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ABSTRACT 

In the search of a lead-free solder for use as a replacement of the current 

tin/lead solders, an alloy consisting of 77.2% tin, 20% indium, and 2.8% silver 

has been invented. This solder, entitled Indalloy #227, has demonstrates bulk 

properties comparable to tin/lead solders. Further characterization of this alloy 

was completed in this research by determining the steady state creep rate 

properties of actual solder joints. The solder joints were formed using ceramic 

substrates with gold/nickel/copper and copper pad metallizations. The 

fabrication process of the samples was optimized to yield the highest shear 

strength. Creep properties were determined at temperatures ranging from -40°C 

to 125°C using a set of grips which subjected the samples to pure shear stresses. 

The activation energy was determined, and a comparison of the creep rates was 

then made to five other solders. Results from this comparison showed that the 

77.2Sn/20.0In/2.8Ag solder demonstrates creep properties similar to those of 

typical tin/lead solders. 
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CHAPTER 1 - INTRODUCTION 

1.1 History of Leaded Solders 

Since their invention, solders composed of lead and tin have been widely 

used throughout the semiconductor industry. For many years, different 

compositions of tin/lead solders have been utilized in practically all the various 

types and levels of microelectronic packages. Some of these applications include 

controlled collapse chip connections, ball grid arrays, quad flat packages, plated 

pin through holes, and more. Tin/lead alloys are generally the common choice 

of solder due to their strength, toughness, melting temperamre, melting range, 

wetting abilities, creep characteristics, and low cost. Unformnately, the lead 

within the solders can be very toxic to humans if exposed over an extended 

period of time. 

The major hazard with lead is its tendency to accumulate in the body 

which can cause serious repercussions if the exposure level is too high. The 

strong bonds lead forms with proteins in the body inhibit the protein from 

carrying out its normal synthesis and functions. Some side effects from an 

overexposure of lead include disorders in the nervous and reproductive systems, 

inverse effects on neurological and physical developments, and reduced 

production of hemoglobin with resulting anemia and hypertension [1]. The main 

avenue for the internal accumulation of lead is through inhalation with the 

possibility of absorbing lead through the skin being extremely low. Since the 
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major use for leaded solders in the semiconductor industry occurs when the lead 

is already in spherical or paste form in these forms, the chance of inhaling 

excessive amounts of lead particles is unlikely. The processes by which the lead 

is refined, mixed, and/or formed into alloys are where the equipment operators 

are at highest risk of accumulating excessive amounts of lead. Because of these 

issues, the U.S. Government has been restricting and taxing the use and 

manufactoring of lead products for several years. 

Since the 1980's, several lead reduction acts have been passed by the U.S. 

Government which restrict or eliminate the use of lead based paint, leaded 

gasoline, and leaded solders for plumbing. One of the latest laws, "The Lead 

Exposure Reduction Act of 1994", passed the Senate on May 25, 1994. This 

law explicitly states the elimination of leaded solders for pluming uses, and 

could eventually include the reduction, or elimination, of all lead containing 

solders for any application. With the activation of these laws, there has been a 

general concern in the semiconductor industry that the government may 

eventually extend the Lead Exposure Reduction Act of 1994 to electronic 

packaging, even though this law initially was intended for plumbing applications. 

In addition to these possible restrictions, the current new laws and taxes 

governing the handling and disposing of lead products have increased and are 

causing a burden on both the producers and consumers of tin/lead solders. 

Because of this threat, and due to the increase in operation costs with the new 

lead handling laws, there has been a vigorous search for an alternative lead-free 
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solder which has similar thermodynamic and mechanical properties of tin/lead 

solders. 

The purpose of this research reported here was to characterize and 

optimize the processing of a lead-free solder which resembles many of the 

inherent properties of tin/lead solders. The solder analyzed in this thesis is an 

alloy containing 77.2% tin, 20% indium, and 2.8% silver by weight. Note that 

all compositions are reported in weight percent throughout this report. Previous 

characterization of this alloy's bulk properties suggested that the solder could be 

considered a possible lead-free replacement. The research outlined in this report 

pertains to the determination and comparison of the creep properties of solder 

joints made from actual ball grid array substrates. The measured creep 

properties are then compared to other popular solders. Before the details of the 

solder's characterization are outlined and compared, the following two sections 

contain an overview into the design parameters of a typical solder and a review 

of several previously analyzed lead-free alloys. These sections will give a 

synopsis of current lead-free solder research as well as outline the motivation for 

choosing the 77.2% tin, 20% indium, and 2.8% silver solder over the other 

available alloys for characterization. 
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1.2 Design Parameters for Solders 

There have been numerous new lead-free solders invented over the past 

ten years in order to find a replacement alloy which would not be restricted by 

the government and has the physical properties to form a strong and durable 

solder joint. After analyzing and comparing all of the possible elements which 

could make up a practical lead-free solder, there remains only seven that are 

likely to form a solder which could be used as a replacement. These elements 

include tin, bismuth, silver, indium, zinc, antimony, and/or copper in a variety 

of mixtures [2,3]. Of these elements, only tin, bismuth and indium could be 

used practically as the basis, or main component, for a solder [4]. Each of these 

elements have their advantages and disadvantages when used as a solder and 

therefore are mixed with other elements to create the desired properties. Alloys 

consisting of two or more of the probable solder elements can be tested and 

modified to fit a wide range of applications. 

When choosing a solder for typical use in the microelectronic packaging 

industry, there are several general guidelines that should be followed as closely 

as possible. These material characteristics which should be tested and monitored 

are: 

• Good wetting properties 

• Adequate electrical and thermal conductivity 

• Shelf life stability 

• Good mechanical strength 
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• Good resistance to fatigue 

• Less toxic than lead 

• Melting temperature close to tin/lead solders (183°C) 

A solder which has adequate wetting amity tends to form a more coherent 

and robust solder joint. For example, special fluxes and substrate preparation 

would be required if a solder has poor wetting characteristics. These added 

restrictions and preparations could make a solder impractical for large volume 

applications. Good electrical and thermal conductivity properties are also a 

necessity since the solder alloy is commonly used as an electrical contact as well 

as being the principle source of attachment for the microelectronic device. An 

example of this is seen in the popular Controlled Collapse Chip Connections 

(C4) or Ball Grid Arrays (BGA) where the solder alloy acts as the electrical 

connection, a thermal via, and the attachment for the device itself. The shelf life 

stability, mechanical strength, and good fatigue resistance are obvious 

characteristics that are crucial for producing a quality and durable product. A 

lead-free solder must incorporate all of these characteristics if it is to be used as 

a replacement since the leaded solders have already set the standards for strength 

and longevity. 

The toxicity of the seven previously mentioned likely elements are all less 

than lead. Table 1.1 lists the maximum allowable exposure limits which have 

been set by the Occupational Safety and Health Administration (OSHA) and the 

American Conference of Governmental Industrial Hygienists. A general 
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summary of this table lists the order of toxicity as: Bi<Zn<Ia<Sn<Cu 

<Sb<Ag<Pb. 

Table 1.1 Maximum allowable exposure limits [4] 

Metal Exposure Limit (mg/m^) 

Bismuth None 

Zinc oxide fume 5 

Tin (inorganic) 2 

Tin (organic) 0.1 

Antimony (and compounds) 0.5 

Copper (dust) 1 

Copper (fumes) 0.1 

Indium (and compounds) 0.1 

Silver (metal dust and ftunes) 0.1 

Silver (and soluble compounds) 0.01 

Lead (inorganic) 0.05 

When a new alloy is tested, one of the first criteria the solder should meet 

is to have its melting temperature around 183°C in order to closely correspond 

with the current semiconductor products and processes. A solder widi a liquidus 

temperature close to 183°C would not only minimize the time and cost required 

to recalibrate and set all of the production reflow ovens, it would also insure that 

today's current low-cost plastic packages could be used with the new alloy. If 

the temperature profile of the solder reflow process is too high, the plastic 

substrates could deteriorate or bum. On the other extreme, if the liquidus 

temperature of the solder is too low, the product would be limited to applications 

where the ambient temperature is very predictable. Having a solder with a low 

melting temperature would eliminate it from being used in automobiles or in 



22 

electronic devices which could be subjected to hot temperatures. Devices such 

as pagers, cellular phones, radios, and portable computers could all be left in a 

car during a hot day where the solder's temperature could reach 130°C or 

higher. It is because of this reason that a respectable temperature around 183°C 

is desired for most solders. A chart containing some of the more common 

solders with their melting temperatures is located in Appendix A for quick 

reference. 

Solders with a short melting range (the temperature difference between 

the solidus and liquidus lines on a phase diagram) tend to have better strength 

characteristics since there is a shorter period of time during the reflow of the 

solder where the vibrations from the oven could weaken the solidifying solder 

[5]. Therefore, the shortest melting range possible is desired. 

By following these design parameters and experimenting with 

combinations of the seven previously mentioned elements, several lead-free 

solders have been created and analyzed. The solders are compared in the 

following section. 

1.3 Listing and Comparison of Current Lead-Free Solders 

Although the government has not officially passed a law which 

specifically calls for the ban of leaded solders in the semiconductor industry, 

many solder manufacrnres are currently experimenting with new lead-free 
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solders. A listing of some of these more common lead-free solders can be found 

in Table 1.2. Notice that the solders listed are mainly composed of tin, indium, 

silver, antimony, bismuth, copper and zinc which were the seven elements 

previously mentioned. These solders cover a wide range of temperatures from 

60°C to 300°C. However, only those solders which have a liquidus temperature 

near 183°C would be considered suitable tin/lead solder replacements. 

Table 1.2 Listing of current lead-free solders. 

Weight Percent Temperature ("C) 

Solder Tin Indium, Silver Antimony Bismuth, Copper Gold Zinc Liquidus SoUdus Range 

51In/32.5Bi/16.5Sn 16.5 51 32.5 60 Eutectic 0 

66.3In/33.7Bi 66.3 33.7 72 Eutectic 0 

57Bi/26In/17Sn 17 26 57 79 Eutectic 0 

54.0Bi/29.7In/16.3Sn 16.3 29.68 54.02 81 Eutectic 0 

67Bi/33In 33 67 109 Eutectic 0 

52In/48Sn 48 52 118 Eutectic 0 

50Sn/50In 50 50 125 118 7 

52Sn/48In 52 48 131 118 13 

58Bi/42Sn 42 58 138 Eutectic 0 

97In/3Ag 97 3 143 Eutectic 0 

58Sn/42In 58 42 145 118 27 

lOOIn 100 156.7 M.P. 0 

60Sn/40Bi 60 40 170 138 32 

77.2Sn/20In/2.8Ag 77.2 20 2.8 187 175 12 

83.6Sn/8.8In/7.6Zn 83.6 8.8 7.6 187 181 6 

91Sn/9Zn 91 9 199 Eutectic 0 

98Sn/1.5Ag/0.5Cu 98 1.5 0.5 210 215 5 

96.5Sn/3.5Ag 96.5 3.5 221 Eutectic 0 

97.5Sn/2.5Ag 97.5 2.5 226 221 5 

lOOSn 100 232 M.P. 0 

65Sn/25Ag/10Sb 65 25 10 233 Eutectic 0 

99Sn/lSb 99 I 235 M.P. 0 

97Sn/3Sb 97 3 238 232 6 

95Sn/5Ag 95 5 240 221 19 

95Sn/5Sb 95 5 240 235 5 

95.5Sn/4Cu/0.5Ag 95.5 0.5 4 260 204 56 

lOOBi 100 271 M.P. 0 

80Au/20Sn 20 80 280 Eutectic 0 

97Sny3Cu 97 3 300 227 73 

lOOPb 100 327 M.P. 0 

lOOAg 100 961 M.P. 0 
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Of the solders listed in Table 1.2, the more common alloys being 

considered are tin/bismuth, tin/silver, tin/antimony, tin/indium/zinc, tin/indimn, 

and tin/indiimi/silver. A comparison of these alloys will begin with the popular 

tin/bismuth solder. 

1.3.1 Tin/Bismuth Solders 

Alloys containing tin and bismuth are commonly used in the eutectic 

composition of 42% tin and 58% bismuth and have been analyzed for several 

years. 42Tin/58bismuth was one of the first lead-free solder hopefuls due to the 

similarities between its phase diagram and the phase diagram of the tin/lead 

system. The similarities are shown below in Figures l.I and 1.2. 

Momic Percent Tin 
10 » 30 «o 90 M n eo 90 100 

90-

1 0 M 3 0  < o & o e o 7 o a o o o  
Veighl Percent Tin 

too 

Pb Sn 

Figure 1.1 Tin/lead phase diagram [6]. 
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Atomic Percent Bismuth 

300 

la 

0 :o 
Sn 

too 

Veight Percent Bismuth Bl 

Figure 1.2 Tin/bismuth phase diagram [6J. 

Another attractive feature of tin/bismuth alloys is their relatively low cost. 

Table 1.3 illustrates this characteristic. 

Table 1.3 Cost of metal and solder ingots per pound -1989 [4]. 

Metal Cost (Ingot/pound) 
Indium $180 
Silver $50 
Bismuth $4 
Tin $3 
Lead $1 
97In/3Ag $177.00 
52In/48Sn 596.00 
96.5Sn/3.5Ag $8.04 
58Bi/42Sn $5.85 
63Sn/37Pb $3.75 

The disadvantages with using tin/bismuth solders are that they tend to be 

brittle, require stronger (more acidic) fluxes than normal, and have a low 

melting point. The liquidus melting temperature of 42tin/58bismuth, for 



example, is only 138°C. This characteristically low melting temperamre limits 

the solder to applications with a controlled environment. Within these controlled 

applications the solder has proven to work well as illustrated by its use for over 

15 years in some mainframe computer applications [3]. However, the melting 

temperature limitations which are characteristic of all tin/bismuth solders have 

kept it from being considered a replacement for tin/lead solders. In addition to 

its low melting temperatures, bismuth is essentially a by-product of the mining 

and refining of lead and would therefore be in limited supply if the use of lead 

and lead alloys were barmed. 

1.3.2 Tin/Silver Solders 

Tin/silver solders have been experimented with and used in certain 

applications which require the solder to have high melting temperatures. The 

typical tin/silver composition is the eutectic 96.5Sn/3.5Ag which demonstrates 

good wetting and shear strength characteristics. The small addition of silver, 

less than 5 %, has long been used to drastically increase the strength and creep 

properties of a solder [7 - 10]. In this case, the same principle was used to 

strengthen pure tin. An example of its effectiveness can be seen in the 20% 

increase in the strength of 96.5Sn/3.5Ag compared to 63Sn/37Pb solders. 

However, this increase in strength is balanced with a 250% increase in cost as 

Table 1.3 illustrated. Another disadvantage with this solder is that the melting 



27 

temperature is too high for typical plastic packages. The 96.5Sn/3.5Ag solder, 

for example, has a eutectic melting temperamre of 221°C. 

1.3.3 Tin/Antimony Solders 

Tin/antimony solders are usually found in a ratio of 95Sn/5Sb which has a 

solidus temperamre of 235°C and a liquidus temperamre of 240°C. One 

attractive characteristic of this combination is that the tin/antimony solders tend 

to be stronger than tin/lead alloys. The reason why this solder is not commonly 

used is because of its high melting temperamre characteristics and toxicity. 

Many researchers believe that as soon as the use of lead is banned for solders, 

alloys containing antimony will be the next solder to be restricted. 

1.3.4 Tin/Zinc Solders 

91Tin/9zinc solder is typically used when slightly higher melting 

temperatures are desired. This alloy, however, is plagued by poor wetting 

characteristics. Indium was added to this alloy in order to bring the melting 

temperature down to a range similar to tin/lead solders and to mcrease the 

solder's wetability. One common composition with this addition is 

83.6Sn/8.8In/7.6Zn which is patented by Indium Corporation of America. 

Because of indium's superb wetting characteristics, the tin/zinc solder's wetting 
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complications have been greatly reduced. The major disadvantage with this 

solder is its susceptibility to galvanic corrosion. Due to this corrosion problem 

experienced by the 83.6Sn/8.8In/7.6Zn, the alloy has not be considered as a 

replacement for leaded solders. 

1.3.5 Tin/Indium Solders 

Tin/indium solders have also been tested under a variety of compositions. 

The underlying disadvantage with each of them is that they typically have low 

strength properties and low melting temperatures. Shown below is the 

tin/indium phase diagram which illustrates this fact. 

Atomic Percent Tin 
I 0 M 3 0 4 O 5 O  6 0  7 0 M W I 0 0  

250 

Weight Percent Tin 

Figure 1.3 Tin/indium phase diagram [6J. 
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As was the case with pure tin, silver is added to this alloy to increase its 

strength and to adjust the melting point. One specific composition of 

tin/indium/silver solders was patented on October 26, 1993, by the previously 

mentioned Indium Corporation of America. This solder has shown promise and 

was therefore chosen as the solder for characterization in this report. The alloy 

is entided Indalloy Will and is composed of 77.2% tin, 20% indium, and 2.8% 

silver. Indalloy #227 was chosen over the other compositions mentioned in 

Indium Corporation's patent #5,256,370 because of its melting temperatures and 

initial bulk properties. Before these bulk properties are analyzed and compared, 

the following section contains a brief overview of previous literature pertinent to 

the use of tin, indium, and silver alloys. 

Due to the fact that the #227 alloy was patented on October 26, 1993, a 

previous use of an alloy consisting of tin, indium, and silver with compositions 

matching that of the #227 alloy could not be found. However, there were 

several previous uses of tin, indium, and silver in different ratios or used as 

additives with other elements. The following section describes some of the prior 

uses for different compositions and quantities of a solder containing tin, indium, 

and silver. 
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1.4 Previous Uses of Tin, Indium, and Silver Alloys 

There are three relevant references in previous publications pertaining to 

the use of tin, indium, and silver in a variety of applications. One of the first 

uses for tin, indium, and silver solders was in thermal protection devices. This 

application was patented in 1971 as patent #3,627,517. The alloy described in 

this patent consists of 51.4% indium, 47.3% tin, and 1.3% silver which has a 

melting point of 114®C. The inventors of this solder wanted a low melting point 

alloy with good surface tension characteristics to be used as a safety shut off 

mechanism. The near eutectic qualities of the solder were desired to insure that 

once the maximum allowable temperature of the device was reached, die solder 

would melt uniformly and the electrical circuit would be broken. Even though 

this alloy has a very different composition than the #227 solder, the patent 

showed the possibility that the three alloys used together can demonstrate good 

adhesion capabilities. 

Essential amounts of tin, indium, and silver have also been used in dental 

applications for several years. These elements are present as additives in either 

large or small quantities. The first reference describes a solder consisting of 1-

35% indium, 0.2-38% tin, 1-68% silver, 9-47% gallium, and at least one 

element selected from the group of 0.4-35% lead, 0.5-25% copper, and/or 0.4-

12% zinc [11]. Another reference describes a two powder mixture that forms 

alloys used in dental applications. Both of these powders use silver and tin as 
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the main component, with indium and nine other elements acting as additives to 

achieve different desired properties [12]. The third reference calls for a solder 

with 40-50% silver, 20-30% tin, 15-30% copper, 0.5-2% indium, 0-1% zinc and 

0.03%-0.5% platinum [13]. These solders obviously do not have the same 

compositions of tin, indium, and silver as the Indalloy #227. However, in each 

of these articles the addition of tin, indium, and silver were in sufficient 

quantities to make a crucial impact on the performance of the alloy. 

The third example of a previous use of a tin, indium, and silver solder is 

oudined in an article published in 1980 [14]. This publication describes how a 

tin, indium, and silver solder connection can be made by melting a 20-500 

angstrom thick layer of indium with silver. Once the alloy is melted, it forms a 

small mound in which a tin plated lead can be placed and heated. The 

intermetallic formed from the tin plated lead is essentially a tin/indium/silver 

alloy. These three previous applications containing alloys consisting of tin, 

indium, and silver alloys are meant to give an insight into the previous uses and 

a general history of the #227 alloy. With this history in mind, the general bulk 

properties of the #227 alloy can be analyzed. 



32 

CHAPTER 2 - GENERAL BULK PROPERTffiS OF INDALLOY Will 

The initial bulk properties of the 77.2Sn/20.0In/2.8Ag alloy, determined 

by Indium Corporation of America, illustrates how the #227 alloy has several 

characteristics which are superior to those of eutectic tin/lead solders. These 

properties were the driving force behind the decision to use this alloy for this 

thesis over the other lead-free solders. Both the physical and mechanical bulk 

properties, which were published by Indium Corporation, are outlined below in 

Table 2.1 [15]. A eutectic alloy composed of 63% tin and 37% lead was used 

for comparison due to its familiarity in the solder industry. 

Table 2.1 Physical and mechanical bulk properties of Indalloy if227. 

Properties 77.2Sii/20.0Iii/2.8Ag 63Sn/37Pb 

Melting Temperatures (°C) 175 Solidus, 187 Liquidus 183 

Density @ 200°C (gm/cm^) 7.25 8.36 

Electrical resistivity @ 20°C (nohm*m) 0.017 0.146 

Thermal conductivity @30°C (W/m*k) 53.5 50.9 

Thermal expansion coefficient @ 20°C (ppni/°C) 28 25 

Tensile strength @ 20°C (psi) 6800 3900 

Tensile elongation @ 20°C (%) 47 35 

Shear strength @ 20°C (psi) 4800 3450 

Poisson's ratio @ 20°C 0.4 0.4 

Young's modulus @ 20°C (xlO® psi) 5.6 4.5 

The first characteristic compared in Table 2.1 indicates the similarity 

between the melting temperatures for the solders. This similarity will simplify 

the amount of necessary modifications to existing packages if the #227 alloy is to 
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become a substitute for the tin/lead solders. The modifications of interest 

include the need for a change in the current reflow temperature profiles, and 

more importantly, the ability for the current packages to withstand the new 

reflow temperarnres under the new alloy. Since the #227 alloy has a liquidus 

melting temperamre only slightly higher than the tin/lead solders, the packages 

for which the tin/indium/silver solder could be used as a substimte would not be 

limited. However, the solidus temperature of a solder often decides its range of 

applications. Because the solidus temperamre of the #227 alloy is approximately 

8°C below the eutectic tin/lead's melting point, the new alloy should be able to 

be transferred into almost all of the current applications which use tin/lead 

solders. One possible drawback to the solder is that it has a melting range of 

about 12®C which could lead to problems during the reflow process. If the 

solder experiences severe vibrations as the alloy is solidifying, weakening of the 

alloy may occur [5]. This factor, however, is unavoidable for this solder since 

the only other published near eutectic value for the alloy is at 114°C with a 

composition of 51.4% indium, 47.3% tin, and 1.3% silver. 

Table 2.1 also shows that the bulk properties of #227 are superior to those 

of the common eutectic tin/lead solder in every category except for a slight 

increase in the thermal expansion coefficient. This higher value for the thermal 

expansion coefficient could cause higher stresses during temperature cycling, 

and thus the material could be more susceptible to fatigue. However, this 
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concern is lessened by a thermal cycling experiment conducted by Indium 

Corporation. This experiment used test boards which were composed of 

different microelectronic components using both the #227 alloy and the eutectic 

63Sn/37Pb solder. These boards were subjected to 2,500 thermal cycles of 0°C 

to 100°C with a 5 minute soak at the extreme temperatures and a ICC per 

minute ramp rate. After the 2500 cycles, no joint failures occurred due to 

electrical opens for the #227 alloy. This experiment showed that the slight 

increase in the thermal coefficient of expansion is not a major factor. To further 

test this conclusion, additional thermal cycling experiments are being conducted 

on the Indalloy #227 by Motorola Inc., Corporate Manufacmring Research 

Center, Schaumburg, Illinois. 

Another important property to compare to the 63Sn/37Pb benchmark is 

the wetability of the two solders. This wetability characteristics were tested by 

Indium Corporation on copper test coupons [15]. These copper test coupons 

were preconditioned at 100°C for three hours to mimic conditions which are 

difficult to solder. Table 2.2 outlines the results from this experiment. The 

name of each of die fluxes listed are considered proprietary by Indium 

Corporation. 
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Table 2.2 Wetting time comparison between Indalloy §227 and 63Sn/37Pb 

(seconds). 

77.2Sii/20.0Iii/2.8Ag 63Sii/37Pb 
Fluxes 200°C 240°C 200°C 240°C 
Flux A 10.60 4.60 2.87 1.48 
Flux B 1.53 0.42 1.03 0.50 
FiuxC 5.08 2.40 1.65 1.00 
Flux D 5.73 2.09 2.50 1.44 

Geometric Mean 4.66 1.76 1.87 1.02 

Table 2.2 shows how the wetting time of the #227 alloy is approximately 

2.5 times slower than the 63Sn/37Pb alloy. However, the typical time spent 

above 200°C is more than enough to allow for proper wetting. A typical reflow 

temperature profile will have at least 20 seconds over 200°C which will allow 

for proper wetting even for the slowest activating flux. 

The wetting force of each of these samples is also a significant property of 

the alloy and was compared before choosing an alloy for this research. Indium 

Corporation published data on this wetting force calculated with the same copper 

coupons used in the wetting time experiment [15]. The wetting force was 

computed by a wetting balance and has the units of force per length. A 

comparison of the wetting force of the two alloys is shown in Table 2.3. Even 

though the wetting forces for the #227 solder are slightly lower than those for 

die tin/lead alloy, the difference is not significant and is not expected to be an 

issue when used in the microelectronic packaging industry. 
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Table 2.3 Wetting force comparison (mN/rrun). 

77.2Sn/20.( )In/2.8Ag 63Sii/37Pb 
Fluxes 200°C 240°C 200''C 240°C 
Flux A 0.72 0.56 0.71 0.61 
Flux B 0.72 0.64 0.75 0.72 
Flux C 0.67 0.67 0.73 0.73 
Flux D 0.70 0.62 0.73 0.68 

Geometric Mean 0.70 0.62 0.73 0.68 

Cost is always an important issue in industry, and it is one of Indalloy 

itlll's, greatest disadvantages. The reasoning behind its expense is based on the 

fact that the solder is protected under a patent, it is only manufactured by Indium 

Corporation, the alloy is only manufactured in small quantities, and it contains 

indium which is relatively expensive (see Table 1.3). Tin/lead solder is 

manufacmred by many different companies in very large quantities to fulfill the 

demand set by all the microelectronic producers. Alloy #227, however, is only 

manufactured when specifically ordered. An example of the solder's extreme 

cost is evident in the purchasing of 20,000 solder spheres for this research 

project. The total cost was $700.00. As a comparison, 100,000 62Sn/36Pb/2Ag 

spheres cost only $25.00 and 100,000 90Pb/10Sn spheres cost only $76.00. 

This equates to a 14,000% and 3,600% increase in cost, respectively. If the 

#227 alloy were to be used as a complete replacement for the tin/lead solders, 

the price would most likely drop because the orders would no longer be 
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considered special or unique. However, the underlying fact that indium is more 

expensive than lead will always result in a higher final price. 

The availability of mdium is also a major issue if the solder were to be 

widely used. The worldwide production of indium in 1994 was less than 200 

tons per year. If the #227 alloy were to be used exclusively as a replacement for 

the current applications of tin/lead solders, approximately 4,300 tons per year of 

indium would have to be manufactured worldwide [16]. This staggering figure 

would certainly create a major strain on the planet's indium supplies. 

The final property of the #227 alloy which was investigated before being 

chosen for this research was the solder's creep properties. The only initial creep 

data obtained for a comparison was a very crude chart from Indium Corporation 

consisting of only three data points. This chart is located below in Figure 2.1. 
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Figure 2.1 Creep comparison of Indalloy #227 to 63Sn/37Pb solder using bulk 
samples [15]. 

In addition to the lack of data points, the creep data obtained for this 

graph was taken from bulk samples and not from samples representing the size 

typically used in the semiconductor industry. It has been well documented that 

there is a significant difference in the measured properties between bulk samples 

and samples made from actual solder joints [17-19]. Since the research for diis 

thesis is centered around creep smdies for ball grid array solder joints of 0.030" 

in diameter, the difference between bulk and joint samples is of great 

importance. It has been concluded in reference [17] that the three main reasons 

for the difference in the creep results are due to: 
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1) The constrainmg effect of the solder to substrate interface. 

2) Precipitation strengthening from dispersed intermetallics. 

3) The difference in grain structure, grain size, or grain to 

specimen size ratio. 

In order to achieve data which would be applicable for use in a C4 device 

and other microelectronic packages, actual ceramic Ball Grid Array (BGA) 

substrates were used for the creep analysis. These substrates were designed to 

yield the most accurate and applicable data for the #227 alloy since the solder is 

formed into solder joints closely resembling those used in typical products. 

Information obtained from the derived creep properties can be used to determine 

the alloy's life expectancy under different conditions. The following chapter 

describes the mechanisms involved in creep. 
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CHAPTER 3 - CREEP MECHANISMS AND TRENDS 

3.1 Introduction to Creep Deformation 

When a material is subjected to a stress, there are three types of strains 

which may occur. For extremely small stresses, the majority of the deformation 

experienced by a material will be elastic. In addition to the elastic strains 

experienced, plastic deformation of the sample may occur. 

Plastic strain is characterized when deformation of the material occurs 

simultaneously with the application of the stress, but does not return to its 

original position after the load has been removed. Both elastic and plastic strains 

are time-independent. For plastic strain to occur by sliding one plane of atoms 

over an adjacent plane in a perfect lattice, the necessary shear stress would have 

to be approximately G/30 where G is the shear modulus. However, this value is 

rarely reached due to the fact that the dislocations within the material are set in 

motion at several orders of magnitude less than G/30. 

The third form of strain is characterized by time-dependent deformation 

and is called viscous strain. Viscous strains are present when the strain rate is 

proportional to the applied stress as shown below in equation (3.1). 

^Qca (3.1) 
at 

Where s is the strain and a is the applied stress. When both the elastic and 

viscous strains are occurring simultaneously, the deformation of the material is 
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categorized as elastoviscous or anelastic deformation. During anelastic 

deformation, the strain reaches a maximum value after the stress has reached its 

maximum value, and the strain is not recovered until after the removal of the 

stress and is only partially recovered. Because the strain reaches its maximum 

after the maximum stress has been applied, the stress and the strains are said to 

be out of phase during the loading period. With a polycrystalline alloy, such as 

in the case with the Indalloy Will solder, the reason for the strain being 

disproportional to the stress upon loading is associated with small displacements 

at the grain boundaries. This occurs at temperatures where the grain boundaries 

are sliding in a viscous manner. At elevated temperatures, the anelastic 

deformation at the grain boundaries will effect the values for die elastic and 

shear moduli. 

At high temperatures, typically above one half of the material's absolute 

melting temperature, the three forms of deformation can occur simultaneously. 

When this is observed, the sample experiences continuous deformation under a 

constant load or stress and is considered to be creeping. In other words, creep 

refers to time-dependent strains experienced under a constant load and may 

include anelastic and plastic deformations. Since the absolute melting 

temperature of the #227 alloy is approximately 460 K, and room temperature is 

roughly 300 K, the solder's creep resistance contributes significantly to its 

longevity since it would typically be used at a temperature where creep is likely 

to occur. Because of this fact, the remainder of this report focuses on presenting 
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an extensive creep analysis of actual solder joints formed from die Will alloy 

and compares these results to other common alloys. 

Some of the most common mechanisms which create plastic deformation 

and creep within a material include: grain boundary diffusion, sliding of the 

grain boundaries, and the movement of dislocations. When an external stress is 

applied to a polycrystal, the point defects are directed through the grain 

boundaries. The grains are elongated in the direction of the applied stress as the 

vacancies flow through or around the grains. The atoms within the grain 

boundary diffuse at a higher rate than those within a crystal due to lower packing 

factor inherent within the grain boundaries. As the grains are deforming by 

grain boundary diffusion, grain boundary sliding occurs in order fill the voids 

created by the movement of the vacancies. This process is illustrated in Figure 

3.1. 

Figure 3.1 Grain boundary diffusion and sliding; (a) before deformation; 
(b) after grain boundary dijfUsion creep; (c) after grain diffusion creep with 
grain boundary sliding [20, 21]. 

(a) (b) (c) 
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Figure 3.1a shows an array of hexagonal grains before deformation 

occurs. Once subjected to stress, the vacancies precipitate to form voids within 

the grain boundaries (Figure 3. lb). The elongation experienced due to the 

diffusion creep mechanism is shown as AL(d). Sliding occurs simultaneously as 

the vacancies are moving along the grain boundaries (Figure 3. Ic). The 

elongation from the grain boundary sliding is shown as AL(s). Simple geometry 

of the hexagonal shapes proves tiiat AL(d) is equal to AL(s). 

The more typical controlling mechanism of creep involves the movement 

of dislocations as shown in Figures 3.2a,b. Dislocations become tangled and 

blocked during plastic flow so no further deformation can occur without 

increasing the stress or untangling or unblocking the dislocation. The untangling 

and unblocking is a time and temperature dependent process which causes time 

dependent strain. The untangling process depends on dislocation climb. 

Figure 3.2a Movement of atoms from a dislocation line [22]. 



Figure 3.2b Movement of atoms to a dislocation line [22]. 

Figure 3.2a shows how dislocations move away from, or climb around 

from other obstacles by having atoms leave the dislocation Ime. The atoms can 

leave the dislocation line as an interstitial, or they can move to fill an existing 

vacancy. Figure 3.2b illustrates how and interstitial atom can attach to a 

dislocation line or how an atom can join a dislocation line creating a vacancy. In 

both of diese cases, the atoms diffuse through the material causing the 

dislocation to move in a direction which is perpendicular to the slip plane which 

permits it to climb around an obstacle. This causes additional deformation of the 

material [22, 20]. As the atoms are diffusing and the dislocations are climbing, 

the solder deforms and the time-dependent deformation of the material is label 

creep. 

3.2 Effect of Temperature on Creep 

The creep properties of a material have a strong dependence on 

temperarnre [23]. As discussed in the previous section, creep depends on the 
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motion of atoms through the sample, and the atoms must overcome energy 

barriers in order to move. The mechanical energy provided to the atoms by the 

stresses being applied is aided by the thermal energy of the atoms to overcome 

these barriers. The higher the thermal energy, the more likely the atoms are 

able to overcome a barrier. This causes the movement of the dislocations, or 

dislocation climb, to occur at a faster rate since the atoms have more energy to 

diffuse. Due to the strong dependence of temperature on creep, two temperamre 

categories have been created normalized to the material's melting temperature 

(Tm). These categories classify low temperamre creep as values of T/Tn, less 

than 0.5 and high temperamre creep as values of T/Tn, above 0.5. The 

governing creep mechanisms for low temperature creep are predominantly non-

diffusion controlled while the high temperamre creep mechanisms are primarily 

diffusion controlled. 

This transition value of 0.5 was determined by the understanding that at 

T/Tm>0.5, the controlling diffusion mechanism involves self-diffusion. 

Assuming the material is a pure metal, the coefficient of self-diffusion is 

expressed as 

where is the activation energy for self-diffusion, R is the gas constant, and T 

is the absolute temperature. Empirical determination of has lead to the 

(3.2) 
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conclusion that for many cubic and hexagonal closed packed metals, can be 

approximated as [24] 

Qd = 38T,. (3.3) 

After substituting equation (3.3) into (3.2), and assuming Do s 1, the 

approximation for T/T^ can be written as 

T 38 
— « . (3.4) 
T„ Rln(l/DJ ^ ^ 

Since values of Ds less than 1 x 10"'^ are extremely low and will likely not have a 

controlling impact on creep, this value is used in equation (3.4). Solving 

equation (3.3) with Dj = 1 x 10 '^ yields the result 

:p-0.46 (3.5) 
m 

which is approximately the transition value where the creep mechanisms tend to 

be governed by self-diffiision. As previously stated, most solders are above 

O.STm when merely subjected to room temperature. Therefore, the creep 

characteristics are of extreme importance for the longevity of the solder. 

3.3 Creep Trends 

As a material is creeping, the deformation of the solder is recorded as a 

function of time and plotted on a creep curve. Figure 3.2 illustrates a typical 

creep vs. time curve for a material experiencing constant stress at a constant 

temperature. When a load is first applied to a material, a small amount of elastic 
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Strain is immediately experienced. After the elastic stram, the material will start 

to creep and enters transient or primary creep as shown in the first stage of 

Figure 3.3. During this stage, the dislocations within the sample move away 

from obstacles, slip, and cause deformation of the material [22]. 

S^Coiutufteihperati 

Elastic 
strain 

(iteady^ 
Rupture 

Figure 3.3 Typical creep curve for a material under constant loading [22]. 

WMle the material is in the first stage, the creep rate decelerates and 

asymptotically blends into the second stage. This decrease in the creep rate is 

created when the rate at which the dislocations are climbing away from obstacles 

approaches the rate at which the dislocations are stopped by other imperfections. 

During this second stage the creep rate reaches steady state. The steady state 

creep rate can then be determined by the slope of the line during this stage. 

Eventually, the creep rate accelerates and the material enters the third stage 

where the sample ruptures. In this final stage, the sample begins to neck, and 
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thus, the stress experienced increases. Another term for the third stage is also 

called the tertiary creep stage. 

A portion of the stram experienced during the creep test is recoverable. 

This recoverable strain is called viscoelastic strain. If, for example, the load is 

removed from the sample during the second stage, the internal stresses 

previously created will cause the material to partially creep back to its original 

state. Figure 3.4 illustrates this trend. 

a 
0 

a 
£ 
S 

0 

Figure 3.4 Creep curve showing constant loading and the removal of the load 
[20]. 

In Figure 3.4, the curve AA'BE illustrates the typical creep results from a 

material under constant loading. If the load is removed during the test, the 

material would follow curve AA'BCD. The reverse creeping caused by die 

internal stresses occurs during the BC portion of the graph and reaches 

equilibrium in the region labeled CD. However, the steady state creep rate is 

usually used when comparing the creep properties of different materials. 
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CHAPTER 4 - EXPERIMENTAL PROCEDURE 

The samples used were composed of ceramic ball grid array substrates in 

order to mimic actual solder joints (Figure 4.1). The pads on the substrate had a 

diameter of 0.030" and a pitch of 0.060". Two pad metallizations were utilized 

with this substrate. Figures 4.2 and 4.3 illustrate a cross section of both types of 

pads used. The first type of metallization, Figure 4.2, consisted of a thin Cr/Cu 

o 
film located on the ceramic surface. This film consisted of 600A of sputtered 

chromium and 4000 A of copper. Next was placed 1000 x lO'^in (25.4 jim) of 

plated copper. On top of the copper was plated 50 x 10"^in (1.27 fim) of nickel, 

and then 20 x 10"^in (0.508 fim) of gold. The second type of metallization, 

shown in Figure 4.2, was made of only the sputtered Cr/Cu layer with 1000 x 

10"^in (25.4 fmi) of plated copper. An organic Entex Plus coating was applied to 

the surface of these pads in order to reduce the oxidation of the copper. 

Figure 4.1 Ceramic substrate used for both gold/nickel and copper pad 
metallizations. 
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Figure 4.2 Cross section of gold/nickel pad metallization. 

Entex Plus Coating 
1000x10^ inches Plated Cu 

600 A Sputtered Cr, then 
4000 A Sputtered Cu 

"-7^ ' 
Ceramic Substrate 

Figure 4.3 Cross section of copper pad metallization. 

Each of the solder joints were made by first placing a flux on 36 evenly 

distributed pads. The Indalloy #227 solder was purchased in 0.030" diameter 

spheres and placed on the pads which were previously coated with the flux. The 

substrate was then sent through a nitrogen atmosphere reflow oven which had 

been set to the proper temperatures. For simplicity of nomenclature this 

substrate is called the base. A second ceramic substrate (the lid) was then coated 

with a thin layer of flux, and placed under the base so that the reflowed spheres 

on the base substrate correspond to the proper pads on the lid substrate. These 

two substrates were then placed through the reflow oven in this position for a 

20x10"^ inches Plated Gold 
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second reflow. With this sequence, the base received two reflows while the lid 

experiences only one. A typical BGA package being reflowed onto a board 

undergoes the same procedure. 

After the second reflow, the final solder joint is complete, the flux was 

removed by using a terpene hydrocarbon solvent. Terpene is a natural solvent 

which is very effective on the flux, but does not lift the solder mask from the 

substrate. The sample was then placed in an oven with an inert atmosphere and 

aged at 125°C for 24 hours to eliminate any residual stresses which might have 

been present in the solder joint. In addition, the annealing processes allows any 

unstable phases which might be present within the solder to reach equilibrium. 

This aging temperature and time were determined by an extensive study on the 

effects of aging on other solders using an identical substrate [18]. Figure 4.4 

illustrates a cross section of a completed solder joint on copper pads. It is 

important to note that the solder mask restricts the flow of the solder near the 

substrate. 
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Figure 4.4 Aged solder joint on copper pad metallization. 

After aging, the sample is paired with another sample and bonded to three 

steel disks (0.450" x 1" diameter) using Locktite's Black Max adhesive. Figure 

4.5 shows the samples attached to the steel disks. Care was taken to insure that 

the disks and samples are aligned properly. This was accomplished by aligning 

the disks against the comer of a rigid structure. The samples were then placed 

in a set of grips as shown in Figure 4.6. 



Ceramic Samples 

Figure 4.5 Prepared substrates bonded to steel disks for shear testing. 
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Samples 

Figure 4.6 Diagram of the grips used for creep and shear testing. 

One of the most important features built into the design of the grips is that 

the amount of torque, or moment, applied to the sample is minimized. Because 

the samples are being pulled by the center steel disk while being restrained by 

the outer two disks, the solder joints are experiencing only shear stresses. With 

this feature, the steady state creep equations for materials under a shear stress 

can be applied. 
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As the sample began to creep, a calibrated Lucas Schaevitz 0.025" Linear 

Variable Differential Transducer (LVDT) was used to measure the movement of 

the grip's center piece. This LVDT is located within the grip itself for increased 

accuracy. As the load is applied, the center disk begins to displace upwards, 

while the outer disks are kept stationary by the grip. This causes the solder 

joints to experience pure shear stresses. With diis LVDT and the use of a Lucas 

Schaevitz DTR-451 Digital Transducer Readout, displacements as small as 

0.00001" can be measured. At a specified time interval, a computer recorded 

the output of the LVDT. After the experiment was completed, the data was 

downloaded into a spreadsheet and the creep curve for the test was created. 

Samples were tested under strain rates varying from 0.06 sec'^ to 10"^ sec ' 

while at -40°C, 27°C, 70°C, 100°C, and 125°C. The faster strain rates, 0.06 to 

0.0006 sec"', were completed in an Instron mechanical tester. As the sample 

was pulled at the prescribed rate, the maximum load was recorded before 

fracmre. Figure 4.7 shows the output from one of the constant strain tests. 
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Figure 4.7 Results from a constant strain test using an Instron. 

The remainder of the experiments were completed by applying a constant 

load to the sample and recording the displacement. An Instron (model 4502, 

Series IV Automated Materials Testing System) and four dead-weight creep 

chambers were used for these tests. A Hydra Data Acquisition Unit was used to 

process both the temperature and the LVDT readings from all four of the dead

weight creep chambers simultaneously. As shown in Figures 4.7 and 4.8 both 

the dead-weight systems and the Instron are equipped with a temperature 

controlled chamber which allowed for testing to be completed from -40°C to 

125°C. Due to the fact that sub-zero conditions were achieved by using a liquid 

nitrogen tank which only lasts about 8 hours, a dual tank system was designed 

for the dead-weight creep chamber. This modification allowed for the longer 

creep test to be completed at -40®C. 



i 

/ 
LVDT Electrical Connection 

Figure 4.8 Setup for Instron testing. 
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Figure 4.9a Setup for dead-weight system. 

Figure 4.9b Setup for dead-weight system showing duel liquid nitrogen system. 
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Figure 4.9c Two dead-weight creep chambers with weights. 

As previously stated, the displacement of the sample was recorded at set 

time intervals. The strain was then computed for each time period using 

equation (4.1). 

5 
Y = (4.1) 

where y is the strain, 5 is the displacement, and h is the height of the solder 

joint. The height of the joint was used instead of the diameter since only shear 
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stresses are acting upon ttie sample. In order to further illustrate this reasoning, 

the following figures show a cross section of a single solder joint being deformed 

under shear stress. 

Base 

Solder 

Figure 4.10a Solder joint before displacement. 

Diameter 

Figure 4.10b Displaced solder joint under shear stress. 

The average shear stress experienced by the solder joint is equal to 

P 
• Average A 

(4.2) 
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where P is the load acting on the sample and A is the cross sectional pad area. 

The corresponding shear strain (y) can be calculated by incorporating the shear 

modulus, G, as shown in equation (4.3). 

As illustrated in Figure 4.7b, the displacement (6) is equal to: 

5 = h • tany (4.4) 

However, since y is a small angle, an approximation can be made and equation 

(4.4) can be rewritten as 

6 = hy (4.5) 

or r = f (4.1) 

or equation (4.1). There are two assumptions made regarding equation (4.1). 

The first is that the cross sectional area of the joint does not change significantly 

during the creep test. To validate this assumption, cross sections of samples 

before and after being subjected to stresses were examined and there were no 

significant changes in area. The second assumption is that the shear stresses and 

strains are constant throughout the volume of the solder joint. This conclusion, 

if kept in its literal sense, could be held invalid at the solder's surface which is 

not in contact with the ceramic substrate. At the free surface, there cannot be 

any shear stresses acting upon the material. The reason this constant stress and 

strain assumption can be used is due to the fact that the diameter of the pad is 
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large compared to the joint's height [25]. Therefore, the shear stresses and 

strains can be considered constant throughout the solder joint. 

With the strain calculated at set time intervals over the course of the 

experiment, a plot of creep strain vs. time can be constructed as previously 

shown in Figure 3.3. From this graph, equation (4.6) is then used to determine 

the slope of the line during the steady state strain stage of the experiment. 

y = = Steady State Strain Rate (4.6) 

The steady state strain rate can then be plotted as a function of stress for 

each of the tests completed. Once these tests have been completed, the data can 

be fitted to a general creep equation. The procedure to curve fit the data is 

explained in the following chapter, however, the results from the 

characterization of the #221 alloy's creep properties are not discussed until 

Chapter 7. 
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CHAPTER 5 

DEFINING THE STEADY STATE CREEP RATE EQUATION 

5.1 General form of the Steady State Creep Rate Equation 

There are several different equations used to define the steady state creep 

rate properties of a material. One of the more widely accepted empirical creep 

relations is shown below in equation (5.1) [17, 26, 27]. 

units of K/(sec-lbs/in^), G is the shear modulus in lbs/in^, T is the absolute 

temperamre, a is the material constant where the hyperbolic sine power law 

breakdown occurs, x is tiie shear stress in units of lbs/in^, n is the stress 

exponent, Q is the activation energy in eV, and k is Boltzmann's constant with 

units of eV/K. Once each of these variables is known, the steady state strain 

rate for the #227 alloy can be solved for any temperature or stress. Before the 

results from the tin/indium/silver solder creep experiments are used to fit die 

equation, the following sections explain the derivation of equation (5.1) and die 

methodology to solve for its components. 

n 

(5.1) 

dv 
In this equation, is equal to the steady state strain rate, C is a constant with 

dt 
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5.2 Derivation of the Steady State Creep Rate Equation 

In order to better understand the basis for the steady state creep rate 

equation (5.1), this section outlines its derivation. As discussed in the previous 

chapter, the strain experienced by a sample under a simple shear stress is 

calculated by the equation 

where the height, h, is constant, and x is the position, and 5 is the displacement. 

Figure 4.9 is a graphical representation for each of these variables. For very 

low stresses, the strain is mostly elastic with only a small portion consisting of 

viscous or plastic deformation. Hooke's law relates the elastic strains to very 

low shear stresses by the equation 

where G is the shear modulus and T is the shear stress. As the stresses increase, 

viscous deformation begins to occur. Equation (5.4), shown below, can be used 

to describe the proportional relationship of the shear stress to the strain rate 

during viscous deformation. 

' • B  

The T| variable in this equation represents the coefficient of viscosity. Equations 

(5.2) through (5.4) describe the specific modes of deformation, but are not 

representative of the total creep process during steady state creep. The basic 

(5.2) 

T 
(5.3) 
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equation used for secondary creep under a constant temperature and a constant 

low stress is defined as the power relation 

where x is the shear stress, A and n are constants independent of the stress. The 

values for n usually range from 1 to 10, and typically do not depend on the 

material's crystal strucmre [23]. 

Since its introduction, the power relation has been slighdy modified to 

better resemble the strain rate at low stresses. The result is the equation [27] 

where the shear modulus was added to better generalize the power relation over 

different materials. This equation, and the ones following, are expressed in 

shear stresses, however, they could also be used for applications involving 

tensile stresses. 

For higher stresses at constant temperamres, equation (5.5) was modified 

to form the relationship [23] 

where A' and (3 are constants independent of the stress. Since the mechanisms 

driving creep at the low and high stresses typically do not change abruptly, a 

single equation is used for the creep rate at both high and low stresses. This 

equation combines (5.6) and (5.7) to produce the function 

y = Ax" (5.5) 

(5.6) 

y = A'exp (Pt) (5.7) 
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y = A"(sinha^)" 
(j (5.8) 

where A" and a are constants. 

The constant a is determined at the point where the power law for the 

hyperbolic sine breaks down. As the value for T/G increases, the simple power 

law begins to break down at approximately T/G= 10"^. During this transition, the 

creep mechanism is usually changing from a climb-controlled to a glide-

controlled mechanism [27]. Several attempts have been made to determine an 

equation empirically which describes this phenomenon. Most of the relations 

lead to an empirical strain rate equation such as [27, 28] 

where P' is a constant. As with equation (5.8), this strain rate relationship can 

be generalized for high and low stresses with the use of the hyperbolic sine 

function. This produces the equation [27, 28, 29] 

where at low stresses, when the quantity p'o is less than 0.8, equation (5.10) 

reduces to a simple power law relation. Similarly, at high stresses when P'a is 

greater than 1.2, equation (5.10) becomes an exponential equation. This 

relationship was again modified to incorporate the shear modulus of the material 

by the equation [27] 

(5.9) 

(5.10) 



67 

(5.11) 

In order to further incorporate the dependence of the shear modulus and 

temperature on the steady state strain rate, equation (5.11) was modified to [17, 

which is the origmal equation (5.1). The creep rate values determined for the 

#227 alloy were fitted to this equation and will be presented in Chapter 7. 

5.3 Determining the Shear Modulus 

The shear modulus for the #227 alloy was calculated from a previous 

characterization of the solder's Young's modulus [30]. This characterization, 

completed under a joint agreement between Motorola Inc. and Purdue 

University, determined the values for the elastic modulus under seven different 

temperamres ranging from 223 K to 373 K with six different loading rates. 

These loading rates varied from 4.934 MPa/sec to 157.88 MPa/sec. Samples 

used for this test were cut from wires which had a diameter of 2.55 mm. The 

elastic modulus was then determined at each of the temperatures by taking an 

average over all the loading rates. These values for the elastic modulus at the 

seven different temperatures were converted to their respective shear moduli 

using equation (5.12). 

26] 

(5.1) 
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G = ^ (5-12) 

Where E is Young's modulus and '•is Poisson's ratio which was determined by 

Indium Corporation (see Table 2.1). Typically, the value for Poisson's ratio 

does not vary with a change in temperature. The values for each of the shear 

moduli were plotted and fitted using a least-squares method as shown in Figure 

5.1. 
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Figure 5.1 Plot and curve fit of the shear modulus values for Indalloy ^227. 

The equation for the shear modulus, taken from the curve fit in Figure 

5.1, was then used to determine the modulus at different temperatures for which 

the steady state creep values were determined. This equation is defined as 

G = 38.262T^ - 31,623.430T + 8146251.457 (5.13) 
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where T is the absolute temperature. From Figure 5.1, and equation (5.13), it 

was concluded that there is a strong dependence of temperature on the shear 

modulus. Because of this dependence, the most accurate values of the shear 

modulus pertaining to the temperatures of interest were used. 

5.4 Determining the Activation Energy 

There are three typical methods used to determine the activation energy, 

the first of which is referred to as the temperature-differential creep-test method 

[23]. For this method, a sample is placed under a constant shear stress at a 

constant temperature until a predetermined strain has been reached. As shown in 

Figures 5.2a,b, the temperature is then rapidly lowered to a set value once the 

predetermined strain is reached. After a period of time, the temperature can 

then be brought back to its original setting for another determination of the 

activation energy. 

CM 
I O -A 
X 

Z 
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a. 
UJ 
Ui 
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2.0 0.5 
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Figure 5.2a Creep curve showing effect of temperature changes on a sample 
during a temperature differential creep test on aluminum [23]. 
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Figure 5.2b Variation in the creep rate during the rapid temperature changes at 

In Figure 5.2, the AH^ value is equal to the Q value used in this report. 

Equation (5.14), shown below, can then be used to determine the activation 

energy for the change in temperature. 

Where e is die strain rate. This equation was derived from equation (5.9) by 

assuming that the stress is constant. Although this mediod has proven to be 

accurate, it was not used for the #227 alloy. The reason for not using this 

method is due to the fact that the solder was placed into a stainless steel grip 

which contains a significant amount of thermal mass. The temperature of the 

solder could not be abruptly lowered to an accurate steady temperature, and 

therefore, a reliable value for the activation energy could not be determined. 

points A and B [23]. 

(5.14) 



71 

If the steady state stram rates are calculated at a constant stress over a 

wide range of temperatures, the equation (5.15) can also be used to determine 

the activation energy. 

I n^  
O C--

(5.15) 
R  l /T j - l /T ,  

This equation is a slight modification of equation (5.14), and is based on a log 

plot of secondary creep rate verses the inverse of the absolute temperature. 

Figure 5,3, shown below, illustrates the negative slope of Q/R achieved when 

the steady state creep rate is determined at the same stress over different 

temperamres. 

13,190 psi 

786 016 760 

92 9.4 10.2 90 96 9.8 10 
ioVT 

Figure 5.3 Calculation of the activation energy for austenitic stainless steel 
using a constant stress with varying temperature [23]. 
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During the characterization of the Indalloy #227 solder, the exact same 

stresses were not used over a range of temperatures, and therefore, this method 

was not utilized to determine the activation energy. Due to the fact that the #227 

alloy's creep properties are strongly dependent on the temperature, there is only 

a small range of loads which could be used for all the different temperatures. 

This limitation was present because the test would take months to reach steady 

state at the lower temperatures, while at the higher temperatures the experiment 

would only take a few minutes. 

Instead of using these two methods to determine the activation energy, the 

steady state creep rate values were used to create a plot of temperature-

normalized strain rate versus modulus-normalized stress. The normalization of 

the steady state creep rate equation (5.1) was determined by solving for the 

power relation 

C sinhl ^ 
. T =  Y—exp  

G 

r 

. T f 
where C is an empmcally determined constant. By plotting y — exp[^—J vs. 

^, the value of the activation energy can be adjusted until the strain rates for 
G 

the different temperamres have converged. This methodology of adjusting the 

activation energy is commonly used on normalized creep rate equations [23, 24] 

and proved to produce an accurate value for Q. The results for the 
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determination of the activation energy for the tin/indium/silver solder are 

discussed in Chapter 7. 

5.5 Determming the Stress Exponent, n 

Once the normalized creep rate plot is constructed and the value for the 

activation energy is determined, the stress exponent, n, can be determined from 

the slope of the linear portion of the graph. At low stresses, the normalized 

steady state strain rate can be fit to the simple power relation 

which was previously expressed in equation (5.16). Therefore, the exponent, n, 

of this relationship is the slope of the linear portion of the normalized graph 

which occurs at low stresses. Empirical studies have shown that the value of the 

stress exponent is related to the controlling creep mechanism of the material. 

These findings have shown that at low stresses, n = 1 for diffusion creep and n 

= 2 for grain boundary sliding. At intermediate stresses, n = 3 to 4 for 

dislocation glide controlled creep and n = 5 to 7 for dislocation climb processes 

[20, 23, 28]. It is important to keep in mind that these values are merely a 

generalization of determining the controlling creep mechanism. If greater 

accuracy is needed, specific analysis on the material of interest is required in 

order to determine the actual creep mechanism with certainty. 

n 

(5.17) 
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5.6 Determining the Power Law Breakdown Coefficient, a 

The constant a is determined at the point where the power law for the 

hyperbolic sine breaks down. As previously stated, the general equation relating 

strain rate to stress can be stated as 

Y = A"(sinha—)" (5.8) 
G 

where a is a constant. As the value for T/G increases, the simple power law 

begins to break down at approximately T/G = I0'\ During this transition, the 

creep mechanism is usually changing from a climb-controlled to a glide-

controlled mechanism. As tiiis transition is occurring, the values for the 

normalized steady state creep rate plot begin to diverge from their linear trends 

which are observed at low stresses. The T/G value where the best fit equation on 

the normalized plot begins to divergence from linearity is taken as the power law 

breakdown coefficient, a. 

5.7 Determining the Constant, C 

The best method for finding the value of the constant C is to plot equation 

(5.1) using the already determined variables and an arbitrary value for C. Once 

the steady state creep rate equation is plotted for the stresses and temperatures 

used for the experiments, the actual values determined can be placed on the same 

graph. By using a trial and error method, the theoretical values are adjusted by 

changing the magnitude of C to best fit the experimental results. 
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This concludes the derivation of the steady state creep rate equation and 

its variables. Although there are other creep rate equations which also seem to 

model the creep properties, equation (5.1) is one of the more common fimctions. 

If another steady state creep rate equation is desired, any one of the following 

references will provide a slightly different function [17, 31 - 34]. The following 

chapters describe the results of the creep experiments conducted on the Indalloy 

#227 solder. 
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CHAPTER 6 - OPTIMIZATION OF THE SOLDER JOINT'S STRENGTH 

6.1 Initial Optimization of the Solder Joint's Strength 

The first set of samples created and tested used a rosin based flux from 

Alpha Metals Incorporated. This flux, model number RMA-376 EHLV, seemed 

to work well at first. The reflowed spheres were smooth which showed that 

there was not an oxidation problem or a complete melting problem. Cross 

sections of the solder joints showed that there were no voids within the solder 

which might be caused from outgassing of the flux. The solder also seemed to 

be wetting completely to the surface of the pads. Unfortunately, upon testing of 

the samples, it was determined that the failures were occurring at the pad's 

interface for both the gold/nickel and copper substrates. This phenomenon is 

illustrated below in Figures 6.1 through 6.4. Because the solder joints were 

failing due to a function of the interface and not because of creep, the creep data 

obtained had considerable scatter. Although the data followed a general trend, 

there was too much scatter in both the copper and gold/nickel samples for an 

accurate characterization. It was decided, therefore, to return and analyze the 

fabrication procedures in the hopes of creating a stronger solder joint. 
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Ceramic Substrate Copper Pad Solder 

Figure 6.1 Lid interface of copper pad metallization using RMA-376flux after 
testing. 
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Ceramic Substrate Copper Pad Under the Failed Surface 

Solder Mask 
Figure 6.2 Fracture surface of a solder joint on copper pad metallization with 

RMA-376flux after shearing. 

Solder Fracture Surface 

i 
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Figure 6.3 Base interface of gold/nickel substrate using RMA-376flux after 
testing. 
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Figure 6.4 Fracture surface of a solder joint on gold/nickel pad metallization 
with RMA-376flux after shearing. 

After analyzing the failure surface of the tested samples, it was 

determined that the lid substrate almost always retained the majority of the 

solder. In other words, the failures occurred at the interface between the solder 

joint and the base's pad. Figure 6.1 shows the interface of the lid pad beginning 

to separate, but the base side already completely failed. The failures at the 

interface are also observed in Figures 6.2 and 6.4 which are optical micrographs 

of the base substrate fracture surface. In these top views of the firacmre surface, 

the pad's metallization can be seen with very little solder remaining. 
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Upon closer examination of the gold/nickel substrates, it was evident that 

the nickel layer was not acting as a boundary layer as designed. The nickel 

layer, due to its slow diffusion characteristics, was placed over the copper 

portion of the gold/nickel pads in order to keep the copper from diffusing into 

the solder joint and forming a copper-tin intennetallic. Figures 6.5 and 6.6, 

which are micrographs of the lid interface of Figure 6.4, illustrate how an 

intennetallic was being formed. This cross section clearly illustrates how the 

nickel layer was not performing its barrier duties. 

Solder 

Intennetallic 

Copper 

Figure 6.5 Optical micrograph of the lid interface on a gold/nickel substrate. 
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Figure 6.6 Backscattered SEM image of lid interface on a gold/nickel substrate. 

In order to better understand this new intermetallic which was forming on 

the gold/nickel pads, an Energy Dispersive Spectrometry (EDS) analysis was 

used to determine the different elements present in the phases. This technique is 

useful because it clearly shows the location of the different elements as observed 

in Figure 6.7. Each light spot in the boxes of Figure 6.7 indicate the location of 

the element in question. If desired, the exact composition of the phases could be 

determmed using this analyzing technique. 



Figure 6.7 EDS scan of the same lid interface on a gold/nickel substrate. 

By using the EDS analysis, several conclusions were drawn. First, the 

nickel layer was obviously not remaining as a boundary layer. This could be 

due to either a contaminated nickel layer being plated on the copper, or the 

nickel layer was just too thin to withstand the reflow temperature settings. 

Another interesting note is that the phases seen by an optical microscope on a 

sample which has not been etched look similar. However, when analyzed with 

the EDS, the phases were obviously different compositions. A good example of 

this phenomenon is the formation of the silver/indium phase shown in Figures 

6.5 through 6.7. Only the EDS analysis differentiated the silver/indium phase 

from the tin/nickel/copper intermetallic. Even the image from a backscattered 
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scanning electron microscope does not distinguish between the silver/indium 

phase an the other intermetallics. 

One obvious solution to the problem concerning the breakdown of the 

nickel boundary layer would be to increase its thickness. Unfortunately, the 

samples used for this experiment were specially made by Motorola Inc., Land 

Mobile Products Sector, Advanced Manufacturing Technology, Ft. Lauderdale, 

Florida. Due to the complexity of manufacturing modified substrates, new 

samples could not be received in a reasonable amount of time. Originally, the 

thickness for the nickel was determined by previous experiments completed with 

the same substrates using tin/lead solders. The nickel layer thickness appeared 

to withstand the flux, the reflow temperamres, and the diffusion of the solder for 

those experiments. 

The only alternative was to modify the reflow temperatures in the hopes 

of finding a reflow profile which satisfied the solder's requirements while 

keeping the nickel layer intact. A typical reflow temperature profile for BGA 

packages consists of a soak period at approximately I50-160°C for roughly two 

minutes. The temperature should then be increased to allow for approximately 

60 seconds of total time above the solder's melting temperature with a peak of 

roughly 50°C over the melting temperature. During the entire reflow process, 

the product's temperature should be raised in a slow manner to avoid causing 

any damage to the substrate. 
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Four temperanire profiles were tested during the optimization of the 

solder joint's strength while using the RMA.-376 flux. For each of the profiles, 

several gold/nickel samples were used to examine the effects of the new reflow 

conditions. A summary of the reflow temperatures during each of these profiles 

is outlined in Table 6.1. 

Table 6.1 Temperature profile for optimization ofRMA-376flux. 

Temperature Profile Measurment 
Base (Bonding 

to Base) 
Lid (Bonding bothi Total Time for Base 

substrates) Substrate 

Profile #1 Time above IST^C [sec] 52 50 102 

Time above lOO'C [sec] 46 34 41 

Peak Temperature 229 216 

Profile #2 Time above IST'C [sec] 40 32 72 

Time above ICWC [sec] 30 11 41 

Peak Temperature 214 202 

Profile #3 Time above IST^C [secj 36 17 53 

Time above 200°C [sec] 0 0 0 

Peak Temperature 199 190 

Profile #4 - Base Time above IST'C [sec] 34 68 

Time above 200°C [sec] 16 40 

Peak Temperature 207 

Profile #4 - Lid Time above ISV'C [sec] 34 70 

Time above 200''C [sec] 16 32 

The first profile in Table 6.1 was used during the initial testing of the 

substrates. The results from this setting are shown in Figures 6.1 through 6.7. 

In an attempt to minimize the intermetallic forming at the interface, temperature 

profile #2 was constructed. Due to the fact that there were a limited number of 
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substrates remaining in stock, the following temperature profiles were tested on 

the base only. This base then received two reflows without the lid. 

Temperature profile #2 reduced the time above I87°C by 20 seconds, the time 

above 200°C by 20 seconds, and reduced the peak temperature by 15°C when 

compared to the first profile. With profile #2 in place, the solder was above its 

melting temperature for a total of 80 seconds and was above 200°C for 60 

seconds. Several gold samples were reflowed twice using profile #2 and cross 

sectioned without aging. Optical micrographs from these cross sections, see 

Figures 6.8 and 6.9, showed a significant reduction in the intermetallic when 

compared to the results from the first profile. 

Copper Layer Intermetallic Solder 

Figure 6.8 Gold/nickel metallization with two reflows under profile §2 without 
aging. Illustrates reduced intermetallic. (Origiruilly at 140Qx) 
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Copper Layer Intermetallic Solder 

Figure 6.9 Gold/nickel metallization with two reflows under profile #2 without 
aging. Illustrates reduced intermetallic. (Originally 840x) 

Another set of gold/nickel samples were reflowed twice using the second 

temperature profile and then aged at the standard 125°C for 24 hours. The cross 

section and EDS analysis of these samples showed that the intermetallic was still 

present, however, the quantity of the intermetallic was reduced compared to the 

first temperature profile. Figures 6.10 and 6.11 illustrate these results. 

Solder 

Intermetallic 

Copper Layer 

Figure 6.10 Gold/nickel metallization with two reflows under profile #2 with 
aging. Illustrates reduced intermetallic. (Originally 1400x) 
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Figure 6.11 EDS analysis of gold/nickel metallization with two reflows under 
profile #2 with aging. Illustrates reduced intermetallic. 

The solder spheres aged after being reflowed twice under profile #2 were 

sheared in order to determine if the failure would still occur at the interface. 

Unfortunately, the samples did shear at the pad's interface and not within the 

solder, which is desired. In each of the shear tests, there was a minimal amount 

of solder left on the pad. At this time, a drastic change to the reflow 

temperature profile was made. 
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Reflow profile #3 was designed to subject the substrates to a total of 72 

seconds above 187°C with a peak of only 199°C. This modification drastically 

reduced the peak temperature which in turn lead to severe porosity at the 

solder/nickel interface. The gold/nickel samples were then subjected to a variety 

of aging temperatures. Each of the samples showed the porosity which is 

illustrated in Figures 6.12 and 6.13. However, the nickel boundary layer 

remained completely intact. 

Figure 6.12 Gold/nickel metallization with two reflows under profile §3, aged at 
70°Cfor 24 hours. Illustrates severe porosity. 
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Figure 6.13 £D5 analysis of gold/nickel metallization with two reflows under 
profile §2 with aging. Illustrates reduced intermetallic. 

As expected, all of the profile #3 samples sheared easily at the interface. 

After a comparison of the three different temperature profiles was made, profile 

#4 was designed. The difference between profile #4 and W1 for two reflows is 

that the time above 187°C is reduced by 4 seconds, the time above 2(X)°C is 

reduced by 9 seconds, and the peak temperature is decreased by 6°C. Both gold 

and copper samples were refiowed twice with this profile and then subjected to 
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several different aging temperatures. Each of the gold/nickel substrates 

resembled the ones shown in Figures 6.14 through 6.16. The conclusions drawn 

from these photographs and analysis demonstrate that the solder can be attached 

to the pads witliout forming an intermetallic and without any porosity at the 

interface. Note that in Figure 6.15, the two light spots just above the copper 

metallization are caused by high points in the texmre of the polished surface. 

Solder Copper Layer 

Figure 6.14 Gold/nickel metallization with two reflows under profile §4, aged at 
70 °C for 24 hours. Illustrates no porosity. 
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Figure 6.15 Gold/nickel metallization with two reflows under profile M, aged at 
70X1 for 24 hours. Used in EDS analysis. 

Figure 6.16 EDS analysis of gold/nickel metallization with two reflows under 
profile §4, aged at 70°C for 24 hours. Illustrates coherent nickel 
layer. 
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Some minor modifications were made to profile #4 and further testing was 

done to insure that the nickel boundary layer would remain coherent. A separate 

temperature profile was created for when the lid and the base were placed in the 

oven at the same time during the second reflow. This slight modification, named 

profile #4 - lid, insured that the temperatures experienced by the lid during the 

second reflow would be sufficient for proper wetting. 

With the nickel layer intact after the two reflows and aging, several 

samples were then used to test the shear strength of the solder joints and to see 

where the failures were occurring. The values for the shear strength were 

determined using a KTC Bondtest-30 shear testing device. This device moves a 

probe at a set strain rate and records the resisting force. The basis for this 

methodology of comparing different solder joints is similar to the use of the 

previously described Instron during the set strain rate. The results from the 

KTC shear testing device are given in grams. For a comparison, additional 

samples were made using 62% tin, 36% lead, and 2% silver which is a very 

common solder used in BGA packages. Both solders were reflowed twice onto 

gold substrates using profile #4. The results of the shear testing are shown in 

Figure 6.17. 
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Figure 6.17 Shear tests on gold/nickel ceramic substrates using profile tf4. 

This experiment showed that the optimized reflow profile with the RMA-

376 flux was still significantly weaker than the common leaded solder. In 

addition, the tin/indium/silver samples all failed at the pad's interface. Since the 

shear strengths for the tin/lead/silver samples were typical of leaded solders 

bonded to the gold/nickel ceramic substrates, it was concluded that the poor 

shear strengths of the #227 alloy were related to the flux being used. The RMA-

376 is a common flux in industry because of its success with the leaded solders, 

however, it may not be optimized for the #227 alloy. After consulting with the 

engineers at Indium Corporation of America, an alternate flux was chosen for 

experimentation. This flux, entitled NC-SMQ 80, was specially designed and 

made for the optimization of the #227 alloy. 
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6.2 Optimization of the Solder Joints With NC-SMQ 80 Flux 

The NC-SMQ 80 flux is a no-clean flux/vehicle system which has a shelf 

life typical of the standard RMA fluxes. The no-clean option of the flux might 

prove to be advantageous when using a package with a fine pitch, small joint 

height, or with materials which might be sensitive to solvents. The cost of 

manufacturing a product would also be decreased if the cleaning step were 

eliminated. However, since the creep properties of the solder joints for this 

characterization were measured, the flux was removed after the reflows by the 

same terpene hydrocarbon solvent which was previously used with the RMA-376 

flux. 

The reflow temperature profile for the NC-SMQ 80 flux was optimized 

for the #227 alloy by having a slightly different setting depending on whether the 

sample was receiving its first or second reflow. Table 6.2 below lists the major 

details of the profiles while Figure 6.18 illustrates the profile itself. 

Table 6.2 Temperature profile for NC-SMQ 80 Flux. 

Temperature Profile Measunnent 
Base (Bonding 

to Base) 
Lid (Bonding bothi Total Time for Base 

substrates) Substrate 

Profile #NC803 Time above 187°C [sec] 64 71 135 

Time above IQO'C [sec] 33 45 78 

Peak Temperature 217 214 
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Figure 6.18 Temperature profile for the NC-SMQ 80 Flux [16]. 

Several different samples were made using both the gold/nickel and the 

copper metallizations on the ceramic substrates. As before, the samples were 

then shear tested to determine their shear strength the location of the failure. 

The results from this comparison showed that the change in flux increased the 

solder joint's shear strength by more than three times that of the previous flux. 

Figure 6.19 illustrates the average of the shear strengths for the samples made 

with the new flux. This figure also compares the strengths to those from the old 

flux. The effects of the new flux are explained in detail in the next two sections. 



96 

2000 
1800 

1 1600 
^ 1400 
^ 1200 
|a 1000 
I 800 
£ 
h eq u xs C/3 

197329 

1658.00 1642.56 

553.80 

RMA 
Flux, #227 
Alloy on 

Au/Ni Pad 

RMA 
Fhix, 

Sn/Pb/Ag 
on Au/Ni 

NC-SMQ 
Flux, #227 
Alloy on 

Au/Ni pad 

NC-SMQ 
Flux,#227 
Alloy on 
Qipad 

Figure 6.19 Comparison of shear tests of samples with the old and new fluxes. 

6.3 Effects of the NC-SMQ 80 Flux on Gold/Nickel Substrates 

The failure surfaces from the gold/nickel samples made from the NC-

SMQ 80 flux showed that the solder was mainly failing within the solder and not 

at the interface. Figures 6.20a,b illustrate how the solder was not shearing at the 

interface. Even the low regions in Figures 6.20a,b had significant amoimts of 

solder left on the surface. 
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Figure 6.20a Optical micrograph of the sheared surface from a gold/nickel pad 
which was reflowed twice and aged at 125X1 for 24 hours. 

Failed 
Surface 
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Mask 

Excessive 
Amount of>| 
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Ceramic 
''Substrate 

Figure 6.20b Optical micrograph of the sheared surface from a gold/nickel pad 
which was reflowed twice and aged at 125 °Cfor 24 hours. 
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One of the reasons for the increased strength with the new flux is related 

to the increase in wetting area of the solder on the pad. With the RMA-376 

flux, the solder wetted only a short distance under the solder mask. In 

comparison, the NC-SMQ 80 flux allowed the solder to wet considerably fiirther 

under the solder mask. In a typical package, wetting of the solder under the 

solder mask is very uncommon. However, these samples were specially made 

for experimentation and the solder mask for these gold/nickel ceramic substrates 

did not have as strong a contact with the pad as usual. The increased wetting 

area can be seen in Figure 6.20a,b where the majority of die remaining gold pad 

under the solder mask was covered by die solder. When comparing Figures 

6.20a,b to the previous Figure 6.4, the increase in wetting under the solder mask 

becomes even more evident. Cross sections of the gold/nickel samples further 

illustrate this increased wetting as shown in Figures 6.21 and 6.22. For a 

comparison. Figure 6.23 shows the cross section of a solder joint prepared with 

the RMA-376 flux. 



Figure 6.21 Gold/nickel metallization with NC-SMQ 80 flux after two reflows. 
Illustrates increased wetting under the solder mask. 

Solder Mask 

Figure 6.22 Magnified view of gold/nickel metallization with NC-SMQ 80 flux 
after two reflows showing both sides of solder joint. 
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Figure 6.23 Gold/nickel metallization with RMA-376flux after two reflows 
showing a reduced amount of wetting under the solder mask. 

Small breaks in the nickel layer were discovered after further 

investigation of the cross sections from the gold/nickel metallizations which were 

not subjected to aging. These breaks, as shown in Figure 6.24, were small and 

common on almost all of the samples examined. An EDS of the area, shown in 

Figure 6.25, was completed and it showed that the nickel layer was present on 

either side of the breakage. Note that the dark areas within the solder are due to 

the texmre of the polished surface and are not voids or porosity. 



Figure 6.24 Gold/nickel metallization with NC-SMQ 80 flux after two reflows. 
Illustrates break in nickel boundary layer. 
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2 Rat lowg,  Mo Age  

Figure 6.25 EDS of gold/nickel metallization with NC-SMQ 80 flux after two 
reflows. Illustrates break in nickel boundary layer. 

Once the substrates with the gold/nickel layer metallization were subjected 

to aging at 125°C for 24 hours, a complete breakdown of the nickel layer 

occurred. Because the nickel layer failed in its task of preventing the copper 

from entering into the solder joint, the gold samples were not used for the creep 

characterization of the #227 alloy. Using these samples would give a false 

representation into the physical properties of a typical solder joint to a 

gold/nickel substrate. Future testing on the substrate can be completed once new 
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samples are received with a thicker nickel layer. However, due to the fact that 

the shear strength of the solder joints was drastically increased by simply 

changing to the NC-SMQ flux, it is believed that any intermetallics formed from 

a failure of a nickel layer is not a major concern. Instead, the correct choice in 

the flux is more of a factor in the joint's shear strength. 

In addition to the diin nickel layer, the older gold/nickel substrates yielded 

a shear strength less than half that of the new substrates. These older substrates 

were manufactured in 1993, or earlier, and have been exposed to the air ever 

since. The newer substrates were manufacnired in the fall of 1995 and have 

been kept in an inert atmosphere. Several techniques were used to try and 

remove any contamination which might have formed on the surface of these 

samples. These techniques include an Oj plasma clean, a hydrogen flame clean, 

and rinses with different solvents. In each of the cases the shear strength of the 

samples were less than half that of the newer gold substrates. An explanation 

for the lower strengths most likely mvolves a contammation layer between the 

gold and nickel layers. This contamination could consist of oxidation of the 

nickel layer due to a poor coating of gold, or another very thin fihn which was 

present before the gold layer was plated on the sample. In any case, the nickel 

layer was still too thin, and therefore the samples were not used for the creep 

characterization of the #227 alloy. 
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6.4 Eflfects of the NC-SMQ 80 Flux on the Copper Substrates 

As with the gold/nickel pad metallization, the solder joints formed on the 

copper pads increased in strength with the NC-SMQ 80 flux. In fact, Figure 

6.19 shows that with the new flux and the #227 alloy, the copper pads yielded 

the highest shear strength for the ceramic substrates to date. In addition, during 

the shear tests, the solder almost always failed completely through the solder and 

not at the pad's interface. Figure 6.26 shows a typical failure surface for a 

tin/indium/silver solder joint made with the NC-SMQ 80 flux on a copper pad 

after aging. This figure illustrates how the probe of the KTC Bondtest-30 

sheared through the solder due to the increased bond between the pad's interface 

and solder. This shows that the adhesion of the solder to the metallization was 

greater than the shear strength of the alloy. Even the low areas in the sheared 

surfaces were coated with the solder leaving the copper surface completely 

covered. 
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Figure 6.26 Optical micrograph of the sheared surface from a copper pad made 
with the NC-SMQ 80 flux and aged at 125 °Cfor 24 hours. 

Several cross sections of the failed surfaces were analyzed and are shown 

in Figure 6.27. From this backscattered SEM image, it is obvious that the 

solder failed within the solder and not at the interface. Even the low area within 

the failed surface still had solder remaining before reaching the copper pad. 

Figure 6.27 also shows how the solder was not wetting under the solder mask as 

it did with the NC-SMQ 80 flux and the gold/nickel substrates. This is due to a 

stronger bond between the solder mask and the outskirts of the copper pad. 
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Figure 6.27 BSEM of the sheared surface from a copper pad made with the NC-

Because the copper pads were coated with an Entex Plus coating which 

was designed to reduce the amount of oxidation, the older substrates yielded the 

same results as the new ones. Several additional experiments were completed to 

msure that all of the copper substrates manufactured at all of the different time 

periods produced the same quality solder joints. To further check the strength of 

the solder joints being fabricated, several solder spheres were placed on the extra 

pads during manufacturing of the samples that were used for the creep 

experiments. Each shear test on these extra pads showed that the samples being 

created were of equal strength and quality. A cross section of a solder joint on 

SMQ80 flux and aged at 125 °Cfor 24 hours. Illustrates failure 
surface through the solder and the absence of wetting under the 
solder mask. 
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the copper pad metallization fabricated with the NC-SMQ flux was previously 

shown in Figure 4.4. 

The reason for the increased strength inherent with the solder joints is due 

to the more active NC-SMQ flux. This flux was more active in removing 

copper oxide firom the surface of the pad, and dierefore, increased the solder's 

adhesion to the pad. A comparative smdy was performed using highly oxidized 

copper pads on both the NC-SMQ flux and the previous RMA-376 flux. In each 

experiment, the NC-SMQ flux was superior to the RMA-376 flux in removing 

the copper oxide. Since the solder joint's shear strength was drastically 

increased by simply changing to the NC-SMQ flux, it is concluded that the 

correct choice of flux is more important than any copper/tin intermetallic which 

forms during the reflow profiles. 
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CHAPTER 7 - RESULTS 

7.1 Steady State Creep Rates for Indalloy #111 on Copper Substrates 

As previously outlined in Chapter 4, the steady state creep rate values for 

the 77.2% tin, 20% indium, and 2.8% silver alloy were determined at -40°C, 

27°C, 70°C, 100°C and 125°C. An Instron was used for the samples tested 

under constant strain rates ranging from 0.06 to 0.0006 secSeveral tests were 

also completed using die Instron for samples being placed under extreme loads, 

or those requiring a short amount of time before steady state creep was reached. 

The dead weight creep chambers were used for the remaining experiments since 

four were available and could be run simultaneously. The steady state creep 

rates were computed using equations 4.1 through 4.6 and plotted as shown in 

Figure 7.1. 



109 

l.E^Ol 

1.E.02 

l.E-03 

.£.04 

•§ l.E-05 

1 1.E.06 

l.E-07 

1.E.08 

l.E-09 

l.E+02 l.E+03 

Stress (psi) 

l.E+04 

Figure 7.1 Steady State Creep of 77.2Sn/20In/2.8Ag with copper pad 
metallization. 

The data presented in Figure 7.1 follows the general trend for the creep of 

most alloys. These results were dien fitted to the general steady state creep 

equation 

dt T 
sinh a — 

G 
expl zQ 

kT>' 
(7.1) 

which was previously defined in Chapter 5. The values for the shear modulus, 

G, were determined using equation (5.13) and were kept in units of lbs/in^ in 

order to correspond to the units used for the shear stress values, T. The 

calculation of the remaining variables, Q, n, a, and C are outlined in the 
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subsequent sections. Following these sections is a comparison of the determined 

values to other solders tested under the same methodology. 

7.2 The Activation Energy for Indalloy #227 Solder Joints 

In Section 5.4, the activation energy was determined by plotting the 

temperature-normalized strain rate versus modulus-normalized stress. The value 

of the activation energy was adjusted to form a best fit between the strain rates at 

the different temperamres. It was empirically determined that an activation 

energy of 1.00 eV resulted in the best convergence of the data. For a 

comparison, the activation energy of self-diffusion in pure tin is approximately 

1.034 eV [35]. The similarity between the activation energy of self-diffusion in 

tin and the activation energy determined for creep suggests that the creep rate is 

governed by self-diffusion within the crystals. The rate of diffusion corresponds 

to the movement of dislocations within the crystals, and therefore, controls the 

creep rate. 

The only temperature set which did not correspond is the data taken at -

40°C. Figure 7.2 illustrates the agreement for all the temperatures except for 

those at -40°C. 
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Figure 7.2 Normalization of steady state creep for 77.2Sn/20.0In/2.8Ag solder 
joints on copper pad metallization. Includes all temperature data 
sets. 

There are two reasons why the strain rates taken at -40®C do not 

correspond to the rest of the data. The first explanation is that the controlling 

creep mechanism at -40°C is different than those at the other temperamres. 

Since the material is at a T/Tn, value of 0.506 at -40°C, the rate of self diffusion 

is nearing the value where it may no longer be a controlling factor in the 
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movement of dislocations. As previously described in section 5.2, at T/Tm 

values around 0.5 the controlling mechanism tends to change from non-diffusion 

controlled to diffusion-controlled mechanisms. However, if the creep 

mechanism for the solder at -40°C is not self-diffusion controlled, the strain rate 

would tend to be lower than if it were diffusion controlled. This theory is based 

on the premise that diffusion aids in the movement of dislocations, and therefore, 

increases the strain rate. The data shows that the strain rate is significantly 

higher than the theoretical value and, therefore, the controlling mechanism at die 

colder temperature allowed for a higher strain rate than self diffusion would. 

Since this seems unlikely, the second explanation for the atypical strain rates at 

-40°C involves the cooling mechanism used during the experiments. 

For each of the values taken at -40°C, liquid nitrogen was used to control 

the temperature of the sample. The liquid nitrogen is typically kept under a 

pressure approximately 50 psi, and periodically entered the temperature chamber 

on average of every 20 seconds for approximately a five second burst. The flow 

of the liquid nitrogen is governed by a firing mechanism which is physically 

attached to the chamber. Each time the firing mechanism is automatically 

activated, a blast of extremely cold nitrogen gas is expelled into the chamber. 

The forces created by the firing mechanism and the pressure of the nitrogen 

were significant enough to be felt along the outside of the chamber. In addition, 

if the sample is in place without a load attached, the rods attached to the grips 

will shake when the nitrogen enters the chamber. Since the design of the dead
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weight creep chambers allowed the grip system to be in physical contact with the 

top of the chamber next to the firing pin, the vibrations caused by the liquid 

nitrogen will certainly be felt within the sample. These vibrations add additional 

energy into the sample which in turn will increase the rate the dislocations are 

moving. The faster the dislocations are moving, the higher the strain rate. In 

order to avoid this issue, a mechanical means of cooling the chambers should be 

used, along with isolating the grip system from any vibrations. Using a 

mechanical device to cool the creep chambers will eliminate the strong blast of 

nitrogen and the vibrations caused by the firing mechanism. Although the 

experimental results for -40°C do not correspond with those from the rate 

equation, the data from the remaining four temperature sets closely resembles 

the calculated values. 

7.3 The Stress Exponent and the Power Law Breakdown Coefficient for 

Indalloy #227 Solder Joints. 

As previously derived in sections 5.5 and 5.6, die normalized steady state 

creep plot was curve fitted at low stresses with the equation 

where C and n are constants which are found empirically. The curve fit of 

equation (5.17) to the experimental data can be found in Figure 7.2. Using this 

method, the value of n was determined to be equal to 4.825. This value 

n 

(5.17) 
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typically denotes that the controlling creep mechanism consists of the climb and 

glide type of dislocations [18, 28, 21]. However, additional experiments are 

required in order to confirm this generalization. 

Determining the value of the power law breakdown coefficient, a, was 

easily accomplished once equation (5.17) was added to Figure 7.2. The inverse 

of the T/G value where the power law equation deviates from the acmal 

experimental data is the coefficient a. For the Indalloy #227 solder, this 

constant was determined to be 1600, or at a t/G value of 0.000625. This 

derived coefficient corresponds well with the typical value of 10'^. 

7.4 The Constant, C, for Indalloy #227 Solder Joints 

Determining the value for C was completed by plotting both the 

experimental and theoretical values for the creep rate vs. stress. The theoretical 

values were determined by equation (7.1) since all the variables in this equation 

have already been solved for except for the constant C. This constant was easily 

determined empirically as shown in Figure 7.3. 
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Figure 7.3 Steady state creep of 77.2Sn/20.0In/2.8Ag solder joints on copper 
pad metallization. Includes all temperature data sets. 

For the #227 alloy, the constant, C, was determined to be equal to 3 x 10^ 

K/sec/psi. In addition to Figure 7.3, the derived variables for the #227 alloy 

T f Q^l X 
were further checked by plotting y — exp[^—j vs. — over the entire range of 

T/G values. The strain rate value for this curve was determined by equation 7.1 

with the newly determined values for C, a, G, Q, and n. This was complete and 

the results are shown Figure 7.2. These results closely resemble the 

experimental data except for the those within the -40°C temperature set. As 
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previously stated, the results for -40°C are not representative of the theoretical 

values, therefore, the -40°C temperature set was removed from all further 

comparisons of the creep properties of the #227 alloy to other solders. Figures 

7.4 and 7.5 represent the previous Figures 7.2 and 7.3 without the -40°C data 

set. 
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Figure 7.4 Normalization of steady state creep for 77.2Sn/20.0In/2.8Ag solder 
joints on copper pad metallization. 
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Figure 7.5 Steady state creep of 77.2Sn/20. OIn/2.8Ag solder joints on copper 
pad metallization. 

With the steady state creep properties for the Indalloy §221 solder 

completely defined, a comparison to other popular solders can be made. The 

following chapter contains a detailed comparison of both the determined values 

of n, Q, a, and C, along with a graphical comparison at different temperatures. 
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CHAPTER 8 - COMPARISON OF STEADY STATE CREEP RATES 

In order to properly form a comparison between the steady state creep 

properties of different solders, the methodology behind determining the creep 

rates should be very similar to the process used for the #227 alloy. If different 

methods were used to determine a material's creep properties, different 

assumptions might have been made which would conflict with the ones used in 

this report. Three examples of common differences in the methodology of 

determining the steady state creep properties for a material include: 

1) The testing of bulk samples instead of actual solder joints. 

2) The use of a grips which do not minimize the presence of 

moment acting upon the sample. 

3) The application of a different steady state creep rate equation. 

For these reasons, only five solders are used for comparison with the 

Indalloy #227. These solders consist of 60Sn/40Pb, 62Sn/36Pb/2Ag, 

96.5Sn/3.5Ag, 97.5Pb/2.5Sn, and 50In/50Pb. Each of the creep properties of 

tiiese solders were characterized in reference [18] using similar ceramic 

substrates with gold/nickel/copper. In addition, the same shear grips and creep 

rate equation were used. Table 8.1 contains a listing of the deformation 

constants for the different solders. The shear modulus, G, of the other five 

solders was computed by using the linear equation 

G = Go - Gi(T-273) (8.1) 
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where Go is the shear modulus at 0°C, Gi represents the dependence of 

temperature on the modulus, and T is the temperamre ui degrees Kelvin. 

Table 8.1 Steady state creep rate constants for equation (8.1). 

Shear Modulus 77.2Sii/20In/2.8Ag 60Sn/40Pb 62Sn/36Pb/2Ag 96.SSn/3.5Ag 97.SPb/2.5Sn 50In/50Pb 

Go (Mpsi) see Equation (5.13) 1.9 1.9 2.8 1.3 0.8 
Gl (kpsi/K) 8.1 8.1 10.0 1.5 1.8 
Steady State Creep for Solder Joints Under Shear Stresses 
C (K/sec/psi) 3.00E+06 0.198 0.0989 3.13E-03 1.62E+07 3.18E+07 
a 1600 1300 1300 1500 1000 1000 

n 4.825 3.3 3.3 5.5 7 2.8 
Q(eV) 1.00 0.548 0.548 0.50 1.10 1.03 

Using these constants, steady state strain rate plots for the solders were 

created and are shown in Figures 8.1 through 8.6. Each of the plots contains the 

temperamre sets for 27°C, 70°C, 100°C, and 125°C which were used for the 

characterization of the #227 alloy. These temperature sets are valid for the 

values given in Table 8.1 since they were determined at approximately the same 

settings. It is interesting to note that there were no temperamre sets below 

freezing in reference [18]. 
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Figure 8.1 Steady state creep of 77.2Sn/20.0In/2.8Ag solder joints with 
gold/nickel/copper pad metallization. 
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Figure 8.2 Steady state creep of60Sn/40Pb solder joints with 
gold/nickel/copper pad metallization. 
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Figure 8.3 Steady state creep of 62Sn/36Pb/2Ag solder joints with 
gold/nickel/copper pad metallization. 
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Figure 8.4 Steady state creep of96.5Sn/3.5Ag solder joints with 
gold/nickel/copper pad metallization. 
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Figure 8.5 Steady state creep of 97.5Pb/2.5Sn solder joints with 
gold/nickel/copper pad metallization. 
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Figure 8.6 Steady state creep of50In/50Pb solder joints with gold/nickel/copper 
pad metallization. 
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A quick comparison of the creep properties for the different alloys was 

created in Figure 8.7 where the results for all six solders at 27°C are presented. 

It is important to reiterate that the copper pad metallization was only with the 

Indalloy #227 alloy. The remaining solders were made with die 

gold/nickel/copper pad metallizations. This difference in the metallization may 

have an influence on the final comparison of the creep resistance of the solders. 
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Figure 8.7 Comparison of steady state creep rates at 27°C. 

By comparing the creep rates in Figure 8.7, the six solders were 

characterized by their resistance to creep. This was accomplished by reading the 
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steady state strain rate values for the different solders at a constant stress. The 

solder with the lowest creep rate is considered to be more resistant to creep. 

Typically, solders are desired to have a high creep resistance for longevity 

purposes. The alloy which showed the highest creep resistance is die 

96.5Sn/3.5Ag solder. The strain rates for the other five solders are either higher 

(denoting less creep resistance) or similar throughout the entire range of stresses. 

Unfortunately, the 96.5Sn/3.5Ag solder has a eutectic melting temperature of 

221°C which is too high for many plastic packages. 

In order to form a more detailed comparison of the remaining five 

solders, the range of stresses were divided into a low and intermediate stress 

range. The low stress range includes values approximately less than 1,500 psi, 

while the intermediate stresses consist of 1,500 psi to about 4,000 psi. This 

division was made due to the fact that at approximately 1,500 psi, the 

corresponding T/G term for the solders approaches 10'^. During this transition 

period, several of the trend lines cross each other, and therefore, the ranking of 

the creep resistance for the solder will vary. 

At the intermediate stresses, the 96.5Sn/3.5Ag, 62Sn/36Pb/2Ag, and the 

60Sn/40Pb solders all have comparably lower strain rates than the remaining 

solders. As the stresses decrease, the 96.5Sn/3.5Ag tends to have a higher 

resistance to creep than the 62Sn/36Pb/2Ag alloy, which in mm is slightly more 

resistant than the 60Sn/40Pb. The increase in creep resistance for the 

62Sn/36Pb/2Ag is expected since the addition of silver to alloys to increase the 
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material's creep resistance is often used as previously mentioned in Chapter 

1.3.2. 

The next solder with the highest creep rate is the Indalloy #227 which 

tends to be significantly more susceptible to creep than the previous three alloys. 

Due to the fact that the difference in the creep rate between the solders at a set 

stress level varies significantly over different stresses, it is difficult to quantify 

how more creep resistant one solder is over another. However, the 

77.2Sn/20.0Ag/2.8Ag solder is definitely less resistant to creep than the 

60Sn/40Pb alloy at intermediate stresses. 

The last two solders categorized for the intermediate stresses are the 

50In/50Pb and the 97.5Pb/2.5Sn. These solders have comparable strain rates 

for the higher stresses. However, as the stress is decreased, the 50In/50Pb alloy 

is obviously more susceptible to creep. In fact, the 50In/50Pb solder 

characteristically has the highest creep rate of all the alloys for practically the 

entire range of stresses. 

During the transition region of about 1,500 psi, the 50In/50Pb and the 

96.5Sny3.5Ag alloys clearly have the highest and lowest creep rates respectively. 

The remaining four solders all have comparable strain rate values within this 

region. 

At the lower stresses (less than 1,500 psi), the 97.5Pb/2.5Sn solder has a 

creep resistance similar to the 96.5Sn/3.5Ag. Together these solders 

demonstrate the highest resistance to creep. The 77.2Sn/20.0Ag/2.8Ag solder 
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has the third highest resistance to creep. It is interesting to note that Indalloy 

#227 has a superior creep properties over the 60Sn/40Pb solder at the lower 

stresses, but expressed a lower creep resistance than the 60Sn/40Pb at the higher 

stresses. Figure 2.1 illustrated Indalloy #227's superior creep resistance at the 

lower stresses for a similar 63Sn/37Pb solder using bulk samples. However, the 

graph only included the values of 10"' to 10'^ for the strain rates. As shown in 

Figure 8.6, the data agrees with the conclusion that the #227 alloy is more creep 

resistant for only the strain rates approximately 10"*^ and lower. This 

discrepancy is due to the use of actual solder joints instead of bulk samples 

and/or the lack of data points for the bulk samples. 

The remaining three solders for the low stress region consist of 

50In/50Pb, 60Sn/40Pb, and 62Sn/36Pb/2Ag. As expected, the 62Sn/36Pb/2Ag 

alloy is more resistant to creep than the 60Sn/40Pb solder and the 50In/50Pb 

alloy experienced the highest creep rates. 

The results from the comparison of the alloy's creep resistance at 27°C 

was also validated under the three temperatures. Figure 8.8 illustrates this fact 

with a plot of the different strain rates for the six solders at 125°C. 
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Figure 8.8 Comparison of steady state creep rates at 125 °C. 

Figure 8.8 illustrates that the creep resistance comparisons made under 

27°C also apply to those at the upper extreme temperature of 125°C. 
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CHAPTER 9 - CONCLUSION 

The creep properties of a Indalloy #227, composed of 

77.2Sn/20.0In/2.5Ag, were determined using actual controlled collapse solder 

joints on a ceramic substrate. The samples were subjected to pure shear stresses 

at -40°C, 27°C, 70°C, 1(X)°C, and 125°C during the creep measurements. 

Optimization of the samples lead to a consistently strong lead-free solder joint. 

The experimental data was fitted to a steady state creep rate equation and the 

activation energy was determined. A comparison of the creep rates for the 

Indalloy #227 solder was then made to five other alloys whose creep properties 

were determined using the same methodology. The five solders used for a 

comparison included 60Sn/40Pb, 62Sn/36Pb/2Ag, 96.5Sn/3.5Ag, 97.5Pb/2.5Sn, 

and 50In/50Pb. It is considered a figure of merit for solder to demonstrate low 

strain rates which corresponds to a higher resistance to creep. The conclusions 

drawn from this research include: 

1) The strength of the Indalloy #227 solder joints was drastically increased by 

optimizing the flux used during the refiow. The shear testing of the solder 

joints prepared on copper pad metallizations with the optimized flux 

consistently illustrated superior shear strengths. 

2) The thickness of the nickel boundary layer on the gold/nickel/copper pad 

metallization was too thin to withstand the sample's fabrication process. 

Therefore, the creep rates were not determined for the gold/nickel/copper 

pad metallizations. 
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expi^-j^j , closely representea the 

experimental data over a temperature range of 27°C to 125°C, and over nine 

orders of magnitude for the creep rates. 

4) The values for a, n, Q, and C determined for the secondary creep rate 

equation are all within their expected range of values. For the Indalloy #227 

solder, it was determined that a=1600, n=4.825, Q=1.00 eV, and 

€=3x10*^ K/psi/sec. 

5) The activation energy determined for the creep equation (1.00 eV) 

corresponds to the activation energy of self-diffusion within the crystals of tin 

which is approximately 1.03 eV. This similarity suggests that the creep rate 

is governed by self-diffusion. 

6) The creep rates determined for the Indalloy #227 at -40°C did not correspond 

to the results form the other temperatures. This disagreement is associated 

with the use of liquid nitrogen for a cooling mechanism. As the liquid 

nitrogen entered the temperature chamber during die creep tests, vibrations 

were sent through the sample. These vibrations mcreased the steady state 

strain rates for the alloy, and therefore, the results did not correspond to the 

other temperature data sets. 

7) The steady state strain rate values for the Indalloy #227 solder fall within the 

average of the other five solders used as a comparison. 

dy G 
3) The equation, ~ ^ Y . J sinh^^a —j 



8) The Indalloy #227 solder joints proved to be more creep resistant than 

60Sn/40Pb solder joints at the lower stresses. However, the 60sn/40Pb 

solder is more creep resistant at the higher stresses. Therefore, if the 

Indalloy #227 is to be used as a replacement for tin/lead solders, the strain 

rates at the higher stresses would have to be acknowledged. It can be 

determined if these higher strain rates are still acceptable by incorporating the 

creep rate properties of Indalloy #227 into the specifications for a product, or 

into a computer generated model designed for the package and application o 

interest. 

9) Even though there are slight differences in the steady state creep rate 

properties between the Indalloy #227 solder and 60Sn/40Pb, the direct 

substitution of the lead-free solder is highly possible for typical applications. 

10) Solder joints composed of 96.5Sn/3.5Ag yielded the highest resistance to 

creep for all six solders compared. However, this solder has a eutectic 

melting temperature of 221°C which is too high for many plastic packages. 

11) Solder joints composed of 50In/50Pb yielded the lowest resistance to creep 

over the entire range of stress. 

12) Within the intermediate stress range of approximately 1,500 psi to 4,000 psi 

the solders are categorized in order of decreasing creep resistance as: 

96.5Sn/3.5Ag, 62Sn/36Pb/2Ag, 60Sn/40Pb, 77.2Sn/20.0In/2.8Ag, 

97,5Pb/2.5Sn, and 50In/50Pb. This order of decreasing creep resistance is 
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also held valid if compared for a range of steady state strain rates of 

approximately 5 x 10"^ to roughly 10'^ sec"'. 

13) Within the low stress range of up to approximately 1,500 psi the solders are 

categorized in order of decreasing creep resistance as: 96.5Sn/3.5Ag, 

97.5Pb/2.5Sn, 77.2Sn/20.0In/2.8Ag, 62Sn/36Pb/2Ag, 60Sn/40Pb, and 

50In/50Pb. This order of decreasing creep resistance is held valid if 

compared for a range of steady state strain rates of approximately 5 x 10"^ to 

1 X 10"' sec'^ 

14) The categorizing of the solders by their creep resistance at both low and 

intermediate stresses is valid from 27°C to 125°C. 

15) The cost of the Indalloy #227 solder is approximately a 14,000% increase of 

die 62Sn/36Pb/lAg solders and a 3,600% increase of 60Sn/40Pb alloys. 

This increase in price will likely decrease if the Indalloy #227 solder was 

manufactured in bulk quantities. However, due to indium's inherent limited 

supplies and high cost, the price for Indalloy #227 will most likely always be 

considerably higher dian tin/lead solders. 

This concludes the characterization and comparison of the steady state 

creep properties for the Indalloy #227 solder. The alloy could be used as a 

replacement for tin/lead solders if the creep properties at the higher stresses and 

strain rates meet the requirements set by the application and the package design. 

However, due to the extreme cost of the solder which is determined by the 
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limited resources of indium, it is highly unlikely that Indalloy #227 will be used 

as a replacement for tin/lead solders unless it becomes absolutely necessary. 
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APPENDIX A - MELTING TEMPERATURES OF COMMON SOLDERS 

Weight Percent Temperature *C 

Solder Tin Indium. Ag Pb Sb Bi Cu Au Zn Liquidus Solidus Range 

51In/32.5Bi/16.5Sn 16.5 51 32.5 60 Eutectic 0 

66.3In/33.7Bi 66.3 33.7 72 Eutectic 0 

57Bi/26In/I7Sn 17 26 57 79 Eulectic 0 

54.0Bi/29.7In/l6.3Sn 16.3 29.68 54.02 81 Eutectic 0 

46Biy34Sn/20Pb 34 20 46 100 Eutectic 0 

67Bi/33In 33 67 109 Eutectic 0 

52In/48Sn 48 52 118 Eutectic 0 

50Sn/50In 50 50 125 118 7 

52Sn/48In 52 48 131 118 13 

57.4Bi/41.6Sn/lPb 41.58 I 57.42 135 Eulectic 0 

58Bi/42Sn 42 58 138 Eutectic 0 

97In/3Ag 97 3 143 Eutectic 0 

58Sn/42In 58 42 145 118 27 

80In/15Pb/5Ag 80 5 15 149 142 7 

lOOIn 100 156.7 M.P. 0 

70Sn/l8Pb/12In 70 12 18 162 Eutectic 0 

43Pb/43Sn/14Bi 43 43 14 163 144 19 

60Sn/40Bi 60 40 170 138 32 

70In/30Pb 70 30 175 165 10 

62.5Sn/36.1Pb/l.4Ag 62.5 1.4 36.1 179 Eutectic 0 

60In/40Pb 60 40 181 173 8 

63Sn/37Pb 63 37 183 Eutectic 0 

77.2Sn/20In/2.8Ag 77.2 20 2.8 187 175 12 

83.6Sn/8.8In/7.6Zn 83.6 8.8 7.6 187 181 6 

6QSn/40Pb 60 40 188 183 5 

62Sn/36Pb/2Ag 62 2 36 189 179 10 

91Sn/9Zn 91 9 199 Eutectic 0 

50Pb/50In 50 50 210 178 32 

98Sn/l.5Ag/0.5Cu 98 1.5 0.5 210 215 5 

SOSn/SOPb 50 50 216 183 33 

96.5Sn/3.5Ag 96.5 3.5 221 Eulectic 0 

97.SSn/2.5Ag 97.5 2.5 226 221 5 

60Pb/40In 40 60 231 197 34 

lOOSn 100 232 M.P. 0 

65Sn/25Ag/10Sb 65 25 10 233 Eutectic 0 

99Sn/lSb 99 1 235 M.P. 0 

97Sn/3Sb 97 3 238 232 6 

60Pb/40Sn 40 60 238 183 55 

95Sn/5Ag 95 5 240 221 19 

95Sn/SSb 95 5 240 235 5 

95.5Sn/4Cu/0.5Ag 95.5 0.5 4 260 204 56 

75Pb/25In 25 75 266 228 38 

75Pb/25Sn 25 75 268 183 85 

lOOBi lOO 271 M.P. 0 

81Pb/l9In 19 81 275 244 31 

82.7Pb/15Sn/2.3Ag 15.0 2.3 82.7 279 260 19 

g0Au/20Sn 20 80 280 Eutectic 0 

92.5Pb/3Sn/2.5Ag 5 2.5 92.5 296 287 9 

97Sn/3Cu 97 3 300 227 73 

90Pb/10Sn 10 90 302 275 27 

97.5Pb/1.5Ag/lSn 1.0 1.5 97.5 309 Eutectic 0 

92.5Pb/5In/2.5Ag 5.0 2.5 92.5 310 300 10 

95Pb/5Sn 5 95 312 308 4 

lOOPb 100 327 M.P. 0 

lOOAg 100 961 M.P. 0 
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