its surrounding Bi atoms. Therefore, the alloying effects were inevitably
involved in this Mk parameter. The values of Mk for alloying elements were listed in
Table 2.1. Furthermore, as shown in Figs. 2.2 and 2.3, it was associated with the
electronegativity and the atomic radius of elements: namely, the Mk level decreased
with increasing electronegativity of pure metals, whereas it increased with increasing
the atomic radius, even though there were some differences in the correlations between
transition metals and non-transition metals, which agreed with the relation obtained
from the MAl;s cluster as a model of fcc Al 2. As explained in reference 2V, it was
well known that the energy level obtained by the Xa calculation represented the
electronegativity itself Y. In addition, the p-orbital energy level may be employed
instead of the s-orbital energy level, but the spherical symmetrical s-orbital was
probably better for the estimation of the mechanical properties of alloys, compared with

the directional p-orbital ).

O Bi: mother element
@ M: alloying element

Fig. 2.1 A cluster model used for the calculation.
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Table 2.1 The list of Mk of additional elements in a Bi cluster.

Elements Mk (eV) Elements Mk (eV)
Bi 0.92 Ge -8.56
Ag 4.63 Ti 6.10
Cu 3.47 Ca 6.25
Sn 4.54 Fe 4.20
Mo 543 Ni 3.88
Mn 4.48 B 0.65
Zn 2.40 Si 1.09
In -4.11 K 9.17
Zr 6.24 Mg 4.06
Ga 1.27 \Y% 5.03
Co 4.00 Sc 6.01
Cr 4.48 Li 6.50
Al 1.98 Be 2.46
Na 6.78 Nb 5.69

Employing Mk parameters, the /Mk in the case of Bi alloys was defined using
compositional average, as follow expression (2-1).

IMk=3%Xy | Mhn-Mks; | (2-1)

where, Xy was the molar fraction of alloy element M, Mkwm was the Mk of alloy element

M, and Mkg; was the Mk of mother metal Bi.
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2.2.2 Selection of experimentally alloys

The eutectic compositions of Bi-0.15mass.%Cu, Bi-2.5mass.%Ag and Bi-
3.7mass.%Zn binary alloys were chosen because of both the low melting temperature
and a little amount of ductility by the fine crystallized phases caused in a eutectic
reaction. In contrast, pure Cu and Ag with fcc have many slip systems, and Zn was one
candidate as high temperature solders. These eutectics exist near to pure Bi at
temperatures about 1~16 K below the melting point of Bi, which suggests a little
amount reduction in melting points even by the addition of ternary alloying elements in
their alloy systems. Further, the alloy compositions near eutectic compositions were
also chosen in this study, as listed in Table 2.2. The values of Mk were also listed in

this table.

Table 2.2 The nominal composition, «/Mk and mean grain size of binary Bi system

alloys.

Alloys (mass.%) Alloys (mol%) AIMk Mean grain size (um)
Bi-0.15Cu Bi-0.5Cu 0.013 42
Bi-0.25Cu Bi-0.8Cu 0.021 42

Bi-0.5Cu Bi-1.6Cu 0.042 43
Bi-0.75Cu Bi-2.4Cu 0.062 41
Bi-1.0Cu Bi-3.2Cu 0.082 37
Bi-2.5A¢g Bi-4.7Ag 0.176 -
Bi-5.0Ag Bi-9.2Ag 0.343 40
Bi-1.8Zn Bi-5.6Zn 0.082 40
Bi-3.7Zn Bi-11.0Zn 0.163 41
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2.3 Experimental procedure
2.3.1 Materials and manufacturing process

Bi alloys were cast by gravity casting. Figure 2.4 shows the illustration of the melt
equipment. The stick Bi (99.99% of purity), the granular Ag (99.99% of purity), the
laminar Cu (99.99% of purity) and the granular Zn (99.99% of purity) were put into the
graphite crucible, and it was set in the electric furnace in air. Bi had the 2-3mm diameter
and the others had the Imm thickness. The molten metal was mixed by a ceramic stick
at 773 K, and held at this temperature for 1.8 ks, after the melt down of all raw materials.
And then the molten metal was poured into the casting mold which was heated to 773
K. The shape of the mold was shown in Fig. 2.5. As shown in Fig. 2.6, the mold was
placed on a firebrick and air-cooled to 293 K by placing firebrick on the mold to
eliminate variations in the temperature gradient of the molten metal and aimed at

reduction of solidification defects.

Thermocouple

Crucible __ |

Melt

Fig. 2.4 Schematic illustration of the melt equipment.
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Fig. 2.5 Schematic diagram of mold made of SKS5.
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Fig. 2.6 Schematic diagram of mold when air-cooling.
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2.3.2 [Evaluation of some properties

Microstructural observation of these alloys using as-cast samples by the SEM and
quantitative analyses of elements were conducted by the electron probe micro-analyzer
(EPMA; JEOL JXA-8200, Japan). The hardness of the as-cast alloys were measured by
a Rockwell hardness tester (B scale) at 293 K in air. The values reported for Rockwell
on B scale hardness represented the average of seven separate measurements. Tensile
tests of the experimental alloys were performed at 293 K and 423 K in air by using a
mechanical testing machine (Autograph DCS-R-5000, Shimadzu Corporation, Japan)
at the initial strain rate of 3.4x10*s'. The dimensions of the gauge section of the tensile
test specimen were 6 mm diameter X 20 mm length, as shown in Fig. 2.7. An infrared
furnace was used to raise the test temperature for tensile test at 423 K. Figure 2.8 shows
the appearance of the infrared furnace. The infrared furnace is a radiant heating furnace
using an infrared lamp of high energy density as a heat source. Reflecting infrared rays
on the gold-coated water-cooled aluminum reflecting surface realizes high temperature
zone with high precision for a short time. In addition, the SEM was used to examine

the fracture surfaces of the tensile samples.

8 20 8
P a ] »
0
N ©
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: i
P __/\'?6‘ P ——
44
< P
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Fig. 2.7 Schematic diagram of tensile specimens.
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Fig. 2.8 Schematic diagram of infrared furnace.
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2.4 Results and discussion

2.4.1 Microstructures

The microstructures of as-cast alloys with binary elements of Cu, Ag and Zn were
shown in Fig. 2.9. Pure Bi is a monophase of Bi and consists of equiaxial grains with a
size of 45 pum. A primary Cu phase and a eutectic consisting of Bi and Cu are observed
in the case of the Bi-0.15—1.0Cu alloys. The amount and size of primary Cu in Bi-1.0Cu
were much larger than those of Bi-0.5Cu, which led the lower value in fracture strain,
as mentioned in the term of 2.4.2.1.

Primary Ag solid solution (hereafter called Ag S.S.) and eutectic of Bi and Ag S.S.
were observed in Bi-5.0Ag. In contrast, the eutectic of Bi and Ag S.S. were just
observed in Bi-2.5Ag. Primary Zn and eutectic of Bi S.S. and Zn were observed in Bi-
3.7Zn. In contrast, primary Bi S.S. with the dendritic shape and eutectic of Bi S.S. and
Zn were observed in Bi-1.8Zn. The primary phases with plate and rod like shape were
crystallized in Bi-1.0Cu, -5.0Ag and -3.7Zn alloys, which resulted in lower values in
the fracture strains, as mentioned in the term of 2.4.2.1.

For their experimental alloys, the grain size of matrix was measured by the linear
intercept method. The mean grain sizes were listed in Table 2, their values were 37 to
43 um, showing the almost same level due to the usage of the same solidification
condition. The microstructure of the Bi-2.5Ag alloy showed a typical Bi-Ag eutectic
structure with the Bi and Ag solid solution formed alternately in normal eutectic cells
with the size of 200 um, as seen in Fig. 2.9 (g). The distance of their interphases was
approximately 4.5 um in the eutectic cells. In contrast, pure Bi showed the grain size of
45 um.

For the quantitative analyses of alloying elements, the EPMA method was simply
employed for convenience. Bi-1.0Cu and Bi-1.8Zn in nominal compositions were
measured as Bi-1.0Cu and Bi-1.7Zn, respectively. Therefore, nominal compositions

were almost same to chemical ones, and used for the alloy-description in this study.
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Fig. 2.9 Compositional images of (a) pure Bi, (b) Bi-0.15Cu, (¢) Bi-0.25Cu, (d) Bi-
0.5Cu, (e) Bi-0.75Cu, (f) Bi-1.0Cu, (g) Bi-2.5Ag, (h) Bi-5.0Ag, (i) Bi-1.8Zn and (j)
Bi-3.7Zn alloys.

2.4.2 Characteristics on binary Bi-Cu/Ag/Zn alloys at 293 K

2.4.2.1 Tensile properties at 293 K

Figures 2.10 and 2.11 showed the nominal stress-strain curves of 9 binary Bi-M
alloys and pure Bi as a reference, obtained from tensile tests at 293 K. The behavior in

the stress-strain curves were changed depending on the kinds and amount of their
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alloying elements. As shown in Fig. 2.10, the pure Bi showed a little amount of plastic
deformation after elastic deformation, and values of the ultimate tensile strength or
fracture stress, and fracture strain were 12 MPa and 0.7%, respectively. Moreover, the
values in the ultimate tensile strength of Bi-0.15/1.0Cu, Bi-2.5/5.0Ag and Bi-3.7Zn
alloys were 1.1 to 2.5-times larger than that of pure Bi, in 5 alloys showing the low
fracture strain less than 4.6%. In contrast, the values in the ultimate tensile strength of
Bi-0.25/0.5/0.75Cu and Bi-1.8Zn alloys were 1.2 to 1.4-times larger than that of pure
Bi, in 4 alloys showing the larger values more than 9-33% in fracture strain, as shown
in Fig. 2.11 indicating the full curves of stress and strain to fracture. The reduction of
area was also indicated in this figure. The pure Bi showed lowest value in the reduction
of'area, which corresponded to the fracture strain of 0.7%. In contrast, the heterogeneity
plastic deformation in three dimensions was observed showing the reduction of area of

4.3-40.7 %, in the Bi-0.5Cu alloy with the highest fracture strain of 33%.
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Fig. 2.10 Stress-strain curves of Bi-0.15Cu, Bi-0.25Cu, Bi-0.5Cu, Bi-0.75Cu, Bi-
1.0Cu, Bi-2.5Ag, Bi-5.0Ag, Bi-1.8Zn, Bi-3.7Zn and pure Bi at 293 K. * Full stress-

strain curves are indicated in Fig. 2.11.
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Fig. 2.11 Stress-strain curves of Bi-0.25Cu, Bi-0.5Cu, Bi-0.75Cu alloys and pure Bi at

293 K. * Range of reduction in area (%) after failure.

Some fracture surfaces after tensile tests were shown in Fig. 2.12, as typical examples.
The pure Bi, Bi-0.15Cu, Bi-1.0Cu and Bi-5.0Ag samples with lower value in fracture
strain, were fully exhibited the typically intra-granular brittle fracture mode showing
the cleavage patterns in Bi grains. In contrast, Bi-0.5Cu with the highest value of 33%
in fracture strain, did not only showed brittle fracture region, but also showed the
secondary cracks and the curvature fracture surfaces, showing the plastic deformed
outer rim with the reduction of area 4.3-40.7% as shown in Fig. 2.11. The secondary
cracks and the curvature fracture surfaces were caused in deformable Cu parts. The
microstructural characteristics including of the morphology and amount of the Cu phase
were important because of the sensitivity of microstructure to the plastic deformation
amount. The fracture strain behaviors could be comparable among each alloy, because
each alloy was manufactured at the same conditions. Further, Bi-1.8Zn with the
moderate value of 6.7 % in fracture strain, showed the curvature edge in cleavage planes,

which resulted from the dispersion of pure Zn particles and formation of Bi-Zn S.S.
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Fig. 2.12 SEM images of fracture surfaces of (a) pure Bi, (b) Bi-0.15Cu, (¢) Bi-0.5Cu,

44



Chapter 2. The relation between electronic parameter and mechanical properties for Bi alloys

(d) Bi-1.0Cu, (e) Bi-1.8Zn, (f) Bi-5.0Ag alloys and high magnified images for fracture
surfaces of (g) pure Bi, (h) Bi-0.15Cu, (i) Bi-0.5Cu, (j) Bi-1.0Cu, (k) Bi-1.8Zn, (1) Bi-
5.0Ag alloys at 293 K. Each high magnified image, (g) to (1), corresponds to a black

rectangle area of low magnification images in (a) to (f), respectively.

2.4.2.2 Mk parameter and mechanical properties

Figure 2.13 shows the relation between values in Rockwell hardness on B scale and
Mk for binary alloys. The hardness was increased as the /Mk or the amount of
alloying elements were increased in alloys. It is roughly found that the hardness of
binary alloys depended on the mixture rule on the basis of that in construction phases.
Where, the value of HrB in pure Cu was 90. There was the linear relation between the
hardness and 7Mk in Mg alloys with dual phases as a simple metal 2. In contrast, the
hardness values were almost constant in the region of /Mk more than 0.17. Further
study is needed in order to understand the relation between the hardness and Mk in

a more microstructural approach.
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Fig. 2.13 Relation between hardness of Rockwell on B scale and .7/Mk of binary Bi

system alloys and pure Bi.
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Figure 2.14 shows the relation between 0.2% proof stress, ultimate tensile strength
or fracture strain and /Mk for binary alloys at 293 K. The values of the 0.2% proof
stress of Bi-0.15Cu, Bi-0.25Cu, Bi-0.5Cu, Bi-0.75Cu, Bi-1.0Cu, Bi-1.8Zn, Bi-3.7Zn,
Bi-2.5A¢g and Bi-5.0Ag were 8.0, 6.8, 7.1, 9.9, 12.5, 10.0, 18.1, 16.3 and 18.6 MPa,
respectively. Figure 2.14 shows that the 0.2% proof stress of binary Bi system alloys
were increased with increasing of Mk to approximately 0.17, regardless of kinds of
alloying elements. And then the 0.2% proof stress became to almost constant with
increasing of /Mk more than 0.17. In contrast, the relationship between ultimate
tensile strength and /Mk of binary system alloys was same as that obtained from the
0.2% proof stress. The value of 0.2% proof stress of pure Bi was 7.5 MPa. It was also
plotted in this figure. It is interesting that the values in the measured both strength of
pure Bi agreed with the values which were obtained by extrapolation to /Mk of zero
using the predicted line for the both strength in binary alloys.

The behavior of 0.2% proof stress and ultimate tensile strength to /Mk was same
as that obtained from the hardness. As shown in Table 2.2, the values of mean grain
sizes were almost same among experimental alloys, which corresponded to the same
level for their grain boundary strengthening. It may be considered that there were
different levels among the solid solution strengthening of experimental alloys. The
mechanical properties of both tension and hardness might be also represented by Mk
in Bi alloys, which agreed with the results obtained from Mg and Zn alloys '*2%. In
contrast, the maximum values, 25 and 33%, in the fracture strain were shown in Bi-
0.25Cu and 0.5Cu alloys with Mk of 0.021 and 0.042, respectively.

It may be considered on the basis of the fracture behaviors, that the deformation of
Bi alloys depended on both patterns of the intra-granular brittle fracture in pure Bi
grains and deformable fracture in or near metallic grains of Cu, Ag and Zn by the stress
relief in crack propagation. This fracture behaviors are similar to those of the
composites consisting of ceramics/metals with nano-size, showing the improvement in
fracture toughness values due to the presence of metallic parts 2. Therefore, it may be
considered that maximum values in fracture strain were shown by the optimization in

both the size and amount of Cu particles in eutectic regions in Bi-0.25 and 0.5 Cu alloys.
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Fig. 2.14 Relation between the (a) 0.2% proof stress, ultimate tensile strength or (b)

fracture strain and /Mk of binary Bi system alloys at 293 K.

There were the Bi area as a continuous phase and little amounts of deformable
metallic particles such as Cu, Ag and Zn in alloys. This meant to predominant action
for plastic deformation by both the solid solution hardening and grain boundary

hardening of their metallic particles, because of limited deformation in Bi grains. It may
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be considered that their hardening mechanisms correlate to /Mk. Actually, in
previous work, Mk varied linearly with the 0.2% proof stress and tensile strength of
commercially available wrought Al alloys (1000-7000 series) with multiple
components 2> 29, Strength properties including both strain hardening and precipitation
hardening were treated well in terms of this parameter alone 2> 2%, Further, it has been
concluded that the interaction between the proof stress and dislocation density or
hindrance for dislocation migration at the constant strain could be explained by Mk,
which might lead to the indication of solid solution hardening level using this parameter
for Al-1.5Mn-X ternary alloys 2V. Therefore, it may be presumed even under this
condition of few or no solubility of each element into Bi, that the mechanical properties
were roughly predicted by the values of Mk considering on the basis of fracture
behaviors, because this parameter correlated to dislocation behaviors such as hindrance
for dislocation migration in or near metallic parts by the increase or addition of alloying
elements. Further study is greatly needed in order to understand the present /Mk
approach in a more fundamental manner such as the observation of dislocation

behaviors by TEM.

2.4.3 Tensile properties on binary Bi-Cu/Ag/Zn alloys at 423 K

Figure 2.15 shows the nominal stress-strain curves for 9 of the binary Bi system
alloys as determined through tensile tests at 423 K; that for pure Bi is shown as a
reference. Typical softening can be seen in the stress-strain curves as compared to the
curves obtained at 293 K. The ultimate tensile strength and fracture strain of pure Bi
were 4.2 MPa and 15.4%, respectively. Thus, pure Bi exhibited the lowest ultimate
tensile strength and fracture strain. For the Bi-0.15/0.25/0.5/0.75/1.0Cu alloys, the
ultimate tensile strengths were 4.4, 4.9, 5.2, 5.8, and 5.4 MPa, respectively. Further, the
fracture strains of these alloys were as least twice as large as that of pure Bi, even though
their ultimate tensile strength and flow stress values were only slightly greater than
those of Bi. In contrast, the ultimate tensile strength values of the Bi-2.5/5.0Ag and Bi-
1.8/3.7Zn alloys were 8.8, 9.9 and 8.3, 10.4 MPa, respectively; these are 2.0 to 2.5 times
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greater, respectively, than that of pure Bi. Moreover, the fracture strains of the two Bi-
Ag/Zn system alloys were similar to those of the Bi-Cu system alloys. Thus, the tensile
properties of the Bi alloys at 423 K improved with the addition of the alloying elements,

namely, Cu, Ag and Zn.
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Fig. 2.15 Stress-strain curves of Bi-0.15Cu, Bi-0.25Cu, Bi-0.5Cu, Bi-0.75Cu, Bi-
1.0Cu, Bi-2.5Ag, Bi-5.0Ag, Bi-1.8Zn, Bi-3.7Zn alloys and pure Bi at 423 K. * Range

of reduction in area (%) after failure.

The typical fracture surfaces of the Bi-0.15/0.5/1.0Cu, Bi-1.8Zn and Bi-5.0Ag alloys
and pure Bi after the tensile tests at 423 K are shown in Fig. 2.16. The pure Bi sample
has a wavy fracture surface with undeveloped voids; however, the decrease in area (2—
12%) was the lowest in this case. In contrast, as shown in Fig. 2.16, the fracture ends
of the Bi-0.15/0.5/1.0Cu, Bi-1.8Zn and Bi-5.0Ag alloys tested at 423 K had a dimple-
like pattern consisting of several cavities, which were elongated along the stress axis
close to failure. This resulted in a very large decrease in area, in keeping with the data
shown Fig. 2.15. In addition, the fracture surface of Bi-0.15Cu, which showed the
lowest fracture strain, not only exhibited a ductile-fracture-like pattern but also a

partially brittle-fracture-like pattern, even at 423 K.
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'fﬂbn

i“:__

Fig. 2.16 SEM images of fracture surfaces of (a) pure Bi, (b) Bi-0.15Cu, (¢) Bi-0.5Cu,
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(d) Bi-1.0Cu, (e) Bi-1.8Zn, (f) Bi-5.0Ag alloys and high magnified images for fracture
surfaces of (g) pure Bi, (h) Bi-0.15Cu, (i) Bi-0.5Cu, (j) Bi-1.0Cu, (k) Bi-1.8Zn, (1) Bi-
5.0Ag alloys at 423 K. Each high magnified image, (g) to (1), corresponds to a black

rectangle area of low magnification images in (a) to (f), respectively.

Figure 2.17 shows the relationship between the 0.2% proof stress, the ultimate tensile
strength or fracture strain and Mk for binary alloys at 423 K. The 0.2% proof stress
and ultimate tensile strength increased with an increase in /Mk till approximately 0.17
and then remained almost constant; this was regardless of the type and amount of binary
and ternary alloying elements used. This relationship at 423 K was similar to that seen
at 293 K. The 0.2% proof stress and ultimate tensile strength of pure Bi for a Mk of
0.00 could be also fitted using the relationship between the parameters and the Mk
value for the experimental alloys. It is interesting to note that the measured stress levels
of pure Bi agreed with those obtained by the extrapolation to 7Mk.

The number of slip systems also in the Bi alloys increased with an increase in the
temperature. In addition, the effect of the precipitates on the retardation of the migration
of dislocations was different for the different slip planes. Therefore, it may be
considered that the relationship between the fracture strain and /Mk changed with the
increase in the test temperature. On the other hand, as shown in Fig. 2.9, the
morphologies of the alloys changed with an increase in the amounts of the alloying
elements. Thus, the phenomena arising from the retardation of dislocation migration,
such as solid-solution hardening, precipitation hardening, and the Orowan effect, also
changed. It may also be considered that the relationship between the alloy strength and
Mk was not proportional to the change. Moreover, when the amounts of the alloying
elements added were low levels, the relationship between the alloy strength and Mk

was linear for both the binary and the ternary Bi system alloys.
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Fig. 2.17 Relation between the (a) 0.2% proof stress, ultimate tensile strength or (b)

fracture strain and /Mk of binary Bi system alloys at 423 K.
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2.5 Summary

(1) The values in Rockwell hardness on B scale of binary Bi system alloys were all
higher than pure Bi. The hardness was increased as the /Mk until 0.17. In contrast,
the hardness values were almost constant in the region of 7Mk more than 0.17.

(2) The 0.2% proof stress, ultimate tensile strength and fracture strain of binary Bi
system alloys were also all higher than pure Bi. The behavior of 0.2% proof stress and
ultimate tensile strength to /Mk was same as that obtained from the hardness. The
relationship between 0.2% proof stress, ultimate tensile strength or fracture strain and
Mk indicated that /Mk was effective to predict the mechanical properties of Bi
solder alloys.

(3) Both 0.2% proof stress and ultimate tensile strength at 423 K for binary alloys
were decreased compared with their values at 293 K. Furthermore, the relationship
between the strength at 423 K and Mk was similar to that observed during tests at
293 K.
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3.1 Introduction

Solder alloys with high-melting points are used widely in power semiconductor
packaging. High-lead-content alloys, which have been employed as high-temperature
solder alloys, have a solidus temperature of more than 533 K V. In recent years, owing
to the RoHS (The Restriction of the Use of Certain Hazardous Substances in Electrical
and Electronic Equipment Regulations 2012) and End of Life Vehicles Directives of
EU, lead-free high-melting-point solder alloys have been promoted in the electronics
industry . Therefore, significant efforts are being devoted all over the world towards
the development of lead-free solders. However, there have not been significant
advances in the development of lead-free solders for high-temperature applications >?.
Several research groups have focused on Au-Sn, Zn-Sn, and Bi-Ag system alloys as
potential lead-free alloys, based on their thermal and electricity properties and their
melting points >1?. However, Au system alloys find limited use as high-temperature
solders because of the high cost of Au . The applicability of Zn system alloys is also
limited because of the oxidability of Zn ®*). On the other hand, the melting point of Bi
is 544 K, which is similar to that of conventional high-temperature Pb-Sn solders '%2).
Moreover, Bi is not only cheap but is also not harmful to human health and the
environment. Thus, Bi system alloys are being considered for use as Pb-free alloys for
high-temperature solders ' 9.

So far, high-performance alloys have been developed through trial-and-error
experiments performed based on a few empirical rules. In order to develop new alloys
more efficiently, a theoretical design approach is strongly needed. The concept of d-
electrons based on the theoretically determined electronic structures of alloys using
discrete variational (DV)-Xa '>!7 cluster calculations was proposed by Morinaga et
al.'® 19 This concept was first used in the case of austenitic Ni, C, and Fe alloys,
wherein the phase boundary as well as a few physical and mechanical properties were
predicted based on electronic parameters such as the d-orbital energy level and bond
order. Moreover, the compositional optimization of Al 2” system alloys as a simple

metal was performed based on the s-orbital energy level (Mk) '3'7). The relationship

between the dislocation density (or hindrance to dislocation migration) and /Mk has
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also been investigated previously 2. It was concluded that the 7Mk value could be
used as an indicator of the level of solid-solution hardening in ternary Al-1.5Mn-xMg
alloys consisting of a mono phase.

We were able to determine the Mk value of a few alloying elements in a Bi cluster
model by using the DV-Xa cluster method in chapter 2. It was observed that there exists
a relationship between the ultimate tensile strength or fracture strain at 293 K or 423 K
and Mk in the case of binary Bi-Cu/-Ag/-Zn alloys with near-eutectic compositions.
The mechanical properties of the alloys such as their tensile properties and hardness
could be predicted based on the /Mk value. However, these alloys exhibited the
desired properties, namely, a ultimate tensile strength of 20 MPa and fracture strain of
5% at 293 K.

In the present study, the high-temperature tensile properties were measured on
promising ternary Bi-Cu-Ag system alloys proposed by /Mk parameter. In contrast,
the melting points, thermal conductivities, and wettabilities with respect to Cu of the
alloys at high temperatures were also measured, in order to evaluate their suitability for
practical applications. The desired characteristics of the high-temperature solders were
considered to be a melting point higher than 533 K V), and a contact angle on Cu of less

than 90 degree.
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3.2 Experimental procedure
3.2.1 Materials and manufacturing process

The melt equipment and the casting mold were same with chapter 2. Stick-like Bi
(purity of 99.99%), granular Ag (purity of 99.99%), and laminar Cu (purity of 99.9%)
were placed in a graphite crucible, which was then set in an electric furnace in air. The
diameters of the Bi and Ag samples were 2—-3 mm, while the thickness of the Cu sample
was 1 mm. Once all the starting materials had melted, the melt was mixed with a
ceramic stick at 773 K and held at this temperature for 1.8 ks. Next, the melt was poured
into a casting mold heated to 773 K. The resulting ingot which had a diameter of 15
mm and height of 115 mm, was air cooled to 293 K. The compositions of the

experimental alloys are listed in Table 3.1.

Table 3.1 The nominal composition, Mk and mean grain size of ternary Bi system

alloys.
Alloys (mass.%) Alloys (mol%) Mk Mean grain size (um)
Bi-2.0Ag-0.5Cu Bi-3.8Ag-1.6Cu 0.180 39
Bi-5.0Ag-0.5Cu Bi-9.2Ag-1.6Cu 0.379 43

3.2.2  Evaluation of some properties

The microstructures of the alloys were observed using scanning electron microscopy
(SEM). Tensile tests were performed on the alloys at 293, 323, 348, 373, 423, and 473
K in air using a mechanical testing machine (Autograph DCS-R-5000, Shimadzu
Corporation, Japan); the tests were performed using an initial strain rate of 3.4x10* s°
!, The dimensions of the gauge section of the tensile test specimens were 6 mm
(diameter) x 20 mm (length), which same with chapter 2. Moreover, the infrared

furnace used in chapter 2 was also used to raise the test temperature in this study. In
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addition, the fracture surfaces of the tensile samples were observed by SEM.
Differential Thermal Analysis (DTA) was used to characterize the melting points of
the alloys. DTA is a method of measuring the temperature difference between both
substances as a function of temperature while changing the temperature of the
measurement sample and the reference material (generally Al>O3) according to a certain
program. That means a sample and a reference substance are placed in a furnace, and
the temperature difference AT between the both in the temperature rising or temperature
decreasing process is detected. A schematic diagram of the DTA device is shown in Fig.
3.1. Place the sample and reference material at symmetrical positions in the furnace and
change the temperature of the sample and the reference material by changing the heater
of the furnace according to the temperature program. A thermocouple is arranged in a
differential type and the temperature difference AT between the sample and the
reference material is detected. This signal of AT is called a DTA signal. The sample

temperature T is detected from the thermocouple on the sample side.

Reference _— Sample
\\\\ L=
+ / /N +
L /
/// L— [ - Heater

Differential thermocouple

AT

Fig. 3.1 Schematic illustration of differential thermal analysis 2.

Figure 3.2 shows the time change of the heater, reference material and sample
temperature during measurement. Moreover, Fig. 3.3 shows the time change of the
temperature difference AT between the reference material and sample temperature

detected by the differential thermocouple. When the temperature rise of the furnace is
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started, the temperature of the sample and the reference material starts to rise slightly
with a delay depending on the heat capacity, and then the temperature rises following
the temperature of the heater. Since the reference material uses a substance which does
not cause a thermal change in the measurement temperature range, the temperature rises
at the same slope as the heater. AT changes until it reaches a steady state after the start
of temperature rise, and after stabilization it becomes a substantially constant amount
corresponding to the difference in heat capacity between the sample and the reference
material. This content signal is called the baseline. When the temperature rises and a
reaction such as melting occurs in the sample, the temperature rise of the sample stops
as shown in Fig. 3.2, so AT becomes large, and when the reaction is completed, the
temperature returns rapidly to the original temperature rise curve, AT also return to
original. At this time, the signal of AT shows the reaction peak as shown in Fig. 3.3. As
a result, it is possible to detect the transition temperature, the reaction temperature, etc.
of the sample from the DTA signal. As shown in Fig. 3.2, the temperature difference
due to heat absorption in the sample is taken in the minus direction and the temperature
difference due to heat generation is taken as the plus direction, whereby it is recorded

as an endothermic peak and the melting point of the substance can be known.
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Fig. 3.2 Time change of temperatures for heater, reference and sample ).
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/B( Exothermic reaction

N

Endothermic reaction

Fig. 3.3 Time change of difference in temperature between reference and sample ).

Rectangular samples with dimensions of 3 x 3 x 3 mm® were employed for the
purpose. AlLO; (purity 99.9%) was used as a reference material. The DTA
measurements were performed in an Ar atmosphere. A heating rate of 5 K/min was
used, and the temperature was varied from 293 to 673 K, with the samples being held
for 300 s at 673 K.

Wettability is a basic characteristics of solder. Wettability of solder represents
easiness of solder and substrate attachment. Wettability tests were carried out using
sessile drop method. Contact angle (0) made between Bi alloys and the substrate was
used to determine the wettability. Wetting relates to the contact between a liquid and a
solid surface. It describes the ability of a liquid to spread over a solid surface. The extent
of wetting is controlled by the thermodynamic tendency in order to minimize surface
free energy. For a liquid droplet on a solid surface as shown in Fig. 3.4. Three forces of
interfacial tension y,, y; and yg are the surface tensions of solid—vapor, solid—liquid
and liquid—vapor between the molten solder and the substrate. The surface energy of

different components can be expressed by:
¥Ys = Vs " C0SO +y -1
This is called Young's equation, and 0 is called the contact angle. It is defined that 0

will not get wet if 62>90 °, and at 6 <90° the liquid droplet will wets the solid.
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Ysi

Fig. 3.4 The contact angle of the solder alloy.

As shown in Fig. 3.5, the contact angles between molten droplets of the
experimental alloys and a Cu plate (purity of 99.9%) were measured in the atmosphere-
controlled chamber with Mo heaters. The molten metal dripping apparatus consists of
a AOs3 tube and a glass tube, and a hole with a diameter of 1.0 mm is opened at the tip

of the Al,Os3 tube. This equipment diagram is shown in Fig. 3.6.

Glass tube Specimen

Ar \ﬁ%’ Steel
X ¥

-~
. Magnet

AL O; crucible

Mo heater

Diffusion
| pump

Fig. 3.5 Schematic diagram of contact angle tests.
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Fig. 3.6 Schematic diagram of sessile dropping tube.
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Fig. 3.7 Profiles of (a) temperature of Cu plate and (b) pressure in atmosphere of

melting process.
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Figure 3.7 shows profiles of press and temperature of Cu plate. First, the vacuum
furnace was evacuated to 1.5 x 10~ Pa and then heated to 973 K while using Ar as the
shielding gas at a flow rate of 1.67 x 10> m?/s up to a pressure of 1.0 x 10° Pa. Then, a
droplet of the molten alloy being tested was placed on the Cu plate at 973 K and
photographed after 120 s. The volume of the droplets of the alloys was approximately
111 mm?®. The surface of the Cu plate was finished to the polishing by ALOs particles
paste with 0.3 um.

Since the performance of electronic components such as LEDs and power system
semiconductors deteriorates due to heat generation of chip elements, high heat
dissipation is required for the bonding material for bonding the element and the
substrate. The thermal conductivities of the alloys were measured using a laser flash
thermal constant measurement system (TC-700, ULVAC-RIKO Inc., Japan) %) at 293,
323, and 373 K. The test samples, which had dimensions of 10 (diameter) x 1 mm?
were also finished to the polishing by Al>Os3 particles paste with 0.3 um. The pulse laser
light was irradiated on the surface of the sample, and a temperature hysteresis curve
was obtained in which the sample temperature increased and decreased again with time,
and the thermal conductivity was calculated. A thermocouple was attached to the back

surface of the sample. The schematic diagram and the temperature curve are shown in

Fig. 3.8.

—
flash
——
—_— - — y
— —
laser sampl Infrared radiation é ATn
< sample pyrometer E
% 0.5ATn
Thermocouple g
- !
> Y2 7 Time[s]

Fig. 3.8 Schematic illustration of the Laser-flash method ).
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AT is the rising temperature of the sample, which can be expressed by:

n?m?at

AT = AT, {1+ 255, (—1)" exp (-5 )} (3-2)

where, ATm is the maximum rising temperature, o is the thermal diffusivity of the
sample, t is the elapsed time after pulse irradiation, and L is the thickness of the sample.
It is reported that AT / ATm = 0.5 when at / L? = 0.1388 in the temperature curve of
Fig. 3.8. Therefore, by measuring the time (ti,2) until the temperature rise AT of the
sample reaches half of ATm, the thermal diffusivity o can be obtained by the equation
(3-3).

0138812
ti/2

(3-3)

The maximum temperature rise ATm of the sample is related to the specific heat

capacity Cp by the equation (3-4).

__Q
Cp = srarm (3-4)

where, p is the density of the sample, and Q is the amount of heat absorbed by the
sample when a laser pulse is applied. The thermal conductivity A was calculated by the
formula (3-5) by obtaining the thermal diffusivity a and the specific heat capacity C,

from the temperature curve.
A=a-Cy-p (3-5)
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3.3 Results and discussion

3.3.1 Microstructures

The microstructures of the Bi-2.0Ag-0.5Cu and Bi-5.0Ag-0.5Cu alloys consisted of
primary phases and a typical eutectic structure composed of Bi,a Ag S.S., and a Cu S.S.
in normal eutectic cells formed alternately, as shown in Fig. 3.9. In the Bi-5.0Ag-0.5Cu
alloy, which had a large Ag content, an irregular region consisting of a darker needle-
like primary Ag S.S. and a light-contrast primary Bi phase surrounding the primary Ag
S.S. were also observed; this was indicative of the crystallization of Bi in the depleted
region of the Ag S.S. owing to the formation of the primary Ag S.S. because of atomic
diffusion under the nonequilibrium state. In particular, the large amount and size of
primary phases with the rod like shape in Bi-5.0Ag-0.5Cu led the lower value in fracture
strain, compared with Bi-2.0Ag-0.5Cu of a same alloying system, as mentioned in the
term of 3.3.2. For their ternary alloys, the grain size of matrix was measured by the
linear intercept method. The mean grain sizes were listed in Table 3.1, their values were
39 to 43 um. Therefore, it is found that the values of mean grain sizes were measured

in the almost same level among all experimental alloys.
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Fig. 3.9 Compositional images of (a) Bi-2.0Ag-0.5Cu and (b) Bi-5.0Ag-0.5Cu alloys.
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3.3.2  Mechanical properties on ternary alloys
3.3.2.1 Tensile properties at 293 K

Ternary alloys were tensile tested and their results were shown in Fig. 3.10. Their
alloys showed the improved flow stress and strain, compared with pure Bi. The values
in the ultimate tensile strength of Bi-2.0Ag-0.5Cu and Bi-5.0Ag-0.5Cu alloys were 2.0
to 2.5-times larger than that of pure Bi. Moreover, the fracture strain of Bi-2.0Ag-0.5Cu
and Bi-5.0Ag-0.5Cu were 4.7 and 2.8%, respectively.

30 T T T T T
.~ Bi-5.0Ag-0.5Cu

-
-
-
-
-

Stress, o/MPa

X :Fracture point

Strain, &(%)

Fig. 3.10 Stress-strain curves of Bi-2.0Ag-0.5Cu, Bi-5.0Ag-0.5Cu and pure Bi at

293K.

The Bi-2.0Ag-0.5Cu with the moderate value of approximate 5% in fracture strain,
showed the limited region showing unevenness fracture surfaces and minimized
fracture units, as seen in Fig. 3.11. In contrast, the Bi-5.0Ag-0.5Cu samples with lower
value in fracture strain, were exhibited the typically intra-granular brittle fracture mode

showing the cleavage patterns.
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Fig. 3.11 SEM images of fracture surfaces of (a) Bi-2.0Ag-0.5Cu, (b) Bi-5.0Ag-0.5Cu
alloys and high magnified images for fracture surfaces of (c) Bi-2.0Ag-0.5Cu, (d) Bi-
5.0Ag-0.5Cu alloys at 293 K. Each high magnified image, (c) and (d), corresponds to

a black rectangle area of low magnification images in (a) and (b), respectively.

3.3.2.2 Temperature dependence of tensile properties

Figures 3.12 (a) and (b) shows the nominal stress-strain curves as determined at
various temperatures of the ternary Bi-2.0Ag-0.5Cu and Bi-5.0Ag-0.5Cu alloys. The
flow stress values of both alloys decreased with the increase in the test temperature,

owing to the softening of the alloys. Therefore, the stress-strain curves were obtained
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at different test temperatures. In general, during plastic deformation, the alloys
experienced simultaneous work hardening and dynamic recovery, phenomena which
have opposite effects on plastic deformation. Dislocation annihilation occurred more
quickly than did dislocation generation, resulting in the weakening of the hardening
phenomenon, as the test temperature was increased. This behavior has also been

observed in the case of solder materials 2%,
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Fig. 3.12 Stress-strain curves of (a) Bi-2.0Ag-0.5Cu and (b) Bi-5.0Ag-0.5Cu at 293,
323, 348, 373, 423 and 473 K. *Range of reduction in area (%) after failure.
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Both alloys showed a fracture strain of more than 17% even at 348 K. The
temperature dependence of the 0.2% proof stress and fracture strain of the ternary alloys
is shown in Fig. 3.13. The 0.2% proof stress decreased with an increase in the
temperature. In particular, between 323 and 348 K the temperature dependence of the
0.2% proof stress was stronger than that seen between 293 and 473 K in the case of Bi-
2.0Ag-0.5Cu. In contrast, the fracture strain increased sharply from 5.9 to 42.4%
between 323 and 348 K; this resulted in a transition from ductility to brittleness in this
temperature range. Further, the ductile-to-brittle transition occurred at approximately
348 K in the case of Bi-5.0Ag-0.5Cu. It was found that the decrease in the 0.2% proof
stress was correlated to a significant increase in the fracture strain at temperatures
between 323 and 373 K. Therefore, these data confirmed the ductile-to-brittle transition
temperature. The Bi-2.0Ag-0.5Cu and Bi-5.0Ag-0.5Cu alloys underwent ductile
fractures at 348 and 373 K, respectively, with dimples being present on the fracture
surfaces. The fracture surfaces of the alloys at temperatures higher and lower than the
ductile-to-brittle transition temperatures are shown in Fig. 3.14. The ductile and brittle

fracture surfaces shown correspond to the deformation behaviors at temperatures higher

and lower than the ductile-to-brittle transition temperatures.
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Fig. 3.13 0.2% proof stress and fracture strain at 293-473 K for (a) Bi-2.0Ag-0.5Cu
and (b) Bi-5.0Ag-0.5Cu alloys.
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Fig. 3.14 SEM images of fracture surfaces of Bi-2.0Ag-0.5Cu specimens tensile tested
at (a) 323 K and (b) 348 K, and Bi-5.0Ag-0.5Cu specimens tensile tested at (d) 348 K
and (e) 373 K. High magnified image (c), corresponds to a black rectangle area of low

magnification images in (b), respectively.

3.3.2.2 Relation between mechanical properties and Mk

The hardness values of ternary alloys were plotted in Fig. 3.15. These alloys showed
higher values in hardness as the /Mk was increased in ternary alloys. Moreover, their
0.2% proof stress, ultimate tensile strength and fracture strain were also replotted in Fig.
3.16. Each value in mechanical properties such as tension and hardness for ternary
alloys agreed with their estimation lines obtained from binary alloys, mentioned above.
It may be convenient in future that the prediction of mechanical properties by the 7
Mk is applied to Bi system alloys with multiple components more than three elements.
Actually, the Bi-2Ag-0.5Cu became to a promising alloy as one of high temperature
solders which have to satisfy mechanical properties of 20 MPa-UTS and 5%-fracture
strain at 293 K.
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Fig. 3.15 Relation between hardness of Rockwell on B scale and /Mk of Bi system
alloys and pure Bi.

Figure 3.17 shows the relationship between the 0.2% proof stress, the ultimate tensile
strength or fracture strain at 423 K and /Mk. It is also found that the 0.2% proof stress,
the ultimate tensile strength or fracture strain at 423 K could be also predicted using
their estimation lines obtained from binary Bi system alloys. Moreover, this relationship

at 423 K was similar to that seen at 293 K.
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Fig. 3.17 Relation between the (a) 0.2% proof stress, ultimate tensile strength or (b)

fracture strain and Mk of Bi system alloys at 423 K.

3.3.3  Melting points

Figure 3.18 showed the DTA heating curves of the ternary Bi system alloys. The
solidus temperatures of the Bi-2Ag-0.5Cu and Bi-5.0Ag-0.5Cu alloys were 536 and

538 K, because of the eutectic structure shown in Fig. 3.9, respectively. Based on these
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results, it can be surmised that the compositionally optimized Bi-Ag-Cu system alloys

are suitable for use in practical applications requiring a melting point higher than 533
K.

Bi-2Ag-0.5Cu 536K\

Heat Flow, a.u

480 500 520 540 560 580
Temperature, 77K

Fig. 3.18 DTA curves of Bi-2.0Ag-0.5Cu and Bi-5.0Ag-0.5Cu alloys.

3.3.4  Wettability

Figure 3.19 shows typical droplets of pure Bi, Bi-0.75Cu, Bi-2.0Ag-0.5Cu, and Bi-
5.0Ag-0.5Cu on a Cu plate at 973 K in an Ar atmosphere. The contact angles for all the
experimental alloys are listed in Table 3.2. It can be seen that the contact angles for all

the specimens were 24~30 degree (i.e., less than 90 degree), making the alloys suitable

for use in practical applications.
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(a)

lten droplet
e

Fig. 3.19 Typical molten droplets of (a) pure Bi, (b) Bi-0.75Cu, (c) Bi-2.0Ag-0.5Cu
and (d) Bi-5.0Ag-0.5Cu on Cu plate.

Table 3.2 Contact angles between droplets of experimental alloys and Cu plate as

measured at 973 K in Ar atomsphere.

Contact angle Contact angle
Alloys (mass.%) Alloys (mass.%)
(degree) (degree)
Pure Bi 25 Bi-2.5Ag 25
Bi-0.15Cu 26 Bi-5.0Ag 24
Bi-0.25Cu 27 Bi-1.8Zn 32
Bi-0.5Cu 29 Bi-3.7Zn 33
Bi-0.75Cu 28 Bi-2.0Ag-0.5Cu 28
Bi-1.0Cu 29 Bi-5.0Ag-0.5Cu 30
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3.3.5

The thermal conductivity (A) values of the Bi-2.0Ag-0.5Cu and Bi-5.0Ag-0.5Cu
alloys were measured at 293-373 K. Figure 3.20 shows the temperature and
compositional dependence of A. As can be seen from the figure, 4 decreased
monotonously with an increase in the temperature; this was the case regardless of the
alloy composition. Bi-5.0Ag-0.5Cu showed higher A values compared with Bi-2.0Ag-
0.5Cu, because of large amount of Ag in alloys. As the temperature is increased, the
movement of the electrons becomes even more chaotic, resulting in a reduction in
conductivity. Moreover, the A values of the alloys could be estimated using expressions
that were functions of the temperature. For the same temperature, the A values of the
designed alloys were lower than those of the conventional Pb-5Sn alloy. However, the

A values of the ternary alloys need to be increased further in order for the alloys to be

Thermal conductivity

practically applicable.

Thermal conductivity, VW-K-1-m!

Fig. 3.20 Thermal conductivities of Bi-2.0Ag-0.5Cu, Bi-5.0Ag-0.5Cu and Pb-5Sn
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3.4 Summary

(1) The proposed Bi-2.0Ag-0.5Cu and Bi-5.0Ag-0.5Cu with Mk of 0.180 and
0.379 as ternary alloys, respectively, showed the improved tension and hardness
properties, compared with pure Bi. It is found that their ultimate tensile strength,
fracture strain and hardness values could be also predicted using their estimation lines
obtained from binary Bi system alloys regardless of temperature.

(2) The melting point of Bi-2.0Ag-0.5Cu and Bi-5.0Ag-0.5Cu alloys were measured
to be 536 and 538 K, respectively; which resulted in the range of melting temperature
of the high-temperature solder. The thermal conductivity shows lower value than Pb-
5Sn. Moreover, the values in wettability to the Cu plate were satisfied for the practical

application (<90 degree).
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4.1 Introduction

With the development of the electronics industry, the package form has gradually
developed toward fine pitch and high density. Due to lead pollution to the environment,
the packaging material also changed from the original lead contained alloy to the lead-
free solder alloys". Solder joints play a role of both mechanical and electrical
connection in the package. With the development of miniaturization and multi-
functionalization of electronic products, the density of electronic packaging continues
to increase. The size of solder joints is getting smaller and smaller, and the electrical,
mechanical, and thermal loads on them are getting higher and higher >). Failure of one
solder joint may lead to failure of the entire component. This puts higher requirements
on the performance of the joint to ensure reliable operation of the electronic system.
Statistics show that, among all the failure causes of electronic devices or electronic
machines, about 70% of them are caused by joint failure . However, in most cases, the
reliability of the electronic system is not caused by the failure of the electronic device
function, but by the mechanical failure of the solder joints %),

The failure of solder joints is often caused by the grown of the intermetallic
compound (IMC) layer. When the solder is in contact with the plating metal, an
interface reaction takes place, and an IMC having a certain thickness is generated
depending on the solder and the plating metal. It is a sign of reliable solder joints.
However, during the service of the package structure, temperature changes may occur
due to power cycle or changes in the external environment. Under the effect of
temperature, the thickness of IMC layer will grow, and the mismatch of the thermal
expansion coefficients of the various parts of the package structure will generate
thermal stress, which will degrade the connection reliability *'®. Moreover, some
researchers reported that the strength of solder joints decreases as the thickness of the
IMC layer increases, and the IMC interface is considered to be the starting point for
microcracks '*19. Therefore, the existence of the IMC layer has a great influence on
the failure of solder joints.

H. T. Lee et al. studied the effect of IMC on the fracture path of solder joints, when

the thickness of IMC is less than 1um, the fracture path extends along the solder; when
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the thickness of IMC is less than 10 pm, the fracture path is between the solder and the
IMC; when the IMC thickness is more than 10 um, the fracture path extends along the
IMC '7. Guo et al. reported that the thickness and shape of the CusSns IMC in the solder
joint interface area have a great influence on the reliability of the solder joint, especially
when a very thick reaction layer is formed, the difference in coefficient of thermal
expansion between CueSns, the substrate and the solder is large and cracks are easily
generated '¥,

In this study, the reliability for promising composition of Bi system alloy were
investigated. The reliability for the solder joints of Bi-5.0Ag-0.5Cu with Bi coating
substrate and Bi-5.0Ag-0.5Cu, Sn-3.0Ag-0.5Cu and Pb-20Sn with Sn coating substrate
after heat cycle were compared. Then, the diffusion mechanism of these 4 couples were
also measured to evaluate the failure of solder joints. The shearing test of Bi-5.0Ag-

0.5Cu and Cu substrate with Bi coating was measured at last.
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4.2 Experimental procedure

4.2.1 Materials and manufacturing process

The melt equipment and the casting mold were same with chapter 2. Stick-like Bi
(purity of 99.99%), granular Ag (purity of 99.99%), laminar Cu (purity of 99.9%),
granular Sn (purity of 99.99%), and laminar Pb (purity of 99.9%) were placed in a
graphite crucible, which was then set in an electric furnace in air. The diameters of the
Bi, Ag and Sn samples were 2-3 mm, while the thickness of the Cu and Pb sample was
1 mm. Once all the starting materials had melted, the melt was mixed with a ceramic
stick at 773 K and held at this temperature for 1.8 ks. Next, the melt was poured into a
casting mold heated to 773 K. The resulting ingot which had a diameter of 15 mm and
height of 115 mm, was air cooled to 293 K.

4.2.2 [Evaluation of some properties

Microstructural observation of these samples by the SEM and quantitative analyses
of elements were conducted by the electron probe micro-analyzer (EPMA; JEOL JXA-
8200, Japan).

Heat cycle test was used to determine the reliability of the high-temperature solder
alloys. Figure 4.1 (a) shows the external view of the substrate for heat cycle test, and
the points on the substrate was numbered as shown in Fig. 4.1 (b). After soldering the
experimental alloy weighed to 10 - 30 mg at each position, heat cycle from 0 to 1000
was applied by a gas phase heat shock test apparatus (ES-56L, Hitachi Appliances).
Figure 4.2 shows profiles of temperature for heat cycle test. The heat cycle test was
performed in the temperature range of 223 K to 423 K. For one cycle time, the test time
at 223 K, 293 K and 423 K were 1.8 ks, 300 s and 1.8 ks, respectively. Moreover, the
recovery time for the test temperature reach 223 K and 423 K should be less than 300
s. The heat cycle test was also carried out for Sn - Ag - Cu alloys and Pb - Sn alloys for
high temperature which are generally used for lead-free solders as comparative alloys.
In general, Sn coating is used in order to improve wettability with the substrate, but in

order to observe the superiority of Bi coating, the heat cycle test were carried out with
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Bi system alloy on both Sn and Bi coating. The experimental conditions are shown in
Table 4.1.
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Fig. 4.1 (a) An apparatus and (b) a schematic diagram showing current path of
practical substrate for heat cycle tests.
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Fig. 4.2 Profile of time vs temperature for heat cycle test.
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Table 4.1 Some test conditions for heat cycle tests.

Experimentally solder

alloys (mass.%) Surface treatment of substrate | Temperature range (K)

Bi coating

Bi-5.0Ag-0.5Cu

223~423
Sn-3.0Ag-0.5Cu Sn coating

Pb-20Sn

Diffusion couples were prepared to observe the reaction on the interface between the
solder and substrates with coating layers. A schematic diagram of diffusion couple is
shown in Fig. 4.3. The Sn and Bi coating treatments were performed with, which is
same with heat cycle tests. And the Cu substrate was further plated to a thickness of 75
um to form the diffusion couple. Experimental samples and temperature ranges were
made in the same manner as in the heat cycle test described above, polishing was
performed in the direction perpendicular to the coating surface of the sample after 0,
100, 200, 300 and 400 cycles, and the reaction at the interface was observed using
EPMA.

20 mm

‘ 7
:

wv
—

Cu: 75 um

Test sample \Coating of Sn/Bi : 5~10 um

Fig. 4.3 A schematic diagram of diffusion couple.
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The combination of Bi-5.0Ag-0.5Cu and Cu substrate with Bi coating were used to
measure the shearing test. Figure 4.4 shows the schematic assembly of the Cu substrate
used for the shearing test of this study. Shearing test was carried out using two Cu
substrates shown in Fig. 4.4. Figure 4.5 shows a schematic diagram of the bonding of
the Cu substrate and Bi alloy for this test. The melting alloy melted in the indentation
of the Cu substrate to bond the Cu plate. The surface (a) in Fig. 4.5 is the surface coated
with release agent and the surface (b) is the surface on which the Cu substrate and the
Bi type alloy are soldered without applying the release agent. This shearing test pieces
were performed in air by using a mechanical testing machine (Autograph DCS-R-5000,

Shimadzu Corporation, Japan) with a cross-head speed of 0.5mm-min' at 293 K.

45 21

25

o Unit: mm

Fig.4.4 Schematic diagrams of Cu substrate in shearing strength test.

Molten Bi system alloy
(a) / (a)
&

A

(b)”

(a)

Fig. 4.5 Schematic representation of a method for soldering Cu substrate and Bi
system alloy.
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4.3 Results and discussion
4.3.1 Heat cycle behaviors

4.3.1.1 Comparison of Bi system alloy and practically used alloys in heat

cycle measurements

The stereo microscopic images of Bi-5.0Ag-0.5Cu with Bi and Sn coating, Sn-
3.0Ag-0.5Cu and Pb-20Sn with Sn coating after 0, 50, 100, 200, 300, 400, 500, 600,
700, 800, 900 and 1000 heat cycles are shown in Figs. 4.6 to 4.9, respectively. The
observation place on these substrates were observed with the No. 42 in Fig. 4.1 (b) as
an example for all the solder joints. Figure 4.6 shows no crack occurred until 600 cycles
for Bi-5.0Ag-0.5Cu solder joint on Bi coating. In contrast, as shown in Fig. 4.7, Fig.
4.8, Fig. 4.9, the Bi-5.0Ag-0.5Cu solder joint with Sn coating, Sn-3.0Ag-0.5Cu solder

joint with Sn coating, and Pb-20Sn solder joint with Sn coating appeared after 50 and

100 cycle, respectively.
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Fig. 4.6 Stereo microscope images of Bi-5.0Ag-0.5Cu with Bi coating (a) before heat
cycle, (b) after 50 heat cycles, (c) after 100 heat cycles, (d) after 200 heat cycles, (e)
after 300 heat cycles, (f) after 400 heat cycles, (g) after 500 heat cycles, (h) after 600
heat cycles, (i) after 700 heat cycles, (j) after 800 heat cycles, (k) after 900 heat cycles
and (1) after 1000 heat cycles for No. 42 solder point in Fig. 4.1 (b).
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Fig. 4.7 Stereo microscope images of Bi-5.0Ag-0.5Cu with Sn coating (a) before heat
cycle, (b) after 50 heat cycles, (c) after 100 heat cycles, (d) after 200 heat cycles, (e)
after 300 heat cycles, (f) after 400 heat cycles, (g) after 500 heat cycles, (h) after 600

heat cycles, (i) after 700 heat cycles, (j) after 800 heat cycles, (k) after 900 heat cycles

and (1) after 1000 heat cycles for No. 42 solder point in Fig. 4.1 (b).

o
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Fig. 4.8 Stereo microscope images of Sn-3.0Ag-0.5Cu with Sn coating (a) before heat
cycle, (b) after 50 heat cycles, (c) after 100 heat cycles, (d) after 200 heat cycles, (e)
after 300 heat cycles, (f) after 400 heat cycles, (g) after 500 heat cycles, (h) after 600
heat cycles, (i) after 700 heat cycles, (j) after 800 heat cycles and, (k) after 900 heat

cycles and (1) after 1000 heat cycles for No. 42 solder point in Fig. 4.1 (b).
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Fig. 4.9 Stereo microscope images of Pb-20Sn with Sn coating (a) before heat cycle,

(b) after 50 heat cycles, (c) after 100 heat cycles, (d) after 200 heat cycles, (e) after
300 heat cycles, (f) after 400 heat cycles, (g) after 500 heat cycles, (h) after 600 heat
cycles, (1) after 700 heat cycles, (j) after 800 heat cycles and, (k) after 900 heat cycles
and (1) after 1000 heat cycles for No. 42 solder point in Fig. 4.1 (b).

Figure 4.10 shows the relation between number of cycles and the number on the
experimental solder joints. Just one crack occurs on Bi-5.0Ag-0.5Cu with Bi coating
after 600 heat cycles. Moreover, for Bi-5.0Ag-0.5Cu and Pb-20Sn solder joints with Sn
coating, the number of crack were not grown with the increasing heat cycles. However,
4 cracks appeared after 500 cycles on Sn-3.0Ag-0.5Cu solder joint with Sn coating. Bi-

5.0Ag-0.5Cu and Pb-20Sn solder joints with Sn coating shows almost same status of

crack during the heat cycles.
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Fig. 4.10 Relation between cycle time and the number of crack for each alloy on

No.42 solder point in Fig. 4.1 (b).

The relation between width or length in crack and heat cycles of Bi-5.0Ag-0.5Cu and
Sn-3.0Ag-0.5Cu with Sn coating for No. 42 solder point in Fig. 4.1 (b) are shown in
Fig. 4.11 (a) and (b), respectively. It should be noted that the width and length in crack
of for Bi-5.0Ag-0.5Cu with Sn coating remain constant with the cycle time. In
comparison, although the length in crack of Sn-3.0Ag-0.5Cu on Sn coating is also
constant with increasing cycle time, the width increased with an increase in cycle time
till 500 cycle. Table 4.2 lists the rate of crack occurrence for heat cycle test after 1000
cycles for all the solder points shown in Fig. 4.1. Rc is the rate of crack occurrence,
which can be expressed by:

Rc = Nc¢/N (3-2)
where, Nc is the number of observed points of cracks and N is the number of soldering
points. It can be seen that Bi-5.0Ag-0.5Cu with Bi coating shows lowest rate of crack

occurrence, which means the best thermal fatigue resistance for these 4 conditions.
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Fig. 4.11 Relation between width or length in crack and cycle time for (a) Bi-5.0Ag-
0.5Cu with Sn coating and (b) Sn-3.0Ag-0.5Cu with Sn coating for No. 42 solder
point in Fig. 4.1 (b).
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Table 4.2 The rate of crack occurrence for heat cycle test after 1000 cycles.

Experimental alloys (mass.%) Coating materials of Cu substrate Rc (%)
Bi 26.1
Bi-5.0Ag-0.5Cu
50.0
Sn-3.0Ag-0.5Cu Sn 73.8
Pb-20Sn 46.3

4.3.1.2 Microstructures of solder/Cu diffusion couples

The compositional images and EPMA mappings near the interfaces of Bi-5.0Ag-
0.5Cu with Bi coating, Bi-5.0Ag-0.5Cu with Sn coating, Sn-3.0Ag-0.5Cu with Sn
coating and Pb-20Sn with Sn coating on Cu substrate for 0, 100, 200, 300 and 400 heat
cycles are shown in Figs. 4.12 to 4.15, respectively. Figure 4.12 shows no intermetallic
compounds (IMC) occurred between Bi-5.0Ag-0.5Cu solder alloy, Bi coating and Cu
substrate. In contrast, as shown in Fig. 4.13, Fig. 4.14, Fig. 4.15, the diffusion reaction
between Bi-5.0Ag-0.5Cu, Sn-3.0Ag-0.5Cu and Pb-20Sn with Sn coating and Cu
substrate formed the Cu-Sn IMC layer after 100 heat cycle. Table 4.3 lists the

composition of this IMC, which identified as a result of quantitative analyses by EPMA.

And the diffusion reaction occurs in Sn coating part.
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Fig. 4.12 Compositional images and EPMA mappings of Bi-5.0Ag-0.5Cu with Bi
coating after (a) 0, (b) 100, (c) 200, (d) 300 and (e) 400 heat cycles.

100



Chapter 4 Practical applications of high temperature solders

20um

‘I 20pm

Ag—20um ) Cu—20pm

L

Bi
o

&

B Ao —20um Cu—20um

101



Alloy design of Bi systems for high temperature solders and their characterizations

20pm

Ag—20pm Cu—20um

Fig. 4.13 Compositional images and EPMA mappings of Bi-5.0Ag-0.5Cu with Sn
coating after (a) 0, (b) 100, (c) 200, (d) 300 and (e) 400 heat cycles.
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Fig. 4.14 Compositional images and EPMA mappings of Sn-3.0Ag-0.5Cu with Sn
coating after (a) 0, (b) 100, (c) 200, (d) 300 and (e) 400 heat cycles.
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Fig. 4.15 Compositional images and EPMA mappings of Pb-20Sn with Sn coating
after (a) 0, (b) 100, (c) 200, (d) 300 and (e) 400 heat cycles.
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Table 4.3 The IMC phases for diffusion couples after 100 heat cycle.

Test alloys (mass.%) Plating process of substrate IMC phases
Bi -
Bi-5.0Ag-0.5Cu
CueSns, CuzSn
Sn-3.0Ag-0.5Cu Sn CueSns, CuzSn
Pb-20Sn CueSns, CuzSn

4.3.1.3 Growth behavior of intermetallic compounds

The statistics of the thickness of the IMC layer at the reaction interface can be used
to obtain the regularity of the average thickness of the IMC layer and the heat cycles.
Figure 4.16 shows the relation between average thickness of IMC layers and cycle time
for Bi-5.0Ag-0.5Cu, Sn-3.0Ag-0.5Cu and Pb-20Sn with Sn coating on Cu substrate. It
can be seen that the thickness of the IMC layer of these 3 alloys with Sn coating
increased with increasing cycle time. At the beginning of cycle, the growth rate of the
IMC layer is fast, and then it decreases with the increasing cycle time. Sn-3.0Ag-0.5Cu
with Sn coating shows fastest growth rate and largest thickness of IMC layer in these
three alloys.

In the initial stage of heat cycling, the thickness of the IMC layer is relatively thin,
which has little effect on the diffusion of Cu and Sn atoms. However, as the increasing
cycle time, the thickness of the IMC layer gradually increases, which starts to slow the
diffusion rate of the two atoms, and the growth rate of the IMC layer also slows down.
When the diffusion rate of the two elements is reduced to a critical value, the thickness

of the IMC layer changes very little.
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Fig. 4.16 Relation between average thickness of IMC layers and cycle time for Bi-
5.0Ag-0.5Cu, Sn-3.0Ag-0.5Cu and Pb-20Sn with Sn coating.

Figure 4.17 shows the compositional images of Bi-5.0Ag-0.5Cu with Bi coating, Bi-
5.0Ag-0.5Cu with Sn coating, Sn-3.0Ag-0.5Cu with Sn coating and Pb-20Sn with Sn
coating diffusion couples after 200 cycle. With the growth of IMC layer, Bi-5.0Ag-
0.5Cu, Sn-3.0Ag-0.5Cu and Pb-20Sn with Sn coating shows void and crack near the
formed IMC layer. Bi-5.0Ag-0.5Cu with Bi coating confirms a better morphology at
the interface, which shows no IMC layer and crack after 200 cycle. Further, as shown
in Fig. 4.18, there are cracks on the interface of Bi coating and Cu substrate after 400
cycle. The void and crack on the IMC layer caused the cracks on the solder joint as
mentioned in the term 4.3.1.1. Thus, it can be considered that Bi-5.0Ag-0.5Cu with Bi
coating exhibited better thermal fatigue resistance characteristics compared with these

3 alloys with Sn coating.

106



Chapter 4 Practical applications of high temperature solders

Fig. 4.17 Compositional images of (a) Bi-5.0Ag-0.5Cu with Bi coating, (b) Bi-5.0Ag-
0.5Cu with Sn coating, (c) Sn-3.0Ag-0.5Cu with Sn coating and (d) Pb-20Sn with Sn

coating diffusion couples after 200 heat cycle.

Fig. 4.18 Compositional images of Bi-5.0Ag-0.5Cu with Bi coating diffusion couples
after 400 cycle.
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4.3.1.4 Diffusion mechanism between solder alloys and Cu

In the heat cycle, the diffusion reactions occurring in the diffusion couples of Bi-
5.0Ag-0.5Cu, Sn-3.0Ag-0.5Cu and Pb-20 with Sn coating are '”:

Interface of CuzSn/Cu (The elements in brackets represent diffuse elements):

3Cu + [Sn] — CusSn 4-1)

Interface of CusSns/CusSn:
CueSns + 9[Cu] — 5CusSn (4-2)
CueSns — 3[Sn] + 2CusSn (4-3)

Interface of CusSns/CusSn:
5CusSn — 9[Cu] + CueSns (4-4)
2Cu3Sn + 3[Sn] — CueSns (4-5)

Interface of solder/ CusSns:
5Sn + 6[Cu] — CuSns (4-6)

Figure 4.19 shows the diffusion reaction between solder alloys and Cu substrate with
Sn coating. At the CuzSn/Cu interface, Cu atoms leave the substrate, some directly
participate in the interfacial reaction to form the CuzSn phase, and the other part diffuses
into the CuzSn layer. Diffusion and reaction at the interface of CusSns/CusSn are more
complicated. Equations (4-2) to (4-5) jointly express a dynamic diffusion reaction
process: The CueSns phase at the interface can react with Cu atoms from the substrate
to form the Cu3Sn phase, and can also be directly decomposed into Sn atoms and CuzSn
phases. The decomposed Sn atoms can diffuse into the Cu3Sn/Cu interface to participate
in the reaction. At the same time, the CuzSn phase at the interface not only reacts with
the Sn atoms from the solder matrix to form the CusSns phase, but also decomposes
into Cu atoms and CueSns phases. This part of the Cu atoms can diffuse into the
Solder/CueSns interface and participate in the reaction. Equations (4-2), (4-3) and (4-
4), (4-5) are reciprocal reactions. In the actual reaction process, there will eventually be
two dominant reaction modes, so that the reaction proceeds in one direction, that is, the
CueSns/CusSn interface will migrate to the substrate or the solder side. At the
solder/Cue¢Sns interface, part of the Sn released from the solder matrix reacts to form

the CusSns phase, and the other part diffuses into the CusSns layer.
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Fig. 4.19 Schematic diagrams of diffusion between solder alloys and Cu substrate

with Sn coating.

In Sn coating diffusion couples, the thickness of Sn coating is limited, Cu atoms can
diffuse from the reaction interface to the other side of the Sn coating in a relatively short
time, so the Sn coating is quickly consumed and converted into a CusSns phase. With
the increasing cycle time, the Cu substrate is continuously consumed, the CuzSn/Cu
interface continues to migrate to the substrate side as shown in Fig. 4.19 (b). And after
the Sn coating is completely converted to CusSns, the CusSns phase transition to CuzSn
phase occurs at CusSns/CusSn interface, the CusSns/CusSn interface migrate to the
CusSns side. The limited Sn content causes the lower growth rate and thickness of IMC
layer. In the initial stage of heat cycle, the diffusion rate of Cu and Sn at the interface is
faster, and the growth rate of CueSns layer is also faster. The thickening of the CusSns
layer retards the diffusion of Cu and Sn. With the prolongation of heat cycle, the residual
amount of Sn coating is getting less and less, so that the diffusion rate of Sn at the
interface rapidly decreases, resulting in an increase in the unbalanced diffusion of Cu

and Sn. Therefore, a small amount voids are formed at the IMC layer as shown in Fig.
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4.19 (c). The schematic diagram shown in Fig. 4.19 is consistent with the EPMA results
in4.3.1.2 and 4.3.1.3.

Because of the unbalanced diffusion of Sn and Cu, there were some voids occurred
near the IMC layer of Bi-5.0Ag-0.5Cu, Sn-3.0Ag-0.5Cu and Pb-20Sn diffusion couples
with Sn coating, as shown in Fig. 4.17. The formed voids lead to the lower bonding
strength between the solder joints and substrate. Moreover, the formation and growth
of the IMC phase at the reaction interface can cause local volume changes, resulting in
the residual stresses on the diffusion reaction area. As listed in Table 4.4, the
mismatched thermal expansion causes thermal stress in the solder joints. The residual
and thermal stresses lead to the cracks occurrence near the voids in the diffusion couples.
The voids and cracks make great influence on the failure of solder joints. On the other
hand, because of the no IMC layer and the lower difference value of coefficient of
thermal expansion between Bi-5.0Ag-0.5Cu and Cu substrate with Bi coating, the
cracks on the interface between the Cu substrate and Bi coating occurred latest after

400 cycle, as shown in Fig. 4.18.

Table 4.4 The coefficient of thermal expansion for solder alloys, IMC and Cu.

Alloy (mass.%) CTE (K
Bi-5.0Ag-0.5Cu 13.4x10°¢
Sn-3.0Ag-0.5Cu 25.4x10°¢
Pb-20Sn 27.0x10°¢
CueSns 20 16.3x10°
Cu3Sn 20 19.0x10°¢

Cu?” 17.7x10%®
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4.3.2 Shearing test of Bi-5.0Ag-0.5Cu and Cu substrates with Bi

coating

Two Cu substrates with Bi coating were jointed by the melting Bi-5.0Ag-0.5Cu
solder alloy. Figure 4.20 shows photographs of the shearing test pieces of Bi-5.0Ag-
0.5Cu alloy and Cu substrates. From this figure, it can be confirmed that this alloy is

satisfactorily jointing to the Cu substrates with Bi coating.

Fig. 4.20 Photographs of Bi-5.0Ag-0.5Cu and Cu substrates with Bi coating after
soldering.

The photograph after shearing test are shown in Fig. 4.21. The test piece does not

break at the interface with the Cu substrate, but on the soldered alloy. The solder joint
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does not peel off from the Cu substrates until the allowable stress of the alloy was

reached.

Fig. 4.21 Photographs of Bi-5.0Ag-0.5Cu and Cu substrates with Bi coating after
shearing test.

The load-time curve for shearing test and stress-strain curve for tensile test of Bi-
5.0Ag-0.5Cu alloy at 293 K are shown in Fig. 4.21. The dimensions of the gauge section
of the tensile test specimens were 6 mm (diameter) x 20 mm (length), which mentioned
in chapter 2. Table 4.5 lists the ultimate tensile strength, maximum load and fracture
strain obtained by the shearing test and the tensile test. The maximum load of shearing
test is higher than tensile test. It can be confirmed that Bi-5.0Ag-0.5Cu was well jointed
to the Cu substrates with Bi coating and the shearing strength between Bi-5.0Ag-0.5Cu

and Cu substrates with Bi coating can afford the practical applications.
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Fig. 4.21 (a) Load-time curve of shearing test and (b) stress-strain curve of tensile test
for Bi-5.0Ag-0.5Cu alloy.

Table 4.5 Mechanical properties of shearing and tensile test for Bi-5.0Ag-0.5Cu alloy.

Alloy (mass.%) Tests ours (MPa) Finax (N) e (%)

Shearing test -- 817.1 --
Bi-5.0Ag-0.5Cu
Tensile test 27.3 771.5 2.8
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4.3.3 Comparison between promising alloys and Pb-xSn alloys in

view of soldering

Bi-2.0Ag-0.5Cu and Bi-5.0Ag-0.5Cu are the promising designed alloys according to
the results show in Chapter 3. Table 4.6 shows the mechanical, physical and thermal

properties of Bi-2.0Ag-0.5Cu, Bi-5.0Ag-0.5Cu and Pb-xSn alloys.

Table 4.6 Mechanical and thermal properties of Bi-2.0Ag-0.5Cu, Bi-5.0Ag-0.5Cu and
Pb-xSn alloys.

Alloys ouTs . Melting point  Contact angle A
(mass. %) (MPa) (%) (K) (degree) (W-K!-m™)
Bi-2.0Ag-0.5Cu  21.7 4.7 536 28 18.7
Bi-5.0Ag-0.5Cu  27.3 2.8 538 30 19.1
Pb-5Sn 22.1 38.6 544 22 35.5
Pb-10Sn 243 18.7 540 20 37.1
Pb-20Sn 26.7 16.8 457 20 40.2

The ultimate tensile strength were almost same level among these alloys. The two
promising Bi alloys show the ultimate tensile strength higher than the target value of
20MPa. However, the fracture strain of Pb-5Sn, Pb-10Sn and Pb-20Sn alloys were 38.6,
18.7 and 16.8 %, respectively, which were much higher than Bi-2Ag-0.5Cu and Bi-
5.0Ag-0.5Cu. The ductility of proposed Bi alloys should be improved. The melting
points of Bi-2Ag-0.5Cu and Bi-5.0Ag-0.5Cu solder alloys were measured to be 536
and 538 K, respectively. It is considered on the basis of the practical application that
the melting temperature above 533 K was satisfied in the proposed Bi system alloy. The
contact angles of Bi-2Ag-0.5Cu, Bi-5.0Ag-0.5Cu, Pb-5Sn, Pb-10Sn and Pb-20Sn to Cu
plate were 28, 30, 22, 20 and 20 degree, respectively. Although the contact angle of Bi-
2Ag-0.5Cu was the largest, but this value was less than 90 degree. The A values of the
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designed alloys were lower than those of the Pb-Sn alloy. However, the A values of the
promising alloys need to be increased further in order for the alloys to be practically

applicable.
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4.4 Summary

(1) It 1s found that there was no diffusion reaction between Bi-5.0Ag-0.5Cu with Bi
coating and Cu substrate, however, the diffusion reaction between Bi-5.0Ag-0.5Cu, Sn-
3.0Ag-0.5Cu and Pb-20Sn with Sn coating and Cu substrate formed the IMC layer of
CueSns and CusSn after 100 heat cycle.

(2) In the three diffusion couples of Bi-5.0Ag-0.5Cu, Sn-3.0Ag-0.5Cu and Pb-20Sn
with Sn coating and Cu substrate, the thickness of the IMC layer increases with the heat
cycle time, and then gradually stabilizes. The thickening of the IMC layer inhibits the
diffusion of the two elements, which retarding the growth of the IMC layer itself.

(3) With the prolongation of heat cycle, voids occurs on the formed IMC layer. The
unbalanced diffusion of Cu and Sn causes voids at the IMC layer. And the different
thermal expansion causes the cracks occurrence near the voids in the diffusion couples.
That has a great influence on the failure of solder joints.

(4) The shearing test piece of Bi-5.0Ag-0.5Cu and Cu substrates with Bi coating
break on the soldered alloy, the shearing strength can afford the practical applications.
The values in the mechanical and thermal properties of promising Bi alloys can almost

reach the target value compared to those on practically Pb-Sn alloys.
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Chapter 5

Conclusions

In this research, Bi system alloys were selected as a candidate for a high temperature
lead-free solder alloys and promising alloys were developed for practical applications.
The compositions of this alloy have been proposed using ~/Mk parameter, the
compositional average of s-orbital energy level (Mk) in order to satisfy the mechanical
properties as solders. Moreover, ultimate tensile strength and fracture strain at room
temperature higher than 20 MPa and 5%, respectively, and melting point over 533 K,
thermal conductivity over 20 W-K™!m!, contact angle less than 90 degree were chosen
as target values of various characteristics. The conclusions of this thesis are summarized
as follows:

1. Cu, Ag and Zn were chosen as binary elements in Bi system alloys, their alloys
with compositions near the eutectic and their values of /Mk were from 0.013 to 0.343.
The ultimate tensile strength and fracture strain were higher than those of pure Bi. The
0.2% proof stress, ultimate tensile strength of binary Bi system alloys were increased
with increasing of ~/Mk until approximately 0.17, regardless of the kinds and amount
of alloying elements. Then the ultimate tensile strength became to almost constant in
the range of /Mk more than 0.17. In contrast, the maximum values, 25 and 33%, in
the fracture strain were shown in Bi-0.25Cu and -0.5Cu alloys with Z/Mk of 0.021 and
0.042, respectively. The mechanical properties such as tension and hardness were
roughly predicted by the values of /Mk. Moreover, the proposed Bi-2.0Ag-0.5Cu and
Bi-5.0Ag-0.5Cu with /Mk of 0.180 and 0.379 as ternary alloys, respectively, showed
the improved tension and hardness properties, compared with pure Bi. It is found that
their ultimate tensile strength, fracture strain and hardness values even in ternary Bi
system alloys, could be also predicted using their estimation lines obtained from binary

Bi system alloys.
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2. It was found that the 0.2% proof stress, ultimate tensile strength, and fracture strain
of the designed binary Bi system alloys at 423 K were higher than those of pure Bi. The
0.2% proof stress and ultimate tensile strength of the binary Bi system alloys increased
with an increase in «7/Mk till approximately 0.17 and then remained almost constant. In
contrast, the fracture strain increased with an increase /Mk till approximately 0.08 and
then remained almost constant. The binary Bi system alloys exhibited excellent ductility,
showing a fracture strain of more than 30% at 423 K. The relationship between the
strength at 423 K and /Mk was similar to that observed during tests at 293 K. The
compositionally optimized alloys Bi-2.0Ag-0.5Cu and Bi-5.0Ag-0.5Cu also showed
improved tensile properties at 423 K as compared to those of pure Bi and the binary Bi-
Cu alloys. Moreover, a transition from ductility to brittleness was observed at
approximately 348—373 K in the case of both ternary alloys. It was found that the
manner in which the mechanical properties of alloys can be predicted based on the 7/
Mk value would also be applicable in the case of the Bi system alloys investigated in
this study, regardless of their composition and the tensile test temperature.

3. The melting points of the alloys Bi-2.0Ag-0.5Cu and Bi-5.0Ag-0.5Cu were
determined to be 536 and 538 K, respectively; these were within the desired range of
melting temperatures for high-temperature solders. Further, the contact angles of
molten droplets of 10 of the binary and ternary experimental alloys and a Cu plate at
973 K were determined to be 24—30 degree. This confirmed that the alloys exhibited
suitable wettability with respect to Cu in soldering. In addition, the ternary alloys, Bi-
2.0Ag-0.5Cu and Bi-5.0Ag-0.5Cu showed thermal conductivities of 18.7 and 19.1
W K m™, respectively.

4. The diffusion reaction between Bi-5.0Ag-0.5Cu, Sn-3.0Ag-0.5Cu or Pb-20Sn and
Cu substrate with Sn coating revealed the formation of CusSns and CuszSn intermetallic
compounds (IMC) after 100 heat cycle. The thickness of IMC layer increases with the
increasing cycle time, and the growth rate of the IMC layer decreases with the
increasing cycle time. The unbalanced diffusion of Cu and Sn caused the voids on the
formed IMC layer. Moreover, significant change of volume and the mismatched
thermal expansion lead to the cracks occurrence near the voids in the diffusion couples.

That has a great influence on the failure of solder joints. Bi-5.0Ag-0.5Cu and Cu
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substrate with Bi coating shows the cracks on the interface between the Cu substrate
and Bi coating occurred latest after 400 cycle. It can be considered that Bi-5.0Ag-0.5Cu
with Bi coating exhibited excellent thermal fatigue resistance characteristics compared
with these 3 alloys with Sn coating. The shearing test piece of Bi-5.0Ag-0.5Cu and Cu
substrates with Bi coating break on the soldered alloy. It can be confirmed that Bi-
5.0Ag-0.5Cu was well soldered to the Cu substrates with Bi coating and the shearing
strength between Bi-5.0Ag-0.5Cu and Cu substrates with Bi coating can afford the
practical applications. The values in the strength of promising Bi alloys were similar to
those on practically Pb-Sn alloys, and the melting points and contact angles also
satisfied for the practical application. The ductility and thermal conductivity should be

improved compare with the practically Pb-Sn alloys.
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