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ABSTRACT

With the ever increasing awareness of the toxicity of Pb, signiﬁcant pressure has been
put on the electronics industry to get the Pb out of solder. This work pertains to the
development and characterization of an alloy which is Pb-free, yet retains the proven positive
qualities of current Sn-Pb solders while enhancing the shortcomings of Sn-Pb solder.

The solder studied is the Sn-4.7Ag-1.7Cu wt% alloy. By utilizing a variety of
experimental techniques the alloy was characterized. The alloy has a melting temperature of
217 °C and exhibits eutectic melting behavior. The solder was examined by subjecting to
different annealing schedules and examining the microstructural stability. The effect of
cooling rate on the microstructure of the solder was also examined.

Overall, this solder alloy shows great promise as a viable alternative to Pb-bearing

solders and, as such, an application for a patent has been filed.
M




1. INTRODUCTION

The most commonly used solders for microelectronic applications today contain an
element whose toxicity is widely known and recognized. This element is lead (Pb). The
public’s awareness of lead’s toxicity has recently become more of a factor in restrictive
governmental regulation of the element. Tin (Sn) alloyed with Pb produces a eutectic solder
alloy which wets and alloys with a host of metals and is by far the most widely used solder
alloy. Therefore, governmental regulation of Pb would financially burden the electronics
industry.

In addition to the environmental problems of leaded solders there are other problems.
Sn-Pb solders are inherently weak and have little resistance to thermal-mechanical fatigue.
This is due to Sn-Pb solder’s low strength and low eutectic melting temperature, 183 °C.
When Sn-Pb solder is used in electronic assemblies which are placed near automobile
engines or used in avionics for sensing and control it can undergo temperature cycling
between -55 °C and 125 °C (1). Corrgsponding to 0.5 and 0.9 of the absolute melting
temperature of Sn, this is an extreme operating temperature range. Such homologous
temperatures are commonly used for hot deformation processing where high diffusivity and
plasticity are desired.

It is known that Sn-Ag eutectic solder, the basis for many Pb-free solder candidates,
melts at 221 °C and is significantly stronger than Sn-Pb solders. However, these solders are
criticized since they do not wet as well and have higher melting temperatures than Sn-Pb
eutectic and near eutectic solders. A higher melting temperature is undesirable as far as
processing parameters for circuit assembly production is concerned. This study proposes an
alloying addition to the Sn-Ag system. This addition should depress the melting temperature,
enhance the wetting behavior, have a low cost, be abundant in natural ores and not be a by-

product of Pb mining.




2. BACKGROUND

2.1. Brief Introduction to Soldering

Solders have been used for nearly 4000 years. The earliest recorded solder use dates
back to the Egypt around 3600 BC (2). Sn-Pb solders have been used for joining since
before Roman times. The Sn-Pb eutectic solder (T}, = 183 °C) has withstood the test of time
because of its soldering efficiency, relatively low cost, high abundance and good reliability
(3). Since humans have had thousands of years experience with solders and soldering one
would be led to believe that most of the problems concerning soldering would long be
solved. This is a far cry from the truth.

The solution to problems with metallurgically bonding two metals together continue
to elude scientists and engineers today. In addition to providing a bonding medium for two
metals, soldering provides electrical, thermal and mechanical functions. In the
microelectronics industry these functions are vital. Therefore, the integrity of solder joints is
essential to the overall performance and reliability of electronic assemblies.

Unfortunately, the number of reported solder failures in industry have risen steadily
during the past 30 years. The cause of this continued rise in solder related failures can be
due, in part, to the rapid advancement of technology during this same time period,
particularly the increase in the use of microelectronics products. Advances in space travel
and consumer electronics have increased the number of solder joints which are produced
each year. Another factor is the more severe environments in which electronic assemblies
are being used, e.g., space, military and automotive. With these applications imposing
greater thermal cycling and mechanical stresses, the properties of traditional solders are
increasingly inadequate. In addition, it is expected that there will be growing market

possibilities in these areas (4).



Within the last decade there has been progress in the areas of materials, processes and
equipment used in modern microelectronic soldering. Two key problems remain: the

development of a new environmentally safe solder and sharply reducing solder joint failures
).

2.2. Important Properties of Solders

2.2.1. Wetting and Solderability

Wettability is defined as the tendency for a liquid metal to spread on a solid surface
(2). This is a precursor to an important property of any solder: solderability. In the forming
of a solder joint it is important that the solder fill in holes and gaps; the solder needs to flow
both horizontally and vertically to ensure a solid bond in the joint. Some extrinsic factors
which determine how well a solder wets are the time, temperature and flux which are used
during the soldering procedure (6).

The contact angle, 6, that the molten solder forms at the molten solder-substrate-flux

triple point is determined by the balance of the interfacial tensions as given in Equation 2.1.

¥SF-¥5L = NLE cosOc 2.1)

where % is the substrate-flux interfacial tension, i, is the substrate-liquid interfacial
tension and %k is the liquid-flux interfacial tension (see Figure 2.1a). For this model it is
assumed that the molten solder and free surface of the substrate are completely covered by a
film of liquid flux and no flux is between the liquid solder and substrate (7, 8) .

When comparing the performance of different solders or fluxes the contact angle
provides the best indicator for the performance of the material in question (2). Some

wettability parameters for two solders, Sn-37Pb and Sn-3.5Ag (both eutectic compositions in



a) b -
Yr Liquid Liquid
(solder) Yr (solder)
Flux Flux Intermetallic

layer

Fzgure 2 1 Surface tension force balance dlagram showing a) Cu/solder
interface with no intermetallic layer and b) Cu/solder interface with
an intermetallic layer.

wt%) at 260 °C are given in Table 2.1. A lower contact angle indicates better wetting
behavior. The higher contact angle of the Sn-3.5Ag solder has been attributed to the absence
of Pb. It is believed that Pb lowers the liquid solder-substrate interfacial tension, ¥, thus

decreasing 6.

Table 2.1 Contact angle of two solders on a copper substrate (2).

Solder Contact Angle, 6,

Sn-37Pb 174
Sn-3.5Ag 36+3

Wetting is promoted by small values of ¥, and 7 x in combination with a relatively
large value of ysg. Another important thermodynamic relation is the Gibbs Relation which
states that any spontaneous change in the interface which separates two given phases lowers
the interfacial tension (Ay< 0) (9). The change which occurs in the soldering process, which
is typically a liquid Sn-based alloy in contact with a Cu substrate, is the spontaneous
formation of intermetallic compounds, i.e., CusSn and CugSns. As a result of the formation
of these compounds the surface tension between the liquid solder and the newly formed
intermetallic compound, 951, is lowered thus decreasing the contact angle, 6;, compared to

the liquid solder on a pure Cu substrate (see Figure 2.1b).




Wetting is also a strong function of the flux that is used for the soldering application.
Fluxing the surface of the substrate, usually Cu, removes the oxide layer and allows the
liquid solder to come into contact with the bare metal. Commonly used fluxes are rosin
mildly activated (RMA), “no clean”, and water soluble fluxes (6, 10-13) Flux selection

depends on solder/substrate combination, soldering temperature and atmosphere.

2.2.2. Melting Temperature

For microelectronics applications a solder’s melting (or liquidus) temperature affects
soldering process parameters and the service environment where the solder joint will be used.
It is common to have the soldering process temperature (wave solder bath, surface mount
technology, (SMT) reflow oven, etc.) set to 50 °C above the melting or liquidus temperature
of the solder (14). Since the most common solders used are based on the Sn-Pb eutectic
composition which has a melting temperature of 183 °C, the process operating temperature is
generally around 230 °C. This superheat insures that wetting and spreading be sufficiently
fast in order to achieve a successful solder joint on the first pass. The spreading of the solder
is defined as the ability of the solder to fill the solder joint. In general, some superheating is
needed to enhance the kinetics of the wetting and joint filling processes. Microelectronic
assembly manufacturers are apprehensive of any solder which has a melting temperature
higher than 183 °C since this would mean adjusting current processing parameters. If the
processing temperature is higher than about 230 °C for a reflow process then questions such
as the integrity of the circuit board and components must be examined as well as the
adjustment limits of the processing ovens.

Higher melting temperature solders have found use, however, in severe service
environments such as automotive or avionic applications. The operating temperatures of

these environments can be as high as 150 °C (15). Since this temperature is 0.9 of the




absolute melting temperature of Sn-Pb eutectic and near eutectic solders these solders are not

suitable because of their low strength and resistance to fatigue at these temperatures.

2.2.3. Intermetallic Morphology
Intermetallics which form in the bulk of Sn-Ag based Pb-free solders generally are

either rounded or needle-like in morphology. The intermetallic morphology can be important
when considering the performance of a solder. If the intermetallics’ morphology is needle-
like the stress concentrations at the tips of the needles will be prone to induce cracks during
thermal-mechanical fatigue which will ultimately lead to mechanical and electrical failure of
the joint. If the intermetallics are rounded and evenly dispersed throughout the matrix, they

could actually enhance the overall strength and fatigue resistance of the solder.

2.2.4. Mechanical Properties

The main purpose of a solder is to provide an electrical bond between circuit board
contact and microchip lead. A solder must also provide a mechanical bond. If the
mechanical bond becomes ruptured the electrical contact is also interrupted. The strength of

a solder is important to the solder’s overall performance.

2.2.5. Cost

The microelectronics industry cannot escape financial considerations. When
considering a substitute of a new Pb-free solder alloy for a particular application the cost is a
very important factor to consider. However, solder alloy cost becomes less significant in the
rapidly growing SMT assembly industry which uses solder paste, a blend of solder alloy
powder with a fluid flux solution. For example, raw materials cost for typical Sn-37Pb solder
is $2/Ib. while pastes with this alloy range in price from $63-$108/lb. Sn-5Ag alloy cost is
about $5-$6/1b while Sn-Ag solder pastes typically sell for $72-$138/Ib (16). A new Pb-free

solder should be on par with these costs if it is to be worthy of serious consideration.




2.3. Toxicity of Leaded Solders

The most widely used solders contain Pb. Pb is a known toxin and can be considered
a serious public health threat. Recent studies have linked Pb blood (PbB) levels in children
to leéming and behavioral disorders. Since the banning of Pb in gasoline, average PbB levels
have decreased 87% (17). This is encouraging since it supports the claim that regulatory
action can indeed generate a substantial improvement in environmental quality. Other
legislation in congress has threatened to ban or heavily tax the use of Pb in all industries (18).
Such a tax would heavily burden US solder and electronics manufacturers until equivalent
laws are enacted in other industrialized countries or a viable Pb-free solder substitute is
developed.

Pb waste in the electronic industry is formed in two ways: during the assembly of
circuit boards (industries) and in the disposal of these assemblies (consumers). In the first
case waste is mainly found in the solder dross, which can contain 96-98% metals (19). Since
dross can create Pb containing dust, its handling is controlled by the US Occupational Safety
and Health Administration (OSHA) and is strictly regulated (2).

To date, no scientific data have demonstrated that consumer disposal of Pb-bearing
solders in electronic assemblies are a toxic hazard to the environment. But the environmental
protection agency (EPA) has estimated that the amount of Pb entering public landfills from
discarded television sets, computers etc. exceeded 50,000 tons in 1990 (20). The Pb in these
products originates in the solder used in circuit boards and in the leaded glass cathode ray
display screens. There have been several proposals to ban the use of all Pb bearing materials
in manufacturing. The original Toxic Lead Reduction Act of 1990 would have banned the
use of all Pb-bearing solders (21). After intense lobbying against the bill by electronics

manufacturers the bill was rewritten to exclude electronic solders (3).




Environmental restrictions have also been proposed in reaction to voluminous studies
within the last 20 years which have associated PbB levels to behavioral disorders and
lowering of intelligence in children (22-34). In the early 1970’s the highest acceptable PbB
levels in children was considered 60 pg/dL but today PbB levels as low as 10 ug/dL are
associated with adverse effects on children such as decreased intelligence and impaired
neurobehavioral de{/elopment. Other effects which are believed to begin at these low blood
levels are decreased stature or growth and decreased hearing keenness (34) . It is now known
that large numbers of children may be afflicted with various adverse health problems at PbB
levels that were once considered safe. Costwise, by avoiding PbB levels above 24 pg/dL a
total of $4600 can be saved per child (33) in public health and special health care services.

An example of proposed economic actions against all Pb bearing products is the
Lead-Based Paint Hazard Abatement Act (35). This act would impose a $0.75 per pound
($1.65/kg) tax on primary refined Pb and $0.37 per pound ($0.82/kg) tax on secondary
refined Pb, irrespective of its final use. The EPA has also released documents pertaining to
the toxicity of Pb. With increased concern over the environmental impact of Pb it is clear

that a new Pb-free solder must be scrutinized for its environmental fingerprint (2).

2.4. Mechanical Insufficiencies of Pb-bearing Solders
The Sn-Pb eutectic microstructure consists of f~Sn and Pb, both of which have low
strength. The prime cause of solder joint failure in electronics applications is low-cycle
fatigue (36). The large stresses which cause fatigue failures result from the difference of the
thermal expansion coefficients of the board and components and thermal gradients across the
solder joint (15). When a low strength solder such as Sn-37Pb is used in applications with
enhanced cyclic stresses induced by thermal expansion mismatch and wide variations in

operating temperature, failures can result.



Stresses in solder joints in electronic assemblies are more important today than ever
before. With the advent of surface mount technology (SMT), solders are being subjected to
higher stresses. In the past, electronic assemblies employed components which contained
wire leads that were through-hole soldered to the printed wiring board (PWB) (see Figure
2.2a). The wire was designed to accept the burden of stresses resulting from the difference in
the coefficient of thermal expansion (CTE) between chip carrier and circuit board (1). The
solder’s stress was minimized with this approach. A typical ceramic chip carrier has a CTE
of 6 (10-6)/°C and an epoxy impregnated fiberglass circuit board’s CTE is 15 (10-:9)/°C (37).
In SMT however, particularly in the leadless chip carrier design, the solder takes up much
more of the strain due to the CTE mismatch between chip and board (1) (see Figure 2.25).

The low strength and resistance to thermal-mechanical fatigue of Sn-Pb solders has
been widely studied. The as-cast Pb-Sn eutectic microstructure is composed of Pb rich
dendrites surrounded by eutectic colonies (lamellar and globular) of Pb-rich and Sn-rich
phases (12, 36, 37). Upon solidification these colonies and dendrites grow into the molten
solder. Near the middle of the joint the colonies intersect and are the last regions to solidify.
The intersections of different growing colonies results in heterogeneous regions which are

coarse compared to the structure inside the colonies (1). Upon thermal cycling coarsening

Laadess Chip Carrier

tandeg
Conters

Pated Through Hols

Figure 2.2 Schematic of leaded and leadless chip carriers used in surface
mount technology (15) a) through hole joint and b) SMT joint.
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continues in these regions. Crack initiation during thermal-mechanical fatigue has been
found to begin in coarsened regions of the solder’s microstructure. The areas which are
coarsened in the Pb-Sn eutectic are weaker than areas which have not coarsened (38).

Hence, the inherent low strength and resistance to thermal-mechanical fatigue of Sn-
Pb solders can indeed be improved upon. If an improved Pb-free solder were developed
which had higher strength, resisted coarsening and had good solderability this would prove

valuable to the microelectronics industry.

2.5. Shortcomings of Current Pb-free Solders

Most assembly production parameters are currently set for a solder which melts at
183 °C. As stated earlier, typical operating temperatures generally are about 50 °C above the
solder’s liquidus temperature or about 230 °C (14). If a new solder with a significantly
higher melting temperature is used, this will necessitate re-evaluation of the complete
soldering process including cleaning, flux, components, substrates and manufacturing
methodology (39). If a solder with a slightly higher melting temperature were used the
assembly process could be altered within acceptable limits to accommodate a higher melting
solder.

The wetting behavior of current Sn-Ag based Pb-free solders are inferior to currently
used Sn-Pb based solders. However, the solderability may be enhanced by adjusting the flux
chemistry used with the solder or with ternary alloying additions to the Sn-Ag base alloy. A

ternary alloying addition can also reduce the melting point of the Sn-Ag alloy.

2.6. Advantages of Current Pb-free Solders
The higher melting temperature (with respect to Sn-37Pb) of Sn-Ag solders permits
the solder to be used in more severe environments, e.g., avionics and automotive, where
current Sn-Pb solders have proven unreliable. More importantly, the greater strength of

Sn-Ag solders compared to Sn-Pb solders, irrelevant of temperature, is advantageous. The
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intermetallic secondary phases in Sn-Ag solders help strengthen the solder and improve
resistance to thermal-mechanical fatigue. At room temperature, the tensile strength of Sn-

40Pb is 40 MPa (40) while the tensile strength of Sn-3.5Ag is 60 MPa (41).

2.7. How to Improve on Sn-Ag Solder

There are two major shortcomings of current Sn-Ag based Pb-free solders: they have
a higher melting temperature and do not wet Cu as well as Sn-Pb based solders. However,
Sn-Ag based solders have much higher strengths when compared to Sn-Pb based solders. To
overcome the aforementioned shortcomings of the Sn-Ag solder, it could be alloyed with a
ternary alloying addition. This approach would be most advantageous if a ternary eutectic
alloy was discovered. A suitable ternary eutectic Sn-Ag baséd alloy should have a lower
melting temperature than the Sn-3.5Ag binary eutectic and should have a more refined
microstructure, avoiding the formation of Sn dendrites (42).

When considering alloying additions, the following criteria were selected: i) reduced
toxicity compared to Sn-Pb solders (including not being a part of the Pb mining cycle), if)
availability (world capacity), iii) low cost, iv) enhances solderability of Sn-Ag, and v)
moderately low ternary melting temperature (from the published ternary phase diagrams).
Several possible alloying additions that are known to depress the melting point and to form a
eutectic with pure Sn are Bi, Cu, Ga, In, Sb and Zn. The electronics solder market consumes
an estimated 60,000 tonnes of Sn-Pb solder per year (14). Even a 1 wt% usage of one of
these elements would generate a demand for 600 tonnes per year. Hence, world capacity is
definitely an important consideration. Of the aforementioned elements, Cu and Zn meet the
above criteria and are the most abundant (see Table 2.2). However, there are two reasons
why Zn has been avoided as a solder alloying addition: i) even in small concentrations Zn in
the liquid state is known to react readily with air and i) Zn is susceptible to corrosion (43).

This leaves Cu as the optimum alloying addition to be investigated in this study. Since Cu
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also depresses the melting point of pure Ag and forms a simple eutectic without compounds,

it was conceivable that a Sn-Ag-Cu ternary eutectic may also exist.

Table 2.2 Auvailability of potential alloying elements (14).

Element Annual Annual
World Production World Capacity
(tonnes) (tonnes)
Ag 13,500 15,000
Bi 4000 8000
Cu 8x106 10.2x106
Ga 30 80
In 80-100 200
Sb 78,196 122,300
Sn 200,000 281,000

Zn 6.9x106 7.6x106
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3. APPROACH

3.1. Characterization of the Sn-Ag-Cu Eutectic Alloy

A main objective of this work was to determine whether or not a ternary eutectic
reaction had been overlooked in the Sn-Ag-Cu system and, if identified, to investigate the
ternary eutectic alloy’s behavior in some simulated solder processing applications. Once the
ternary eutectic composition and temperature of the system were determined, additional
practical aspects of the solder were investigated.

Initially, the effect on the solders microstructure of the temperature and time at
temperature when casting the solder was examined. This is important since the solder is
composed of elements which vary greatly in melting temperature, from 231 °C (Sn) to 1085
°C (Cu). For industrial practice a minimum time and temperature for casting the alloys must
be determined to minimize manufacturing cost and to allow for complete alloy
homogenization. Another important parameter in electronic assembly manufacturing is the
cooling rate the solder joint is subjected to when the joint is made. The cooling rate will
determine how refined the solder’s microstructure is and, ultimately, how the solder will
perform in demanding applications. Also, in the design of valid mechanical properties tests,
knowledge of the solder’s initial microstructure is essential. Therefore, the correlation of
cooling rate to the solder’s microstructure was investigated. To understand how stable the
ternary eutectic alloy’s microstructure is in a high temperature application, the hardness and
stability of the solder’s microstructure were studied as a function of different annealing

temperatures and times.

3.1.1. Phase Diagram Determination
After examination of the published Sn-Ag-Cu phase diagram (44), alloy samples of

various compositions in the Sn-rich region of the Sn-Ag-Cu system were chill cast (see
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Figure 3.1). A sample of Sn-3.6Ag-1.5Cu wt% (corresponding to the previously published
four-phase equilibrium composition) was also cast. The eutectic microstructure regions
present in this sample were analyzed for compositional information to estimate the true four-
phase equilibrium composition. The new four-phase equilibrium eutectic composition was
then verified with microscopy, x-ray diffraction and DTA.

Further phase diagram determination included experimental examination of the
melting behavior of ternary eutectic and near eutectic alloys in the Sn-rich region of the
phase diagram. Emulsified samples of varying compositions were analyzed using DTA. By
measuring solidus and liquidus temperatures of two isopleths, the eutectic composition was
confirmed through extrapolation of the liquidus curves. X-ray diffraction was also used to
verify the presence of the three phases which compose the ternary eutectic.

DTA is a widely used and proven method of phase diagram determination (45-54).
By examining the endothermic peaks of the DTA heating curves both solidus and liquidus
temperatures were determined. An alloy of eutectic composition will have a single melting
event resulting in a single, continuous peak on the DTA heating curve. An alloy of off-
eutectic composition will have both a solidus and liquidus transition resulting in two peaks in

the DTA heating curve or, if the two peaks overlap, one discontinuous DTA curve.
3.1.2. Casting Conditions

A problem concerning the casting of the Sn-Ag-Cu solder alloys was to determine the
casting temperature and time at temperature which would be adequate to provide complete
dissolution of the elements. To determine casting conditions which would provide complete
alloy homogenization, several samples of Sn-4.7Ag-1.7Cu wt% composition were chill cast
at different temperatures for different times. By analyzing the microstructure of these alloys

for undissolved portions of the original elements it was determined which casting parameters
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were acceptable. This has important ramifications for industry practices by determining a

sufficient, yet minimal, time and temperature for casting.

3.1.3. Cooling Rate Study

In the manufacturing of solder joints for circuit board assemblies there are many
different soldering processes, e.g., wave, through-hole, and SMT. In each of these different
methods, the solder is subjected to different cooling rates. The effect of cooling rate on the
microstructure was studied, since ultimately the solder’s microstructure has a strong
influence on its mechanical properties. The cooling rate study was carried out by melting
small beads of solder on a Cu plate and then cooling the solder in different environments.

Each solder sample was then examined using a scanning electron microscope to
determine the spacing of the eutectic matrix and the amount and location of intermetallic
formation outside of the eutectic matrix. The micro-hardness of each solder sample after
being cooled at different rates was also measured. By correlating these measured hardnesses
to the hardness of solder subjected to different soldering processes (e.g., through hole joints

and wave soldering) the cooling rate for each soldering process may be estimated.

3.1.4. Microstructural Stability

Hand solder joints were made on a test circuit board. Individual through-hole solder
joints were then annealed for various times and temperatures. By examining the
microstructures of the annealed solder joints, information concerning the growth rate of
dispersed intermetallic phases in the solder bulk could be obtained. This would indicate how
the solder would perform in applications where the operating temperature would be elevated.
The morphology (i.e., spheroidal vs. faceted) and size of the coarsened dispersed secondary
phases provided an indication of the resistance to crack initiation during thermal mechanical

fatigue.
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The annealed solder joints were also micro-hardness tested. The retained strength of

the annealed solder could be estimated by inspecting the retained hardness after annealing.

3.2. Experimental Procedures
Characterization of the Sn-4.7Ag-1.7Cu wt% solder alloy was carried out by utilizing
such diverse methods as metallography, wavelength dispersive spectrometry (WDS), x-ray
diffraction, scanning electron microscopy (SEM) and differential thermal analysis (DTA).
An emulsification process was also employed to produce fine powders for DTA. This

section describes these procedures as performed in this work.

3.2.1. Chill Casting Procedure

As an initial step, 25 g samples of varying Sn-Ag-Cu composition were cast. First,
each of the individual elements were etched: Cu with 35 vol% nitric acid in water; Sn with 30
vol% HCI in water; Ag with a 5:3 (by volume) mixture of ammonium hydroxide:hydrogen
peroxide. After etching, each element was rinsed in water and acetone and ultrasonically
cleaned in methanol fo‘r 5 minutes and air dried. Finally, each element was weighed on an
electronic microbalance to within + 0.50 mg of the target weight.

A 6 mm inner diameter by 45 cm long Pyrex tube was fused to a 6 mm diameter by
30 cm long Pyrex rod which provided a convenient way to handle the tube. The tube was
rinsed with acetone and methanol and allowed to air dry. When the proper ratio of elements
was obtained, the elements were placed in the Pyrex tube. Next, the tube was secured to a
vacuum pump and evacuated to = 50 millitorr and outgassed by heating it over an open oxy-
methane flame. The tube was backfilled with He and pumped down for 3 cycles waiting
approximately 10 minutes between each cycle and, finally, backfilled to 0.5 atm pressure
with He and sealed with an oxy-methane flame (see Figure 3.2). Each sample was then

typically heated to 650 °C for 45 minutes while being severely agitated every 10 minutes by
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Elements sealed in 1/3 atm He

PyrexTube —

PyrexRod \ (\

Vacuum and He source

Furnace at 650 °C
for = 45 min

Alloy quenched into ice bath

Ice Water

Figure 3.2 Schematic diagram of chill casting procedure.
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rocking the tube end over end. It was then cooled rapidly by dipping the Pyrex in an ice-
water bath (Figure 3.2) until the Pyrex had adjusted to the temperature change at which time
the Pyrex tube was completely immersed. After the surface appearance of the alloy sample
indicated that solidification was complete, the tube was cracked open. The ingot sample was

then labeled and stored.

3.2.2. Optical and Scanning Electron Microscopy

Selected 25 g cast alloys were analyzed with optical microscopy. Samples were
sectioned with a diamond saw, mounted in epoxy-resin, ground on 320 and 600 grit SiC
paper, polished on a 0.1 diamond slurry and, finally, polished on a 0.05 pm alumina slurry.
Samples were examined with an optical microscope in both the etched and unetched
condition. The eutectic microstructure and intermetallic phases became more visible after
etching in a solution of 2 vol% hydrochloric acid in methanol. Optical microscopy was used
to obtain low magnification (50-1000x) micrographs. Optical micrographs were taken using
Polaroid 667 film.

Scanning electron microscopy (SEM) was performed on bulk samples. The SEM was
set at an accelerating voltage of 15 kV, objective aperture was set to 2. SEM micrographs
were taken with Polaroid 55 film.

In addition to the standard polishing procedure, the SEM samples required an
additional step. In order to hinder charging of the epoxy mount, the surface of the sample
which contained epoxy was made conductive by one of two methods: concealing the epoxy
surface with copper adhesive tape or carbon sputtering the entire sample surface. The copper
tape method invariably left exposed epoxy areas near the mounted sample. The carbon
sputtering method worked much better than the other method because no epoxy areas were

left exposed (see Figure 3.3).
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Solder Samples

Epoxy Mount

Carbon Sputter-
Coated Layer

Figure 3.3  Schematic diagram showing the initial mount with solder samples
(top) and the resulting mounts after covering epoxy with Cu
adhesive (left) and carbon sputtering (right).

3.2.3. Wavelength Dispersive Spectrometry (WDS)

Wavelength dispersive spectrometry (WDS), or microprobe analysis, provided
quantitative composition information on the eutectic microstructure present in an off-eutectic
sample. Eight WDS runs were performed on an unetched, polished section of the 25 g cast
Sn-3.6Ag-1.5Cu wt% sample, the composition of the previously reported L+ 11 = 6 + -Sn
reaction. The sample was mounted using the same procedure as the optical microscopy
samples, see section 3.2.2. The eutectic solidification microstructure regions in the sample
were large enough (>30 wm) for WDS measurements to be made. Eight runs were performed
on eight different eutectic regions. The WDS data were recorded from area scans using
between 32 and 100 data points per run.

The Sn, Ag and Cu used for calibrating the WDS apparatus were from the same stock
of the elements used in the sample and were in a different mount than the sample. The WDS
analysis was performed with a 30 mA filament current and a 20 kV accelerating voltage. The

apparatus was equipped with three scanning spectrometers; one was used for the detection of
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Cu, one for Sn and Ag and one was idle. The x-ray energies emitted from Sn and Ag are
close enough so that only one detector was used for both elements. The raw data collected

were corrected with the ZAF (atomic number, absorption and fluorescence) method.

3.2.4. Emulsification

Emulsions of metal droplets suspended in an oil-surfactant mixture were created from
1 g samples of each chill cast ingot. Emulsified samples on the order of 5-20 mg were used
for DTA. To better ensure homogeneity in the DTA samples, 1 g pieces were cut from the
chill cast ingots and emulsified into fine droplets. These fine droplets were subjected to DTA
in 5-20 mg portions. Since each emulsified droplet came from a relatively large 1 g portion
of the cast ingot, each droplet has a high probability of having the same composition as the
cast sample. In contrast, if a solid 5-20 mg DTA sample was cut directly from the ingot, the
composition of the sample would not be exactly known due to the possibility of segregation
and inhomogeneity in the cast ingot.

The emulsification apparatus (55) consisted of a variac, variable speed Dremel tool
with attached mixing blade, a threaded Pyrex tube, a source of Ar gas, a band heater, a
mullite tube, glass fiber, a Chromel-Alumel thermocouple and a temperature controller,
Figure 3.4. The construction and operation of the emulsification apparatus is outlined below.

The blades and shaft were constructed out of stock 3/16” (0.476 cm) diameter 304
stainless steel rod. After cutting the rod to a 15 cm length, two slits were made in one end
with a Dremel tool using a cutoff blade. The four prongs which remained were bent back to
form the blades, Figure 3.4. The lower blades were tilted at an angle about 45° to the
horjzontal to provide upward circulation and the top set of blades were sharpened to shear the
liquid metal in the carrier fluid. The blades were shortened with the Dremel tool so they
would fit inside the Pyrex tube. Before cutting the blade shaft to the final length, the Pyrex

tube and aluminum coupler were made so the necessary length of the shaft could be
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determined. After the shaft length was determined, the shaft was cut to the correct length.
Finally, the top of the blade shaft was machined in diameter so that it would make an
interference fit with the chuck of the Dremel tool. Before inserting the shaft into the Dremel
tool, Duco cement was applied to the end of the shaft to ensure a lasting fit.

The blade shaft was balanced so that high speeds of 30,000 rpm could be obtained
without deforming the shaft. Balancing was done by turning on the Dremel and lightly
touching the spinning shaft with a pencil. Only one side of the shaft comes into contact with
the pencil if it is out of balance. After the Dremel was turned off, the shaft was carefully bent
away from the side with the pencil mark. This was done repeatedly until the Dremel could be
turned up to full speed with the shaft remaining balanced. The shaft would become slightly
out of balance in a certain resonant speed range but become balanced again at higher speeds.
The resonant speed range was heard as a groaning sound of the Dremel tool. If the shaft
speed was rapidly increased through the resonance speed range, the shaft would quickly
become balanced again. In contrast, if the speed was only slowly increased through this
range the shaft would become more unbalanced and be unusable.

A variable amperage power supply supplied the Dremel tool with current. This
allowed control of the Dremel tool at low speeds which was otherwise impossible with the
built in speed control. The power supply also delivered more current to the motor than the
built-in speed control alone, thereby providing a higher maximum speed.

Each threaded Pyrex tube was reshaped to enhance the efficiency of the emulsifier
apparatus. The stock Pyrex tube was initially 125 mm long by 12 mm diameter and was
shortened to 10 cm. The bottom of the 10 cm long Pyrex tube was formed into a four-leaf
clover shaped cross-section. This was performed by heating the bottom of the Pyrex tube in
an oxy-methane flame and making four indents on the side at the bottom with a small spatula.
The four-leaf clover cross-section prevented the heavy liquid metal droplets from simply

circulating against the wall of the Pyrex tube (see Figure 3.5).
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Figure 3.4  Schematic diagram of emulsifier apparatus (exploded view).
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a) b)
Figure 3.5  Schematic of emulsion mixing action in bottom of Pyrex tube:
a) clover leaf cross section vs. b) circular cross section.

The heating element of the emulsifier apparatus consisted of a 550 W band heater
surrounded by a mullite tube, glass fiber filling and a stainless steel sheet, thus composing a
“furnace” which could be moved as one unit (see Figure 3.4). The furnace rested on an
alumina block. The thermocouple protruded up from the center of the alumina block 1 inch
into the furnace.

The aluminum coupler connected the Pyrex tube to the Dremel tool and contained an
inlet for the Ar purge gas. The top of the coupler was machined to match the threads of the
Dremel tool. The screw on cap of the Pyrex tube was fit inside the bottom of the coupler and
held in the coupler by three thumb screws. A slot was drilled into the screw cap which
allowed the cap to be placed in the aluminum coupler after the blade shaft was attached to the
Dremel. A slit was cut into the rubber gasket, as well. Two holes were drilled into both the
cap and rubber gasket as shown in Figure 3.4. The holes allowed the Ar gas to flow into the
Pyrex tube and provide a cover atmosphere for the liquid metal and carrier fluid. The

99.99% pure Ar gas was directed into the coupler via a tube with a needle on the end.
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The carrier fluid-surfactant mixture (100:1 by weight of tricresyl phosphate
[(CH3CsH40)3P(O)]:phosphotungstic acid [H3PO4- 12WO3 XH,0]) and the 1 g bulk chill
cast sample were placed in the Pyrex tube (55). The Pyrex tube was attached to the coupler
and the Ar gas was turned on. The Ar purge gas prevented the metal from oxidizing as the
system was heated. The Pyrex tube was-lowered so it was fully inside the band heater. The
temperature controller was set for 300 °C. When the metal piece had melted the Dremel tool
was set at high for 10-20 seconds. The Dremel tool spun the mixing blades at about 30,000
rpm. It was then turned off and the Pyrex tube was raised out of the band heater.

The emulsified droplets were allowed to solidify and transferred to a test tube with a
pipette. The surface of the droplets reacted with the surfactant so that droplet coalescence
during settling of the emulsion was prevented. The metal droplets were then rinsed in
acetone and ultrasonically cleaned in methanol to remove the emulsification oil. The droplets
were then filtered with 11 pm filter paper and allowed to air dry yielding a fine powder. The
powders were used as DTA samples to determine the liquidus and solidus temperatures of the

different alloys.

3.2.5. Differential Thermal Analysis (DTA)

Differential thermal analysis (DTA) provided accurate determination of liquidus and
solidus temperatures of the 5-20 mg powder samples. The apparatus used was a computer
controlled Perkin-Elmer DTA-7. Each i)owder sample was weighed and put in a small
alumina cup and covered with alumina powder. The reference sample was alumina powder
in an alumina cup. Each sample was taken from 200 °C to 240 °C at a very slow heating rate
of 0.1 °C/min, for good sensitivity. During heating the sample chamber was purged with

99.99 % pure Ar gas flowing at 50 cc/min.
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3.2.6. X-ray Diffraction

X-ray diffraction was performed on a chill-cast and sample of Sn-4.7Ag-1.7Cu wt%
using a Scintag diffractometer and Cu K, radiation. The scans were performed from 26 =
20-80° at 1 */min with a step size of 0.03°. The powders were mounted on a glass slide using
silicone vacuum grease. The glass slide was then affixed to the sample holder with an
amorphous solid (Apezion Q). The bulk sample was simply affixed directly to the sample
holder using an amorphous solid. The sample was then leveled with the surface of the
sample holder to provide proper alignment in the diffractometer. The x-ray analysis
determined the structural identity of the phases that WDS and optical microscopy indicated

were present in the Sn-4.7Ag-1.7Cu wt% alloy.
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4. RESULTS

4.1. Phase Diagram Determination

Published Sn-Ag-Cu phase diagram data (44) indicated that a ternary reaction occurs
in the Sn-rich region of the Sn-Ag-Cu system (Sn-3.6Ag-1.5Cu wt%) at 225 °C as a class 10
four-phase equilibrium reaction (L + 11 = 6 + -Sn, 7 = CugSns, 8 = AgszSn) (56). In the
earlier study only one alloy sample was investigated in the Sn-rich region of the Sn-Ag-Cu
system: Sn-5Ag-5Cu (wt%). In contrast to the earlier study, this work included a large set of
Sn-rich ternary alloys, 11, and the characterization results were improved by utilizing modern
microstructural, chemical and thermal analysis methods.

The lowest melting point of the system, i.e., a ternary eutectic composition was
sought out. If, in fact, a ternary eutectic exists in the Sn rich region, one would expect the
reaction to be L = 1 + 6 + -Sn. As a starting point, a sample of Sn-3.6Ag-1.5Cu wt%,
corresponding to the previously published phase diagram class II ternary composition, was
chill cast. The sample was then mounted, polished and lightly etched. The sample was then
examined using an optical microscope. This revealed an apparent eutectic phase penetrated
by B-Sn dendrites (see Figure 4.1a, b). Because the areas with eutectic microstructure were
on the order of 30 um in diameter, see Figure 4.1, these areas were analyzed using WDS to
estimate the ternary eutectic composition.

The WDS compositional results are summarized in Figure 4.2. The average
composition for each element was calculated for each run. The average of each run was
averaged together yielding a grand average composition of Sn-4.7Ag-1.7Cu wt%, shown by
the lines on the y axes. Adding the elemental weight percents for a given run yielded a

number which was less than 100%. To normalize the sum of the weight percents to 100,
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each elemént’s measured weight percent was divided by the sum of the measured weight
percents. Figure 4.2 is a plot of normalized elemental compositions.

An alloy of Sn-4.7Ag-1.7Cu wt% was chill cast and examined to determine if this
could be the ternary eutectic composition. Optical microscopy performed on this sample
revealed a microstructure composed almost entirely of eutectic, see Figures 4.3a, b. Eutectic
colonies composed of what appeared to be a lamellar microstructure are visible in Figure
4.3b.

X-ray analysis performed on a solid Sn-4.7Ag-1.7Cu wt% chill cast sample indicated
that three phases were indeed present, Figure 4.4. The Bragg reflections present were
indexed as belonging to B-Sn (bct), AgsSn (orthorhombic) or CugSns (hexagonal). These
phases were expected to be present in the ternary eutectic microstructure according to the
reaction L = 71+ 6 + -Sn. The x-ray diffraction results support the WDS and microscopy
observations.

The compositions of the remaining cast samples were selected by drawing two
isopleths extending from the Sn-x (x = Ag, Cu) binary eutectics through Sn-4.7Ag-1.7Cu
wt% on a liquidus projection of the Sn-Ag-Cu phase diagram (see Figure 4.5 and Table 4.1).
Evenly spaced points were then picked along these lines corresponding to the composition of
samples which were cast, emulsified and analyzed using DTA. DTA provided solidus and
liquidus temperatures of the two isopleths.

DTA was performed on emulsified samples to determine the onset of melting and the
liquidus temperatures, if present, and the results are given in Table 4.2. The samples were
labeled as PDMx for phase diagram mapping. From these results, isopleths were plotted as
shown in Figure 4.6. These isopleths correspond with the lines drawn on the liquidus
projection of Figure 4.2. The actual DTA thermograms obtained for the DTA runs are shown

in the Appendix in Figures A1-A11.
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Figure 4.1 Optical micrographs of Sn-3.6Ag-1.5Cu wt% chill cast sample etched with 2
vol % HCI in methanol. a) dark contrast eutectic matrix penetrated by S-Sn
dendrites, b) high magnification of «).
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It should be pointed out that the melting temperatures obtained with DTA varied
systematically depending on the form of the calibration sample: solid or powder. Initial
calibration of the DTA apparatus was done with solid bulk samples of both pure Sn and Zn.
The measured onset of melting of the Sn-4.7Ag-1.7Cu wt% powder sample was 216.5 °C.
Before performing DTA on the PDM samples, the apparatus was calibrated to powder Sn and
solid bulk Zn samples. The recorded ogset of melting for the powder Sn-4.7Ag-1.7Cu wt%
sample with this calibration was 217.5 °C, 1.0 °C above the previously measured onset of
melting. Although this discrepancy is small (< 0.5%) it was noticeable since the measured
melting temperatures were very consistent from sample to sample. It has been shown that
sample size does have an effect on the temperature at which a thermal event occurs for a
given material (48). Therefore, a melting temperature of 217.0 + 0.5 °C is believed to be the
more accurate ternary eutectic melting temperature since the calibration sample, Sn, was in
the same powder form compared to the powder PDM samples.

The liquidus temperatures of samples 1, 6 and 7 were seen as secondary endothermic
peaks separate from the initial onset of melting, Figures Al, A6 and A7. The liquidus
temperatures of the remaining samples were difficult to read on the DTA thermogram since
the liquidus peak overlapped with the initial onset of melting, or solidus peak. However, by
visually examining the curvature of the positive slope side of the main peak a slight saddle
point could be seen. This saddle point was caused by a thermal event corresponding to the
liquidus temperature.

Of most interest, however, is the fact that the melting temperature of the Sn-4.7Ag-
1.7Cu wt% sample is 217 £ 0.5 °C which is 4 °C lower than the Sn-Ag eutectic temperature
of 221 °C, the lowest binary eutectic melting temperature of the ternary system. This ternary
eutectic melting temperature is also 8 °C lower than the previously published four-phase

equilibrium temperature of 225 °C.
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Figure 4.5  Composition of cast samples for phase diagram mapping.
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Table 4.1 Composition of samples cast for phase diagram determination.

Sample # wt% Sn wt% Ag wt % Cu
PDM1 95.80 3.80 0.40
PDM2 95.00 4.10 0.90
PDM3 94.30 4.40 1.30
PDM4 92.90 5.00 2.10
PDM5 91.70 5.50 2.80
PDM6 97.80 1.10 1.10
PDM7 96.40 2.30 1.30
PDM8 94.90 3.60 1.50
PDM9 92.00 6.10 1.90

PDM10 90.50 7.40 2.10
PDM11 93.60 4.70 1.70

Table 4.2 Summary of DTA results.

Sample Solidus Liquidus AT, °C
Temperature, "C  Temperature, °C
PDM1I 216.7 218.9 2.2
PDM2 217.3 218.0 0.7
PDM3 217.3 218.3 1.0
PDM4 2174 218.3 0.9
PDM5 217.1 218.0 0.9
PDM6 217.2 223.7 6.5
PDM7 2174 220.6 3.2
PDM8 217.2 218.3 0.9
PDM9 2173 218.3 1.0
PDM10 217.3 217.9 0.6
PDMI11 217.5 -~ 0.0
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Figure 4.6  Isopleth from a) Sn-Ag and b) Sn-Cu binary eutectics through the
proposed Sn-4.7Ag-1.7Cu wt% ternary eutectic composition.
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4.2. Casting Conditions

When casting alloy samples by melting the constituent elements together, it is likely
that the elements themselves have different melting temperatures. Therefore, it is important
to be sure that all of the elements become completely dissolved in the melt. In the case of a
Sn-Ag-Cu alloy, if one element does not completely melt this could effect the resulting
microstructure of the cast sample since the molten liquid composition is not what it is desired
to be. To examine this for the Sn-Cu-Ag system, several alloys were cast (designated SHx
for super heat) at different superheats and held at the superheat temperature for various times.
Their microstructure was examined using optical and scanning electron microscopy to look
for incomplete melting or dissolution of the original elements. Parameters for the different

superheats are given in Table 4.3.

Table 4.3 Times and temperatures of superheat samples.

Sample Time Temperature, °C
SH1 16 h 500
SH2 45 min 500
SH3 45 min 650
SH4 45 min 300

Optical and SEM micrographs taken of the super heat samples are shown in Figures
4.7 and 4.8. The regions examined all were located on the end of the chill cast ingots (see
Figure 3.2). The scanning electron micrographs show the eutectic microstructure whereas the
optical micrographs give an overall view of the microstructure. In the samples heated for
short times and lower temperatures (SH2 and SH4) it can be seen that the microstructure
contains many large intermetallics. The samples heated for high temperatures and long times
(SH1 and SH4) show a more homogeneous microstructure. The sample which was only

heated for 45 min at 300 °C clearly shows undissolved solid Cu (see Figure 4.9). This would
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Figure 4.8 SEM micrographs (secondary electron) of Sn-4.7Ag-1.7Cu wt% chill cast
sample at a) 300 °C for 45 min and b) 650 °C for 45 min. Dark contrast g-Sn
penetrated by light intermetallic phase.
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Figure 4.9 Optical micrograph of Sn-4.7Ag-1.7Cu wt% chill cast sample unetched. The
light contrast circles are undissolved Cu. The arrows point to the CugSns
intermetallic layer on the pure Cu.
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indicate that either the time was too short or the temperature too low (probably both are the

case) for sufficient diffusion of Cu to occur into the Sn-rich alloy liquid.

4.3. Cooling Rate Study

To investigate the effect of cooling rate on the microstructure of the ternary eutectic
solder, 120 mg solder samples were cooled on small Cu blocks (see Figure 4.10) from 250 °C
to 25 °C at rates varying from 0.2 to almost 200 °C/sec. A diagram of the experimental setup
is shown in Figure 4.11. Table 4.4 relates the method of cooling to the corresponding
cooling rate and a plot of the cooling rates is shown in Figure 4.12. The surface of each Cu
block was prepared immediately before use by grinding with 600 grit SiC paper and rinsing
thoroughly with isopropyl alcohol. For each run, a thermocouple was attached to the Cu
block with a nut and screw. The Cu block was then placed on a hot plate which was at = 260
°C and the temperature and time were recorded with a computer (see Figure 4.12). As each
Cu block was heated, drops of RMA flux was placed on it using a small syringe with a
needle. When the temperature of the block reached about 170 °C a 120 mg piece of Sn-
4.7Ag-1.7Cu wt% alloy was placed on the block, followed by more flux. When the
temperature of the block reached 250 °C, the block was cooled at the specified rate. Two
solder samples were cooled at each rate.

Each sample was sectioned along the longitudinal axis such that two surfaces could
be examined. Therefore, for each cooling rate a mount was made which contained four
surfaces. The samples were examined metallographically using both optical and scanning
electron microscopy, looking for differences in eutectic spacing and the size and dispersion
of the intermetallics present. The hardness of the eutectic matrix was also measured using
the Vickers microhardness test.

Scanning electron micrographs taken of the solder samples cooled at different rates

are shown in Figures 4.13 and 4.14. It can be seen that the presence of large intermetallic
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P o [ Hot Plate

ot gy
Figure 4.11 Cooling rate experimental setup.

Table 4.4 Cooling rates obtained for various methods of cooling.

Method of Cooling Cooling Rate, "C/sec
Hot plate turned off, sample remained on hot plate. 0.2
Sample placed on ceramic brick. 0.8
Sample placed on ceramic brick under forced air 1.8
convection.
Sample placed on large 61.75 in3 Cu block. 8.9

Sample quenched in 20°C water. 2.0 x 102
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Figure 4.12  Cooling rates obtained for different cooling methods.

particles distributed within the eutectic phase of the bulk solder decreases with increasing
cooling rate. Also, the distribution of the intermetallics becomes more localized to the
Cu/solder interface with increasing cooling rate. Coarse intermetallic formation appears to
be constrained to an area close to the Cu substrate at higher cooling rates and, ultimately, no
significant coarse intermetallic formation occurs in the bulk solder at the fastest cooling rate
of 150 °C (see Figure 4.13d).

The hardness of the samples are shown in Figure 4.15. This shows a direct
correlation between cooling rate and hardness. Ideally, since higher hardness corresponds to

higher strength, a fast cooling rate is desired.
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Figure 4.15 Hardness vs. cooling rate for Sn-4.7Ag-1.7Cu wt% alloy.



47

4.4. Microstructural Stability

One hundred hand solder joints were made on a test circuit board by an Ames Lab

electronics technician. A standard RMA flux was used as surface preparation on the board.
The joints consisted of Cu wire soldered into the Cu grommets of the circuit board.
The solder joints were diamond saw cut out of the circuit board in pairs, heat treated for
various times and temperatures, mounted and microstructurally analyzed in an SEM and
tested for microhardness. Annealing temperatures ranged from 130 to 210 °C by increments
of 20 °C. The annealing times ranged from 103 to 106 seconds by increments of half an order
of magnitude. Hardness samples were mounted in cross section and SEM samples were
mounted traversely, as given in Figure 4.16.

The SEM pictures obtained from the different samples were digitally analyzed for
area percent and average size of the intermetallic particles using the computer program NIH
Image 1.55 for the Macintosh.

Visual inspection of the SEM micrographs of solder joints before and after annealing
indicates that the CugSns and AgsSn intermetallic phases do indeed coarsen, Figures 4.17-
4.19. All photomicrographs were shot at the same magnification. The coarsening results in a
more rounded morphology. Results of the areal analysis of CugSns phase performed on the
SEM micrographs is given in Table 4.5.

Hardness measurements taken on the sample indicate that the alloy retains nearly 60%
of its hardness even after severe annealing at a homologous temperature of 0.98 (see Figure
4.20). This is an indication that the alloy will maintain most of its initial strength even when

used in high temperature applications.




48

Copper Wire

Solder

Copper Gromet

a)
Figure 4.16 Mounted solder joint samples.

b)

Table 4.5 Summary of areal analysis of CugSns in annealed samples.
Variable Held Anneal Area % Average Particle
Constant Particle Area Aspect Ratio
t=5000 sec No anneal 2.2 16.5 1.8

130 °C 2.6 16.0 1.9

170°C 2.6 10.6 1.8

210°C 4.3 11.4 1.8

t=500,000 sec No anneal 2.2 16.5 1.8
130°C 4.2 26.1 22

170 °C 4.9 26.2 2.2

210°C 6.1 83.2 2.2

T=170°C No anneal 22 16.5 1.8
5000 sec 2.6 10.6 1.8

500,000 sec 4.9 26.2 2.2
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Figure 420 Summary of Vickers microhardness vs. different annealing
schedules for the Sn-4.7Ag-1.7Cu wt% eutectic alloy.
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5. DISCUSSION

5.1. Phase Diagram Determination

Microscopic inspection of as cast Sn-4.7Ag-1.7Cu wt% and Sn-3.6Ag-1.5Cu wt%
samples revealed a eutectic microstructure in both. However, the Sn-3.6Ag-1.5Cu wt%
sample contained a fair amount of -Sn dendritic growth (see Figure 4.1). Since the cooling
rates (and, therefore, presumably the solidification rates) of the two samples were essentially
the same, the vast variation in microstructure is probably a direct result of the difference in
alloy composition and the corresponding alloy constitution differences.

The microprobe, or WDS, analysis proved invaluable in providing the quantitative
composition of the eutectic microstructure. Taking the standard deviation of the data into
account, as indicated in Figure 4.2, the averaged eutectic composition, Sn-4.7Ag-1.7Cu wt%,
is probably close to the exact ternary eutectic composition. The composition deviation from
run to run can be attributed primarily to inherent shortcomings of the microprobe electron
beam “spot.” The electron beam interacts not only with the surface of the sample but with a
tear-shaped interaction volume below the surface. Hence, if a coarse intermetallic, such as
CugSns or AgsSn, happened to be immediately beneath a polished surface that appeared to be
a uniform eutectic microstructure, then the resulting microprobe x-ray intensities for Cu or
Ag, respectively, would be higher than if the interaction volume contained only eutectic
phase. Of course, the relative Sn x-ray intensity would increase if a dendrite arm of 5-Sn was
just beneath the surface of polish and, therefore, in the interaction volume.

The measured eutectic melting temperature of 217 °C is 8 °C lower than the published
four phase equilibrium temperature of 225 °C (44). In addition, 217 °C is lower than the
lowest binary eutectic melting temperatures of the system, Sn-3.5Ag at 221 °C and Sn-0.7Cu

(wt%) at 227 °C. This supports the hypothesis that the Sn-Ag-Cu system contains a Class I
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four-phase equilibrium (ternary eutectic) reaction at 217 +0.5°C: L= n+ 6 + -Sn (L =
liquid, 11 = CugSns, 8 = AgsSn). A revised estimate of the Sn-rich corner of the Sn-Ag-Cu
system based on these data is given in Figure 5.1. The presence of these 3 phases in the as-
solidified microstructure was also confirmed by x-ray analysis (see Figure 4.4). The
consistency of the solidus temperatures of the PDM samples in the Sn-rich region indicates
that an isothermal plane, which is characteristic of a class I four-phase equilibrium reaction
(56), exists in the Sn-Ag-Cu system. This contradicts the previously published (44) class II
four-phase equilibrium reaction at 225 °C: L + 7 = 6 + [-Sn. In addition, the measured
melting temperature of 217 °C is in agreement with recent phase diagram calculations
performed by Kattner (57) who reported a ternary eutectic melting temperature of 217.4 °C
for this system.

The results of DTA, microprobe and microscopy were supported by x-ray analysis.
In an x-ray diffraction pattern obtained from a Sn-4.7Ag-1.7Cu wt% alloy, every phase
present within the eutectic microstructure (CugSns, AgsSn, -Sn) was indexed to a diffraction
peak (see Figure 4.4). The x-ray sample was an as cast solid sample whose microstructure
matched that of Figure 4.3. Therefore, the phases which were indexed were most likely
present in a refined eutectic microstructure and not in the form of coarsened intermetallics.

In determining the Sn-Ag-Cu phase diagram, very sensitive DTA measurements were
used. However, even with this sensitive technique there remain ambiguities in the data.
Samples which were furthermost from the ternary eutectic composition contained at least two
distinct endothermic peaks and in these cases the liquidus temperature could easily be
obtained, e.g., Figures Al, A6 and A7 of the Appendix, as the final endothermic peak. For
most of the samples, however, the solidus and liquidus endothermic peaks appeared to

overlap. In order to read the liquidus temperatures, the DTA thermograms were carefully
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examined by eye. The liquidus temperature was identified as the last inflection point on the
composite endothermic curve, i.e., the final melting event.

The DTA data obtained were plotted as isopleths extending from the binary eutectic
compositions through the proposed ternary eutectic composition (see Figure 4.6). On these
plots, an estimate of the liquidus curve for each isopleth was drawn (see Figures 5.2a, b).
Such an estimate is useful for improving the calculation of this phase diagram. However, for
a full mapping of the ternary liquidus surfaces in the Sn-rich corner of the Sn-Ag-Cu system,
additional data are needed.

The liquidus curve on each isopleth is easily seen on solute poor samples (to the left
of the proposed ternary eutectic composition (see Figure 5.2) . To the right of the eutectic
composition the liquidus curve a trend is difficult to identify. This could be a result of
several factors. The distances from the ternary eutectic composition to the binary eutectic
compositions are very short when compared to the distance from the ternary eutectic to the
intermetallic phase boundaries. Hence, the slopes of these liquidus surfaces from the binary
eutectics towards the ternary eutectic are large. From the ternary eutectic composition
towards the intermetallic phase boundaries, the liquidus surfaces are much more extended
with lower slopes. This could account for the apparent lack of a strong trend for each rising
liquidus curve on the right side of the eutectic composition (see Figure 5.2).

Another source for error might have been in the selection of isopleths to analyze. It is
possible that the estimated eutectic composition of Sn-4.7Ag-1.7Cu wt% is not exactly
correct. Also, the actual liquidus troughs extending from the binary eutectics to the ternary
eutectic may not be precisely straight. Figure 5.3 shows three different cases for how an
actual liquidus trough might appear as compared to an experimental isopleth. The simplest
situation, case 1, shown in Figure 5.3a, illustrates that the actual liquidus trough and

experimental isopleth lie on the same line. Case 2, shown in Figure 5.35, shows that even
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though the proposed ternary eutectic composition equals the actual ternary eutectic
composition the experimental isopleth doesn’t follow the actual liquidus trough. A third
possibility, case 3, Figure 5.3c, shows that the experimental isopleth may cross two liquidus
surfaces if both the true curvature of the trough and the actual ternary eutectic composition
do not match the isopleth and the proposed ternary eutectic composition, respectively.
Specifically, the isopleth which was chosen from the Sn-Ag binary towards the
ternary eutectic could have actually crossed two different liquidus surfaces, as in case 3 (see
Figure 5.3c). Ultimately this may produce confusing DTA data. When the data are plotted
as an isopleth, as in Figure 5.3, the measured liquidus temperatures would not have a
continuous falling slope leading to the proposed ternary eutectic but rather rise after crossing
the trough. This could be the case in Figure 5.2b. In hindsight, it would have better to
choose at least one additional isopleth which wouldn’t lie so close to an actual liquidus
trough. Figure 5.4 shows two suggested isopleths which could be studied. This would assist

in confirming trends in the melting behavior of the Sn-4.7Ag-1.7Cu wt% alloy.

5.2. Casting Conditions

The casting temperature and the time at which the solder alloy constituents are held at
that temperature are important from a manufacturing perspective. The Sn-4.7Ag-1.7Cu wt%
alloy contains elements of varying melting temperatures. When cast at a sufficiently high
temperature, the higher melting elements of Cu and Ag will dissolve readily in the liquid Sn
by a solid to liquid diffusion process. The desired casting process should be feasible in an
industrial setting, i.e., a reasonably short time at a reasonably low temperature. This study
examined several casting parameters (see Table 4.3).

The sample which was cast at 300 °C for 45 minutes contained relatively large
amounts of undissolved Cu in the ingot. Undissolved Ag could not be found but this does

not mean that there was no undissolved Ag present. However, when examining the
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microstructure of the alloy cast at 300 °C for 45 minutes in Figure 4.8a it can be seen that the
morphologies of the AgsSn intermetallic phase (light contrast) and the B-Sn matrix phase
(dark contrast) are elongated. This morphology is typical of the lamellar two-phase eutectic
of the Sn-Ag system (43) therefore, a significant amount of Ag has dissolved into the alloy.
The microstructure of the alloy cast at 650 °C for 45 minutes in Figure 4.8b reveals a
microstructure which contains a finely dispersed AgsSn phase (light contrast). The rounded
morphology is probably due to the presence of Cu which could refine the eutectic in a way
similar to Zn (43). Hence, the 300 °C/45 minute sample has an insufficient amount of Cu
dissolved so the Sn-Ag eutectic microstructure remains unrefined with an elongated
morphology. The absence of the coarsened CugSns intermetallic phase in the 300 °C/45 of
Figure 4.7a also indicates a deficiency of Cu present in the alloy. Although 300 °C is well
above the ternary eutectic melting point of 217 °C, when held at this temperature for only 45
minutes, complete homogenization is not achieved.

The diffusion rate for Cu in liquid Sn at 500 °C was calculated using a first order
approximation according to Equation 5.1 where x is half the thickness of the solid sample D
is the diffusivity and ¢ is time. The Cu pieces used in casting were about 1 cm lengths of 0.75
mm diameter wire. In this case x is 0.037 cm and the diffusivity of Cu in liquid Sn is 11.5 x
105 cm?/sec (58). Using the above values and Equation 5.1, the time required for complete

dissolution of the Cu sample would be on the order of a nanosecond (10-9 sec).

x=A/Dt (5.1)

Obviously, this is not the mechanism controlling Cu dissolution since solid Cu can be
seen in the 300 °C/45 minute sample of Figure 4.9. The barrier mechanism inhibiting the
dissolution of Cu is perhaps the formation of an intermetallic layer at the Cu/solder interface,

as revealed in the micrograph of Figure 4.9.
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It is well known that diffusivity in solid metals is a strong function of temperature as
shown in Equation 5.2:
D=De 9% (5.2)
where @ is the activation, D, is the diffusion coefficient, R is the gas constant and T is the
temperature. Therefore, high diffusion rates are promoted by high temperatures, especially at
temperatures that approach the melting point. To calculate a first order estimation of a
suitable temperature for casting to dissolve the Cu through the CugSns layer, the hypothetical

congruent melting temperature, T}, of the intermetallic CugSns phase was calculated from

the enthalpy and entropy of fusion (AH/, AS/) using Equation 5.3.

AH? =T AS’ (5.3)

The enthalpy and entropy of fusion can be calculated with first order rule of mixtures
approximations given in Equations 5.4 and 5.5, where x is the mole fraction of the respective

element.

AH' = x  AH/, + x, AHY (5.4)

— f f
AST = x  ASL, + x5, AS] +xo, Inx,, + xg, Inxg, (5.5)

Substituting Equations 5.4 and 5.5 into Equation 5.3 and solving for T, yields

Equation 5.6:
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f f
T — xCuAHCu + xSnAHSn
m i 7
X, ASE, + x5, ASS, + x¢, Inx, + X, Inxg,

(5.6)

Substituting the values of Table 5.1 into Equation 5.6 the hypothetical congruent
melting temperature for the intermetallic CugSns phase is found to be T, = 951 K (678 °C).
Therefore, to drive Cu diffusion through the intermetallic CugSns layer at a sufficient rate, a
casting temperature of 650 °C would seem to be most reasonable of the temperatures chosen

in this study.

Table 5.1 Enthalpies and entropies of formation for Cu, Sn and CugSns.

Chemical Formula AHE, J/mol ASE, J/mol « K
Cu (59) 13100 9.6
Sn (60) 7300 13.9

When comparing the microstructure of the samples cast at 500 °C for 45 minutes and
15 hours very little difference was noticed. Both samples contained intermetallics (dark
contrast) surrounded by a eutectic matrix and no undissolved Ag or Cu was observed (see
Figures 4.7b, c¢). The sample cast at.500 °C for 16 hours was probably completely
homogenized due to the long time which allowed for complete diffusion of the Cu into the
liquid Sn. The slight differences between them are the relative amount of intermetallic
phases present. This difference could perhaps be accounted for if the samples were cooled at
slightly different rates. In the casting procedure used, the cooling rate was not stringently
controlled and there was some minor cooling rate variation from sample to sample. Also,
within a given sample the cooling rate may have varied since the sample was dipped into

water with only one side initially coming into contact with the water. For common industrial



64

practice, casting the alloy at 650 °C for 45 minutes would be sufficient to allow for complete

homogenization and the generation of an optimum cast microstructure.

5.3. Cooling Rate Study

The microstructure of an as-cast solder joint is very dependent on cooling rate. This
has important implications when considering parameters for an industrial soldering process.
If the soldering process results in the joint being slowly cooled (0.1-1 °C/sec), then the
solder’s microstructure will be rather coarsened with large intermetallics present. This is
almost never desired. With a faster cooling rate the solder will be stronger and have a more
refined microstructure.

Another important aspect of knowing the solders microstructure is in mechanical
testing. There have been many recent studies which deal with the strength and resistance to
thermal-mechanical fatigue of Pb-bearing and Pb-free solders. If the results of such tests are
to be meaningful the initial microstructure of the solders involved must be known and
controlled. The most accurate and meaningful results can be obtained by solidifying the
solder alloys in a consistent manner and one which corresponds to actual soldering processes.

The eutectic spacing of the Sn-4.7Ag-1.7Cu wt% solder samples cooled at different
rates was examined using SEM. The eutectic microstructure present in these samples does
not have a regular spacing which was measurable. From Figures 4.14a-d it can be seen that
the eutectic microstructure appears to be composed of small intermetallics (light contrast) in
a 3-Sn matrix (dark contrast).

The cooling rate of the Sn-4.7Ag-1.7Cu wt% solder samples did have a noticeable
effect on the formation of coarsened intermetallics. In the samples subjected to high cooling
rates, the formation of intermetallics was limited to near the Cu-solder interface. While the
molten solder was in contact with the Cu substrate it probably became richer in Cu near the

interface. As a result, the local composition of the solder at the Cu-solder interface became
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Cu rich which promoted the formation of Cu rich intermetallics in the solder upon
solidification.

When cooled at slower rates, the solder’s microstructure contained coarsened
intermetallics surrounded by what appears to be a eutectic matrix. The coarsened
intermetallic formation during solidification appears to have a kinetic dependence. The
stability of the eutectic interface during solidification is possibly dependent on the relative
growth rates of the intermetallic phases (Ag3Sn and CugSns) and the S-Sn phase. The
stability of the growth front could also be affected by a faceted/non-faceted growth front
composed of the three competing phases. CugSns, with its hexagonal close packed structure,
has a faceted growth front while 5-Sn has a non-faceted growth front. For a faceted/non-
faceted eutectic growth front, the coupled growth zone below the eutectic plane can be
skewed towards the faceted phase (61). This could result in an alloy of eutectic composition
exhibiting dendritic growth of the non-faceted phase if undercooling is sufficient enough.
Such an effect would be accentuated if the selected alloy composition is slightly off eutectic
towards the faceted intermetallic phases.

The undercooling of the samples used in this cooling rate study was unknown due to
lack of sensitivity in thermocouple placement but is probably not significant due to the liquid
solder's intimate contact with the rough, polycrystalline Cu substrate surface. It was assumed
that the undercooling for each sample was essentially the same since the factors assisting
nucleation were basically constant. Each sample was solidified on a Cu block and the heat
flow was through the Cu block away from the Cu-solder interface. Therefore, nucleation
most likely occurred at the Cu/solder interface and the growth front moved away from this
interface into the solder bulk.

The coarsened intermetallics present in the microstructure most likely did not develop
behind the solid/liquid growth interface (i.e., via diffusion in the newly formed solid) since

Sn-4.7Ag-1.7Cu wt% solder samples which were annealed at 170 °C for 5000 seconds
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showed little to no coarsening (see Table 4.5). The diffusivity of the Sn, Ag and Cu atoms is
simply too low for any significant intermetallic coarsening in the solid to occur at the times
and temperatures used in the cooling rate experiments. This implies that a cooperative
eutectic growth solid/liquid interface is unstable at slow cooling rates and that the individual
phases grow in a divorced fashion out of the liquid. It is possible that the intermetallic
phases shoot out ahead of the 3-Sn phase at slow cooling rates. This would account for the
large coarsened intermetallics seen in Figures 4.13a,b. An effective method for additional
study of the solid/liquid interface morphology of the Sn-4.7Ag-1.7Cu wt% solder would be
to directionally solidify the solder over a range of growth rates. This would probably reveal
what mechanism is responsible for the instability of the eutectic growth front.

At the Cu/solder interface an intermetallic layer of CugSns forms, as can be seen in
Figure 4.9. This layer also formed at the Cu/solder interface of the cooling rate experiment
samples. It can be hypothesized that some intermetallic particles break free of the interface
and coarsen in the liquid solder and this mechanism is responsible for the coarsened
intermetallics seen in samples which were slowly cooled. However, this sort of coarsening
mechanism is highly unlikely under the conditions used in this experiment. The liquid solder
was in contact with the Cu block for no longer than 300 seconds (slow cooled case) at a
temperature lower than 250 °C. In Figure 4.7a it can be seen that even when Cu is in liquid
Sn at 300 °C for 45 minutes no coarsened CugSns intermetallics form because of a deficiency
of dissolved Cu. As discussed in Section 5.2, this is due to the formation of an intermetallic
layer at the Cu/liquid solder interface. Therefore, only trace amounts of Cu could diffuse
through the intermetallic layer into the solder while the solder was in contact with the Cu
block at 250 °C for 300 sec. It is suggested that a future experiment be constructed where the
time at which the molten solder is on the Cu block is varied as well as cooling rate and the

resulting microstructure examined for the size of coarsened intermetallics.
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Even though not explicitly visible, the eutectic microstructure of the Sn-4.7Ag-1.7Cu
wt% solder does most probably solidify with a finer spacing at higher cooling rates. This
would explain the pronounced increase in hardness corresponding to increase in cooling rate
(see Figure 4.15). It is well known that finer eutectic microstructures are more resistant to
deformation than coarsened eutectic microstructures. The increase in hardness can also be
correlated with an increase in strength in the solder, although this was not studied. This is
important for circuit board assembly manufacturers. To achieve a microstructure of optimum
strength the fastest cooling rate possible is desired.

The hardness of the through hole solder joints were compared with the hardness of
the microstructure stability study samples. The joints annealed at 130 °C for 1000 seconds
had a Vickers DP hardness of about 25 which corresponds to a cooling rate of 1-10 °C/sec
(see Figure 4.10). The microstructures of these samples are also similar. These results
demonstrate that for a given Sn-4.7Ag-1.7Cu wt% sample, hardness can be correlated to a

real solder joint’s cooling rate and microstructure.

5.4. Microstructural Stability

An important aspect of any solder used in today’s demanding microelectronic
applications is the stability of the microstricture when subjected to severe environments, i.e.,
thermal cycling, fatigue, etc. Therefore, the stability of the Sn-4.7Ag-1.7Cu wt% solder’s
microstructure when annealed at relatively high homologous temperatures for different
periods of time was investigated.

It was found that the intermetallics present in the solder coarsened at high annealing
temperatures for long times. The coarsening, however, led to a more rounded morphology of
the intermetallics and an increase in particle aspect ratio. The increase in the average
intermetallic particle size was expected. The rounded morphology of the coarsened

intermetallics is advantageous with respect to strength. Crack initiation which leads to failure
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often starts at areas within the microstructure with the highest stress concentrations.
Rounded particles have a lower stress concentration than particles which are needle like.

The coarsening of the intermetallic particles was not significant at the annealing
temperature of 130 °C. This result is important when considering automotive applications
because under the hood environments are not likely to exceed 150 °C. Coarsening is a
diffusion controlled process. The diffusivity of Cu and Ag in Sn at this temperature is too
low for any significant coarsening to occur, except when held at temperature for long periods
of time, especially when both solute elements are closely bound in intermetallic phases. The
length of time of the anneal was a factor in the evolution of the area percent of the
intermetallics. Long times at all temperatures resulted in an increase in both average particle
size and average particle area. A full kinetic analysis of the coarsening and multiphase
diffusion phenomenon, however, is beyond the scope of this work but could prove

worthwhile as a future study.
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6. CONCLUSIONS

A new Pb-free solder, Sn-4.7Ag-1.7Cu wt%, has been developed which shows great
promise as a Pb-free solder system. This solder exhibits a ternary eutectic reaction, i.e.,
contains a class I four-phase equilibrium, L = 11+ 0 + -Sn (1 = CugSns, 8= Ag3Sn) at a
temperature of 217 + 0.5 °C. Initial trial solder joints made with this solder revealed that the
Sn-4.7Ag-1.7Cu (wt%) alloy can function as a solder by wetting and forming a high quality
bond with copper. The melting temperature of 217 °C is slightly higher than currently
available Sn-Pb solder pastes (T, = 183 °C). With further modifications, such as quaternary
alloying additions based on experimental and theoretical phase diagram relationships, the
properties of the Sn-Ag-Cu solder may be enhanced to provide an alternative solder alloy for
many conventional leaded solders used in electronic applications.

Using DTA it was determined that a ternary eutectic reaction does exist in the Sn rich
region. Solidus and liquidus temperatures observed from DTA proved sufficient in mapping
out isopleth sections in the Sn-rich corner of the Sn-Ag-Cu phase diagram. However, it is
suggested that phase diagram studies of this system in the future employ directional
solidification as a supplen'wnt to such a study. In addition, isopleth sections which do not
involve complications, such as liquidus trough intersection, would provide additional useful
data.

The Sn-4.7Ag-1.7Cu wt% solder alloy shows potential as a replacement solder in
situations where operating conditions are severe, i.e., automotive, aerospace etc. The
microstructural stability of the alloy, retaining 60% original hardness (i.e., strength) even
after annealing for 106 seconds at a homologous temperature of 0.98, indicates acceptable

performance. In addition to retained hardness, the rounded morphology of the coarsened
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microstructure is more likely to discourage crack initiation during thermal-mechanical
fatigue.

The solder’s as-cast microstructure is dependent on the cooling rate employed during
solidification. At cooling rates less than about 1 °C/sec (corresponding to slow reflow
cooling), the intermetallic phases of the eutectic microstructure coarsen and grow separate
from the eutectic. At cooling rates greater than about 10 °C/sec (corresponding to hand
soldered joints) the solder’s microstructure is composed almost entirely of a finely spaced
eutectic. This microstructure was the strongest of those found in this work. When
performing mechanical tests on the Sn-4.7Ag-1.7Cu wt% and other solders it is important to
know and control the cooling rate. Without a meaningful (i.e., similar to real world practices
in the microelectronic industry) and consistent microstructure as a reference from sample to
sample, mechanical tests are dubious.

Parameters in casting the solder such as temperature and the time at temperature are
important in assuring that each higher melting (Ag and Cu) elemental constituent becomes
dissolved. It was found that casting the Sn-4.7Ag-1.7Cu wt% alloy at 650 °C for 45 minutes
proved sufficient for complete melting and should serve well for actual bulk casting

processes.
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Figure A7  DTA thermograms of the Sn-2.3Ag-1.3Cu wt% sample
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0.1 "C/min; UHP Argon 50 cc/min; 2 September 1994
Sample wi. = 16.80 mg
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Figure A9  DTA thermograms of the Sn-6.1Ag-1.9Cu wt% sample
(PDMD9).
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0.1 "C/min; UHP Argon 50 cc/min; 9 September 1994
Sample wt. = 14.86 mg
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Figure A10 DTA thermograms of the Sn-7.4Ag-2.1Cu wt% sample
(PDM10).
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0.1 "C/min; UHP Argon 50 cc/min; 9 September 1994
Sample wt. = 19.01 mg
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Figure A11 DTA thermograms of the Sn-4.7Ag-1.7Cu wt% sample
(PDM11).
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Figure A12 DTA thermogram of pure Sn (99.99%), from an emulsified

powder sample.



