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Abstract 

In this continued study, the microstructural evolution and peel strength as a function 
of thermal aging were evaluated for four Sn-Ag solders deposited on double layered Ag-Pt 
metallization. Additionally, activation energies for intermetallic growth over the 
temperature range of 134 to 190 "C were obtained through thickness measurements of the 
Ag-Sn intermetallic that formed at the solder-metallization interface. It was found that Bi- 
containing solders yielded higher activation energies for the intermetallic growth, leading to 
thicker intermetallic layers at 175 and 190 "C for times of 542 and 20.5 hrs, respectively, 
than the solders free of Bi. Complete reaction of the solder with the metallization occurred 
and lower peel strengths were measured on the Bi-containing solders. In all solder 
systems, a Ag-Sn intermetallic thickness of greater than -7 pm contributed to lower peel 
strength values. The Ag-Sn binary eutectic composition and the Ag-Sn-Cu ternary eutectic 
composition solders yielded lower activation energies for intermetallic formation, less 
microstructural change with time, and higher peel strengths; these solder systems were 
resilient to the effects of temperatures up to 175 "C. 

Accelerated isothermal aging studies provide useful criteria for recommendation of 
materials systems. The Sn-Ag and Sn-Ag-Cu eutectic compositions should be considered 
for future service life and reliability studies based upon their performance in this study. 

c 
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1.0 INTRODUCTION 

This study was a continuation of a cooperative research and development agreement 
(CRADA) with General Motors Corporation, in which Sn-Ag based solder systems 
including flux, metallization, and solder were screened for performance in a high 
temperature, under the hood application. The emphasis upon the Ag-Sn system is derived 
from the environmental issues surrounding the use of Pb and from the higher melting 
point of this system as compared to the classical Pb-Sn system. In typical operations for 
an under the hood environment, solder joints must survive temperatures greater than 
80°C. Based upon reports in the literature!141 it is believed that solder alloys in the Ag- 
Sn system can fulfill this role because of the higher melting point of the Ag-Sn eutectic as 
compared to the Pb-Sn eutectic, higher creep resistance, higher tensile strength and 
ductility, better low cycle fatigue resistance, and higher impact resistance. 

This present report summarizes the effects of thermal aging upon microstructural 
evolution and peel strength of the solder joint for the solder systems chosen through the 
screening study in an effort to recommend systems for service life and reliability testing. 
The initial study[51 provided a screening mechanism for establishing which systems 
should be considered for subsequent thermal aging studies based upon processing and 
microstructural issues alone. Six Sn-rich solders, five Ag-rich metallizations, and four 
commercially available fluxing agents were screened in an experimental matrix whereby 
every combination was used to make sessile drops utilizing standard thermal processing . 
techniques. The systems that allowed formation of sessile drops with contact angles of 
less than 30 degrees while exhibiting a fine, uniform microstructure without evidence of 
degradation in a humid, chlorine and sulfur containing environment were chosen for 
subsequent testing. In the event that the fluxing agents did not influence the sessile drop, 
environmentally conscious (no volatile organics or remaining debris) fluxes were chosen. 
Table I shows the solder systems tested and the systems selected for thermal aging 
studies. 
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TABLE I. Solder systems considered for high temperature, under the hood application. 

*Solder Alloys Chosen for *Metallization Chosen for *Fluxing Agent Chosen for Use 

Based upon desirable sessile drop formation utilizing standard processing procedures, the 
four solders were formed on the Ag-Pt 508 1/5082 metallization using a no clean flux. 
Isothermal aging studies were performed, and the effects of time and temperature upon 
the microstructure and strength of the solder system were investigated. Ultimately, the 
strength of the solder joint determines its usefulness, and the solder joint strength depends 
upon the solder and the solder/metallization joint microstructure. Microstructural 
changes are expected to occur as a function of time and temperature through diffusional 
processes between solder constituents and metallization, so the solder joint strength is 
also expected to change. Thus, mechanical tests to determine the influence of the thermal 
treatment upon the peel strength were performed. Accelerated aging tests such a 
isothermal aging cannot duplicate the service life of a solder joint. However, they 
provide one method of screening solder systems that potentially will provide the desired 
service life and reliability needed. 

The purpose of this study was to examine the mechanical integrity of four Pb-free, 
Ag-rich solder systems on a Ag-Pt metallization for possible use in under the hood 
applications. This analysis focused on the kinetic growth rate of the intermetallic layers 
that formed in these systems and how the strength was ultimately affected. The 
parameters involved isothermally aging the systems from 134OC to 190°C. 
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2.0 BACKGROUND 

2.1 Intermetallics 

Analysis of the solder joint microstructure is important for determining the factors that 
lead to failure. One such entity that has' the propensity of existing, changing over time, 
and influencing the integrity of the solder joint is the growth of intermetallic layers. 

The presence of an intermetallic layer is not a strict requirement for wetting to occur, but 
most solders containing Sn do form intermetallics with Ag. From previous 
documentation in a Sn-based solder, Sn is the active component, contributing to the 
formation of intermetallics that act as an association between the metakation and the 
solder.[61 Sn is known to have a high affiity for dissolving Cu or Ag into itself. 
Therefore, a system containing Sn, Cu and/or Ag will have a high probability of 
containing Cu-Sn and Ag-Sn intermetallics. 

During soldering of Cu substrates using Sn-based solders, an intermetallic layer of 
Cu6Sn5 forms at the solder/metallization interface.[71 Based on the Cu-Sn equilibrium 
phase diagram,[81 Cu3Sn (E) should also form. However, this intermetallic has not been 
visible at annealing temperatures below 135"C.[7* '* lo] This h as led researchers to 
conclude that Cu3Sn is observed following high temperature annealing, only. 

Similar behavior has been documented in the Ag-Sn system.[ll] In viewing a Ag-Sn 
equilibrium phase diagram,[81 both the E and the l, (composition) phases should form 
when Sn and Ag interact. However, only the reaction phase Ag$n (E ) is observed, even 
after annealing temperatures between 20°C and 170°C. Therefore, in the assessment of 
possible intermetallics that would appear in Sn, Ag, and Cu containing solder alloys, the 
Ag$n, the Cu6Sn5, and the Cu3Sn intermetallics exhibit a high propensity to form. 

The growth of intermetallic compounds by a diffusion controlled process is illustrated in 
Figure 1. The Sn must diffuse through a continuously increasing thickness of the 
intermetallic layer. and then react with the Ag; the Ag must diffuse through the 
intermetallic layer to react with the Sn. The growth, therefore is limited by diffusion 
through the intermetallic layer. 
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Tin-Rich Solder 

FIGURE 1. A schematic of a dif i ion.  controlled process with a Sn-rich solder on a Ag- 
rich metallization. 

2.2 Joint Strength 

A soldered joint is required to provide bonds sufficiently strong and durable in meeting 
the design life of an assembly.['] Microstructural analysis to detect the presence of brittle 
layers and/or voids in the microstructure provide important information on joint integrity. 
Kirkendall voids form as a result of different diffusion fluxes.[12y 13] Other factors that 
result in voids are contaminants in the metallization, gas becoming trapped when the 
metals are molten, or shrinkage of the constituents due to solidification as the system 
cools. 

Through mechanical testing, the influence that voids, along with microstructural 
coarsening, and intermetallic formation have on the mechanical properties of the solder 
joint are exposed. There are many forms of mechanical testing and they are all designed 
in attempts to simplify the actual conditions that exist during the service life of a device. 
Tensile ~trength,['~-'~] and thermal shock,['41 tests have been documented. However, 
shear testing appears to be a popular means of measuring the solder joint's strength. 
The ring and plug shear!"' 21* 

241 are among the different ways that shear testing is performed. Shearing involves 
stresses that act parallel to the surfaces; It is imposed on a joint that is under thermal 
cycling conditions where the solder bonds of two materials with different coefficients of 
thermal expansion exist. When one side is heated, the joint expands more that the other; 
upon cooling, it contracts further than the other resulting in shear strain in the solder. 
This shear strainresults in heterogeneous coarsening of the microstructure, where cracks 
form resulting in joint failure. 

[ 1 7-20] 

the double-lap shear,['*' 22* 231 and the single-lap shear[22a 
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SOLDER ALLOYS 
Sn-Ag (121) 

Sn-Ag-Cu (SAC) 
Sn-Ag-Bi (SAB) 

Sn-Ag-Cu-Bi (SACB) 

Some solder joints in electronic systems also experience strains that act to tear or peel 
them apart. Since the scope of this study is not thermal cycling, the peel test which is 
important in exposing a brittle interface has been chosen. There are many different 
geometric configuration of peel tests,[2o1 but the peel tests that were explored for this 
study had to give strength values that were representative of a wire bonded to a 
solder/metallization system. DuPont[251 defined an in-board peel test that appeared to 
appropriately measure the strength of a wire/solder system. It is quick and easy to 
perform and produces a reasonable set of results.[261 The only concern was that the wire 
could be weaker than the joint, producing measured stress in breaking the wire instead of 
a straight forward response of a failureload as applied to the joint.[61 Fortunately this 
was not the case in this study. 

COMPOSITION (wt%) 

96.5 Sn, 3.5 Ag 
93.6 Sn, 4.64 Ag, 1.76 Cu 
91.9 Sn, 3.33 Ag, 4.8 Bi 

88.9 Sn, 4.5 Ag, 1.6 Cu, 5.0 Bi 

3.0 EXPERIMENTAL PROCEDURE 

The four different Pb-free solder alloys and a single, two layer Ag-Pt metallization, 
5081/5082, selected from a preliminary study[51 were used in this project. The solders are 
shown in Table 11, along with their varying weight percent in Sn, Ag, Cu, and Bi. These 
soldedmetallization systems were exposed to isothermal aging after which a 
microstructural analysis of the intermetallic growth was completed and an in-board peel 
test was performed. These tests gave necessary information in determining the individual 
mechanical integrity of the solder/metallization systems. 

TABLE II. The Sn-Ag solder alloys used in this experiment. They will be denoted by the 
notation in the parenthesis, hereafter. 

. I -. , . -,-. , . .  . -  . ,  -- 
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3.1 Metallization 

The E.I. DuPont metallization 5081/5082, comprised of two different metallizations ~ 

(weight percents of 75 Ag-7 Pt, and 79 Ag-6 Pt, re~pectively[~] and will be referred to by 
this numerical identification, hereafter), was in the form of pastes or thick-film conductor 
inks. These pastes were printed onto a ceramic substrate using a patterned wire screen 
(325 openings per inch). Initially this mesh screen was covered with a 4 to 12 mil thick 
photosensitive emulsion. Using an Instant Mercury Printer this system was then exposed 
to a pattern'via ultraviolet light. The emulsion not exposed to light was then washed off 
with water, leaving behind a pattern on the screen. A Presco thick film screen printer was 
then used to apply the thick-film ink metallization, through this patterned screen onto an 
alumina substrate. Squeegee blade pressure on the Presco screen printer was controlled 
to produce a consistent thickness of the thick-film ink while printing. 

The 508 1/5082 was applied as a two stage process. First metallization 5081 was screened 
printed, dried in a 150°C oven for 10 minutes, and fired. To bond the metallic conductor 
to the ceramic surface; this system was fired in a furnace, ramping the temperature for one 
hour to a peak temperature of 850°C for ten minutes. The same procedure was repeated 
again for the application of metallization 5082. When the firing had been completed on 
the two different metallization patterns, the substrates were stored in a container with an 
inert atmosphere. This prevented oxidation and sulfidation of their surfaces. 

This two stage process occurred for the two different test patterns; one pattern for the 
specimens that would be used for the cross sectional analysis and the other pattern to be 
used for the in-board peel test, shown in Figure 2 and Figure 3, respectively. Figure 2 
illustrates a pattern of 16 one cm squares where laser scribed lines were applied around 
the perimeter and through the center of each pad on the non-printed side of the substrate. 
These scribe marks allowed easy separation of pads to form individual aging samples. 
Figure 3 shows the in-board peel test pattern that consisted of 21 two mm square 
metallization pads; 3 pads in 7 rows. Pad sizes of two mm square were chosen to enable 
the wires to be kept vertical during the testing.[2q Fourteen small markers, located at 
each end of a row, were used to align the wires, insuring that the wires were centered on 
the test pads. The center strip of pads served as a buffer when the peel test was 
performed, since the middle pad absorbed the tensile shock when the bond broke keeping 
the opposite outer pad from being affected. 
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Laser Scribed Lines 
1 cmsqum I MetallizatbnPad + I 

I I f l  

AhuninaSubstrate 

r 
4 5  cm 

i 
FIGURE 2. The pattern used to make the aging samples. The lines designate the lines 
that were laser scribed onto the back of the alumina substrate used for separating the pads 
individually and in half. 

7-1 . . . . . . . 

FIGURE 3. The screen print design used for the in-board peel test. Approximately 170 
ceramic boards were printed with this design to allow for testing of the four solder alloys 
in each time and temperature increment. 
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,3.2 Solder 

The solder, which was in the form of a paste, was comprised of solder particles and a no 
clean flux binder. This no clean flux was chosen because it is commonly used in 
industry. The 121 solder paste was purchased from Indium Corporation of America and 
the SAB paste was purchased from AIM (American Iron and Metal Company). The 
SACB and the SAC solder pastes were processed from A M E S  laboratory. 

Aging specimens were formed with 20 3.1 mg of solder paste individually placed onto 
the one cm square metallization pad. Beforehand, these solder quantities were weighed 
out, placed on plastic sheets, and placed in air permeable containers. Until they were 
ready to be used, these quantities were stored in a refrigerator at 3.3"C (38°F) to prevent 
the solder paste degradation by reaction of the flux with the solder. Thermal treatment to 
form the aging samples is described below. 

For the mechanical testing samples, the solder paste was screen printed to a thickness of 
approximately 150 pn (6 mils) on the 2 mm square metallization pads (see Figure 3). 
Standard Sn-plated, 20 gauge (0.8 mm diameter) Cu wire was cleaned and hand placed 
across three pads as shown in Figure 4. This procedure does not follow the preparation 
parameters defined by DuPont, where solder baths were used to coat the metallizations. 
Instead, screen printing of the solder was chosen, because it offered a consistent thermal. 
processing of the system, and a constant volume application of the solder, Le., a volume 
that did not depend on the straightness of the wire. It was anticipated that the stress 
distribution in the wire/solder/metallization assembly would be quite reproducible, due to 
the constant thickness of solder and controlled thermal history. 

20 Gauge 
Cu- Sn Wk 

RGURE 4. Placement of the Cu-Sn wire on the metallization pads. 
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3.3 Reflow Heat Treatment 

A Heller 988C reflow oven was used to reflow all samples. This oven consisted of four 
inert atmosphere convection heated zones and two infrared panels where the temperatures 
could be programmed for a desired profile. Compressed nitrogen, stored in cylinders, 
was used to keep the atmosphere inside the oven inert, the infrared panels clean, and to 
reduce the effects of oxidation of the molten solder. A motodgear driven conveyor belt 
moved the samples through the heated zones of the reflow oven at designated speeds. 

The cooling rate determines the initial solder microstructure. The faster cooling rate 
allows less time for diffusion to occur, resulting in a finer microstructure. The 
preliminary study['] showed that microstructural differences existed between the two heat 
treatments; the hot plate microstructure versus the reflow oven microstructure. The hot 
plate produced a finer eutectic microstructure of Ag$n and Sn. It was clear that the finer 
microstructure was a result of the rapid cooling rate experienced by the solder during the 
thermal processing. 

To achieve a finer microstructure a faster cooling rate temperature profile was made for 
the reflow oven. This involved increasing the belt speed from 25 cm per minute to 35 cm 
per minute while keeping the time above the liquidus temperature of the 121 solder alloy 
(221"C), at 68 seconds. This new temperature profile is shown in Figure 5. Performing 
this change in the profile proved to be a success. This can be seen when comparing 
microstructures resulting from the old temperature profile shown in Figure 6, and the new 
temperature profile used in the reflow oven, shown in Figure 7. Here the microstructure 
is seen to be fiie and homogenous. Both of these figures show the 121 reflowed on 
metallization, 508 1/5082. 

. 
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260 1 
240-- 221% 

200 --  
180 * -  

160 - -  

Peak Temperabxe = 24 0 
SAT = 8lsec 

20 *- B e l t S p e k =  35 cm/mm 
40 - -  

0 1 2 3 4 5 6 

Time (min) 

FIGURE 5. Temperature profde for the Heller reflow oven.' The saturation time (SAT) 
denotes the time that the solder/metallization system was above 221°C. 

To reduce the variation in the sample preparation, the preceding temperature profile was 
used, to reflow both the aging samples and the in-board peel test samples for all four 
alloys. 
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FIGURE 6. The 121 has been reflowed on the 5081/5082 metallization 
using the reflow oven resulting in a coarse microstructure. 

FIGURE 7. The fme, homogeneous microstructure of Indalloy 121 is 
indicative of a faster cooling rate. 
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Parameters 
A 

n 

Q 

3.4 Isothermal Aging 

Units 
pdt" (time in 
days) 

0.4 16 dimensionless 

8.62 x 10 

28.3 1 KJ/moI 

Accelerated aging tests were constructed to simulate a period of natural aging in an under 
the hood environment. These tests consisted of five different temperatures with eight 
different time intervals. The parameters were selected based on previous data and the 
Arrhenius equation, shown in equation (1) 

x( t ,T)  = x, + Atne -% (1) 

where t is the time, T is the temperature (Kelvin), A is a constant, Q is the activation 
energy, and n is the empirical power-law constant. Previous aging of intermetallics has 
been performed on Sn-Ag (100% Sn and 100% Ag) systems,[27] using equation (1). This 
study covered a temperature range from 20°C to 170"C, using a multivariable regression 
to determine the values of A, n, and Q. In order to effectively examine the growth 
process at both high and low temperatures in accelerated isothermal aging conditions, 
these values were used to design this experiment. These parameters are shown in 
Table 111 for Sn-plated on Ag. 

TABLE III. Values that were used in equation (l), to design the isothermal aging 

Since the under hood temperatures in automobiles range from 150 to 18OoC, a median 
temperature of 160°C was chosen. A maximum time of 1,000 hours with the minimum 
time of 2 hours (which equated to 0.2% of the maximum time), was selected using the 
temperature of 160°C. Rearranging equation (1) to give equation (2) gave a growth 
formula that could be applied to other temperatures giving corresponding maximum aging 
times. 
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Four other aging temperatures, 134"C, 146"C, 175"C, and 190°C were chosen so that 
they were distributed evenly in terms of l/r (Kelvin). The annealing time periods are 
distributed uniformly in terms of ln(t) and are listed for all of the temperatures in 
Table IV ranging from .6 hour to 3,401 hours. 

TABLE IV. Different aging temperatures and their corresponding time intervals. There 
are five different temperatures, each with eight time intervals. 

5 237 128.6 69.7 37.8 20.5 
6 576 3 12.4 169.4 91.9 49.8 
7 1400 759 411.6 223.2 121 
8 3401 1844 1000 542.2 294 

Three different ovens were used to perform the accelerated isothermal aging: a Hot Pack, 
a Blue M, and a Lindberg. The latter two were computer controlled which allowed the 
ovens to be programmed to a desired profile; however, only one temperature could be 
obtained for the oven compartment at any given time. The Hot Pack and Blue M ovens 
were of the forced convection type while the Lindberg was natural convection. 

The Hot Pack, which was not computer controlled, was used for the 134°C temperature 
tests. The 146°C and 190°C temperatures were performed in the Blue M, while the other 
aging temperatures, 160°C and 175"C, were achieved in the Lindberg. To ensure that the 
temperatures were calibrated to within k 3°C between the three ovens, a portable 
thermocouple was used. 

During both aging cycles, the 134°C and the 146°C temperature intervals, power failure 
occurred in the ovens, using the Hot Pack and the Blue M, respectively. The Hot Pack, 
operating at 134°C lost its power due to. a blown fuse. This occurred after the sixth time 
increment (576 hours) for approximately one to three days; the exact duration is 
unknown. The Blue M operating at 146°C lost its power due to a power outage in the 
building. This happened approximately 75 hours into the fifth time interval of 128.5 
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hours. The duration of power loss was approximately four hours. However, the 
percentage of time lost in either oven was small when compared to the total time at the 
aging temperature: two percent lost time in the Hot Pack and less than one percent lost 
time in the Blue M. Therefore, these interruptions should have minimal effect on the 
results. 

4.5 In-board Peel Test 

The mechanical testing was performed using a modification of the in-board peel test 
specified by DuPont,[zs] which is believed to represent a realistic failure mode that is 
similar to failures occurring in hybrid mic~ocircuits.[281 

The test apparatus consisted of two sections: grips that maintained the position of the 
wire and a slotted holder that maintained the stability of the alumina substrate during the 
peel test. Both items were made out of 3031 aluminum and 1040 steel. These 
dimensions are shown the Appendix. The section that held the wire during a peel test 
was mounted to a Interface load cell (Model #: SM-50; 50 pound maximum load) and 
the slotted holder was positioned onto an actuator situated in a computer controlled MTS 
load frame (closed loop system for mechanical testing of materials and structures, MTS 
Systems Corp., Model # 661.234-01). The vertical displacement of the actuator was 
measured by an LVDT (linear-variable differential transformer). This setup is shown in 
Figure 8. 

After the specific aging had been performed on a sample, the wires on the mechanical 
testing boards were bent up 90" using a fixture to control the location of the bend, as 
shown in Figure 9. The substrate was then inserted into the slot of the substrate holder, 
shown in Figure 8. This holder was critical in supplying support for the substrate so that 
the substrate itself did not fracture during the in-board peel test. Each w3e was 
individually pulled at a rate of 3.8 1 cm per minute, in a direction normal to the plane of 
the substrate (see Figure 10). The in-board peel test program was set to acquire data 
every second. When a distance of 0.3 cm had been reached, the LVDT stopped the peel 
test. This distance guaranteed failure of the bond between the wire and the solder pad, 
since the diameter of the wire was 0.8 mm and the approximate thickness of the solder 
was 150 jm. The actuator then held that position for 10 seconds, while the 
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wire was manually released. The actuator then returned to its original starting position, 
which insured that the end of the wires were gripped at exactly the same point every time 
to prevent any deviation in the length of the moment armP1 A total of fourteen load 
failure values were obtained from each solder/metallization system for each time at a 
given aging temperature unless some of the joints had failed during isothermal aging. 

. 
substrat;! Insertion 

FIGURE 9. The apparatus used for controlling the location of the 90" bend on the wires. 
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FORCE 
4 

I l l  / -Solder 

Alumina Substrate 2 

FIGURE 10. A schematic drawing of the in-board peel test on one 2 mm square 
metallization pad. Redrawn from the DuPont test document.[z] 

3.6 Measurement of Intermetallic Growth 

The measurement of the intermetallic growth was performed on a micrograph containing 
a cross sectional view of the soldedmetallization system. This view was obtained.by the 
sectioning of the aged solder/metallization systems along the laser scribed line on the 
alumina substrate into two segments. Each of the segments were cold mounted in 
alumina (Al203) filled Castolite epoxy and polished on a 20p.m fixed diamond wheel. 
They were then polished with 6 p and lp Metadi diamond paste using Buehler’s 
Metadi extender on a nylon cloth. Secondary and back-scattered electron images were 
obtained on the polished surface using a JEOL 6400 scanning electron microscope 
(SEW. 

‘ I  

From these micrographs, the intermetallic thickness in the image was measured in mm 
with a resolution of 0.5 mm and converted into the actual thickness ih p based upon the 
magnification of the micrograph. A total of thirty measurements were taken at random 
locations along the interface for each sample at each time and temperature increment. 
Using the method of least-~quares[~~] a multivariable regression analysis was performed 
on this data using equation (1). A general model of this regression is shown in equation 
(3) 
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where Y is the dependent variable (intermetallic growth), Po is the intercept, XI and x2 are 
the independent variables (temperature and time), and J32 are the unknown coefficients, 
and E is the random error term that is added to allow for deviation between the dependent 
and independent part of the model. 

Due to the computational difficulty of fitting data to a multivariable regression model, a 
computer package worksheet, EXCEL[301 was used. This enabled the ease in determining 
the values of the unknown coefficients A, n, and Q; the intercept and values of J31 and p2, 

respectively. Prediction of the intermetallic growth rate of each solder alloy was then 
possible once these parameters were calculated. 

4.0 RESULTS 

4.1 Intermetallic Growth 

In conducting the isothermal aging only four of the eight time increment samples from the 
five temperatures were examined due to limited financial resources. In the temperatures 
134"C, 160°C, and 19O"C, the odd numbered time increments (times 1,3,5, and 7) were 
analyzed. For the remaining temperatures, 146°C and 175"C, the even numbered time 
increments (times 2,4,6, and 8) were analyzed. 

While examining the micrographs obtained from the cross sectional views of,the 
solder/metallization systems, an intermetallic layer was visible for all of the different 
temperature and time conditions. This layer was also apparent in the as-soldered 
condition, where no isothermal aging had been performed. Figure 11 is a schematic of 
the typical behavior that was exhibited as a solder/metallization system isothermally 
aged; from the initial as-soldered state (without aging) to the final aged state. The 
intermetallic and the metallization systems have a jagged interface that runs parallel to the 
substrate. As the aging time and temperature increased, this intermetallic layer observed 
to increase in thickness. In severe cases, the complete reaction of the solder with the 
metallization occurred leaving behind only an intermetallic layer where the metallization 
originally existed. 
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-Alumina Substrate 

a> 

FIGURE 1 1. A typical progression of intermetallic growth from a) the as-soldered 
condition, t = 0, showing precipitates, voids, and an intermetallic layer, b) the 
soldedmetallization after exposure to some time and temperature duration, t > 0, showing 
the coarsening of the voids and increase of intermetallic growth, and c) the 
solder/metallization having been exposed to a long time and temperature condition, 
t >> 0, showing a significant increase of the intermetallic thickness. 

Voids apparent at the interfacial regions of the intermetallic layer and metallization were 
assumed to be Kirkendall vacancies. Other voids could be seen in the as-soldered 
condition throughout the metallization and the intermetallic/metallization interface. As 
the aging continued on any one solder/metallization system, these voids appeared to grow 
and coarsen. Small colonies of precipitates could also be seen in the solder itself with . 

varying composition of elements that were dependent on the type of solder used. 

In the following four sections, the microstructure of the four solder alloys will be 
discussed. Note that this analysis did not cover the compositional study of the 
microstructure of the sessile drop or the intermetallics that formed. Therefore, the 
constituents of the solder microstructure and intermetallics are identified based upon 
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limited compositional studies. This is justified by the limited number of phases and 
relatively unique backscattered images that they produce. 

4.1.1. Sn-Ag (121) 

The 121 solder, shown in Figure 12, alloy had a fine-grained microstructure. Grains of 
Sn are surrounded by Ag3Sn near the metallization. Voids are apparent at the 
intermetalWmetallation interface and throughout the metallization. The intermetallic 
layer that was measured is assumed to be comprised of Ag3Sn. 

Previously, a Pt-Sn phase containing traces of Ag was observed in this system.r51 The 
compositional analysis of this phase indicated a stoichiometry near PtSn,. In the binary 
equilibrium Pt-Sn phase diagram, no such phase has been identified; so this phase may be 
metastable. No attempt was made to determine the presence of this phase in the as- 
deposited or aged microstructures. 

Upon examination of the metallization over all the time and temperature increments, the 
metallization was still identifiable even at the highest temperature, 190°C. This is shown 
in Figure 13 and Figure 14, where the metallization is visible after one hour and 121 
hours of aging at 19O"C, respectively. From the observations of the aged samples, there 
appeared to be no visible coarsening of the microstructure or voids. 

4.1.2 Sn-Ag-Cu (SAC) 

The SAC solder alloy also exhibited a fine grained microstructure. In Figure 15, large 
primary Ag& coarse eutectic Sn (light gray), and Cu&3n5 (dark structures) can be seen. 
A layer of large grains of Ag$n is present on top of the metallization. Voids throughout 
and along the interface of the metallization are also seen and they are observed to coarsen 
over time at a given temperature. 
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FIGURE 12. A cross sectional view of the 121 solder alloy in the 
as-soldered condition. 

FIGURE 13. A micrograph showing the cross sectional view of the 121 
solder alloy isothermally aged for one hour at 190°C. 
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FIGURE 14. A micrograph showing the cross sectional view of the 121 
isothermally aged for 121 hours at 190°C. The metallization is still apparent. 

FIGURE 15. A cross sectional view of the SAC solder alloy in the as-soldered 
condition. 
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The average intermetallic thickness ranged from 3.4 to 25.1 pm, where the latter value 
was obtained in the 190°C temperature at 121 hours. In this sample, the metallization had 
been completely consumed by the intermetallic growth. This is shown in Figure 16. 

4.1.3 Sn-Ag-Bi (SAB) 

The microstructure of the SAB shows small round white regions that are essentially pure 
Bi, as seen in Figure 17. It is believed that during cooling, this Bi precipitated in the 
solder matrix. The Sn-Ag eutectic is surrounded by primary Sn and Bi phases. Close to 
the metallization, large grains of Ag3Sn form a continuous layer over the metakation. 
Voids in the metallization and its interface with the intermetallic layer are visible and 
appear to coarsen as time and temperature increase. 

The SAB caused a total reaction of the metallization in the 175°C temperature cycle, 
unlike the SAC where a total reaction of the metallization by the intermetallic growth 
occurred in the 190°C temperature cycle. Figure 18 shows the S A B  after 2.6 hours at 
175°C where the metallization is visible. Figure 19 shows the SAB at the end of the 
175°C aging temperature, 542 hours, where the metallization is no longer apparent and 
only the intermetallic layer can be seen. Again, as seen with the SAC after high 
temperatures and extended time, the SAB microstructure coarsened. 

4.1.4 Sn-Ag-Cu-Bi (SACB) 

The microstructure of the SACB, shown in Figure 20, is similar to the microstructure of 
the SAB solder alloy where the same small round white regions of Bi can be seen. The 
large dark regions in the microstructure are primary Cu6Sns. Below the Sn-rich region 
there is a layer of large Ag3Sn grains near the remaining metallization. Voids are visible 
in the intermetallic layer, intermetallidmetallization interface, and solder matrix. These 
voids and the solder microstructure appear to coarsen with time and temperature. 

Total reaction of the metallization into the intermetallic growth also occurred in the 
175°C temperature range, which was similar behavior to the other solder alloy containing 
Bi, SAB. Figures 21 and 22 show the observation of the visible metallization after 92 
hours at 175°C and then the total reaction of the metallization into intermetallic growth, 
450 hours later at 175"C, respectively. Visible in Figure 22, is a dark region at the 
interface of the solder matrix and the intermetallic layer. This formation is assumed to be 
the Cu6Sns intermetallic. 
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FIGURE 16. The metallization in the cross sectional view of the SAC 
was fully consumed. This sample was aged for 121 hours at 190°C. 

HGURE 17. A cross sectional view of the SAB solder alloy in the 
as-soldered condition. 
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FIGURE 18. A micrograph showing the cross sectional view of the SAB 
isothermally aged for 2.6 hours at 175°C. 

. 

FIGURE 19. A micrograph of the SAB aged for 542 hours at 175°C. Complete 
dissolution of the metallization has occurred and only the intermetallic layer is 
present. 
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FIGURE 20. A micrograph showing the cross sectional view of the SACB solder 
alloy in the as-soldered condition. 

FIGURE 21. A cross sectional view of the SACB solder alloy aged at 175°C for 
92 hours. The metallization is still visible beneath the intenietallic layer. 
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FIGURE 22. A micrograph showing the cross section of the SACB solder 
alloy aged at 175°C for 542 hours. The metallization is no longer visible and 
only the intermetallic layer, Ag3Sn, is seen. 
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4.1.5 Intermetallic Growth Discussion 

The interface of the intermetallic between the solder matrix and the metallization was 
rough and non-uniform; therefore, measuring the intermetallic thickness was not a 
straight forward process. Large voids were visible at the interface of the intermetallic and 
metallization with smaller voids, in comparison, throughout the microstructure. When 
measuring the intermetallic layer, these small voids were included, but the voids present 
at the interface were not and an effort was made to avoid these areas. It was assumed that 
a variety of intermetallics existed, but a compositional analysis was not performed to 
c o n f m  this. However, it was assumed that most of the intermetallic layer was 
comprised of the Ag3Sn intermetallic. Cu6Sns intermetallics were also present if the 
solder alloy contained Cu; therefore, the Cu-based intermetallic was included in these 
measurements and not viewed as a separate entity. The data appears in Table V. The 
measured values where total reaction of the metallization occurred are denoted by 
shading. The xo values, also shown in Table V, are the averages calculated the as- 
soldered states of the four solder alloys. 

At the onset of any one aging cycle, the intenhetallic layers xo measured between 2.2 to 
3.1 pm thick. In the higher temperatuies, 175°C and 190°C, towards the end of these 
aging cycles, it was found that in most of the Pb-free solders (except for the Indalloy 
121), the metallization had completely reacted. Occurring at a faster rate as the 
temperature increased, this complete reaction gave a 21.6 to 26 p.m thick layer of 
intermetallic. 

- The data that were obtained on the samples that involved total reaction of the 
metallization were included in the multivariable regression analysis. These data points 
held statistical significance for the constants used in predicting the growth rate of the 
overall system. Using the t statistic it was found that all the coefficients determined were 
highly significant (94.6% and greater). 

In performing the multivariable regression analysis, values for the unknown coefficients 
of equation (1) were found for each of the solder alloys the 121, SAC, SAB, and SACB: 
the pre-exponential constant, A, the time exponent, n, and the apparent activation energy, 
Q, ranging from 0.7 x10 to 1.9 x10 @t" (time in hours), 0.26 to 0.48, and 27.6 to 
88.5 kJ/mol, respectively. The multiple correlation coefficient, R' was used to determine 
the adequacy of the regression model; a perfect fit occurring when R2 equals 1.0. For this 
analysis the R2 values ranged from 0.72 to 0.84. The value of the unknown constants 
found through regression, their t-statistics, and the values calculated for R2 are 
summarized in Table VI. 
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TABLE V. Average thickness values of the 30 total intermetallic thickness 
measurements that were obtained for each solder alloy after the accelerated isothermal 
aging. The shaded values denote the situation involving complete reaction of the 
metallization. Average thickness values determined from the as-soldered conditions of 
each solder alloy is noted by xo. 

121 I SAC I S A B I  SACB 
TEMP TIME’ MEANTHICKNESS 
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TABLE VI. Values that were obtained for A, n, and Q in a regression analysis performed 
on. the data obtained from the four solder alloys during the accelerated aging environment. 

These values were then substituted into equation (1) to obtain a model predicting the 
kinetic growth rate of the intermetallic layer. A trend was seen with the four solder alloys 
when the average raw data values were compared to the predicted values from the 
regression analysis. This is shown on a log-log plot in Figure 23 with the SAC solder. 
Deviation can be seen in the higher temperature 160"C, 175"C, and especially at 190°C. 
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FIGURE 23. A log-log plot of SAC, showing the intermetallic growth, in p, at the five 
different aging temperatures. The symbols represent the average of the raw data obtained 
and the lines show the predicted regression model. 
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The values in Table VI found from the regression corresponded well to the growth 
behavior that was evident at the 160°C temperatures for each solder alloy. The solder 
alloys containing Bi, had higher values of A, n, and Q and were characterized by the high 
growth rate of intermetallics. In comparison to the other alloys, the SAC solder had a 
slower growth rate mechanism, while SACB had a faster intermetallic growth rate. This 
behavior is portrayed in Figure 24, where a comparison is made between the four solder 
alloys' raw values obtained in measuring the growth intermetallics for the 1600C 
temperature. 

Upon further observation at this temperature at 160"C, the SAB, the SAC, and the 121 
show a subparabolic growth. Without more data measurements, it is impossible to 
determine, based on one data point, why the SACB did not exhibit subparabolic growth at 
this temperature. Perhaps a different mechanism was present, or there was experimental 
error, because this behavior of the SACB was not apparent in the other temperatures. 

T -4 

FIGURE 24. A comparison of intermetallic growth, in p, is shown between the four 
solder alloys in the 160°C temperature cycle using the raw measurement values. 

In analyzing solid-state growth (intermetallic), three types can be identified, based on the 
values that are found through regression for the time exponent, n: i) linear growth 
kinetics where n = 1, ii) parabolic growth kinetics where n = 0.5, and iii) subparabolic 
growth where n < 0.5. Parabolic growth kinetics are a result of bulk diffusion, while 
subparabolic growth has an inclination of exhibiting formation of more than one 
intermetallic compound.[27J 
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The intermetallic growth proved to be non-linear from the n values obtained from the 
regression model. These values indicated subparabolic controlled kinetics growth (n < 
O S ) ,  where the growth is assumed to be composed of more than one intermetallic 
compound growing in solid state. In the two alloys containing Cu, SAC and SACB, the 
possible intermetallics could be Cug Sns, Ag3Sn, or Cu3Sn. The Cu-Bi phase equilibrium 
diagram[*' shows that an intermetallic phase does not exist between the Bi and the Cu. 
However, a metastable compound CugBi2 has been reported.[313 In SAB and the 121 it is 
uncertain at this time, other than the Ag3Sn intermetallic compound, what other 
intermetallics exist; it was not determined if another intermetallic phase was present. 
Nevertheless, recalling from the preliminary study, a non-equilibrium phase of PtSn, was 
found in this Sn-Ag solder alloy joined to a Ag-Pt metallization. 
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FIGURE 25. A comparison of activation energies ( kJ/mol), is shown between the four 
solder alloys keeping the time constant at 100 hours. 
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In performing the regression analysis, 121 yielded an activation energy of 27.6 kJ/mol. 
This agrees with another study reporting an activation energy of 28.3 kJ/mol in which Sn- 
Ag was annealed on Cu substrates and aged in an air furnace at constant tern~eratures.~~~] 

For the SAC solder alloy the regression analysis yielded an activation energy of 
52.3 kJ/mol. This value corresponds with a similar study where the combined activation 
energy for the Ag-Sn-Cu-interfacial intermetallics was 59 kJ/mol.['ol The isothermal 
aging was performed in air fhrnaces with temperatures ranging from 70°C to 205°C. 
Both the Cu6SnS and Ag3Sn intermetallics were present, but the Cu3Sn was only observed 
at annealing temperatures above 170°C. 

A literature review was performed to find documentation on activation energies involving 
the SAB, and SACB solder alloys, annealed in a similar fashion, but was unsuccessful. In 
comparison to the 121 and the SAC solder alloys that did not contain Bi, the SAB and the 
SACB solders yielded the highest activation energy. Why does the addition of Bi appear 
to boost the activation energy? At present, intermetallics that contain Bi have not been 
identified and there is belief that Bi will not readily combine to form compounds, because 
it seems to precipitate out of the solder matrix. An answer arises from the fact that the Bi 
lowers the melting point of a system, increasing the activation energy. Activation energy 
is defined as the minimum energy needed to form products from the reactants. Perhaps in 
exploring this further it can be determined that the Bi works as a catalyst in the formation 
of the intermetallic compounds. With this increase of energy added to the system, the 
fraction of atomic mobility collisions increase leading to more reactions that form the 
intermetallics. . 

The activation energy is weakly temperature dependent;[331 lower melting temperatures 
induce higher activation energies (in an extreme case an activation energy of zero 
indicates that the process is independent of temperature). Therefore, the activation energy 
can be varied when different alloys, melting at different temperatures, are combined. 
This dependence between the melting point and the activation energy was apparent in 
these four solder alloys. The 121 solder had a melting point at 221"C, the highest out of 
the four solders, and yielded the lowest activation energy. Likewise the SACB and the 
SAB, with melting points at 208°C and 211"C, respectively, had the highest activation 
energies, the SACB yielding the highest value. 

In summary, the activation energies obtained through the regression analysis clearly 
demonstrate that solder alloy composition contributes to the apparent intermetallic growth 
rate. The 121 solder, consisting of only Ag and Sn, had the propensity to only form the 
Ag3Sn intermetallic. Due to the limited solubility of Ag into Sn,['O1 the apparent growth 
rate of this intermetallic was lower when compared to solders containing Cu and/or Bi. It 
is evident that the Cu and especially the Bi that was added to the solder matrix increased 
the sensitivity of the intermetallic growth rate. 
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4.2 In-board Peel Test 
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Failure of the solder joint was achieved when the initial separation of the wire from the 
solder/metallization pad occurred. In assessing the collected values from each peel test, 
the maximum strength value (also known as the point of maximum stress or ultimate 
strength of the joint) obtained in a run was used as d e f ~ g  the system inoperable. This 
value represented the force that was required to completely detach a wire from the 
solder/metallization pad. Subsequent lower strength values from that maximum value 
signified the pulling on a wire that was no longer attached to the system. 

A typical peel test is shown in Figure 26 performed on SAB aged for 128 hours at 145°C. 
An observation was made that the joint was weaker then the wire, because there was no 
deformation of the wire as the peel test was performed; therefore, the data collected 
described the properties of the joint and not the wire. 

FIGURE 26. A typical peel test that was obtained on all the four solder alloys. This 
represents the data that was obtained on SAB aged for 128 hours at 145°C. 

Different properties existed between the solder, the intermetallic layer, the Cu-Sn wire, 
and the metallization; therefore, an assumption was made that the failure occurred by 
joint fracture along or through the intermetallic layer interface at the metallization or 
solder matrix. However, this was not verified. Failure could also have occurred along 
the surface area of the wire where intermetallic layers could have formed. There is 
documentation stating that failure results from the formation of shrinkage voids, which 
divert the fracture path away from the intermetallidsolder interface and into the solder 
itself.[341 Other studies have indicated that if the intermetallic layer is thin, fracturing will 
occur through the solder.[351 
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At the onset of the in-board peel test, it was anticipated that a total of 14 failure values 
would be obtained for each solder/metallization system from each time in a given 
temperature; however this was not the case. Factors that contributed to lost data were: i) 
improperly bending the wire at go", causing the wire to crumple, ii) improper insertion of 
the alumina substrate into the holder, causing the substrate to fracture, iii) human error in 
operating the load frame, and iv) degeneration of the solder/metallization joint, resulting 
in the wires detaching from the solder pad. Except for the Indalloy 121 solder, all the 
other Pb-free solder pads did not maintain the adhesion of their wires in the 190°C 
increment. The two solders that contained Bi had lost most of their wires after 50 hours 
(the wires were no longer attached to the solder pads), and lost all their wires after 294 
hours. This would indicate that the metallization was completely dissolved resulting in a 
nonexistent bond between the wire and the board. Table VII summarizes the average 
strength value for a set of data for each solder alloy at a time and temperature increment. 
The actual number of data points that were obtained from the anticipated 14 values is 
denoted by the italicized font located in the shaded columns. 

Although the in-board peel tests were well controlled, much'deviation in the measured 
values existed. Some of these deviations could be explained by the uneven solder 
thickness when it was screen printed due to the consistency of the solder paste, or the 
alignment of the wire not being centered on the pad. Other factors to consider were the 
apparent jagged and uneven thickness of the intermetallic layer, and voids that were 
possibly present at the interfacial regions of the solder and/or the metallization. 

Nonetheless, there were obvious trends that were observed with the solder alloys, except 
for the 121. The average values calculated from the 121's data sets obtained from the in- 
board peel test at each temperature and time cycle ranged from 23.1 to 26.3 N. A 
decreased strength was seen in the 190°C temperature, 17.3 N. However, since complete 
reaction of the metallization did not occur with the 121 solder and coarsening of the 
microstructure was not visible, the reason for this lower strength is not apparent. 

At the end of an aghg cycle at 134"C, 146"C, and 1750C, the SAC maintained a constant 
strength value of approximately 20.5 N. However, at the end of the 190°C temperature 
cycle a 40% decrease in strength, from the initial strength of 20.3 N, was seen. This 
decreased strength would appear to be dependent on the total reaction of the metallization 
that was evident at this temperature. 

The Bi-containing solders exhibited a similar strength degradation behavior. The SAB 
and the SACB kept a constant strength of approximately 18.6 N -I 1.4 N and 16.1 N & 1.1 
N, respectively, for the 134"C, the 146"C, and the 160°C temperatures. However, by the 
end of the aging cycle of 19O"C, the strengths of the SAB and the SACB decreased to 3.6 
N rt 1.6 and 2.1 k 2.4 N, respectively. This behavior is illustrated in Figure 27, where 
comparison is made on SAB between the 160°C and the 190°C temperatures. The 
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extreme decrease in strength at 190°C is characteristic of two different stages of strength 
degradation occurring. 

In comparison between the four solder alloys, a repeating behavior was seen at any given 
temperature, over the eight different time intervals. A representative example of this 
trend is shown in Figure 28, where the S A B  and the SACB produced lower values of 
strength when compared to the other solder alloys, SAC and 121, for the 146°C 
temperature. Between the average strengths of the SAB and the SACB, the S A B  was 
13% stronger; between the SAC and the 121, the 121 was 14% stronger. 
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TABLE VII. The average values calculated from data sets obtained from the in-board 
peel test on the four solder alloys are summarized below. The number of data points in 
each set is denoted by the italicized font in the shaded columns (*). 

TEMP TWlE + y 
40.2 

I 97.6 
I 237.1 

576.1 
1400 
3401 

146 3.7 
8.9 

21.8 
52.9 
128.6 
213.4 
759 
1844 

160 2.0 
4.9 
11.8 
28.7 
69.7 
169.4 
41 1.6 
1000 

175 1.1 
2.6 
6.4 
15.6 

223.2 
542.3 

-T 
294 

AVERAGE STRENGTH (NEWTOD 
121 11 * I SAC (1 * 1 SAB * I  

24.5 -i- 3.9 
21.3 f 3.3 
23.7 k 3.8 
25.6 k 3.6 
25.2 f 4.9 
29.0 -i- 6.2 
24.7 f 3.3 
24.8 k 2.9 
24.6 f 6.3 

14' 20.1 k3.6 1 J1 - 13 22.3f4.3 \ 14 
14, 22.1k2.8 I J4 
14 26.1k2.9 1 16 
14 23.5 f2.6 14 
- ..14 22.8k2.3 I 14. 

I# 21.952.1 1 0 
14 20.6k2.0 1 I4 
12 19.9k2.3 1 14 

24.2f4.2 14 21.7f2.1 1 14 

- 
- - - 
I_ - - 

14 I 23.8f5.9 11 14 I 23.4f 1.3 1 14: I 18.4f1.9 
14 1 24.5f3.7 /1 :: 1 14 27.1 f6.6 14. 22.754.8 
14 24.7 f 1.7 23.6 f 2.9 

22.1 22.8 I/ -M:, 

20.2 k 2.1 
18.2 f 2.6 
17.9 k 1.9 
17.6 k 2.1 
17.0 f 2.7 
18.8 k 2.5 

19.4 k 4.3 
17.8 f 2.5 
20.0 f 3.1 

17.8 f 1.5 
18.8 f.3.6 
3 .9  f 4.9 

22.6k2.1 11 .I2 ~ 

21.6 f 3.5 :::: ii2; 
19.8 k 1.9 20.6 k 2.9 
22.8 f 1.4 14 20.9 f 3.3 

,14 15.6k 0.9 
14 15.9 k 2.2 
14. 15.9f1.9 
I4 16.1 4 1.0 
14 17.4 4 2.2 
64 16.1 f 2.9 
14 15.6 4 1.9 
14 16.7 f 2.3 
14 15.7 k 2.6 
14 15.3 k 1.9 
I4 16.0 f 3.5 
13 17.1 f 1.0 
14 . 17.0f2.0 
13 16.7 k 1.0 
14 15.3 f 2.7 
12 , 15.8k2.4 
24 15.1 f 2.7 
14 15.7 f 1.6 
14 17.0 f 2.9 
14 15.4 f 1.2 
I4 15.8 f 1.7 

14 17.8 f 2.7 
24 13.9 k 3.3 
14 14.3 f 2.2 
14 16.1 f 1.6 
14 16.1 f 1.5 
14 16.8 k 3.1 
14 16.8 f 2.4 
14 16.4 5 2.1 
14 16.4 f 2.6 
13 16.7 f 2.1 
14 11.594.0 
14 16.0 k 1.6 
13 16.6 f 2.6 

*13 15.8 f 1.4 

14, 18.9 f 2.8 

13 1 16.1 f 2.5 

4' 6.3 f 5.4 
. 5  6.5 f 1.5 
. 4  2.1 f 2.4 
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FIGURE 27. A comparison is shown of the strengths at the 190°C and the 160°C 
temperature increment of the SAB. These values are the averages obtained from the in- 
board peel test. 
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FIGURE 28. Comparison of bond strength of the four different solder alloys at 146°C. 
The Bi-containing solders, SAB and SACB, can be seen as having lower strengths than 
the other two solder alloys, SAC and 121. 
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When comparing the overall strengths between the 121 and the SAC and between the 
S A B  and the SACB there appeared to be a correlation that the solder alloys containing 
Cu, SAC and SACB presented a lower strength when compared to their counterpart, Le., 
the SAC was weaker in strength to the 121. Similarly the SACB was weaker in strength 
compared to the SAB. In viewing the micrographs of the Cu containing solders, SAC and 
SACB, and the solders that did not contain Cu, 121 and SAB, a comparison was made to 
see if the intermetallic layer revealed a different microstructure. However, no apparent 
differences, i.e., difference in voids or coarsening, were noted from these visual 
inspections. Nonetheless, throughout the solder matrix and along the interfacial region of 
the intermetallic*layer in the Cu containing alloys dark somewhat elongated grain 
formations were visible in these microstructures (see Figure 15 and Figke 20, 
respectively). Their size was substantial in giving the structure a nonhomogeneous 
appearance. It ,is believed that these formations are Cu6Sns particles and that they 
weakened the systems. Analysis was not performed to substantiate this, but 
documentation shows that c ~ S n 5  are hollow hexagonal rods and under testing 
conditions, the formation of these brittle rods appear to expedite the failure of the 
joint. [16* 361 Voids which also have the bias to weaken a system were also compared 
between the SAC and SACB solders and the 121 and SAB solders. There appeared to be. 
voids throughout all the microstructures of the four solders and it was not apparent if the 
Cu-containing solders had a larger number of voids. Without further analysis it was not 
apparent if the voids found in the Cu-containing solders were larger in size when 
compared to the voids in the other two solders, not containing Cu. In addition to the 
voids, solid solution and precise image analysis for size and shape of microstructural 
constituents must also be considered. 

. In the same manner, when the strengths of the Bi solders, SAB and SACB, were 
compared to SAC and 121, the Bi appeared to lower the overall strength. Despite the 
potential solid solution strengthening provided by the Bi in the Sn, it is believed that these 
lower strengths are the result of the Bi that precipitated out into the microstructure. The 
Bi occurred in the microstructure as large white grains resulting in a nonhomogeneous 
microstructure. Another factor that needs consideration is the Bi also appeared to 
increase the kinetic growth rate of the intermetallic layer in these Bi-containing solders. 
A fast growing brittle compound in a solder system would have the tendency to challenge 
the integrity of the joint. 

To better understand the influence that temperature and time had on the solder alloys' 
strength, Analysis of Variance   AN OVA)[^^] was performed on the strength values that 
were acquired from the in-board peel test. This was not a straightforward analysis due to 
missing data points (sometimes as much as twelve values) from a fourteen set replication. 
An alternative method was chosen to create a simulated data set based on the mean and 
standard deviation of the existing data. 

I 

' I  

' I  
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Random values of probability between 0 and 1 were selected and converted into 
standardized values, z-scores that qre based on a normal distribution. Using the mean and 
standard deviation of the present data these z-scores were used to fabricate strength 
values. These dummy values could then be used to fill a deficient data set with the same 
number of data points as an average data set. This method was performed using EXCEL, 
a software spreadsheet, for data sets that had less then nine values. 

In performing the ANOVA, the average data set size (nine to twelve values) was used 
instead of a full fourteen value set that may or may not contain simulated data. Data sets 
that contained fourteen values were reduced to the average data set size by randomly 
dropping strength values from the set. Using full size data sets would over estimate the 
true significance of the factors. It was believed that by using the average data set size a 
reasonable estimate of the significance would be obtained. 

A summary of the ANOVA tables calculated for each of the four alloys is shown in 
Table VIU where SS is the sum of the squares, dfis the degrees of freedom, MS is the 
mean square equal to SSld’ and F calc is the Fisher F statistic that is calculated for each 
factor. F crit is the value obtained from statistical tables1381 based on the df of the system 
and the level of desired significance of 95%. If F calc is greater than F crit then the 
factor and/or interaction does have a significant effect on the bond strength. The p-value, 
also shown in Table VIU indicates that the probability of achieving the same results due 
to random variation is very low. 
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' TABLE VIII. An ANOVA Table for time, temperature, and time-temperature 
interactions influencing intermetallic growth of the four solder alloys. 

. .  

*This is based on using a 95% confidence interval; . 

' * From Table'Vm, all factors except time for the -12l'were significant for.the solder alloys.. 
This is demonstrated by the F Calc being &eater than the F crit 'indicating the significant 
effect time, temperature, and time-temperature had on the strength. However, there was 

* .  greater significailce in these vziriables for some alloys than for others. This is illustrated 
in Figure 29; were the F crit.values are compared to.the F c@c values for-each of the'two 
factors and their interaction. 

. .  . .  . ,  
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FIGURE 29. Comparison of F crit to F calc values obtained in an ANOVA. 

The value of significance given for all'the factors appear to support the hierarchy of 
strength that was exhibited by the four solder alloys. From the ANOVA the weakest 
strength alloy, SACB appeared to have low resistance to the effects of time, temperature, 
and time-temperature interaction while the strongest alloy, 121, appeared to be only 
slightly affected by the factors. 

In viewing the significance that &e and temperature had on 121, it can be seen that time 
was irrelevant. When compared to the other three alloys, 121 appeared to maintain a 
lesser significance in the temperature and time-temperature interaction. This supports the 
data obtained on the 121, where its strength sustained a fairly average constant strength of 
25 N up until the 190°C temperature. 

Time and temperature had more significance on the bond strength with the solder alloys 
containing Bi (SAB and SACB). This was reflected in the overall lower strengths of 
these solders. Both solder alloys had a lesser significance in time than temperature but 
this significance proportionally increased for the temperature factor. For the time- 
temperature interaction, the F calc was greater than the F crit, but it was not as significant 
as the individual factors. 

Overall, the significance was similar for all the factors on the SAC. There was only 1.5 
units difference of significance between the time and temperature; time being more, and 3 
units difference between the temperature and time-temperature interaction. In 
comparison to the other alloys, the SAC showed lesser significance in time and 
temperature when compared to the SAB and the SACB but when compared to the 121, 
the factors contributed more to the SAC. 
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The most significant effects the time and temperature factors had on the bond strength of 
the solder alloys containing Bi was that they may not be strong candidates in replacing the 
Pb-Sn systems. The results indicate they were not resistant to isothermal aging ind may 
not have mechanical strengths required for under the hood applications. 

5.3 Comparison of Intermetallic Layer Growth versus Strength 

A comparison, among the four solder alloys, was made between the strengths and their 
corresponding growth rate of intermetallics. It is believed that the continuous Ag3Sn 
formation along the interface may have influenced the integrity of the joint because this 
intermetallic is brittle. For the most part, the anticipation that the solder alloy strength 
would decrease as the growth rate increased was proven correct at the higher temperature. 
However, finding a behavioral pattern became impossible in the 134"C, the 146"C, and 
the 160°C temperatures for all the doys.  The difference in the thickness of intermetallic 
appeared to have little or no affect on the strength. This was especially prominent with 
12 1 where there seemed to little correlation of how thick the intermetallic was in regards 
to the strength in all the temperatures. 

This trend can easily be seen with the SACB solder alloy, shown in Figure 30, where the 
average intermetallic thickness is compared to the average strength obtained from the in- 
board peel test performed at the last time cycle of each aging temperature. At the 134"C, 
the 146"C, and the 160°C temperatures, the intermetallic growth does not correlate with 
the strength, i.e., the smaller growth seen should indicate a higher strength. However, the 
association between the intermetallic thickness and strength becomes significant at 
190°C. At this temperature the strength decreased approximately 17 N, as a noticeable 
increase in the intermetallic layer occurred. 
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FIGURE 30. Comparison of the average intermetallic growth, in p, and the average 
strength, in Newton, that the SACB solder alloy exhibited at the last time increment for 
isothermal aging temperatures. 

It was of interest to analyze the 190°C temperature further. In performing the peel test 
eight values were obtained from each of the eight time intervals. However, as discussed 
earlier, only four time intervals were examined for the measurements of the intermetallic 
growth. To compensate for the lack of thickness data, the coefficients determined from 
the multivariable regression were used to simulate the nonexistent data, using equation 
(1). This calculation gave an intermetallic thickness value for each strength value. In 
plotting the strength versus the intermetallic growth a correlation between the 
intermetallic thickness and the strength became apparent after the thickness had exceeded 
7.3 (In 1.9) p. This behavior is illustrated with SAC and SAB in Figure 3 1. 
Nonetheless, it was observed that at the smaller aging times there appeared to be a wide 
variation of intermetallic thickness, resulting in little effect on the strength. It appears 
that a linear correlation can be used to fit the dependence of the peel strength on 
intermetallic thickness of 7.3 pm or greater. 
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FIGURE 3 1. Comparison of SAB and SAC and how their intermetallic growth affects 
their strength at 190°C. 

The totid reaction of the metallization that was observed at higher temperatures left 
behind a brittle intermetallic compound phase, perhaps disabling the adhesion of the 
wires to the solder/metallization system and causing the wires to become detached. 
However, there are other considerations to investigate when determining the reasons for 
the lower strength values that were obtained. One possibility is that there was 
degradation of the Cu-Sn wire. This degeneration would result in formation of Cu-Sn 
brittle intermetallics andor the reduction of the cross-sectional area of the wire causing 
an increase in the sensitivity of forces that act on the joint. If the difference in the 
diffusional fluxes are significant between the wire and the solder/metallization system, 
Kirkendall voids form resulting in a severe reliability issue.[271 Without further 
investigation it is not known at this time if perhaps this difference in flux existed between 
the elements present in the solder/metallization system and the wire. 

Even though there appeared to be a correlation between the intermetallic thickness and 
strength at higher temperatures, the voids that were visible throughout the microstructures 
of the solders should not be overlooked. These voids that were visible throughout the 
solder matrix, intermetallic layer, and metallization appeared to coarsen at longer times 
and higher temperatures. Not only do these voids give the microstructure a 
nonhomogeneous entity, but they have the potential to initiate failure. A dependence of 
the solder joint strength may also exist between the size and amounts of voids. 
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5.0 SUMMARY AND CONCLUSION 

For high temperature applications for under the hood components, four Pb-free solders 
comprised of varying weights of Sn, Ag, Cu, and Bi were chosen based upon previous 
screening of low contact angles and desirable sessile drop appearances and 
microstructures. The four solders, Sn-Ag eutectic (Indalloy 121), Sn-Ag-Cu eutectic, Sn- 
3.33 Ag-4.8 Bi, and Sn-1.6 Cu-4.5 Ag-5.0 Bi, were reflowed using no clean flux onto a 
double-layer Ag-rich Pt metallization using a Heller reflow oven. The initial 
appearances, contact angles, and microstructure were analyzed. The samples were 
subjected to accelerated isothermal aging at five different temperatures. An analysis was 
performed to determine the mechanical integrity of these four solder alloys by examining 
the kinetic growth rates and strengths of the intermetallic layers that formed. The results 
are summarized as follows: 

1. The constant thermal processing produced fine and homogeneous initial 
microstructures in the four solder alloys, even though the melting points were 
different in each system. For the initial processing and subsequent aging treatments 
that were used in this experiment, it was found that the increase in intermetallic 
thickness maintained a subparabolic growth rate (n < 0.5). As the aging temperature 
and time increased in any given cycle, voids and microstructure coarsening were 
observed in the solder alloys, except for the Indalloy 121. 

2. From measurements of the intermetallic thickness as a function of time and 
temperature of aging, activation energies were obtained over the temperature range of 
134 tol9O"C. The activation energy for the binary eutectic Sn-Ag was found to be 
27.6 kJ/mole. An increase in activation energy was found with the addition of 
alloying elements. The activation energies for the other solder systems were 52.3 
kJ/mole, 71 kJ/mole, and 88.5 Wmole for the SAC, SAB, and SACB solders, 
respectively. The actual mechanism(s) contributing to the activation energies found 
here are not fully understood, but represent the overall interfacial behavior for the 
systems studied. 

3. In correlation to the activation energies obtained, the increase in intermetallic layer 
thickness varied from solder to solder with greater intermetallic thickness observed in 
the systems with higher activation energies. The average joint strengths in the as- 
soldered condition, presumably of the solder system and substrate, as determined by 
the DuPont in-board peel test were about 22,20, 18, and 16 N for the 121, SAC, 
SAB, and SACB systems, respectively. With aging, the values remained constant 
within the limit of experimental error unless an intermetallic layer thickness of 7.3 
pm or greater had been reached. This correlation was observed in the solder alloys, 
SAC, SAB, and SACB, but due to limited data and slower growth of the intermetallic, 
it was not observed for 121. 

4. An Analysis of Variance (ANOVA) demonstrated the relative influence that time, 
temperature, and time-temperature interactions from the aging experiments had on the 
peel strength. The analysis showed little influence of time, temperature, and time- 
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temperature interactions upon the peel strength of the 121 solder, which was 
substantiated by the limited growth of the intermetallic over the time and temperature 
aging regime investigated. The lack of influence by these variables upon the peel 
strength suggest that this solder system is resilient to these aging conditions and may 
prove useful as a reliable joint for under the hood applications. 

5. For Bi containing solders, the following observations were made: 

i) Higher activation energies were obtained for these two solder alloys, when compared 
to SAC and 121. Fast growth of the intermetallic layer was observed. Perhaps the Bi 
acted as a catalyst in expediting the intermetallic growth. 

resulted in wires becoming detached and/or low strength values obtained from the in- 
board peel test performed at these temperatures. 

solder matrix. This left the microstructure as a nonhomogeneous entity. 

board peel test at all the temperatures; SACB had the lowest strength value. 

temperature, and time-temperature interactions. 

aging. 

ii) Total reaction of the metallization occurred during aging at 175°C and 190°C. This 

iii) Bi was seen clearly in the microstructure, because it had precipitated out from the 

iv) Out of the four solder alloys, SAB and SACB provided the lowest strengths in the in- 

v) In performing the ANOVA, these solders exhibited significant sensitivity to time, 

vi) These solders do not appear to provide joints that would be mechanically reliable after 

6. For the solders without Bi, the following observations were made: 

i) Lower activation energies were obtained for 121 and SAC; the 121 having the lowest 
value. 

ii) Total reaction of the metallization only occurred with the SAC solder at 190°C. 
iii) The SAC and 121 solders demonstrated higher in-board peel strength; 121 yielded the 

iv) In performing the ANOVA, the time, temperature, and time-temperature interactions 
highest average values in the initial and aged conditions. 

had only a slight effect on SAC, while no significant effect was noted with the 121. 

7. When comparing solders with Cu to those without Cu, it appears that Cu weakens the 
peel strength of the system. The SAC and the SACB, both containing Cu, exhibited 
lower strengths when compared to their non-Cu containing counterparts--121 and the 
SAB, respectively. Even though the 121 and the SAC gave higher strengths when 
compared to the SAB and the SACB, between the 121 and the SAC, the SAC was 
lower. Likewise with the SAB and the SACB, the lower strength solders, in 
comparison SACB was lower in strength. The influence of c u  upon the strength is 
not fully understood, however the microstructure revealed Cu&ns intermetallics, 
which may have been present not only as large grains in the bulk of the solder but 
possibly also as a thin, continuous layer of intermetallic. 
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At the onset of this project there was belief that a strong correlation would exist between 
the increasing intermetallic thickness and the peel strength of the solder systems. 
However, based on the results this only holds true to an extent. Other methodologies 
were apparent such as coarsening of the microstructure, large formations of intermetallics 
existing in the solder matrix, voids that were visible throughout the microstructure, and 
possible reactions with the wire. The correlation only became evident between the 
intermetallic thickness and the peel strength when the intermetallic thickness had reached 
a certain thickness. 

Nonetheless, from these results, the SAC and the 121 solder systems appear to show 
promising potential for use in high temperature, under the hood applications. They have 
low activation energies for intermetallic growth and consequently yielded thinner 
intermetallic layers. They were resilient to the effects of temperatures up to 175°C; the 
121 showed little change in peel strength and microstructure even at 190°C. Through all 
the aging temperatures, the SAC and the 121 maintained higher strengths than the Bi- 
containing solders, even at the elevated temperature of 190°C. 

6.0 EUTUREWORK 

The isothermal aging that was used in this project is only the first step in giving a 
comparative test between solders. This accelerated isothermal aging should not be used 
to predict the service life but only as a relative reference in the reliability of solder joints. 
There are many questions where answers could be supplied if further investigations were 
performed. 

After the regression analysis had been performed there appeared to be intermetallic 
growth of some of the solder alloys that did not fit the model well. For example, in the 
160°C temperature the SACB initially did not exhibit a subparabolic growth curve. 
Further studies would include a larger collection of data points that would either lessen 
the deviation effect seen or discover an aging mechanism that SACB has at this 
temperature. 

The kinetic rates that were obtained on the intermetallic growth for each solder were a 
general estimate in a given temperature range. Future work could include identifying the 
individual intermetallics and determining each of their activation energies and their 
contribution to the overall kinetic rates. 

It is believed that the subparabolic growth rate that was apparent with the solder alloys 
was indicative of more than one intermetallic phase being present. In the Cu containing 
solders it would appear to be a straight forward assumption of what the second or third 
intermetallic constituent would be. However, with the 121 and the SAB solder, an 
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analysis could determine if the PtSn7 compound that was identified in the preliminary 
study and the metastable compound, CuSBi2 that has been documented is actually present. 

In the samples that exhibited total reaction of the metallization, a repeated accelerated 
aging test could be employed along with a rigorous compositional analysis to determine 
the cause of this event. It would be interesting to determine the outcome of this total 
dissolution had the time been extended at the 190°C temperature to see when cracks 
between the solder matrix and intermetallic layers began to appear. 

In performing the in-board peel test, it was not clear where the actual failure of the joint 
occurred. Investigating the cross sectional view of these destroyed specimens may give 
insight into the failure mechanism, i.e., did the failure occur in the interfacial region 
between the intermetallic layer and metallization or propagate into the solder matrix or 
was there actual degradation of the wires themselves causing a faster failure rate? Thus, 
cross sectional analysis may also expose possible effects the voids that were present 
throughout the microstructure of the solder had on the ultimate strength of the joint. 

If the failure had occurred in the solder matrix, hardness tests could be performed on the 
intermetallics that had been identified along the fracture path. For example, the Cu6Sn~ 
that was believed to be present, would it prove to be more ductile or brittle than the other 
intermetallics such as Ag3Sn. 

Performing these tests would enhance the knowledge that was obtained from this study. 
In turn, this information could lead to a more knowledgeable development of future Pb- 
free solders. 
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