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Preface

The perception of soldering as a mature technology has been replaced over the past several years with an increased
appreciation for the science and engineering principles that underlie the successful implementation of this joining tech-
nique. Recent efforts to understand soldering technology have come about largely on the heels of the electronics revolu-
tion, since soldering remains as the primary assembly technique for electronic component packaging and printed circuit
board products. However, the narrow spotlight on electronics applications has expanded as technologists consider sol-
dering processes for a wider range of structural applications.

At present, several excellent textbooks are available on the topic of soldering. However, those references have tar-
geted primarily electronics applications. It became apparent to the American Welding Society and, in particular, the
AWS C3 Committee on Brazing and Soldering, that there is a growing need for a more generalized resource on soldering
technology. It was also recognized that such a text should be written so as to be readily understood by individuals having
a wide range of backgrounds; from the field assemblers and furnace operators to the engineering staff and technical man-
agers. The opportunity to create such a text coincided with plans to revise the AWS Soldering Manual. The result of this
effort is the Soldering Handbook.

The Soldering Handbook is constructed with the following eight general topics:

1. Fundamentals of Soldering Technology; 2. Solder Materials; 3. Substrate Materials; 4. Fluxes; 5. Solder Pastes; 6. As-
sembly Processes; 7. Inspection Techniques for Product Acceptance and Process Optimization; and 8. Environmental,
Safety, and Health. Thorough discussions are provided in each of the major topical areas, including important principles
on materials and processing as well as handy access to tabulated properties data. The text is formatted to serve as a refer-
ence book; therefore, some information is duplicated in order to assure a clarity of discussion within each section. The
handbook also provides a substantial reference section at the end of the text which lists sources of information for those
individuals wishing additional details on specific topics.

It is the author’s goal that the information provided in this handbook will allow soldering technology to be more fully
utilized in advanced structural joining applications, as well as to enhance its continued use as a critical assembly technol-
ogy for the electronics industry.

I wish to thank the volunteers of the AWS Technical Activities Committee and the AWS C3 Committee on Brazing
and Soldering who reviewed the manuscript of this handbook. I also wish to thank Dr. Robert Messler, Jr. of Rensselaer
Polytechnic Institute, for his critical and detailed examination of the manuscript and Howard Woodward of AWS for his
efforts in editing of the handbook. Finally, I wish to thank Mr. Jerome Rejent and Ms. Alice Kilgo of Sandia National
Laboratories for their efforts in compiling the metallographic data used in the text. This work was supported in part by
Sandia, a multiprogram laboratory operated by Sandia Corp., a Lockheed Martin Company, for the United States Dept.
of Energy under Contract DE-AC04-94AL85000.

This book is dedicated to my wife Karen and daughters Maria and Sara.

Paul T. Vianco, Ph.D.
Chair, AWS C3B Subcommittee on Soldering
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shown in (a). The horizontal axes are A and B; the vertical axis is temperature. The example

of a solid solution alloy AB is lIUStrated in (D) ......cceevueereiritiriiiierie ettt et s 20
1.18  Construction of the Gibbs triangle for the ternary alloy comprised of A, B, and C.

(a) Outline with each component at the apex of the equilateral construct. (b) The triangle

with the lines of constant A component (as fractional quantity) in place. (c) The fully constructed

Gibbs triangle for the A-B-C ternary SYSIEIM .......c..ccevuerueiiririeiieiee ettt seae e e 21
1.19  (a) Three-dimensional phase diagram (Gibbs triangle) for a simple solid-solution alloy.

(b) Isothermal section through the phase diagram entirely in the solid solution phase o.

(c) Isothermal section through the liquidus and solidus surfaces. (d) Isothermal section

through the liquidus and solidus surfaces, but at a higher temperature than in (C).........ccocccceecereeeiecieneennns 23
1.20  Liquidus projection map for a solid-solution alloy ...........cc.ecueeiriiiieiiiniine i e 24
1.21  Ternary alloy phase diagrams for the Ag-Bi-Pb system: (a) Liquidus projection. (b) Three-dimensional

schematic view to illustrate the liquidus trough. (c) The isothermal section at 127°C (261°F)........ccccceuvenee. 25

1.22  Isopleth sections through simple solid-solution ternary phase diagram: (a) B varies from 0% to 100%
while the ratio of A to C remains fixed; (b) two-dimensional construction of (a); (c) A is fixed

while B and C are allowed to vary; and (d) the two-dimensional construction of the case in (C) ............... 26
1.23  The pseudo-binary alloy phase diagram (isopleth) for the ternary Au-Sn-Pb system, for
the case of constant 63Sn-37PDb ratio and variable AU CONLENL ..........ccceeeeuieeriieiiiie e eee et ere e 27

1.24  (a) Schematic of the dislocation, looking down its “core”; (b) Transmission electron micrograph of
dislocations in “half hard” o-brass. (c) Movement of a dislocation and resulting displacement of

material UNder an APPHEA SLIESS G ....c.couvurueueuereriuiriririeteteeeetrtire st ettt eb et st st bbb b eae st st st st bbb e e st st stueseb s ea bbb esenen 29
1.25  (a) Face-centered cubic (FCC) crystal structure. (b) Hexagonal close-packed (HCP) crystal structure.
(c) Body-centered cubic (BCC) crystal structure. (d) Body-centered tetragonal (BCT) crystal structure.............. 29
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1.26  (a) Optical micrograph of the 63Sn-37Pb solder showing the Pb-rich (dark) and Sn-rich (light)
phases along with the grains of the latter phase after low-temperature aging at 70°C for 350 days.

(b) Frequency bar charts for the Pb-rich particle distribution Shown in (a)........cceceevvevierinnienneeniieneennenn 31
1.27  Optical micrograph of the microstructure of the 96.55n-3.5Ag solder, showing the Sn-rich
phase and Ag-rich Ag;Sn phase PartiCles ...........ocoveieiiniiiieieiiee et ettt 32

1.28  Schematic representation of the microstructural features observed in a two-phase material such

as found in a number of solder alloys. Within each of the phases, there can also exist a grain

structure pertinent to that MALETIal .........cc.ooiiviiiiiiiiiiie ettt ettt e e 32
1.29  (a) Grain boundary sliding in a 98.14Sn-3.33Ag-4.83Bi ternary solder subjected to thermal

cycling. (b) Phase boundary sliding in 58Bi-42Sn near-eutectic solder subjected to thermal

cycling. (c) Material discontinuities in the form of voids and cracks as they form by the three

deformation mechanisms of dislocation motion. Optical micrographs are provided which

1lustrate the JAtter TWO CASES ......ceueeuirierieiieiintieiiet ettt ettt sae et sr st et eae sae ettt s e s seseene saesuesaesnennenn 33
1.30  Optical micrograph of the 58Bi-42Sn solder. The darker phase is Bi-rich; the lighter phase is Sn-rich.....35
1.31  Optical micrograph of a 58Bi-42Sn solder joint between Cu and an organic laminate substrate

that was exposed to a thermal cycling environment of: 0°C to 100°C (32°F to 212°F),

10°C/min (18°F/min), 5 min hold at the limits, and 2500 CYCIES ........cooceereeriiriiiniiirierie et 35
1.32  TEM photographs of dislocation tangles in (a) 1100 Al (mild) and (b) ANSI Type 304
stainless steel (severe) following strain hardening caused by cold working............cccccccevininiceiiccnnennn 36

1.33  (a) Optical micrograph cross section and (b) SEM stereo micrograph of the through-hole solder joint

of aresistor lead. (c, d) The solder joint on a surface mount resistor. These cases represent

€lectroniCS APPLICALIONS .....c.cevviriieuieiiiierieiiete ettt ettt st sa st e ae sae ettt s et s e n e sneeneeaeeneenae s 38
1.34  The strength properties of the solder joint components: (1) substrate(s), (2) solder strength, and

(3) the strength of the interfaces between the solder and the substrate(s) determine the

overall performance of the JOINT........cccooiiiiiiiiiiiici e et e st 39
1.35  Schematic representation of solder wetting and solder spreading. (a) The solid solder is placed

on the substrate. (b) The molten solder has wet the substrate, but has not spread beyond its initial

footprint. (c) The molten solder has wet and spread on the substrate surface............ccccccceecnieieciccincnnnn 40
1.36  Schematic representation of solder (molten) spreading: (a) On open surfaces. (b) By the process
of capillary flow in confined EOMELTIES (€.Z., & ZAP)..vveruverueerierieerieetieiteettentt et et e ste st st esreesbe e e eee e sae e 41

1.37  Schematic diagrams of open surface solder spreading for: (a) the formation of a sessile drop on

a horizontal surface and (b) the formation of a meniscus on a vertical surface. The parameter, 6.,

IS @ COMACT ANGLE ..ottt et e te ettt e e e ta e e s teeeasbeessae e eteaesseesasaessseeensesennsessseenn 42
1.38  Schematic diagrams of the open surface solder spreading configuration, including the presence

of a flux coating as would be the case in actual applications: (a) Spreading on an infinite,

horizontal surface. (b) The meniscus rise on a vertical surface to a height, H ........cccccooceoiiiinniiniiinnnn 42
1.39  Schematic diagram of the solder wetting profile on a horizontal surface showing the cases of:

(a) Wetting. (b) Nonwetting. (c) Dewetting. Photographs of the corresponding phenomena,

looking down on the surface, appear below each profile..........cocceeveiviiiiiniiniiiiiinece e 44
1.40  Formation of the CusSn and CugSns intermetallic compound (sub-) layers at the interface
between Cu and 63Sn-37Pb solder and accentuated by thermal aging...........ccccccecevveiniicinininieciencnnne 45

1.41  Schematic diagram of dewetting resulting from the presence of nonwettable patches on the

substrate surface. A thick, molten solder film is able to bridge those nonwettable areas; however,

such is not the case when the solder coating thins out, resulting in dewetting............c.ccccevveverveeiecernennenn 45
1.42  Schematic diagram of dewetting caused by the formation of a reaction product at the solder/

substrate interface during contact between the molten solder and the base material. Should

the reaction product have poor wettability, its growth can reach a critical extent, resulting

in dewetting of the solder film, particularly when the latter is very thin ............c.ccccccniniiiiiininnciicnne 46
1.43  Schematic diagram illustrating dewetting that results from the dissolution of a solderable coating
placed over a difficult-to-solder or unsolderable base material SUrface...........cccceeveevveenenieineenienienee e 47

1.44  Schematic diagram of the dissolution processes occurring during the wetting and spreading of a
solder film over a Au-Ni finish. The wetting and spreading of solder over the Au film is followed
by the Au coating being dissolved into the solder; the solder then wets the underlying Ni coating
surface. A limited amount of dissolution of the Ni layer also takes place..........ceceevvevieriniernensieececneenn 47
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1.45  Schematic diagrams of a sessile drop on an infinitely wide surface. Cases (a) and (b) assume the
spherical cap geometry for wetting and non-wetting, respectively. Case (c) is the case of wetting,
but to an extent that the spherical cap geometry configuration can no longer be assumed ........................ 48

1.46  Contact angle as a function of the observed meniscus rise for a range of wire radii. These data
are based upon a solder interfacial tension of 400 dynes/cm (close to the value for molten

63Sn-37Pb solder) and a solder density of 8 /CINY ..........coviiiririeiniiieiiee ettt 51
1.47  Solder fillet profile at (a) the corner between two flat plates and (b) between a vertical wire
(0.6 mm, 0.024 in.) and a f1at PIALE ....c.eeiiriiitiiiiee ettt ettt e bbbt 52

1.48  Schematic diagram of the solder fillet formed between two flat plates. The top and bottom
surfaces are connected via the joint gap. Adding solder to the top side increases the size of the
fillet until a critical solder quantity is reached. Adding solder beyond that point (“super-critical’)
does not increase fillet sizes, but simply causes the additional alloy to drip down from the joint .............. 53

1.49  Substrate orientation and geometries for which gravity has a significant effect on soldering of the joint....53
1.50  Capillary rise (h) of a fluid up a tube having a circular cross section or radius, I'.........cccecveceevernereeeecennnn. 54

1.51 Schematic diagram of the three basic configurations described by the kinetics, or rate, of solder
wetting and spreading: (a) Sessile drop spreading on a horizontal surface. (b) Capillary rise in
a vertical tube. (c) Capillary flow down into a horizontal tube or gap.........cccceeveveecievenereiiinireercieeene 57

1.52  Optical micrographs of the cylindrical solder joint (in cross section) between 96.55n-3.5A¢g
solder and Cu exemplifying the presence of voids and the range of their sizes. Voids can be
very large so as to (a) span the entire gap thickness, or (b) be very small.............ccccoconiiiinininciinnnn. 59

1.53  Scanning electron micrographs of a solder joint formed with a Sn-Cu-Ag solder, showing the
presence of several “blow holes” on the fillet surface. These defects are shown in (a) low
magnification and (b) at higher magnification...........c..coccooiviiiiiiiiiiniice e 59

1.54  Schematic diagrams of: (a) The blind gap and blind hole, solder joint geometries. (b) Measures
to allow trapped flux, volatiles and air to escape from the gap hole..........cc.cccoeieiiiiiinniiiiiii e 60

1.55 (a) Round voids characteristic of entrapped gases such as flux volatiles and air. (b) Optical
micrograph of a solder joint showing the presence of voids due to entrapped gases. (c) Optical
micrograph illustrating that small voids due to entrapped gas that may cling to the solder/substrate
interface. (d) Schematic diagram of voids formed as a result of nonwetting on the substrate
surface. (e) Optical micrograph exemplifying a nonwetting void, in this case due to a loss of the
solderable Ni layer that exposed the underlying metallized (unsolderable) ceramic substrate ................... 62

1.56  Schematic diagram of voids in a solder joint: (a) Large voids, but few in number. (b) A large number of
relatively small voids. The footprint view looks down on the joint; the profile view looks at section AA'............ 63

1.57  (a—c) Schematic diagram of the precipitation of low melting temperature phases on the grain
boundaries (or phase boundaries) in a solidification event. (d) Significant concentration of
precipitated phases at the grain boundary can provide an easy path for crack propagation, thus
lowering the solder (and joint) StrEN@th ..........coveiiiiiiiiiiii et et 65

1.58 Phase diagram segment to illustrate compositional variations due to nonequilibrium solidification.......... 66

1.59  Schematic diagram of the solidification process of a binary (isomorphous) alloy under nonequilibrium
conditions corresponding to the phase diagram segment in Figure 1.58. Diffusion processes in the
liquid phase are infinitely fast; those in the solder phase are slow. (a) The start of solidificationat T;:
Liquid phase has composition L; and the solid precipitates with composition o;. (b) Temperature T,:
Liquid phase composition, L,, and solid-state phase composition of o' resulting from the combination
of layer compositions: &; + 0. (c) Temperature T5: Liquid phase composition, L3, and solid-state phase
composition of ¢3' resulting from the combination of layer compositions: o; + 0, + 03. (d) Temperature
T, (complete solidification if the system were at equilibrium) Liquid phase composition, L4, and solid-state
phase composition of o' resulting from the combination of layer composition ot; + 0 + 03 + 0.
(e) Temperature Ts: (complete solidification of the nonequilibrium system) Solid-state phase composition
of 05" resulting from particles of the combined layer composition ot; + 0t + 03 + 04 + Os, as the

remaining liquid of composition, Ls, precipitates OUt Of Qlg.......c.eecveeveriirieniieiie ittt 67
1.60  Optical micrographs of the solidification structure of a 95.57Sn-3.47Ag-0.96Bi alloy under:
(a) Low magnification. (b) High magnifiCation ...........cccceveiriiniiiiiiiiiine ettt et 68
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1.61  Scanning electron micrographs of solidification voids in a Sn-Cu-Ag solder joint at: (a) Low
magnification. (b) A void at high magnification. (c) Optical micrograph of a cross sectional
view showing the solidification void in a solder fillet profile..........cc.cocoooeiecinininiiiiiinc e, 69

1.62  Optical micrographs of electronic solder joints exemplifying solidification cracking (a) in
96.5Sn-3.5Ag solder and (b) at the solder/substrate interface (more common location).
The solder alloy in (b) is 91.84Sn-3.33A8-4.83B1.....cccccueiimiiriieiieiiiie et st 69

1.63  (a) Schematic diagram of the geometry changes to dissimilar materials upon cooling and their

effects on the solder joint representing the case of global thermal expansion mismatch. The

thermal expansion coefficient of base material #1 (o) is greater than that of base material #2

(0). (b) Schematic diagram of the geometry changes to the solder joint formed between similar

substrate materials as would be the case of local thermal expansion mismatches. The thermal

expansion coefficient of the solder (tt3) is greater than that of the base materials. In both cases

(a) and (b), locally higher residual stresses will develop at the corners (Arrows) ........cccceeeeeeverveneesennueenne 71
1.64  Schematic diagram of the formation of residual stresses in dissimilar materials that would be

attached by a solder joint. It is assumed in this example that the solder joint behavior has a

negligible role: (a) Both bars have the same length 1, and are at the same temperature T,,.

(b) Unconstrained contraction of A and B as the temperature drops to Ty. (c) The constrained

contraction of materials A and B with a solder joint. (d) The resulting geometry of the joined

A and B materials as constrained by the presence of the solder joint...........cc.ooceevieciivininriiiiicnienc e 73
1.65 Schematic diagram of the a solder joint for analytical computation of the global, thermal

expansion mismatch residual stresses: @ is the layer thickness; E; is the layer elastic modulus;

@; is the layer thermal expansion coefficient; and v; is the layer Poisson’s ratio............cccceeveeeeicccnnnennee 74
1.66  Schematic diagram of potential residual stresses that form in cylinder-shaped joints upon

cooling after solidification. The type of stress (tensile versus compressive) depends upon the

relative magnitudes of the thermal expansion coefficient of the base materials (and solder).

The specific mechanical properties and geometries of the substrates and solder will also affect

the magnitude of the respective residual StIESSES. .......oceeeeiriirieieiirririeiet et ettt et e eee e 76
1.67  Schematic diagram of the a solder joint that illustrates each of the components: (a) “standard”

configuration in which solder directly wets the base metal and (b) the case in which a solderable

finish is present over the substrate Material ............cccooiiiiiiiiirineiiiiece et e et 78
1.68  Dissolution rates of base metal wires into 60Sn-40Pb solder as a function of (molten) solder temperature.... 78

1.69  Dissolution rates of Cu wire as a function Sn content in Sn-Pb and Sn-Pb-Ag solders for several
molten solder temperatures. The temperature scale appears at the top of the plot ..........cc.ccceniiiieiinnnins 79

1.70  Dissolution of Cu base metal after exposure to molten 100Sn at 300°C (572°F) for 60 s .....c.cccevueeernuennen. 79

1.71  (a) CugSns precipitates from Cu dissolved into molten 100Sn during hot solder dipping. (b) The

needles may also be observed to grow from the interface as for the case of a Sn-Ag-Bi solder on Cu ...... 80
1.72  (a) Needles of AuSn, intermetallic compound that precipitated from Au dissolved in 63Sn-37Pb

solder. (b) IZOD impact strength as a function of Au concentration in 63Sn-37Pb solder

showing the defect of “Au embIittleMEnt”..........ccccccoviiiiiiiiieici e et 81
1.73  Schematic diagram of a hypothetical, binary alloy phase diagram between elements A and B and

the potential microstructure that forms at the interface of the A-B diffusion couple at a temperature

OF T (SOTIA=STALE) c.vveeuviieeiieeettieesiee ettt ete ettt et e e ettt et teeebeeetetessteeensseessae st seesssesasssessssaensseesssaeeasssennseesnssessneen 82
1.74  (a) Reproduction of the Cu-Sn binary alloy phase diagram. (b) Interface microstructure between

100Sn and Cu that has been (solid-state) aged at 135°C for 350 days showing the € (Cu;Sn)

and ' (CugSns) intermetallic (SUD)IAYETS .....ecovirutiriiirieiie ittt ettt ettt st 83
1.75 Ratio of € (Cu;Sn) to the intermetallic compound layer thickness for the (a) 100Sn/Cu couple

and (D) 63SN-37PD/CU COUPIE ....cueeiuiiiitiiieieiee sttt sttt ettt eb bttt it bt st ebeeaeeeaeeeeee 84
1.76  Schematic diagram of the grazing angle technique to modify the interface microstructure of

solder joints. The actual thickness, h, is amplified to an effective value H by the factor, 1/cosf................ 85

1.77  Schematic diagram of the commonly used methodology for plotting intermetallic compound
layer thickness as a function of aging time and temperature: (a) Thickness vs. time with curves
pertaining to each temperature. (b) In(y —y,) vs. In(t) for each test temperature ............c.cccceecerverrereneennene 87
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1.78  Graph of In(y —y,) versus In(t) for the solid-state (total) intermetallic compound layer

development between 63Sn-37Pb solder and 100Au substrates. The value of y, was 0.3 x 10-6 m.

The kinetic parameters were: A = 1.156 X 104 m-s%5%; n = 0.54; and AH = 31 kJ/mol...........cccocev.ou...... 88
1.79  Optical micrographs of the development of the intermetallic compound layer between 100Sn

and Cu after aging for 200 days at temperatures of: (a) 70°C (158°F), (b) 100°C (212°F),

(c) 135°C (275°F), and (d) 170°C (338°F). (e) Electron microprobe scan of the interface

intermetallic compound layer chemistry from the Cu substrate to the solder field in the sample

aged at 170°C (338°F) for 40 days. The traces of the Cu and Sn concentrations are shown in the plot .....89
1.80  Optical micrographs of the intermetallic compound layers developed in solder/Cu diffusion

couples that were aged for 400 days at 170°C (338°F): (a) 100Sn. (b) 63Sn-37Pb.

(€) 95SN-58D. (d) 96.5SN-3.5AG ..ottt e et e et 90
1.81  Optical micrographs and electron microprobe traces of the intermetallic compound layer

microstructure that forms between 58Bi-42Sn solder and Cu as a result of solid-state aging:

(a) Micrograph, 85°C (185°F), 100 days. (b) Microprobe traces, 85°C (185°F), 100 days.

(c) Micrograph, 120°C (248°F), 400 days. (d) Microprobe traces, 120°C (248°F), 400 days .......c..ccc....... 93
1.82  Optical micrograph of the intermetallic compound that formed between 100In and Cu after
solid-state aging at 100°C (212°F) for 350 days.......c.cceeeuirreriieiertinrire ettt e et 95

1.83  (a) Optical micrograph of the intermetallic compound layer that formed between 50In-50Sn

and Cu after aging for 200 days at 85°C (185°F). (b) Electron microprobe trace of Cu, Sn,

and In elements at the interface between the Cu substrate and 50In-50Sn solder following

aging at 100°C (212°F) fOr 200 ays.........cceereumeeeeeruireurieiiiieeie et se oot st st s e s se e seseseenenen 95
1.84  Plots of the natural logarithm of the rate constant, k, as a function of the reciprocal temperature

(1/T in °K) for selected substrate alloys and solders: (a) 95Sn-5Sb. (b) 95Sn-5Ag. (c) 60Sn-40Pb.

(d) 10SN-90PD (tabUIAT fOTTNAL) ....c.vveeeeieitiie et eeiiee st e et ie e st eestteeeeteeettessteeeae e sesaessseeessesesssansesennsesssssensseeans 97
1.85  Electron microprobe traces and SEM micrographs for hot solder dipped 63Sn-37Pb/Au couples

that were solid-state aged for 90 days at: (a) 55°C (131°F). (b) 70°C (158°F). (c) 100°C (212°F)............ 99
1.86  Schematic diagram of the intermetallic compound layer morphology that develops by solid-state

aging in the Au/S50IN-50PD SYSIEM......c..ccoririiieiiiiiinie ettt st et 100
1.87  Plot of intermetallic compound layer thickness as a function of the square root of time for several

metal substrates having an electroplated 100Sn layer. The aging temperature was 170°C (338°F).......... 101

1.88  (a) Low- and (b) high-magnification scanning electron micrographs of the intermetallic compound layer
formation between 60Sn-40Pb solder and Kovar™. The sample was aged at 170°C for 50 days. The
interface reaction was comprised of the intermetallic compound formation: (#1) compound containing

Sn, Fe, Ni, and Co and (#2 and #3) compound containing primarily Ni and Sn as Ni3Sny........cccecveveveuenne. 102
1.89  Graphical representation of the intermetallic compound layer thickness of Sn-rich solders on Cu versus
the Sn content of the solder for a homologous temperature of 0.88 and aging time of 400 days .................. 102

1.90 Total intermetallic compound layer thickness as a function of solder Sn content for homologous

temperatures of 0.25, 0.50, 0.75, and 0.90 and aging times of: (a) 50 days. (b) 100 days. (c) 200 days.

(d) 400 days. The intermetallic compound layer thickness values were computed from the respective

forms of Equation 1-29 as determined per the experimental data of each solder alloy ............ccccceeueeeneee. 103
1.91 Peel strength of Cu and brass alloy solder joints made with 63Sn-37Pb alloy as a function

of intermetallic compound (“reaction”) layer thickness. The soldering temperatures used to

form the layer thicknesses were 265°C (510°F), 360°C (680°F), and 454°C (850°F) .....ccccevevveveecuennen. 106
1.92  Schematic diagrams of several fundamental solder joint configurations............c.cceceeceeeeerererencnenneneene. 109
1.93  Plot of meniscus (capillary) rise as a function of the gap width between two Cu plates. A rosin- based
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95.5Sn-4.5Cu-0.5Ag. X-ray radiographs were used to image the capillary rise by the solder ..................... 110
1.94  Plot of void content (as percentage of the joint’s projected area) as a function of the gap width
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1.96  Schematic diagram of cylindrical sleeve joints between dissimilar materials. The effect of

thermal expansion mismatch between the two parts on the width of the gap during heating to

the soldering temperature is illustrated for the two cases: (a) Ogieeve >> Oleyilinder i Which the

gap widens. (b) Oeeve << Oleylinger i Which the gap becomes smaller ... 112
1.97  Schematic diagram of the effect of molten solder surface tension on the alignment of: (a) One block
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1.99  Schematic diagram of the behavior of molten solder at a substrate corner: (a) Solder has

difficulty wetting around a corner and will often collect at the edge. (b) Deposited, solid

solder films (e.g., electroplated coatings) will dewet from corners upon melting............ccccoccevvevercnennens 116
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1.101 Heating case study for the soldering of two Cu rods together ..........c..cocveieiieiininieiiccire e 118
1.102 Schematic diagram of (a) tension, (b) compression, and (c) shear loading configurations on a

material. The original dimensions (solid lines); dimensional change, Al, due to the imposed

stresses; and the final dimensions (dashed lines) are also identified .............ccoocveeieiiiieeeninee e, 121
1,103 SHrESS-STIAIN CUTVES.....eeeuvieeseiieerreeeieesstteeseessssesseeasssessseeasssesssseassssesssesasssesssssensssessssssssssesssessssesnssessssesssssens 121
1.104 Schematic diagram of the three fundamental fracture mode loading regimes: (a) Mode I, tension.

(b) Mode II, shear. (c) Mode III, “trouser-Ieg tear’” ...........cccocereeriirieeneeniieteniiestiesteee st 122
1.105 Creep deformation curves for stress G;, G, > G}, and 63 > G,. Each of the three creep regimes—

primary (I), secondary (II), and tertiary (IIl)—are illustrated on the G CUIVE ........cceeveeeienienieeeeneennen. 123

1.106 Schematic diagram of a butt joint undergoing a tensile load. (a) As the substrates pull apart, the
natural tendency is for the solder to neck down. However, the extent of necking is constrained by
the substrate, causing the solder to appear stronger (and less ductile) than it is as a bulk material.
(b)The joint strength is dependent upon all structures in the joint, including the intermetallic

compound layers and the interfaces that accompany each of the multiple layers ...........cccccevveevieveennennne. 124
1.107 Plot of apparent tensile strength of butt joints that were made between Cu and 96.55n-3.5Ag

solder, and were tested at 3.5 mm/min (0. 14 iN./MIN).....cccciiiiieiieieiee et seeeesaeeeeeas 124
1.108 Plot of apparent shear strength from ring-and-plug joints that were made between Cu and

96.5Sn-3.5Ag solder, and were tested at 3.5 mm/min (0.14 in./MiN) ...cocevirrvinniineinininee e 125

1.109 Sinusoidal load history illustrating fatigue: (a) The generalized case. (b) The special case in which 6,, =0........ 126
1.110 S-N fatigue curves for a mild steel and an Al alloy. Note that the steel has a well-defined

fatigue limit while the Al alloy appears to gradually approach a stress level limit..........cccccecvevverneecennnen. 127
1.111 Fatigue data for bulk 63Sn-37Pb, plotted as cycles to failures versus plastic strain range........................ 128
1.112 Schematic diagram of the representation of tensile/compressive and shear residual stresses in

the solder joints due to thermal expansion mismatch between the two members. The case of

heating is illustrated and o) > o,: (a) A lap joint. (b) A cylindrical solder joint............ccccceeeenirceeennnne. 129
1.113 Fatigue life curve from data of 60Sn-40Pb solder that was tested at —50°C (-58°F), 35°C (95°F),

and 125°C (257°F). Ay, is the plastic strain range; Ny is the number of cycles to failure

(failure = 5090 10ad ATOP) ..eecuverutirriirieie ettt sttt ettt et et st sbe s b et et she e sbe bbb ae st e b s 130
1.114 Frequency-dependent fatigue life of 60Sn-40Pb solder at 35°C where v is the frequency and

N¢ is the number of cycles to failure (failure = 50% load drop) .........cccovecveveiniiieciccinine e 132
1.115 Photograph of corrosion activity on a solder joint made between 96.5Sn-3.5Ag solder and Cu

base materials caused by fluX reSIAUES.......c..coiriiiiiiiiriine ittt e 132
1.116 Galvanic series for several metals and alloys in SEAWALET...........cccoeeirirruerieiirininieet et e e e 136
1.117 Schematic diagram of the idealized galvanic corrosion cell............cccccoerireiiniiniinieiieiiniee e 137

1.118 Schematic diagram of a solder joint with a potential to cause galvanic corrosion. The tube-joint

structure (a) is broken down into the metal couples between the solder and the substrate materials

(b) that are covered With the eleCtIOLYLIE. .......coviiiiiiiiiiiiriieiee ettt b 140
1.119 (a) Two metals of the same composition are immersed into an electrolyte. Both exhibit similar

corrosion behaviors (e.g., mechanisms, rates, etc.). (b) When a voltage is applied between the

two metal members, the strip connected to the positive terminal will provide the oxidation half

1€ACtION ANA COITOUE .......oeiiiiieiiitietiett ettt sttt ettt et et e sheeae st e e es st b e st eane saeeues e seennens 141

xvii Documents

Document Sharing Hub

Copyright American Welding Society
Provided by IHS under license with AWS Licensee=University of Texas Revised Sub Account/5620001114, User=uiui, rtyyt
No reproduction or networking permitted without license from IHS Not for Resale, 01/30/2015 13:24:07 MST

Full document details: SH-1999


http://www.avadocuments.com/doc/sh-1999
http://www.avadocuments.com/doc/sh-1999

1.120 The process of electromigration between two metals under an applied electrical potential...................... 141

1.121 Schematic diagram of corrosion process caused by a breach in the protective finish ...........c.ccccoceeeneee. 143
1.122 Density of molten solder alloys as a function of solder temperature. The solid density is taken
as that value found at the melting point of the alloys .........cccoceiieiiiiininiiic e 145

1.123 Schematic diagram of the thermogram provided by the differential scanning calorimeter (DSC).

Vertical deviations above zero are endothermic (energy input) reactions; deviations below the

zero point are exothermic reactions (ENErgy release).........coeierrrerererireruieieiineirreeeeee et eree e ereeneseeneenes 148
1.124 Schematic diagrams of observed peak configurations in the DSC are shown in (a), (b), and (c).

(d) Schematic diagram of DSC curves anticipated by the various compositions on the hypothetical,

simple eutectic binary alloy phase diagram: eutectic (A-A") and noneutectic (B-B' and C-C")

MNEIHINEZ BVEILS ...oneiieeiiiieieiieiee ettt ettt sttt ettt a st et e eae sae eueeae st sae s e st ss e en s st st ssesseaeesneeaesueenes 150
1.125 Plot of surface tension as a function of temperature for molten 100Sn and several liquid
Sn-PDb allOoy COMPOSILIONS. .....eoveiiniiriieiieiiet ittt ettt sttt et et et e saesae s e s et esee saesresiesaean 152

1.126 Plot of solder-flux interfacial tension as a function of Sn content in Sn-Pb solders for an organic

(rosin) flux and an inorganic acid (ZnCl,-based) flux. The solder temperature was 400°C/752°F.

The two measurement techniques were the sessile drop (SD) and the maximum bubble pressure

(IMBP) PIOCEAUIES ..ottt ettt sttt et ettt sb et e e she e s bt et et e ea bt eb bt s sbesbesateebe e ebessbesnaesaeesaeesbeens 153
1.127 Schematic diagram of the maximum bubble pressure (MBP) test for surface tension. In this

case, the interfacial tension between the fluid #1 (flux) bubble and the fluid #2 (molten solder)

WOULd DE MEASUTEA.........couieiiiiiiiie ittt ettt st et s sttt e e erenas 153
1.128 Techniques to evaluate the viscosity of a fluid: (a) Rotating cylinders. (b) Rotating disks.

(c) Tube-type (Saybolt). (d) Falling-SPhETe ..........cccceiueriiriieiiieiiniiiniies et sttt ettt e st 156
1.129 Optical micrographs of the three cases of solder wetting: (a) Excellent wetting. (b) Dewetting.

(C) NONIWEITHNG ...coveivtiiieiieiie ettt ettt ettt et et sae e she e sbe bt e bt ea bt eb e s besbesate sheeebe et benseea bt esbesbbesbenneesaeesbeens 158
1.130 Schematic diagram of the area-of-spread solderability teSt..........cccceviriririniiireieieeeeee e 159
1.131 Solderability test for conductive features on printed circuit boards, using solder flow

AOWN @ MELAL STIIP ..ceiniiieiiet ittt et s sttt e bt eae shes et n et enns 159

1.132 Parallel plate, capillary rise solderability test: (a) Schematic diagram of sample construction
and testing. (b) An X-ray micrograph of the test sample, showing the extent of capillary rise (h)
and the void CONteNt i the AP .....cc.coiiiiiieiii ettt s et st e 160
1.133 (a) Capillary rise as a function of gap width for the test sample shown in Figure 1.132a. The
solder compositions were: 95Sn-5Sb (SnSb), 63Sn-37Pb (SnPb), 96.5Sn-3.5A¢g (SnAg),
91.84Sn-3.33Ag-4.83Bi (SnAgBi), and 95.55n-0.5Ag-4.0Cu (SnAgCu). (b) The percent

of the projected area of the gap that has VOIS ........cccceviiiiiniiiiiiciect et 161
1.134 Schematic diagram of the rotary dip test to evaluate the solderability of holes in through-hole

printed CIrCUIL DOATAS ... ..ocoviiiiiiiiiiicie ettt et ettt e s eae e e 162
1.135 Schematic diagram of the globule solderability test method for Wires.........c.ccocoeveeverincnneiccininene e, 162
1.136 Schematic diagram of a wetting balance system. A stepper motor raises the solder pot to initiate

the test, and then lowers it upon completion Of the teSt..........ccocevvieieiiriniiiee e 163

1.137 Schematic representation of the molten solder meniscus that rises on a plate (coupon) sample
geometry that was immersed edge-on into the molten solder bath as part of the wetting balance test ..... 164
1.138 Wetting balance curve of meniscus weight as a function of time. The various points along the

curve (A, B, and C) pertain to the position of the solder meniscus as shown in the insert diagrams........ 164
1.139 Schematic diagram of the meniscometer technique used to measure the meniscus height, H,

on a sample immersed into a bath 0f SOIAET...........cccciriiiiiiniiinii e 164
1.140 Schematic diagrams of popular shear and tensile test configurations used to evaluate the

respective strengths of SOIAET JOINTS ......c..couiviiiiiiiiinicicieieee et ettt s 168
1.141 Four-point bend test sample “B” geometry and test configuration per MIL-STD-1942A ...................... 169
1.142 Torsion test configuration for: (a) A sleeve joint. (b) A BUtt JOINt .......ceceeriirreriieriinniere e 170
1.143 Schematic diagram of the T-peel test sample and data OULPUL .........ccccocvevieieiiiniinieecieeere e 171
1.144 “Dupont” pull test for measuring the strength of thin and thick film finishes: (a) Schematic

diagram. (b) Photograph of the teSt SPECIMEN. .......cccueruiiriiiriieiie ittt ettt st 171
1.145 (a) Schematic diagram of the compact tension (CT) test sample configuration. (b) Logistics

for data analysis of the fatigue crack Growth .........cccouiiiiiiiiiiiii et e s 172

xviii Documents

Document Sharing Hub

Copyright American Welding Society
Provided by IHS under license with AWS Licensee=University of Texas Revised Sub Account/5620001114, User=uiui, rtyyt
No reproduction or networking permitted without license from IHS Not for Resale, 01/30/2015 13:24:07 MST

Full document details: SH-1999


http://www.avadocuments.com/doc/sh-1999
http://www.avadocuments.com/doc/sh-1999

1.146 Schematic diagram of the CT test specimen for solder joint teStNg .........cc.cceeerrerieieceenineeeeireenee e 173
1.147 Test geometries using dissimilar substrate materials to impose thermal fatigue in solder

joints under temperature cycling environments: (a) Shear, (b) Tension, and (¢) Mixed mode.................. 173
1.148 Schematic diagrams of the Charpy and IZOD impact test configurations, the samples of

which were modified With @ SOIAET JOINT....c...evviriiiiiire ittt et 174
1.149 Schematic diagrams for: (a) Single-edge notch bar (SENB). (b) The compact tension (CT)

specimen geometry for fracture toUghnNess teStING.......c..ccevviriieiiiiriine ittt 175

1.150 Fracture morphologies of solders: (a) Microvoid coalescence via large scale plasticity in the
tension test of 63Sn-37Pb solder. (b) Moderate plasticity observed in the tensile failure of
72.9Pb-15.2In-11.95n solder. (c) Transgranular fracture with limited ductility from a tensile
test of the 96.5Sn-3.5Ag solder. (d) Shear failure of a 63Sn-37Pb solder joint. (e) Interfacial
failures at the Ni/63Sn-37Pb solder interface and a failure between the solderable finish (Ni)

and the underlying base material (thick film Ag-based fTit)........cccceevuirreiiiiiiiniiinieree e 177
1.151 T-peel fracture surface of a Cu sample made with 60Sn-40Pb solder. The surface shows the

intermetallic compound layer grain pattern resulting from the fracture path cutting through it ............... 178
1.152 Optical micrographs of phase boundary and grain boundary sliding arising from (thermal)

fatigue of: (a) 58Bi-42Sn solder. (b) 91.84Sn-3.33Ag-4.83B1 allOY....cccceeveeviiriiniiiieie e 178
2.1 Schematic diagram showing the relationship between service temperatures, processing

temperatures, and the melting properties of the SOIder ............oceciiiiiiiniiiiiniicc e 180
2.2 Schematic diagram illustrating the relationship between the total electrical resistance and

geometry of the serial structure of Cu, solder, and Al ...........cccoiiiiiiiininiiiice e 181
23 Optical micrographs showing the precipitated CugSns particles in a 95.5Sn-4.0Cu-0.5Ag solder ........... 183
24 SEM micrograph of AuSn, needles resulting from the solid-state precipitation reaction

DEIWEEN SN AN Al ...ttt et et ettt et et et et 183
2.5 SEM micrograph of intermetallic compound particles formed between Sn and Sb..............ccocccceciin. 184
2.6 Contact angle of molten Sn on Cu as a function of reaction time and temperature..............ccccecceruerueennne. 191
2.7 Tensile strength and ductility for 100Sn, 60Sn-40Pb, and 10Sn-90Pb alloys as a function

OF TEST LRIMPETALUIE. .....c.eevieiieiiieiiteete ettt sttt ettt et ee et eat et eae sae eues e s e e s e a et sa e e s s st saeereeueeatene saenbenaes 199
2.8 (a) Tensile strength, yield strength, ductility and (b) tensile modulus and Poisson’s ratio of

63Sn-37Pb solder as a function of tEMPETatUre ............c.cuecuiriiriieieiiireine ettt e e 203
2.9 Isothermal fatigue life (Ny) of bulk 60Sn-40Pb solder, as a function of plastic strain range..................... 204
2.10 Room-temperature fatigue life of bulk 60Sn-40Pb solder, as a function of applied stress..........cccco....... 204
2.11 (a) Lap shear strength (0.2 mm gap, rate unknown) and (b) Vickers hardness (100 g load) data

for 63Sn-37Pb/Cu joints and 63Sn-37Pb bulk solder, respectively, aged at room temperature ................ 208
2.12  Tensile strength of Sn-Pb-Sb alloys as a function of room-temperature aging..........c.cccceeveeveeverereeruennenn 210
2.13  Hardness of cast 47Sn-47Pb-6Sb alloy after room-temperature aging............coceeeeveeeceeneereeueeerseenuennenne 210
2.14  Bulk tensile strength and elongation of 95Sn-5Sb as a function of the test temperature .............ccc.c...... 213
2.15  Bulk creep rupture test data for 96.5Sn-3.5Ag SOIAET..........ccccerviriiiiiiinine i 215
2.16  Copper ring-and-plug creep rupture test data for 96.5Sn-3.5Ag SOIder........cc.cccevcerieieciinininecicee 215
2.17  Room-temperature shear strength of Zn-0.74Cu and 60Sn-40Pb solders as a function of

QISPIACEIMENE TALE. ....eouveie ettt ettt ettt bbbttt et e bt e bbbt et e st sbe e ebe et e eatesbe s sbessbeenbesaeesbeesbees 217
2.18  Binary alloy phase diagrams for: (a) The Au-Ge and (b) Au-Si SYStemS ........ccccocevvveieiineinieieeeeeneen 225
2.19  Temperature-dependent: (a) Bulk yield strength. (b) Bulk ultimate tensile strength. (c) Ductility

of Au-Sn, Au-Si, and Au-Ge eutectic solders. The test rate was 0.5 mm/min (0.02 in./min) ................... 227

3.1 Schematic diagram of the processes occurring at the front of spreading molten solder on a substrate

having a protective metal finish. The process is comprised of the sequence of: (a) Wetting and

spreading by the molten solder over the protective finish. (b) Dissolution of the protective finish

into the molten solder. (c) Wetting by the molten solder to the base material surface ..........c.cccccoeeeeeee. 230
32 Schematic diagram of the processes occurring at the front of the spreading molten solder on a coated

base material. The molten solder takes part in the following sequence of processes: (a) Wetting

the protective finish. (b) Dissolution of the protective finishes. (c) Wetting of the solderable

coating. (d) Some dissolution of the solderable coating as a normal part of Wetting ............ccccecerveeueeunene. 235

xix Documents

Document Sharing Hub

Copyright American Welding Society
Provided by IHS under license with AWS Licensee=University of Texas Revised Sub Account/5620001114, User=uiui, rtyyt
No reproduction or networking permitted without license from IHS Not for Resale, 01/30/2015 13:24:07 MST

Full document details: SH-1999


http://www.avadocuments.com/doc/sh-1999
http://www.avadocuments.com/doc/sh-1999

33 Schematic diagram of the layer stacking for soldering to a ceramic, nonwettable surface.

The adhesion layer serves to attach the solderable (plus protective) metal coatings to the

nonmetallic substrate MAaterial ...........cocueiiiiiriiiiiiei et sttt 236
34 Schematic diagram of the thick film layer that provides the solderable surface for the soldering

of ceramic substrate. The adhesion layer has been exaggerated in relative thickness; in most

cases, it is not visible in the optical MICTOSCOPE .......coceerveureumiriiriieiieiee ettt et 237
35 Kinetics plots and equations for solid-state intermetallic compound layer growth for:

(a) 100Au/63Sn-37Pb solder. (b) 76 Au-21Pt-3Pd/63Sn-37Pb couples. The Au and Au-Pt-Pd

base materials were used in Sheet fOIM.........cccooiiiiiiiiiiiiii it 239
3.6 Precipitation hardening graphs of (a) ultimate tensile strength and (b) hardness vs. aging time and
temperature for the 97.7Cu-1.9Be-0.4N1 allOY .......cccceiriiiiiiiiiiencieieeieeeeceee et e 246

3.7 Through-hole solder joints made by Cu foil/electroless Cu/electroplated Cu construction as shown
in: (a) A low magnification view of the joint geometry. (b) A high magnification view of the layer
structure (neighboring joint). Built-up electroless Cu/electroplated Cu technology as shown in:

(c) A low magnification view of the joint geometry. (d) A high magnification view of the

layer structure (NEIZhDOTING JOINL) ....cevutirtiiiiiiie ittt ettt ettt sttt et be e e eabe s 247
3.8 (a) SEM and (b) optical micrograph cross section of the solder joint of a small outline

integrated circuit (SOIC) package showing the Culeads ..........c.cceciieiniiiiiiiiiininc i 248
39 Flow chart for the precleaning of Stainless StEEIS.........coouevieviirireiiiiiriiieicie e e e 259
3.10 Precipitation hardening aging curves of fensile strength for: (a) 2024 and (b) 6061 wrought Al alloys.....267
3.11 Schematic diagram of the abrasive soldering procedure............cccecuecurruereieruirseenieieieeenreeeee e s 271
3.12  Schematic diagram of the set-up for ultrasonic soldering: (a) Horns immersed into the

solder pot, including pertinent geometric parameters. (b) An ultrasonic soldering “pot.” ........cccccccevrenne 272
3.13  Solder rise in a gap by ultrasonic activation is limited in height to equality with the level of the

solder bath. Buoyancy provides the driving fOrce........c..cccoveiiiiiniinieieiininiceceee e 273

3.14 (a) Schematic diagram illustrating corrosion of an Al alloy base metal having a Cu or Ni
solderable finish only. (b) Improved corrosion resistance of Al alloy having the Cu or Ni

solderable finish plus a Cd or Zn anodiC Jayer..........c.cceeiriiiieiioiinine ettt 274
3.15 Effect of exposure to high temperatures and prolonged time periods on the: (a) tensile

strength and (b) yield strength of AZ31B-H24 Mg alloy ......c..ccoeeiiviniiieiiniine e 278
3.16  Optical micrograph of the microstructure of a 50-50 Al,O3/Mo cermet. The light phase is the

Al,Og3; the dark phase is the MO COMPONENL......c..coirieiieiiriiniiie ettt ettt et et e e enes 287

3.17  Schematic diagram of the firing process of a thick film ink, showing the segregation process

whereby most of the glass adhesion material diffuses to the ink/ceramic substrate interface.

The metal component forms the solderable COAtING ........c..cccooerieiiciiriininie e et 289
3.18 Plot of solid-state, intermetallic compound layer growth rates as a function of temperature

for the Au/50In-50Pb and Au-3Pd/50In-50Pb systems. The growth kinetics are linear with

tIMNE 10 DO CASES ...ttt et et e et et et sae e 290
41 Schematic diagram of a tube-and-sleeve joint that illustrates the application of flux and the

flow of solder during a hand SOIdEring PrOCESS .........ccceeereuirirrieuieier ettt st 294
42 Schematic diagram of a tube/manifold joint that has been soldered from both sides. The first

joint (a) solidifies and forms a blockage that prevents flux and volatiles from escaping the joint............ 296
43 Schematic diagram illustrating the process of a reactive flux; Al is exemplified in this case.................... 304
44 Schematic diagram of the application of an inert gas blanket to exclude the air atmosphere

from the immediate vicinity of @ SOIAET JOINT.........cccoociirieiiiiiiriiiieici ettt 306
4.5a  Vapor pressure/temperature chart for several elemental metals...........ccccccoveiiiiiininniniiinineicceeeee. 307
4.5b  Vapor pressure/temperature chart for several elemental metals...........ccccceoveiviiiininniniiinineieceeeeee. 308
4.5c  Vapor pressure/temperature chart for several elemental metals...........cccccecoveiviiiiniininiciinineiceeeeee. 309
5.1 Schematic diagram of the application methods for solder paste: stencil or screen printing

AN AISPEISING ...ttt ettt sttt et et e et et et s e e eue st et se e et ae eae st s e et en e eae sreeas 311

6.1 Schematic diagram showing the preference for solder flow parallel to grooves and the limited
flow perpendicular to them: (a) Sessile drop on a flat plate. (b) Scratches parallel to the tube
axis that accentuates of solder flow vs. (c) circumferential scratches or grooves perpendicular
to the tube axis that will hinder solder SPreading.............cc.ccuivirieieciineine i et 317

xx Documents

Document Sharing Hub

Copyright American Welding Society
Provided by IHS under license with AWS Licensee=University of Texas Revised Sub Account/5620001114, User=uiui, rtyyt
No reproduction or networking permitted without license from IHS Not for Resale, 01/30/2015 13:24:07 MST

Full document details: SH-1999


http://www.avadocuments.com/doc/sh-1999
http://www.avadocuments.com/doc/sh-1999

6.2 Schematic diagram of the logistics for identifying a suitable solder and developing a

soldering process t0 Make the JOINT........cccoeriiiiiriinicieiit et ettt e s e enea 321
6.3 Schematic diagram of the (a) recommended and (b) not recommended clamp position when

cutting or forming a workpiece having a solder Joint in it..........ccceeeririeieiienine e 323
6.4 Schematic diagram of two types of soldering iron: (a) Electrical resistance heat source.

(D) FLAIME SOUICE. ....ceuvieeerieieiieestiieteeettteseteeetaeseteeesseessaesessaeasesesssessseeaasssesssesasssesssssensseesssessseeesesenssessssen 324
6.5 Schematic diagram of a water tank that illustrates the input reservoir and drain of thermal

energy in a SOldering iron SItUAION .........coueueruiriieiieiit ittt et et sn e e 325
6.6 Schematic diagram depicting the soldering of two Cu rods to illustrate the computation of

soldering iron power rating vs. joint configuration and desired temperature Iise...........cccccceeerrereereeeennn. 328
6.7 Four basic geometries of soldering iron tips: (a) Chisel. (b) Conical. (¢) Pyramid. (d) Ball..................... 329
6.8 Schematic diagram of the contact geometry between the soldering iron tip and flat or

TOUNA SUTTACES ....ceeinriie ittt et ettt e et e et et e e saeeae st et st e sa s bes e en e s 329
6.9 Schematic diagram of the manual soldering of a pin/collar assembly, using a soldering iron .................. 330
6.10  Schematic diagram of techniques to control the concentricity between a tube and a collar:

() spacer wires and (B) fIXEUTINE ......ceveriiriiirrierie ettt et st sb ettt bt e sb et e e e e eabe e 332
6.11  Schematic diagram showing preferred orientation of the workpiece to assist solder flow

by the aCtioN OF GIAVILY ...eeuiiciiriiiie ittt ettt et et s sttt et e e eaeeaes 333
6.12  Through-hole circuit board for telecommunications appliCaAtiONS ..........c.eeueuereirreeeereerirnreneienereereennene 333
6.13  Schematic diagrams of some of the leaded component package configurations used in

through-hole electronic Circuit BOArdS ..........coooeiiiiiiiriiniiiiieee et e 334
6.14  Schematic diagram of single-sided, double-sided and multilayer through-hole

solder joints found on electronic circuit BOArds ...........cccceuiviiieiiiiiineie e e 334
6.15  Schematic diagram of the through-hole solder joint, including material and structural details ................ 335
6.16  Photographs of four conditions of a fuel gas of flame: (a) Pure gas (acetylene) flame

burning solely on O, from the air. (b) Carburizing flame. (c) Neutral flame. (d) Oxidizing flame........... 337

6.17  Photographs of the torch soldering process for a tube-and-fitting: (a) Determining the proper

tube lengths. (b) Removing burrs and flash from the cut surfaces. (c) Cleaning (sanding) the

tube section (exterior surface). (d) Cleaning the fitting section with a brush (interior surfaces).

(e) Applying flux to the tube section (exterior surface). (f) Applying flux to the fitting section

(interior surface). (g) Assembling the tube and fitting. (h) Heating the assembly.

(1) Performing the SOIdering OPEIatiON.........cocceieiirieniiiieiiiriieiiee et ettt et et s et ennes 338
6.18  Schematic diagram of the effects of tube distortion on the solder joint: (a) Concentric parts.

(b) Regions of poor fit-up (minimum gap) and overly large gaps will prevent the

formation of a satisfactory solder joint when distorted tubes are USed.........c.cooceeeeeririeieiecieneeneenieneene. 339
6.19  Schematic diagram of the process by which a solder joint of horizontal orientation is made:

(a) Solder is reflowed at the bottom of the joint which solidifies to establish a “dam.”

(b) Form the joint from the “8 o’clock” position to the “12 o’clock™ position.

(c) Complete the joint by soldering from the “4 o’clock” position to the
: “12 07 CLOCK” POSIHION «....euini sttt sttt ettt et et she et e et e s e sn e eae et et sae saeeuseneennes 341
6.20  Schematic diagram of soldering joints of cylindrical geometry so as to avoid residual stress

buildup: (a) Tube and sleeve assembly. (b) Solder one half of the circumferential gap in a

counterclockwise direction. (c) Complete the other half of the gap, starting at the same place

and moving in @ ClOCKWISE AITECHION........c..ccuiririiiiieiiiiiiee ettt ettt e 341
/6.21  Schematic diagrams of typical joint geometries that are frequently assembled by torch soldering
: (keep in mind that orientations of the joint gap can be vertical or horizontal): (a) Cylindrical

butt joints. (b) Plate butt joints. (c) Lap joint (which includes the tube-and-sleeve joint or

other Cylindrical GEOMELIIES)......c..cuerirrieiieiie ittt sttt e et et e s sttt e e eaes 343
6.22  Schematic diagram illustrating the preplacement of solder preforms at the entrance of the

joint gap that will allow the solder to fill by capillary action, thus ensuring the removal

of flux volatiles. The chamfer on the part eliminates the corner edge, thus facilitating solder

ENLTY INE0 thE GAP ...ttt ettt ettt ettt s saea et s st eee e s e b eue st s et e eaesaeeais 345
6.23  Schematic diagram of the surface tension effect by molten solder for aligning parts during
formation of the joints. (Additional illustrations are found in Figure 1.97.) ..o 349
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6.24  Schematic diagram of the steps in an automated, torch soldering process: (a) Fluxing

followed by (b) assembly of the parts. (c) Torch soldering process. (d) The finished solder joint............ 350
6.25 Schematic diagrams of the batch furnace (a) and in-line furnace concepts (b, ¢). The in-line

furnace can use radiation/convection heat modes (b) or thermal conduction (C)........cccveereveerversveerrreennen. 351
6.26  Schematic diagram of an idealized furnace process (solid plot) and the more likely

Profile (dAShed PIOt) ....c..ooiiiiiiiiiiie ettt e ettt e et 355
6.27  Elngham diagram..........c.ccceeciiiiiiiiiiiiiiiieieee ettt ettt e s s et s ae e e 358
6.28  Schematic diagram illustrating the use of a weight to “mechanically” assist the wetting and

SPreading Of the SOIACT ........co.eiuiiiiiiiieic ettt ettt et et e e 360

6.29  Schematic diagram of the preheat stage of a soldering process: (a) A single, continuous
heat up to a preheat temperature hold. (b) Preheat stage comprised of a series of smaller

ramp/hold COMDBINAIONS........c.uiuiiiiieiieiici ettt et et s e st a e e e en e 364
6.30  Schematic diagram of a temperature cycle showing “overshoot,” “undershoot,” and

“ringing” at the conclusion of a teMPETatUre TAMP ........ccccevveureiiriniieieeeeirre e ettt sttt eeseaeeeenne 364
6.31 SEM optical micrograph of an electronic solder joint illustrating the formation of solder balls .............. 365
6.32  Modification to the preheat step to accommodate the higher temperature solders. The

steady ramp may also be replaced with a sequence of ramp/hold segments (see Figure 6.29) ................. 367

6.33  Schematic diagrams of distortion resulting from differential heating rates and part geometry:

(a) Parts of varying sections with the thinner section heated up more rapidly than the thicker

section. (b) Outer surface is heated more rapidly than the interior of a thick section.

(c) Nonuniform heating through the material (top-to-bottom) results in a warping of the part.

In each case, the outer areas that were more rapidly heated will be distorted by compressive

stresses generated at T} and residual tensile Stresses at T ..eeoveeuerverrerrieiiie it 373
6.34  Schematic diagram illustrating the use of the interlayer in a dissimilar metal solder joint

as a means of reducing the residual stress levels. The thermal expansion coefficient of base

material #1 (01;) is less than that of base material #2 (0,). AT <0 indicates conditions for a cooling

step. Deformation by the interlayer material reduces the magnitude of the thermal expansion

mismatch residual stresses between base materials #1 (compressive) and #2 (tensile).......c.cccceueceerunennne. 377
6.35 Schematic diagrams of approaches to fixturing solder joints: (a) Wiring the two substrates

together with a preform. The gap dimension can be maintained by a spacer of wettable wire

placed in the gap (b). Shown in (c) and (d) are more elaborate fixturing for controlling the joint............ 378
6.36  Assortment of configurations for self-jigging the substrates used in a solder joint.........c..oceeceeceeceenenenn 380
6.37  Schematic diagram of techniques to reduce friction forces between the workpieces and the

fixturing: (a) Vertical orientation replaces the horizontal arrangement. (b) Rollers to reduce friction .....383
6.38  Schematic diagram of a retort. The retort design must be able to withstand vacuum and

positive pressure internal environments When USed .............coeeiririiieieciininiee et 384
6.39  Schematic diagram of the condensation of water vapor into liquid as a function of decreasing

temperature. The condensation (phase change process), which starts at point B with 100% vapor

and is completed at point C with 100% liquid, takes place entirely at the same temperature,

TOOPC (Z12°F) ettt et e ettt et et s bttt et et h e ea et sae e es 385
6.40  Schematic diagram of the vapor phase reflow apparatus. Only a single fluid is present in this

THIUSTIALION <.ttt et sttt et e e et s e et e b e st et e ae s b eueeat e e saen et sneenseaeens 386
6.41 Schematic diagram of the use of photoresist films for the selective deposition of solder coatings

DY the dIPPING PIOCESS. ..c..vevieutiririe ettt sttt ettt et et e ettt ea e b eae et s eae et esne e eueenes 390

6.42  Schematic diagram of: (a) the “not recommended” technique and (b) the “preferred” technique
to dip solder parts having a blind hole or gap. In case (b), the angle 8 should be sufficiently large

to allow solder to gradually fill the hole before the opening is covered by the bath.............ccc.cccoenenee. 391
6.43  Schematic diagram of the solder breakaway as a part is withdrawn from the molten solder
bath: icicle formation (a-c) and bridge formation (d-f)..........ccccecerrierniiiiiiiniie e 392

6.44  Schematic diagram of two orientations of a part being withdrawn from the solder bath:
(a) 0° angle that has the propensity to form icicles and bridges and is not recommended.
(b) Withdrawal at an angle >0° allows a “peel back region” that minimizes icicle and
DIIAZE AETECES ...ttt s sttt et en e et e s et 394
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6.45  Schematic diagram of the penetration radius of the molten solder in a concave corner for a part

immersed into the molten solder bath. The immersion depth is Ah and the solder surface curvature, R ....395
6.46  Schematic diagram of the drag SOIAETING PIOCESS. ........coveureiirririieeeeetirte ettt sttt et eenneas 397
6.47  Schematic diagram of the wave SOldering appParatUs ...........cccceereeeeiereeruenueriinceereerieieeereeee et eee e saee s 398
6.48  Schematic diagram of the solder wave as exemplified by an electronic part. The three positions

in the wave, the entry region (A), the soldering region (B), and the “peel-back” region (C)

have well-defined properties that are all important toward minimizing solder joint defects..................... 399
6.49  Schematic diagram of the more widely used solder wave geometries: T-wave, extended
T-wave; lambda wave; and the dUAL WAVE ............ooviiiiiuiiiiiiiiiie ettt e e e e e eaareaee e e 400

6.50  Schematic diagram showing part directions with respect to the solder wave for making a
“proposed solder joint.” (a) The preferred direction is “B.” (b) Using direction “A” will result

in the possibility of the wettable area being skipped by the solder Wave ..........c.ccoceecrceenieieciincneniecee. 401
6.51 Schematic diagram of the hot air level process to produce thin solder coatings on workpieces.

This procedure has also been developed with the horizontal orientation as an in-line process................. 402
6.52  Schematic diagram of a sample and coils for induction soldering .............cccccecereerieieciinininiecceeceine 406

6.53  (a) Schematic diagram of the magnetic field created along a section of electrical conductor
attached to a DC voltage (battery). Note the relationship between the direction of the current in
the conductor and the direction of the magnetic field lines. (b) Steady magnetic field resulting

from current passing through a coil CONAUCTON ..........ccooiiiiiiiiiiiiiniiiccece et e e 408
6.54  Schematic diagram of the formation of eddy currents in a conductive piece of material

(e.g., iron) when it is placed into the alternating magnetic field ............cco.coceovieiniiniiiiininiicccee 409
6.55 Schematic diagram showing the formation of eddy currents set up by the induction coil

and are located along the surface of the material (“skin effect”)........ccoverviiviiniiniinne e, 410
6.56  Schematic diagrams illustrating the effects of (a) coil proximity, x and (b) coil pitch, N/L,

on the heated Zone N the WOTKPIECE ......co.uerieriiiiiiiieitietieiee ettt sttt st sb bbbt s 411
6.57  Schematic diagrams of various coil geometries and workpiece configurations ...........ccceceevveveeeeceenennenn 412

6.58  Schematic diagram of the use of coil/workpiece separation (x) and coil pitch (N/L)
to adjust the initial heat (temperature) distribution in the workpiece. Sample conditions
include: (a) Uniform separation (x) and uniform pitch (N/L). (b) Nonuniform x, uniform N/L.
(¢) Uniform x, nonuniform N/L. (d) Edges and corners that become regions of flux line

concentrations and have the potential to be “hot Spots™ there..........cc.coccoveeieiecininieiiccire e 413
6.59  Schematic diagram of the use of shielding to remove the magnetic field influence from

TNE WOTKPIECE ...ttt ettt ettt et sttt ettt s bttt sat e bt e e b et et she s sbe e ebe et e ea bt ebe e ebeebbe s eenbeesbesebes 414
6.60  Schematic diagram of the effects of an electric field E on the charge distribution (dipoles)

that polarize (P) a material as the basis for microwave heating............coeceeveeviirieniensenien e 417

6.61 Schematic diagram of the resistance heating process for the lap joint geometry. A higher

magnification view of the joint region shows the surface asperities typically present on the

substrate and solder where they form the mutual interface(s) .........cevververvieiiiiniiinieniee e 418
6.62  Schematic diagram of resistance heating of a bi-material joint in which one of the materials

is not electrically conductive. The electrodes are used to heat the electrically conductive

substrate material. The nonconductive material is “proximity” heated by conduction from

the first SUbStrate MAateTial ..........coceiiiiiiiiiiiiiiiieieet ettt et et et e e e 421
6.63 The electromagnetic spectrum; frequency is represented on the left vertical axis and

the corresponding wavelength is represented on the right vertical aXiS........cccueeveerverreereeneenienieneenee e 424
6.64  Percent reflectance (or transmittance) as a function of light wavelength for a number

OF MNALETIALS ...ttt ettt s st et sa e et e b e b et et e shea e ea e s ae et ene e euenas 425

6.65 (a) Photograph of an ultrasonic soldering apparatus with a (Cu) substrate in place

above the solder bath, centered between the horns. (b) Schematic diagram of the

SYSLEIM M1 (@) cuvteuteeuterttertesteeitesteeeteestt et e ettt et e s sbesteshtesheeebe et b enates bt s bt s sbeeabesateebeeebbe b b et enteebe e ebbe b be e en bt sbeea 429
6.66  (a) Schematic diagram illustrating the limited meniscus rise on a vertical surface under

ultrasonic activation and in the absence of a flux. (b) The sample is immersed into the

bath. The buoyancy force causes some intimate contact between the molten solder and

the bottom edge of the coupon so that ultrasonic action can remove the oxide layer.

(c) The buoyancy force drives the meniscus rise to the same level as the bath, but

no further as the buOyancy fOrce 1S LOST......c..ccuiriiiiiiiirie ittt st e 430
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Capillary rise as a function of gap width for Cu samples exposed to 60Sn-40Pb solder

(250°C/482°F) for 15 s of ultrasonic activation. The baseline samples used a rosin-based,

mildly activated flux coating on the substrate surface prior to immersion in the bath.

No ultrasonic activation was used in this Iatter CASE ..........cceerirreeieierrineiee ettt 431
Schematic illustration depicting the cleaning action of saponifier (detergent) molecules.

The saponifier molecule attaches to the residue by an organic bond. The slightly polar

nature of the saponifier molecules causes them to also be attracted to the water molecules.

The water molecule removes the saponifier molecule along with the residue particles

FTOM the SUITACE.......c.eiiiieiici et ettt ettt e e e 439
Cascade washing process. The part moves “uphill” to successively cleaner baths until
it is fully cleaned at the end of the process line ............ccoceiviiiiiiiininiiiiii s 440

Optical photographs of electronic (through-hole) solder joints made of: (a) 63Sn-37Pb solder.

(b) 96.55n-3.5Ag solders. The fillet of the latter solder joints have a duller surface appearance,

owing solely to the COMPOSILION .......ccccceriiiiiiiiiieiei ettt et et e e s 448
Schematic diagram illustrating poor solder wetting/spreading (solderability). (a) This defect is

represented by poor fillet rise on vertical surfaces and inadequate spreading over the

solderable surface (i.e., the surface that was intended to be covered). (b) Poor solderability may

also appear as an incomplete filling of gaps or holes..........ccccoviiiiiiiiniiiiiinie e 449
Schematic diagram showing void formation in a solder joint. Voids that intersect the fillet

surface are referred to as “blowholes.” Sidebar (b) illustrates the formation of a void caused

by volatile and/or gas formation. A thin solder film forms at the substrate surface.

However, when such voids are formed by nonwetting conditions, the solder film is absent

from the CULPIIt SUTTACE ......c..ociiiiiiiii ittt sttt et e e e 450
Schematic diagram of bleed or inspection holes in a substrate that are used to monitor the

progress of solder flow down a long gap Or hole ...........cccooiiiiiiiiiiiiiiiicee e e 456
SEM micrograph of a Cu strap soldered to the anode end of a PIN diode............c.ccccoeviriiieciinnncnecnans 457

(a) Optical micrograph of the microstructure of a Sn-Ag-Bi solder, showing the Ag;Sn

particles in the Sn-rich matrix. (b) SEM micrograph of a similar region on the alloy, still

showing the Ag;Sn particles but also, clearly delineating the white Bi-rich zones in the

matrix Which are NOt VISIDIE 11 () ....veeeeeeriiieiieeiiieiieeet et eetae e ete ettt ete e et eessteeesaeesteeesssesssnessseeensseennnes 458
Schematic diagram of the equipment configuration for X-ray radiography. X-rays are generated

at the X-ray tube source. They pass through a collimator so as to give them a consistent direction

of propagation. The X-rays pass through the workpiece; the exiting X-rays are then captured

0N PhOtOZIaAPhIC fIIM ..c..ioiiiiiiiiii ittt s e ettt et e s 459
Schematic diagram detailing the passage of the X-rays through the workpiece.

Where there is more workpiece mass, there is a greater extent of scattering of the X-rays away

from their initial “line-of-sight,” and therefore, a lower intensity of X-rays exiting the part to

strike the photographic plate behind t............ccccociiiiiiiiiiiiiiie e 460
A “reverse-positive” print, that is, the image as it would be seen in the actual X-ray film

(which is the negative) of a 75 um (0.003 in.) thick solder joint that was formed between two

Cu plates, each being 0.51 mm (0.020 in.) thick. The extent of flow by solder (60Sn-40Pb) is

delineated by the brighter area. The dark circles in the joint are voids. The spacer bars (3) used

to set the gap are visible at the top of the photograph............cccoceviiiiininieiiie e 461
Schematic diagram of ultrasonic inspection. The system typically rests in a fluid to facilitate

the transmission of waves to and from the workpiece. Incident sonic waves from the source as

it scans the part, strike the workpiece and are transmitted through it. Discontinuities in the part

structure (e.g., a void in the solder joint) disrupt that transmission, resulting in the eflection of some
energy back to the source. The detector which scans at the opposite side of the part (transmission

mode) detects the region of depleted sonic energy as a potential defect .............oceceevvevinicneiiininnnenen. 462
Schematic diagram illustrating the scattering process responsible for ultrasonic imaging.

The scattering of incident sonic energy occurs at the interfaces of mass changes in the

structure. Although the scattering process at the base material/void interface has been

highlighted, a similar process (of different magnitude) will also occur at other interfaces

such as at the base material/SOlder INtEIfaCe ..........ccccoeiiiiriiiiiiiiiiceece e 463
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7.12  (a) Photograph of a workpiece comprised of two ceramic plates (one is underneath) soldered

to a stainless plate. (b) Transmission mode ultrasonic image of the assembly. Low attenuation,

that is, low signal loss, (light gray to white) indicates a good bond while high attenuation

(dark gray to black) illustrates the poor bond areas. (¢) X-ray radiograph of the same part,

illustrating that the X-ray technique is ineffective at discerning bond defects in the joints ...................... 464
7.13  Schematic diagram of the reflecting (pulse-echo) technique. The bond on the same

side as the source/detector combination is analyzed. Specifically, any signal attenuation

will occur from the ceramic/solder interface since it is the first discontinuity struck by the

INCTACTIE WAVES ... vt sttt ettt et et et et ss et e et s s b eae et s e sae shesae st e s s st st e s s eaneaeesneeaesueenes 465
7.14  Schematic diagram of the thermal (heat) conduction through a part having a solder joint.

The presence of a void causes a local loss in heat conduction efficiency that appears as a

“cool spot” by the detector on the side opposite to the SOUICE...........cccceveruiririieieciiniinieece e 466
7.15  Schematic diagram of the thermal transfer technique for inspection of a fin/tube

solder joint. The measured values of Ty, To, and, Tf are compared against theoretical

computations or baseline experimental data to detemine the integrity of the

SOLACT JOTIE(S) 1. vt vttt etietieiteet ettt et sttt et et a e sbe e st eateeateebe et e bt et en st shee sbeebeeaseeuteebeeebbe b benneenbeesbeeas 467
7.16  Schematic diagram of the setup to assess butt joint integrity by thermal transfer

technique. Theoretical computations or baseline data are compared to the measured

values of T, and T; to determine the heat transfer efficiency of the solder joint ............coccoceeviecnnencnnenn. 468
7.17  (a) Photograph of the macrostructure of a connector in cross section, showing the

pins that were soldered into the housing. (b) Optical micrograph of the cross section

of the microstructure of the SOIAET JOINLS .......ccceriiriiriiiie ettt ettt st s sbee et eabe s eaes 472
7.18  Schematic diagram showing the diametrical and longitudinal (axial) cuts of a tube/sleeve

lap solder JOINt CONFIGUIALION .....eevvietieiiieiiiisie et ettt ettt st sttt et eae e eb bbb et et she e sbe e sbbe b e ea e enbeseees 474
7.19  Schematic diagram showing the taper section teChNIQUE........c..coceeeeieciirienieiiniirieieieee e e 475
7.20  Schematic diagram showing preferential polishing (or “polishing relief”’) followed by

substrate rounding in a solder joint metallographic SPECIMEN........ccccoeeuieirrieriiiieiinieieicee e e 475
7.21  Schematic diagram of rounding of a solder film, and the use of a protection layer to

prevent the preferential loss by the solder material............c.oocceoiiciiriiniiiiiniiicce e e 476
7.22  Schematic diagram of the process of particle pull-out arising from the polishing process

of solder alloys and SOIAET JOINES.....c..ceutruiriirrie ettt sttt ettt sttt st bt e sb e sbeebe st e eaeesaees 477

7.23  Optical micrographs of 63Sn-37Pb/Cu solder joints in: (a) The as-polished condition.
(b) The polished and etched condition. The etching procedure was 3 s in a solution of
(60 mL ethanol, 30 mL deionized H,O, 5 mL HCI, 2 gm FeCl;) followed by 5 s in a

solution of 25 mL DI H,0, 25 mL NH4OH, 1 mL 30% Hy05) .coovviriiiiiiiiiiniiieeeteeeee e 478
7.24  Schematic diagram of oblique illumination that is used in light microscopy. Bright
field illumination 0ccurs When 0 = 0% ........c.ooiiiiiiiiieee ettt et et s 480

7.25 (a) Bright field image of the deformation features surrounding a Vicker’s microhardness

indentation made into a polished, Sn-Ag-Bi solder sample. (b) The same indentation was

viewed with differential interference contrast microscopy; the deformation is more

clearly delineated by this tEChNIQUE ........c..ccueeiiriiiiieiiiiie ettt e s 481
7.26  Transmission electron micrographs of 63Sn-37Pb solder after cooling at 100°C/min/180°F/min:

(a) Lower magnification view showing the Pb-rich phase particles between which are dislocation

columns that develop into low-angle grain boundaries in the Sn-rich matrix. (b) Higher magnification

view of the dislocation column in the Sn-rich matrix, between two Pb-rich particles..........ccccoeeuerernenneee. 482
7.27  Schematic diagram of a progressive cross section through a lap joint by successive grinding and

polishing steps on a single specimen mount. Spacer wires placed a specific distances during the

encapsulation of the part will allow for a determination of the distance into the joint that is

reached per each POLISHING STEP......cccoiiiiiiiiieicieect ettt et et e et e 483
7.28  Schematic diagram of a longitudinal (axial) section through a tube-and-sleeve joint that is off-axis.
Quantitative measurements of the interface microstructure may be inaccurate due to the offset.............. 484

7.29  Optical micrograph of the solder/substrate interface between 100In solder and Cu substrate after
aging at 100°C (212°F) for 10 days. Of interest is the presence of (dark) polishing particles
that have become embedded in the 100In field.............ocoooiiiiiiiiniiiiiiiiic e 484
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7.30  Schematic diagram of voids in a solder joint undergoing mechanical testing. The footprint area

of the voids represent the amount of load-bearing area that iS 10St.........c..cccceevirieiiiinnnine e, 486
7.31  Schematic diagram of the effect of a crack on solder joint strength..........c..cccocvieieiivininciieccienenenen 487
7.32  Schematic diagram of the mechanical test geometry of a butt joint. The mixed deformation modes

of tensile and shear would preclude any fundamental interpretation of the strength value, such as a

conversion of maximum loads into stress levels for comparison with other tabulated data....................... 488
7.33  SEM micrograph of the fracture path that formed when the Cu lead above was peeled

from the alumina substrate. The arrows indicate the loading direction applied to the part.

The fracture path is observed to have started at the interface between the solder and the

Au-Pt-Pd thick film conductor and propagated from left-to-right in the photograph............cccccoceneenceee. 489
7.34  Schematic diagram of a workpiece section after desoldering. The layers include the retained

solder film on top, the intermetallic compound layer and the base material at the bottom........................ 494
7.35  Schematic diagram of voids, cracks, and delamination (“pull-away”) in a tube-sleeve joint.................... 498

A.1  Schematic diagram of the specimen geometry used to illustrate the computation of thermal
expansion residual stresses in the base material layers (1) and (3) and solder layer (2):
(a) undeformed condition and (b) deformed condition in which expansion/contraction occurs

linearly with position y. The parameters, a;, represent the individual layer thicknesses...........c.ccccccenenee. 514
C.1 (a) 100 Sn (etched for grain boundary delineation); (b) 97SN-3CU .......eoverirrieriiineiieente e 517
€2 B5SIISPD . et et ettt et b e at et ne shesae e e enneas 518
€3 03 M-3TPD et e et s h et a e a e et a b e at et ne shesae e e enneas 518
C.4  (a) 60Sn-40Pb; (b) 62.5Sn-36.1Pb-1.4Ag; (c) 62.5Sn-36.1Pb-1.4Ag (aged as part of a solder

joint, cooling rate UNSPECITIEA).......c.cocueuiiiiiiiriiiiet ettt et e 519
C.5 (a) 95Pb-5Sn (unetched); (b) 95Pb-5Sn (ELChed)......ccovuiieciiiiiie ettt s 520
€0 O5SI-5SD e et e ettt et et et sheeae st s 520
C.7  (a)96.55n-3.5Ag; (b) 95.55n-0.5Ag-4.0Cu; (c) 91.84Sn-3.33A2-4.83B1 ...coeviuiniriieicieiccecece 521
Co8  OLSI-O0ZN et e e et e et et en e e et s 522
C.9  96Zn-4Al (representative of the 94Zn-6Al eutectic COMPOSILION).......cceevreureuerirrrerreiereirrire e eneeee e snenne 522
C.10 () 50IN-50PD; (D) 0PD-5IN-5AZ .....ciiiiiieeiieiiieeeeeeeetet et s et et e et s 522
C.11 (a) 52In-485n (includes black polishing particles); (b) 70 Sn-18Pb-12In......ccceevieviiriiiniiinineeieneeene 523
C.12  (a) 58Bi-42Sn (10°C/min); (b) 58Bi-42Sn (aged as part of a solder joint, cooling rate unspecified) ....... 523
CiI3 00IN-3ABI ..ot et e et et et sae et n et et ne saeae 524
Cil4  A3SN-A3PD-TABI ..ottt et et et s et s s he et n e reeae et ee e 524
C.15  80AU-20Sn (Lightly €tChed).......ccouveuieiiiiiieiet e et s et 524
CiI0  BBAU-L2GE ...ttt ettt e ettt s et a b e et st ae eheeat et s e b eue st b e at et ene saeehe e e ennea 524
C.17 98Au-2Si (representing the 97Au-3Si eutectic COMPOSILION) ....oveveeuiruirrierieieiirteeeeiee e et 525
CI8  O5Cd-5AZ (DIC IMAZE) ...vevieuiiienie ettt ettt et ee et et e st ee s et a e s ea et s e neeaeeaeseesaeas 525
C.19  68SN-32Cd (DIC IMAZE) ...cvevereiereeieiiirietieteeit ettt sttt st ss et et et sae b eae et e e saes et sneeueeateneesae saenee 525
C.20  4AIN-A28N-TAC ..o ittt ettt ettt e et et et et e she et n e s et eenaea 525
D.1  The thermoCOUPIE CITCUIL ......c..cceriiriiiiiitietieee et ettt et et et s bttt en e 526
D.2  The multileg thermoCOUPIE CITCUIL ..........ceeeuieirrierieiiiiirteiieet e ettt sttt e et ee e 526

D.3  Measurement of a part temperature using two junctions of the thermocouple that are formed
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SOLDERING HANDBOOOK

AWS Soldering Handbook

1. Fundamentals of Soldering Technology

1.1 Introduction

Joining processes, which attach two or more sub-
strates or base materials together, be they metals, ceram-
ics, or plastics, can be considered as coming under one of
two generalized methodologies: filler material joining,
or fusion joining.

Filler material joining refers to the use of a third mate-
rial to form a bond between the two base materials, and
includes the processes of soldering, brazing, and adhe-
sive bonding. The filler material must adhere to both base
materials in order to effect an adequate bond. Although
the bonding mechanism in such cases may cause chemi-
cal changes at the substrate material surfaces in order to
promote adhesion, at no time does the temperature of the
substrates exceed their respective melting points.

When the melting temperature of the substrate mate-
rial is exceeded, the bond is formed by a fusion joining
process, e.g., welding. In welding, the two substrates are
joined by the intermixing of their mutually molten seg-
ments. A third material, also referred to as a filler mate-
rial, may be simultaneously melted and added to the
molten base materials.

Because metals have been an integral part of engi-
neered structures since the dawn of civilization, filler
material joining processes have a long history of use with
these base materials. However, filler metal joining meth-
odologies have also been applied to the other materials
subsets, including ceramics and plastics.

Soldering and brazing are high-temperature filler
metal processes that are used in many engineering appli-
cations. The difference between soldering and brazing is
defined by the melting temperature of the filler metal. A
filler metal which has a liquidus temperature below
450°C/842°F is referred to as a solder material, or sim-
ply a “solder”; a filler metal with a liquidus temperature
exceeding 450°C/842°F is a brazing filler metal. Al-
though the distinction between the two processes is

determined solely by a melting property of the filler
metals, the different temperature ranges have numerous
attributes as well as drawbacks for the manufacturing
processes that use either methodology. Some timely
comparisons will be made throughout the text.

Lastly, it should be noted that the joining of two met-
als can also be realized by the use of adhesive materials,
or “glues.” Generally, issues that need to be resolved
with the use of adhesives are:

(1) bulk strength levels to accommodate design
loads;

(2) adhesion strength; and

(3) property stability (aging) over the service lifetime
of the joint.

Although adhesives will certainly not replace the filler
metal joining methodologies of brazing and soldering,
they are finding many niche applications.

Soldering is a relatively old technology. Shown in
Figure 1.1 is a time line which illustrates the 6000-year
history of soldering [1]!. Written details of the earliest
uses of soldering are rare, since the art was generally
practiced by slaves and considered unimportant to histo-
rians who, generally, belonged to society’s upper class.
Archeological evidence of soldering from the earliest
periods (4000 to 2000 BCE) is limited to artifacts, prima-
rily jewelry and adornments, constructed with gold (Au)-
based solders, since these materials were very resistant to
corrosive deterioration. Artifacts having tin (Sn) based
solders, the foundation of today’s soldering technology,
are less prevalent, since Sn and Sn-based alloys more
readily succumbed to corrosion by rainwater and natu-
rally occurring chemicals in the ground.

The earliest practices with nonprecious metal solders
were evidenced through the use of pure lead (Pb) by the

1. The numbers in brackets correspond to those in the refer-
ences in Annex E.
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Bearing Solders,” P. Vianco and D. Frear, p. 14, Fig. 1.)

Figure 1.1—Historical time line of soldering technology.

Mesopotamians in c. 3000 BCE to join copper (Cu)
pieces. Pure Pb has a melting temperature of 327°C/
621°F. Tin was not readily available to the Mediterranean
cultures at that time. Tin and Sn-Pb solders were devel-
oped by the Celtic and Gaul cultures of Northern Europe
in c. 1900 BCE, owing to the rich Sn ore deposits of that
region. At that time, Sn-Pb solders were used to assem-
ble tools and cooking utensils that were made largely of
Cu and Cu-based alloys. The Romans used Sn-Pb solders
to seal the Pb liners of their aqueducts.

As with the rest of Western Civilization during the
Middle Ages, soldering experienced little progress, being
limited to the making of jewelry and common household
implements. However, the Industrial Revolution quickly
expanded the use of soldering technology, particularly
with the availability of portable heat sources, i.e., com-
pressed gas for torches and electricity for the resistive
heaters in soldering irons. Plumbing, including conduit
and radiators, food and water containers, as well as light-
duty tools and sheet-metal construction for automobile
fenders and panels were some of the many uses to which
soldering was applied. However, it was the advent of
electronics in the early 20th century, and its continuing

evolution to the present day, which has quickly become
the hallmark application of soldering technology.

Today, soldering technology can be categorized into
two general fields based upon application:

(1) electronics soldering, which describes the assem-
bly of silicon microchip devices, printed circuit boards,
motherboards, and connectors for the purpose of electri-
cal signal transmission; and

(2) structural soldering, which pertains to the role
that is primarily that of mechanical fastening, i.e., non-
electronic applications.

Clearly, many of the advances in soldering technology
over the past half-century, both in the development of
materials as well as new processes, have taken place in
the electronics arena. However, these new materials and
processes as well as an enhanced understanding of elec-
tronic solder joint properties can be applied equally to
structural soldering applications. Failure to incorporate
this increased understanding of solder joint behavior into
larger scale, structural applications will only result in
higher-than-necessary manufacturing costs, and an in-
creased likelihood of poor product reliability. Irre-
spective of the source of innovation, all of soldering
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technology will benefit from these and future advance-
ments in the field. Those advancements include the de-
velopment of new materials, such as higher-strength
alloys; new processing concepts that include laser heat-
ing and the resurgence in ultrasonic soldering; as well as
predicting joint performance and reliability by computer
modeling and advanced inspection techniques. Electron-
ics soldering will remain the leading proving grounds for
many of these new concepts, simply because of the inten-
sity of effort in that area. Fortunately, most of those inno-
vations can be readily adapted to structural applications.
Newer concepts that more strictly pertain to structural
applications will also develop as soldering finds in-
creased uses outside of the electronics community.

The future roadmap of soldering technology, from al-
loys and fluxes to preassembly and postassembly clean-
ing processes, will be required to meet stricter worker
safety and environmental regulations. While a large num-
ber of these rules and guidelines will continue to come
from the federal government, similar statutes are also
being established by state and municipal governments,
primarily with regard to environmental pollution. Many
rules address local environmental problems, such as
urban centers placing limits on the release of volatile or-
ganic compounds (VOCs) so as to reduce smog levels in
the air. Therefore, the technologist must not only stay
abreast of the current advancements in soldering technol-
ogy, but must also remain aware of new or changing
regulations dealing with worker health and safety as well
as those statutes that were established to protect the
environment.

The text begins with a look at the physical and
mechanical metallurgy of solder alloys and solder joints.
This section helps to establish the microstructure-
properties relationship that is critical toward predicting
the service performance of solder joints. Next, an under-
standing of the wetting and spreading of molten metals
(solders) on substrates is presented. At the moment that a
solder joint is made, a synergism exists between the
properties of the solder, the flux chemistry, the substrate
material compositions, and the heat cycle, which all de-
termine the quality of the solder joint. Although liquid
wetting is clearly a complex subject, even a rudimentary
understanding of wetting-spreading principles provides
and important advantage to the process engineer and as-
sembler who may be tasked with the manufacture of sol-
der joints. Measurement techniques to determine these
and other relevant properties of alloys and solder joints
complete this section. Solder joint design practices are
examined in the next section. The performance of the
solder joint in service is not solely a function of the sol-
der alloy properties, but must necessarily consider the
properties of the substrate materials, geometry of the
joint, and potential service conditions. The next sections
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deal specifically with solder alloy compositions, sub-
strate materials, fluxes, and assembly processes. The text
winds up with a discussion of inspection techniques, re-
work and repair procedures, and an all-important section
on environmental safety and health issues in soldering
technology.

1.2 Physical Metallurgy

1.2.1 Metals and Alloys. An understanding of soldering
technology requires the user to appreciate some of the
fundamental principles and properties of metals and al-
loys. The background summary presented below is not
intended to be exhaustive. The reader is referred to a
number of excellent textbooks for details. A representa-
tive list is provided in the reference section [2, 3, 4].

Metals are a class of materials comprised of one ele-
ment such as copper (Cu), tin (Sn), lead (Pb), aluminum
(Al), iron (Fe), and zinc (Zn). Alloys are materials com-
prised of two or more (elemental) metals; including,
brass (Cu + Zn), bronze (Cu + Sn), Monel (Ni + Cu +
Si), stainless steel (Fe + Ni + Cr + Mn + Si), and numer-
ous superalloys having upward of ten or more metallic
constituents. The reason for developing alloys, whether
for soldering or other applications, is to have a material
with properties which cannot be realized by any one
elemental metal. The targeted properties may include
melting temperature(s), corrosion resistance, strength,
hardness, or ductility, to name only a few.

The properties of alloys can not always be predicted
from the properties of the individual metal constituents.
For example, combining a metal A of high strength with
the metal B of low strength does not necessarily produce
an alloy (A + B) of medium strength. The atomic interac-
tions which take place when metal A is combined with
metal B can be very complex.? Besides strength and
other mechanical properties (e.g., ductility, fatigue resis-
tance, etc.), the alloy (A+B) may display physical prop-
erties, i.e., melting temperature, electrical conductivity,
color, etc., that are far different from those of the individ-
ual, elemental metals. For example, in the case of alloys
used as solders, a relatively low melting temperature has
often been a primary objective.

A primary consideration by design and manufacturing
engineers when selecting a solder for a particular applica-
tion is its melting and solidification (freezing) properties.
As the temperature of a solid material is increased, a criti-
cal temperature is reached at which the solid begins to

2. Presently, powerful computers and theoretical models which
describe the structure of the atom, have been combined in the
field of “molecular dynamics” and used to predict bulk material
properties (at least to a first-order).
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change into a liquid; this process is referred to as melting.
The cooling of a liquid causes the reverse transformation
to occur; this is the process of solidification. Although,
theoretically, the melting temperature and the solidifica-
tion temperature should be equal, this may not necessarily
appear to be so, due to the effects of heating or cooling
rate as well as the presence of impurities in the material.
Rapid heating rates or cooling rates will delay the respec-
tive transformation events, resulting in a melting temper-
ature that appears to be higher, and a solidification
temperature that is lower, than the presumed value.

Purity of the solder will also affect the melting and so-
lidification behavior, even when the contaminating spe-
cies has no intrinsic interaction with the basis metal(s).
The presence of impurities results in the melting and so-
lidification temperatures being reduced; this phenome-
non is referred to as melting point depression. Probably
one of the most common examples of melting point de-
pression is the action of rock salt on roadways covered
with ice or snow. The salt dissolves in the water, causing
a reduction in its melting or freezing temperature. As a
result, the water-salt mixture remains in a liquid state at
temperatures below 0°C/32°F, thereby delaying the for-
mation of ice on the road surface. Generally, the larger

Temperature
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the amount of impurity that is present, greater is the de-
crease in the melting temperature, until the base material
becomes saturated with the contaminant.

All elemental metals, e.g., Pb, Sn, Ni, etc., melt/solid-
ify at a single temperature, referred to as the melting tem-
perature, T, or freezing temperature. However, in the
case of alloys which have more than one elemental
metal, the melting (or solidification process) does not
necessarily occur at a single temperature. Rather, the pro-
cess of melting (or solidification) may take place over a
temperature range. That range is defined by two temper-
ature limits: the solidus temperature, which establishes
the lower limit; and the liquidus temperature, which
forms the upper limit. These temperatures are abbrevi-
ated as T, and T, respectively. This point is illustrated in
Figure 1.2, using the solidification process as the exam-
ple. At temperatures above the liquidus point, the metal
alloy is completely liquid. As heat is lost from the molten
alloy, the alloy temperature drops, reaching the liquidus
temperature, T;. Here, solidification begins by the forma-
tion of solid particles in the liquid. As the alloy tempera-
ture drops through the range below T; but remains above
the solidus temperature T, the number and size of the
solid particles grow as the alloy transforms from a liquid

T, —
TS
v.
. T Time
Liquid | Liquid and solid Solid phase '
“pasty range” n
}.. ; ." “a
7] 7 7] 7]

» P .o: :-: » » »

T>T, T=T, T,>T>Tg T=T, T<T,
Alloy is Solidification begins Solidification progresses Solidification is Alloy is
fully liquid as particles form as more particles complete fully solid
form and grow.

Pasty range or mushy zone
Figure 1.2—The material consistency of an alloy undergoing solidification
which does take place over the temperature range T, < T < T.
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to a solid. The alloy has the consistency of a paste or
mush due to the presence of both solid particles and lig-
uid; hence, the temperature range between T) and T, (AT
=T, -Ty) is called the pasty range or mushy zone. At Tk,
the alloy has fully solidified, and remains so at tempera-
tures below the value of T,. Exactly the reverse progres-
sion takes place upon heating this same material through
T, and T; until a fully liquid material is realized once
again.

The temperature span between the solidus and liqui-
dus temperatures, i.e., the pasty range, can be from zero
to as much as a hundred Celsius degrees. Alloys having a
zero pasty range, that is, those with equal liquidus and
solidus temperatures, melt and solidify at a single tem-
perature, just like the elemental metals. These alloys are
referred to as eutectic alloys or eutectic compositions.
The single transformation temperature is called the eu-
tectic temperature, Tq.

It is important to know the solder alloy’s liquidus tem-
perature, T}, above which it is completely liquid; the soli-
dus temperature, T, below which the alloy is solid; and
the pasty range or mush zone defined as AT = T} - T;.
From an applications point of view, the liquidus and soli-
dus temperatures are used to: (1) develop an appropriate
process to fabricate a joint; and (2) define the maximum
service temperature of the finished joint, respectively.
The process used to make the joint typically uses temper-
atures above T in order for the solder to flow. On the
other hand, when the completed joint is placed into ser-
vice as part of a product or assembly, the service temper-
atures must remain below T; otherwise, the joint will
begin to melt and lose its integrity as a mechanical
fastener.

A useful tool for describing the melting properties of
metal alloys over a range of compositions and tempera-
tures is the phase diagram. The phase diagram identifies
the various phases of a particular alloy composition that
would be present at equilibrium, given the temperature to
which that composition is exposed. An example of the
phase diagrams for the Sn-Pb binary (or two elemental)
system is shown in Figure 1.3 [5]. The x-axis is alloy
composition, from 100% Pb, 0% Sn (the “Pb” end) to 0%
Pb, 100% Sn (the “Sn” end). The y-axis is temperature.
The various areas or “fields” in the diagram represent the
different phase structures that can be present in the mate-
rial, given the alloy composition (x-axis) and the temper-
ature (y-axis).

A more detailed explanation of the phase diagram fol-
lows shortly. First, some summary points are in order.
Phase diagrams have been developed for nearly every
practical binary alloy combination that can be permu-
tated from elements in the Periodic Table. An extensive
compilation also exists for many of the more commonly
used ternary alloys, i.e., those alloys having three ele-
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ments) and even a few quaternary alloys (four elements).
Phase diagrams can be developed through experimental
techniques such as Differential Scanning Calorimeter
(DSC) or Differential Thermal Analysis (DTA). These
techniques are described in more detail in later section
(1.4.3). Recently, the advent of computer simulation
techniques that model atomic interactions have resulted
in the ability of metallurgists to compute the phase
diagrams of some higher-order ternary and quaternary
systems.

It must be noted that the alloy properties described by
the phase diagram represent a condition of thermody-
namic equilibrium at the particular temperature. Such a
condition would prevail when the alloy was allowed to
cool at an infinitely slow rate so that the atoms had suffi-
cient time to take up their lowest energy positions.
Clearly, processing conditions that allow an infinitely
slow cooling rate cannot be achieved, nor are they de-
sired from the point of view of cost-effective manufactur-
ing. Thus, this hypothetical condition is most closely
approximated at the slowest cooling rate during solidifi-
cation. The microstructure that is observed in actual sol-
der joints will differ due to the variations in the cooling
rate caused by differences in the base material structures
and process parameters. The importance in realizing that
there exists deviations from an equilibrium microstruc-
ture that is predicted by the phase diagram, is that the ob-
served microstructure ultimately determines the solder
joint mechanical properties. The phase diagram serves as
an important predictive tool by providing an approxima-
tion of the anticipated microstructure.

In the next section, a more detailed description of
phase diagrams is presented. The discussion describes
the properties of the diagram, as well as presents those
tools that are necessary to interpret them. Even a very
basic understanding of the phase diagram provides a
powerful tool for: the design engineer at the conception
stage of a product, and specifically its solder joints; the
manufacturing engineer whose role is to develop the sol-
dering process; and the failure analyst who must search
for the source of a defective solder joint at the point of
factory inspection or in fielded hardware.

1.2.1.1 Phase Diagrams

1.2.1.1.1 Binary Alloy Phase Diagrams. A binary

alloy, designated A-B, can be described as having four
degrees of freedom, or variables, that completely de-
scribe that system:

(1) the amount of element A;

(2) the amount of element B;

(3) temperature; and

(4) pressure.

Most uses of metals and alloys take place under a con-
stant, ambient atmospheric pressure so this parameter
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Figure 1.3—The binary Sn-Pb alloy system phase diagram.
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does not typically require consideration. However, when
working with a material at elevated temperatures and
under very high pressure conditions, then pressure must
be accounted for in describing the alloy metallurgy. In a
binary system, A-B, knowing the amount of A automati-
cally determines the amount of B: B(%) = 100% — A(%);
or B=1- A, if A and B are represented as fractional
amounts. Therefore, the description of a binary alloy can
be reduced to two parameters:

(1) the content of either A or B; and

(2) the temperature.

This descriptive tool is a two-axis plot, referred to as
the phase diagram. As noted previously, phase diagrams
of binary alloys have composition on the abscissa
(x-axis) and temperature as the ordinate (y-axis). The
case of the Sn-Pb binary system was shown in Figure
1.3. The composition axis (0 to 100%) can be repre-
sented as either the weight-percent (wt.%) or as the
atomic-percent (at.%) of one of the elements. In Figure
1.3, that element is Sn. The Sn content increases from
left to right. Therefore, the amount of Pb (%), being the
quantity, (100% — %Sn), increases from right to left. The
conversion between weight-percent to atomic-percent is
often necessary in the absence of having both scales
being present on the phase diagram. The conversion cal-
culation is illustrated below with the Sn-Pb case. Revers-
ing the steps will allow the conversion of atomic-
percents to weight-percents.

(1) Sample composition: 63Sn-37Pb (wt.%)

(2) Convert wt.% to mass quantities, assuming a total
mass of 100 grams:

63 wt.% Sn = 63 grams Sn
37 wt.% Pb = 37 grams Pb

(3) Divide the mass quantities by the respective
atomic weights (or gram-molecular weight) designated
as grams/mole. The gram-molecular weight, or atomic
weight values can be obtained from a Periodic Table of
the Elements provided in this text (Table 1.1).

Sn: (63 grams)/(118.7 grams/mole) = 0.531 moles
Pb: (37 grams)/(207.2 grams/mole) = 0.179 moles

(4) Add together the number of moles of Sn and Pb to
get a total number of moles:

0.531+0.179=0.710

(5) Divide the mole amount of each component by
the total number of moles in the alloy, to obtain the
atomic, or mole, fraction of each component:

Sn: 0.531/0.710 = 0.748
Pb: 0.179/0.710 = 0.252

(6) Multiply the atomic fractions by 100 to obtain the

atomic percentages (to two significant figures):

Sn: 0.748 (100) = 75%

Pb: 0.252 (100) = 25%
Therefore, the composition 63Sn-37Pb (wt.%) is equiva-
lent to: 75Sn-25Pb (at.%).
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There are several protocols that are used in the
expression of alloy compositions. Generally, metal alloys
are represented by weight-percent composition, the
respective percent of each element being a coefficient of
the element symbol. This is precisely the manner in
which the Sn-Pb solder was represented in Step (1) of the
sample computation above: 63Sn-37Pb. A similar proto-
col is used with atomic percents; therefore, the use of
either weight-percents or atomic percents should be
clearly delineated in the text. As will be seen shortly,
metal elements can also form covalently bonded phases
in solder joint metallurgies. These materials are often re-
ferred to as “line compounds” or “intermetallic com-
pounds”; they are traditionally represented by having
their atomic percent compositions written as atomic ra-
tios in the form of subscripts after the elemental symbol
(without hyphenation). An example that is commonly en-
countered in solder systems is the intermetallic com-
pound, CugSns, which is a product of the metallurgical
reaction between the Sn component of solder and Cu
metal.

The phase diagram of the Sn-Pb system (Figure 1.3) is
illustrative of one class of binary alloy phase diagrams
commonly referred to as simple eutectic systems. A sim-
ple eutectic system is characterized by the presence of
one single phase-to-multiphase reaction that is the eutec-
tic point. The simple eutectic Sn-Pb system is used here
to illustrate the fundamental principles of phase dia-
grams. More complex cases are illustrated later along
with the appropriate discussion.

First, the composition of 85Sn-15Pb is examined in a
reproduction of the phase diagram in Figure 1.3, now
shown in Figure 1.4. A vertical line identifying this com-
position is drawn from the x-axis. At a temperature of
275°C/527°F (point A), the alloy is completely molten
and has a single phase, that of the liquid, L. Decreasing
the temperature, solidification begins to take place at a
temperature of 210°C/410°F (point B). This temperature
is the liquidus temperature, T;. The initial particulates
that form in the liquid, will have a composition repre-
sented by the point B', or 98.5Sn-1.5Pb—as projected
down to the x-axis. The remaining liquid will have nearly
the same composition as the starting material (point B).
Now, there are two phases present in the solder: the lig-
uid phase and the solid 98.5Sn-1.5Pb particle phase. The
composition has entered a two-phase “field.” This phase
field is represented on the diagram as the sum of a Greek
letter for the solid phase and L, for the liquid phase. In
this case, the representation 3 + L is used. As the temper-
ature is deceased further toward point C, four events
occur:

(1) more solid particles form in the liquid matrix so
that the material takes on the consistency of an increas-
ingly thicker paste;
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Figure 1.4—Sn-Pb alloy phase diagram to illustrate text discussion on 85Sn-15Pb.

(2) concurrently, a diminishing amount of liquid
phase is present;

(3) the composition of the solid particles changes to
C'and

(4) the composition of the remaining liquid phase
changes to the value at point C".

The line connecting points C' and C" is referred to as
the tie line. The tie line receives its name from the fact
that it connects, or ties together, the compositions of the
two phases that are present at that temperature value.

It is often desirable to know the weight fraction of the
alloy that is solid and that fraction which is liquid at a
temperature, such as at the temperature of C—195°C/
383°F. This can be done using the so-called “lever rule.”
This rule is stated as follows, and is illustrated with the
help of Figure 1.4: The weight fraction of the alloy that is
a solid is given by the length of line C-C" divided by the
length of the tie line C'-C". Likewise, the weight fraction
of the alloy that is a liquid at the temperature of point C
is the length C'-C divided by total length C'-C". Or, it can
be computed by subtracting the weight fraction of the
solid from unity.

Next, a temperature that is a fraction of a degree
higher than 183°C/367°F is reached (point D). At this
point, the alloy is comprised of: (1) a liquid phase, L, of
composition D", which constitutes (D'-D)/(D'-D")
weight fraction of the alloy; and (2) a solid phase, [, of

composition D', and which makes up (D"-D)/(D'-D")
weight fraction of the alloy specimen. It is noted that as
the temperature dropped from 210°C/410°F to 183°C/
361°F, the solid phase composition of the alloy traced the
path B'D' along the line MD'. The entire path MD' is
termed the solidus line. Likewise, the composition of the
liquid phase traced the segment BD" along the line MD".
The entire path MD" is termed the liquidus line.

The temperature 183°C/367°F is the eutectic tempera-
ture, T, of the binary Sn-Pb system. At 183°C/367°F,
complete solidification has taken place. At a temperature
that is a fraction of a degree lower than 183°C/367°F, the
solder is now comprised of two solid phases: a Sn-rich
phase designated 3 and having a composition D' (97.5Sn-
2.5Pb); and a Pb-rich phase, o, having a composition D"
(19Sn-81Pb). These phases (compositions) are some-
times referred to as the terminal phases (compositions)
because they are at the terminus or endpoints of the tie
line D'-D'"". As the temperature is further decreased to
125°C/257°F (point E), the compositions of the two solid
phases, o and [, have changed to 92Pb-8Sn (E") and
98.5Sn-1.5Pb (E'), respectively. The weight fraction of
each phase can still be computed by the lever rule.

Shown in Figure 1.5 is an optical micrograph of the
microstructure of the 85Sn-15Pb solder. The dark par-
ticles are the Pb-rich phase; the light regions are the
predominating Sn-rich phase. The observed
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———
50 um

(Courtesy of Sandia National Laboratories)

Figure 1.5—Optical micrograph of the
microstructure of the 85Sn-15Pb solder.
The dark areas are the Pb-rich phase; the light
regions are the Sn-rich phase.

The cooling rate was 10°C/18°F/min.

* microstructure was produced under a cooling rate of
10°C/18°F/min.

Itis in the solid state that the actual compositions of
the two phases will differ from those predicted by the
phase diagram and its underlying equilibrium assump-
tion. Compositional changes in the solid o and B phases
require solid-state diffusion processes which are signifi-
cantly slower than are diffusion processes in a liquid
phase. Therefore, it is with increased difficulty that the
solid alloy phases will reach the equilibrium composi-
tions indicated by the phase diagram and particular tem-
perature. Moreover, the diffusion kinetics slow even
more as the temperature is further decreased. Along
these lines, it can be expected that the compositions of
the two solid-state phases will come closer to those pre-
dicted by the phase diagram when the slowest cooling
rates are present following solidification. Conversely,
fast cooling rates will “lock-in” composition profiles and
microstructures at room temperature that are more repre-
sentative of the higher-temperature regime.

Since the microstructure observed at room tempera-
ture does not necessarily represent the equilibrium state
of the material, it can be expected that the microstructure
will attempt to evolve so as to reach that equilibrium con-
dition. That is, the microstructure is said to be metasta-
ble. This evolution is particularly important for solder
alloys because room temperature is, relatively speaking,
a “high” temperature for these materials. Thus, micro-
structural changes can readily take place at room temper-

FUNDAMENTALS OF SOLDERING TECHNOLOGY

ature, and at an increasingly quicker pace as the service
temperature increases, through thermal activation of the
solid-state diffusion processes. It is important to consider
these microstructural changes because it is the alloy
microstructure which determines the mechanical and
physical properties of the solder. The phase diagram
analysis provided above would apply equally as well to
alloys with compositions that would lie between the
points D" and D" as projected on the x-(composition)
axis (Figure 1.4).

The composition, 61.9Sn-38.1Pb, presents a unique
circumstance in Figure 1.4. This composition solidifies
at a single temperature, 183°C/361°F; that is, the solidus
and liquidus temperatures are equal to 183°C/361°F. As
noted above, 183°C/361°F is referred to as the eutectic
temperature and the composition, 61.9Sn-38.1Pb is the
eutectic composition. It will often be noted that 63Sn-
37Pb is identified as the eutectic composition for the Sn-
Pb system. The differences in these two compositions
has a negligible effect on performance. As in the case of
the 85Sn-15Pb composition described above, the eutectic
alloy has two terminal phases upon solidification, the Pb-
rich o phase and the Sn-rich B phase. The weight fraction
of each of the o and B phases can be determined by the
lever rule as previously discussed, and will change
slightly as the temperature decreases as per the equilib-
rium condition reflected in the phase diagram.

Shown in Figure 1.6 is the microstructure of 63Sn-
37Pb solder. The sample had been aged at 70°C/158°F
for 400 days, and therefore, exemplifies an equilibrium

(Courtesy of Sandia National Laboratories)

Figure 1.6—Optical micrograph of
63Sn-37Pb solder microstructure following
aging at 70°C/158°F for 400 days in order to
realize an equilibrium condition.
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microstructure for this composition. The light matrix is
the Sn-rich phase; the darker particulates are the Pb-rich
phase. The white spots in the Pb-rich phase are dissolved
Sn which had since precipitated out of solution as the
equilibrium concentration was reached for Sn in Pb (at
70°C/158°F): 1-2 wt.%. It is noted that there is no ob-
servable Pb in the Sn-rich phase, confirming the small
amount (< 1 wt.%) that is predicted by the phase dia-
gram, Figure 1.4.

A slightly different composition-temperature history
is developed for an alloy composition of 95Pb-5Sn, Fig-
ure 1.7. Beginning at 350°C/662°F (point Z), the temper-
ature is decreased and the alloy remains entirely liquid
until point Y is reached at a temperature of approxi-
mately 315°C/599°F. At 315°C/599°F, solidification be-
gins to take place with the first solid phase having the
composition represented by point Y' (97.5Pb-2.5Sn).
Much as was the case of the 85Sn-15Pb composition,
passing from point Y (315°C/599°F) to point X (307°C/
585°F) results in an increase in the amount of solid phase
and concurrently, a decrease in the amount of remaining
liquid. The composition of the solid phase changes from
Y' to that represented by point X (the starting composi-
tion) along the solidus line, N-D"'; the liquid phase com-
position changes from that at point Y to that of point X'

SOLDERING HANDBOOK

(92Pb-8Sn) along the liquidus line N-D". The lever rule
still applies for determining the relative amounts of the
solid and liquid phases. At point X, solidification is com-
plete and the material (composition) is located in the o
phase field as the temperature drops further. That is to
say, the alloy has a single phase comprised of Pb with
some Sn dissolved in it.

The single-phase solid state will persist at the original,
overall composition of 95Pb-5Sn until the temperature
has decreased to that of point W (95°C/203°F). At that
point, phase separation will take place in which the Sn
precipitates out of the Pb; the solder now exhibits two-
phases, a Pb-rich phase of the composition represented
by W, and a Sn-rich phase having the composition repre-
sented by point W'. As the temperature drops further, the
equilibrium microstructure will be comprised of a Pb-
rich phase having a composition determined by the tem-
perature along line segment W-P, and a Sn-rich composi-
tion represented by points on line segment W'-Q, as per
the specific temperature value. This case is exemplified
by the point V (60°C/140°F) with the Pb-rich phase hav-
ing the composition represented by point V" (98Pb-2Sn),
and the Sn-rich phase represented by point V' (99Sn-
1Pb). Again, as was noted earlier, after the alloy has
become fully solid, in this case at the temperature of

Atomic Percent Tin
70 80 20 100

0 10 20 30 40 50 60

200

M
231.9681°C

Temperature °C

150

Copyright American Welding Society
Provided by IHS under license with AWS

No reproduction or networking permitted without license from IHS

Full document details: SH-1999

10 20 30 40 50 60 70 80 90 100
Weight Percent Tin

Figure 1.7—Sn-Pb Alloy phase diagram to illustrate the

text discussion on the 95Pb-5Sn starting composition.
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307°C/585°F (point X), microstructural changes accom-
panying further decreases in temperature become very
sluggish due to the slower solid-state diffusion processes;
therefore, the equilibrium microstructures may not fully
evolve. A micrograph of the 95Pb-5Sn solder is shown
in Figure 1.8; the cooling rate was 10°C/18°F/ min.

In each of the composition scenarios described above:
85Sn-15Pb, 61.9Sn-38.1Pb, and 95Pb-5S5n; the sequence
of melting from the solidified material to a fully liquid
alloy would proceed in the opposite sequence as was de-
scribed for the solidification process.

The nonequilibrium, or metastable, microstructure
can change under the influence of service temperature
and solder joint lifetime. However, the metastable condi-
tion will have minimal effect on the melting properties of
the solder. There may only be a small shift in the solidus
and liquidus temperatures, but generally of a magnitude
that has little consequence on the processing parameters
or procedures used to rework a solder joint. The binary
alloy phase diagram of the Sn-Pb alloy system represents
a simple eutectic. Several binary systems with practical
importance to soldering technology are also simple eu-
tectics [6]. Examples include the Sn-Bi binary system
having 57Bi-43Sn (or 58Bi-42Sn) as the eutectic compo-
sition (Te, = 139°C/282°F); and the Sn-Zn alloys with
91.2Sn-8.8Zn as the eutectic composition (T, = 199°C/
389°F). Other binary alloy systems that are of particular
pertinence to soldering technology have rather complex
phase diagrams, but may include a eutectic composition
that has engineering application, for example, the Sn-Ag

(Courtesy of Sandia National Laboratories)

Figure 1.8—Optical micrograph of the
microstructure of the 95Pb-5Sn solder.
The cooling rate was 10°C/18°F/min.
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system with 96.5Sn-3.5Ag as the eutectic composition
(Teu = 221°C/430°F). Each of these systems are dis-
cussed in relevant detail in section 2.4.

Three binary alloys of importance to soldering tech-
nology, and which have particularly complex phase dia-
grams, are the Cu-Sn, Au-Sn, and Ni-Sn systems. The
binary alloy phase diagrams of these systems are shown
in Figures 1.9, 1.10, and 1.11, respectively [7]. The Cu-
Sn system will be used as an example. It is instructive to
identify the potential phases that can form per specific
amounts of Cu and Sn, at a given temperature, (Figure
1.9). For example, at 150°C/302°F, those phases are,
from left-to-right or decreasing Cu and increasing Sn:

(1) (Cu), the parenthesis denoting a slight solid solu-
tion content of Sn at approximately 0.6 wt.%;

(2) Cu + e-phases;

(3) the e-phase (CuzSn);

(4) €+ n' phases;

(5) n'-phase (CugSns);

(6) '+ Sn phases; and

(7) PB- or pure Sn.

The single phases € and i’ are often referred to as line
compounds or intermetallic compounds and are identi-
fied by singular compositions, CusSn and CugSns, re-
spectively. However, the phase diagram shows a field
(area) of finite width for either phase, indicating a small
compositional variation is theoretically possible. Such a
composition spread has rarely been observed experimen-
tally so that the stoichiometric formulas are used to rep-
resent these phases. As was noted in the simple eutectic
case, and as is always the case in phase diagrams, the sin-
gle phase fields (solid solution of Cu and a little Sn, e-
phase, '-phase, and pure Sn) are separated by fields of
two-phase compositions, made up of the two phases indi-
cated by the borders (or terminuses) of the two adjoining,
single phase fields.

The same principles used in the analysis of the Sn-Pb
simple eutectic system are applicable for the Cu-Sn sys-
tem. This point is illustrated for case of 50Cu-50Sn
composition in Figure 1.12. Starting at point A (760°C/
1400°F) in Figure 1.12, the alloy is completely molten
(single phase). Cooling progresses, and at point B
(680°C/1256°F), solidification begins to take place. At
point C (660°C/1220°F), a two-phase pasty structure is
observed, comprised of solid y phase particles with the
composition of point C' (58Cu-42Sn) and liquid having a
composition of point C" (44Cu-56Sn). The lever rule still
applies for determining the relative amounts of each
phase that is present in the material.

Cooling further brings the alloy to point D. Point D is
still a two-phase, solid-liquid composition. However,
aside from the composition change of the liquid to
41.4Cu-58.6Sn, the solid phase particles transform from
the y phase to the € phase, which has a phase diagram
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Figure 1.9—Binary alloy phase diagram for the Cu-Sn system.
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Figure 1.10—Binary alloy phase diagram for the Au-Sn system.
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Figure 1.11—Binary alloy phase diagram for the Ni-Sn system.
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Figure 1.12—Binary alloy phase diagram of the
Cu-Sn system with instructive markers per the text.
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composition of 61Cu-39Sn (wt.%), but is usually ob-
served having a nominal composition of 63Cu-37Pb.
This composition in wt.% can also be written in atomic
percent or atomic fractions in subscript form, Cuy5Sn,s,
which is simplified to Cu;Sn;, or simply Cu3Sn. At point
E (530°C/986°F), the two-phase composition of ¢
(Cu3Sn) and liquid (18Cu-82Sn) is observed. As more of
the € phase is created upon cooling, the concentration of
Cu in the remaining liquid phase is observed to have
decreased.

At point F (415°C/779°F), the alloy completely solidi-
fies into a two-phase solid, one phase is the € phase
(Cu3Sn), and the second phase is the 1 phase. The diagram
shows the 1 phase at 415°C/779°F to be 41Cu-59Sn. The
alloy is still two-phase, comprised of the two intermetallic
compounds CusSn (¢) and 1. The relative amounts of the
two phases can be determined from the lever rule.

Point H, 189°C/372°F, represents a solid-state trans-
formation. At this temperature, the n phase has under-
gone a transition represented by a slight shuffling of the
atoms that results in a small change to the atomic struc-
ture. The change is so slight that it is noted simple by
adding an apostrophe to the phase designation, n'. The n'
phase is identified by the stoichiometry, CugSns. The
two-phase structure of € and 1" is retained upon further
temperature decreases below 189°C/372°F, e.g., point L.

Similar analyses can be made of the Au-Sn and Ni-Sn
systems in Figures 1.10 and 1.11, respectively. In the
case of the Au-Sn system, Figure 1.10, the single phases:
{', 3, and &, are truly line compounds as they do not allow
a variation in composition way from the singular value. It
will also be noted that the Au-Sn system has two eutectic
reactions, one at the 80Au-20Sn composition and a sec-
ond at the 10Au-90Sn composition. The eutectic temper-
atures are 278°C/532°F and 217°C/423°F, respectively.
The Ni-Sn phase diagram, and specifically the single-
phase (stoichiometric) compounds of the Ni-Sn system,
closely resemble those of the Cu-Sn binary alloy in that
they have a finite composition range.

While it is important to understand the solidification
sequence of phases as predicted by the phase diagram for
the Cu-Sn, Au-Sn, and Ni-Sn systems, it will be ob-
served in discussions on solder/base metal interface reac-
tions that engineering interest in the evolution of phases
in these systems does not always pertain to solidification
sequences, per se; but rather, liquid-state and solid-state
reactions at the solder/base metal interface. An effec-
tively infinite supply of both solder and base metal com-
ponents will lead to the appearance of phases in a manner
that is not readily predicted by the phase diagram. The
phase diagrams, in general, are good at determining
which phases can potentially be present at the interface.
However, they are less successful at determining the rela-
tive amounts of the phases that may be present, as well as

SOLDERING HANDBOOK

predicting the appearance of “additional phases” that are
metastable, or temporary. That is because the dissimilar
metals (base metal versus solder alloy) in contact at that
interface represent a nonequilibrium situation. A phase
diagram, whether binary, ternary, or of higher order, is
limited by its capacity to predict phases present at equi-
librium, at the designated temperature, and with specific
quantities of the constituent metals.

The use of the binary phase diagram to estimate inter-
face reactions is first illustrated by the hypothetical case
in Figure 1.13a. The simple eutectic was selected for il-
lustration purposes only. The following procedure would
apply to more complex phase diagrams as well. The first
scenario, and typically the most often encountered, is
that in which it is assumed that there is an infinite
amount of both metals comprising the couple. At the
temperature, T,, all phases are in the solid state. Pure
component A is on the left side; pure component B is on
the right side. The line drawn from the pure-A side to the
pure-B side on the phase diagram maps out the potential
phases that can be expected across the interface of the
couple. From left-to-right, the interface structure begins
with pure A and changes to the o solid-solution phase.
The o solid solution would contain a concentration gra-
dient of A and B that becomes richer in B toward the
right. The next region would be that of the two phases, o
+ B. Note that the two-phase composition would have
only an infinitely small thickness at the interface. Finally,
the BB solid-solution phase would be present, leading into
the pure-B field on the other side of the couple. Again,
the schematic in Figure 1.13a by no means represents the
relative amounts of each of the potential phase fields that
may be present; those amounts are determined by the
(nonequilibrium) reaction and diffusion kinetics. In fact,
these kinetics may not allow a perceptible amount of
some phases to be observed.

Should the temperature be raised to a value of T, then
again, a line is drawn across the phase diagram at that
temperature. In this second case, because the L, L + q,
and L + [3 phase fields are crossed; some melting can be
expected.

The Cu-Sn phase diagram can be used to illustrate Sn-
based solders on Cu. The Cu-Sn binary phase diagram is
shown in Figure 1.9. First, the case of liquid Sn in con-
tact with solid Cu is examined. Interfacial reaction layer
thickness is dependent upon the time duration during
which the molten solder is in contact with the base metal,
given that this is a nonequilibrium situation. Shown in
Figure 1.13b is an optical micrograph of the Sn-Cu inter-
face following the exposure of Cu to liquid Sn for 300 s.
The Sn was at 260°C/500°F [8]. A thicker structure de-
veloped after the same time duration, 300 s, but with a
higher, molten Sn temperature of 340°C/644°F (Figure
1.13c). As would be indicated by drawing horizontal
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Figure 1.13—Reaction product development at solder/substrate interfaces through the
use of the binary alloy phase diagrams: (a) Schematic diagram of phase identification in
bimetal couples for a simple (AB) eutectic diagram. (b) Optical micrograph of the interface
region between molten 100Sn and Cu after 300 s at 260°C (500°F). (c¢) Optical
micrograph of the molten Sn/Cu interface after 300 s at 340°C (644°F). (d) Interfacial
layer development from solid-state aging at 170°C (338°F) for 402 days.
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lines across Figure 1.9 at temperatures of 260° and
340°C, there is no significant difference in the potential
phases that can form at the Sn-Cu interface (right-to-
left): L, L + m, M, M + &, &, (Cu) solid solution, and Cu.
However, phases containing ¢ stoichiometry are not gen-
erally observed, thereby substantiating the prevailing
nonequilibrium conditions.

Following solidification of the joint, the interface re-
actions can continue and intermetallic compound layers
further develop by solid-state diffusion processes. The
rate of solid-state growth increases with higher tempera-
tures, since diffusion is a thermally activated process.
Referring to Figure 1.9, the possible phase fields that can
be present after aging at 170°C/338°F are determined by
the intersection of the 170°C isotherm with the phase
fields. Those phases are, right-to-left: Sn, Sn + N, m, € +
M, €, (Cu) + ¢, and the solid solution of (Cu). The case of
a 100Sn/Cu solder joint aged at 170°C for 402 days is
shown in the optical micrograph in Figure 1.13d, which
illustrates the intermetallic compound layer growth
under elevated-temperature, solid-state diffusion [9]. The
uncertainty of reaction kinetics under the nonequilibrium
condition does not allow for a prediction of the relative
thicknesses of the CugSns (n') and CuzSn (g) layers. As a
reminder, the two-phase fields do not have observable,
corresponding layers at the interface.

SOLDERING HANDBOOK

In summary, binary phase diagrams can be applied to
the physical metallurgy of soldering per the traditional
solidification/melting processes involving solder alloys.
However, in the case of the all-important interface reac-
tions that can take place between the solder (molten or
solid) and the substrate material, use of the phase dia-
gram to predict reaction products is limited to only iden-
tifying the potential reaction product chemistries that
may appear at the solder-substrate interface. Because the
phase diagram can give no indication of the process ki-
netics which determine the growth rates of the interfacial
reaction products, the relative amounts of those phases
that may be present, cannot be predicted.

Up to this point, the simple eutectic phase diagram ex-
emplified by the Sn-Pb binary system; and the more
complex phase diagrams illustrated by the Cu-Sn, Au-
Sn, and Ni-Sn binary systems have been examined. A
third format of binary alloy phase diagram involves
phases having considerable mutual solubility. An exam-
ple of a complete, solid-solution binary alloy is illus-
trated by the Ag-Au phase diagram shown in Figure 1.14
[10]. For all combinations of Au and silver (Ag), cooling
from the liquid state results in passage through a very
small pasty range followed by solidification into a single-
phase microstructure of Au and Ag dissolved into one
another.
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(Binary Alloy Phase Diagrams, Vois. 1 and 2, edited by T. Massalski, 1986. ASM International,

Materials Park, OH 44073-0002., Au-Ag, p. 7.)

Figure 1.14—Binary alloy phase diagram of the Au-Ag system.
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A variation to the case of complete, mutual solubility
is that in which the complete, solid solution exists at
higher temperatures. However, at lower temperatures, the
process of phase separation or spinodal decomposition
takes place. This phenomenon is illustrated by the Au-Ni
phase diagram shown in Figure 1.15 [11]. A large two-
phase mushy zone is observed to separate the liquid phase
field, L, from the (Au, Ni) single-phase field (mutual sol-
ubility). Moreover, a eutectic point is observed at 18 wt.%
Ni and 955°C/1751°F. The dome-shaped field at lower
temperatures is termed the miscibility gap; it indicates the
region of phase separation. The solidification process was
illustrated with a composition of 70Au-30Ni, beginning
with the liquid (single phase) at point A. Cooling causes
the temperature to reach the start of solidification at point
B (1040°C/ 1904°F). Continuing to lower temperatures
causes the alloy to enter the two-phase (solid + liquid)
mushy zone, and solidification continues much like previ-
ous cases. At point C, a solid phase of composition C"
(53Su-47Ni) and liquid of composition C' (74Au-26Ni)
are observed. Solidification is complete at point D
(970°C/1778°F), resulting in a single-phase solid of Au
and Ni dissolved into one another (point E). At point F
(800°C/1472°F), phase separation begins as the miscibil-
ity gap is encountered. In phase separation, a spatial

FUNDAMENTALS OF SOLDERING TECHNOLOGY

segregation takes place in which separate regions of one
of two differing compositions can be identified; both
compositions are solid solutions. For the case of point G
(630°C/1166°F), regions of composition G' (90Au-10Ni,
solid solution) and G" (16Au-84Ni, solid solution) will
form by solid-state diffusion processes. A further lower-
ing of the temperature causes the equilibrium composi-
tions to change slightly; however, as with all cases that
require solid-state diffusion processes to realize equilib-
rium concentrations, nonequilibrium microstructures rep-
resenting the higher-temperature regimes may prevail due
to sluggish diffusion kinetics.

Several In-Sn solder compositions are used in a num-
ber of soldering applications, including low-temperature-
service conditions. The In-Sn system is a binary alloy
having an assortment of solid-solution phases. The phase
diagram is shown in Figure 1.16 [12]. Observe that the
binary system has a eutectic composition of 49.11In-
50.95n and eutectic temperature of 120°C/248°F. The
eutectic composition is often cited as simply 50In-50Sn.
The interpretation of the diagram uses the same princi-
ples as discussed above. In Figure 1.16, the single-phase
regions have been noted; between each of them are the
two-phase regions, comprised of the two phases repre-
sented by either of the left and right border lines. The eu-
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(Binary Alloy Phase Diagrams, Vols. 1 and 2, edited by T. Massalski, 1986. ASM International,
Materials Park, OH 44073-0002, Au-Ni, p. 289.)

Figure 1.15—Binary alloy phase diagram of the Au-Ni system.
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Figure 1.16—Binary alloy phase diagram of the In-Sn system.

tectic composition will be used to exemplify this system.
Starting from the liquid (point A, 150°C/302°F), com-
plete solidification takes place at once upon cooling to a
temperature of 120°C/248°F at point B. The two-phase
structure is comprised of the B phase with In and Sn in
solution with one another, at a composition of 55.2In-
44.8Sn (point B'). The second phase, the y phase, again
comprised of In and Sn in solid solution, would have a
composition of 22.4In-77.6Sn (point B"). As always, the
lever rule still holds for determining the relative amounts
of each phase that are present in the overall microstruc-
ture of the solidified solder.

Further cooling to point C (85°C/185°F) results in re-
tention of the two-phase microstructure of  and vy
phases; however, each of these phases has changed com-
position to those represented by points C' (62In-38S5n)
and C" (23In-77Sn), respectively. The compositions con-
tinue to change upon a further drop to room temperature
(point D: 25°C/77°F); the compositions of the [ and y
phases are represented by points D' (71In-29Sn) and D"
(22In-78Sn), respectively. The compositions of the two
phases predicted by the temperatures of points C (C' and
C") and D (D’ and D"), respectively, are based upon as-
sumed equilibrium conditions. The inherent slowness of
solid-state diffusion process, particularly as the tempera-
ture decreases, can delay the achievement of those equi-

librium microstructures, sometimes indefinitely when at
very low temperatures. Note that the 3 and y phases are
not intermetallic (line) compounds having a single com-
position. Rather, they are solid-solution chemistries that
can have a range of compositions, depending upon the
starting chemistry of the particular material at hand.
Should the starting composition have been 80In-20Sn,
then upon conclusion of all solidification, the alloy
would be a single-phase material (3-phase) having the
nominal (starting) composition of the molten alloy. This
microstructure would persist for the remainder of the
cooling segment.

Complete solid-solution binary alloys, or the varia-
tions noted above, are not commonly encountered in sol-
dering technology. Generally, systems such as the simple
eutectics and the more complex binary systems com-
prised of one-or-more line compounds, e.g., Cu-Sn, Au-
Sn, etc., are encountered in a majority of soldering appli-
cations. Irrespective of the frequency favoring one type
of binary alloy system over another, it cannot be over-
emphasized that it is important for the soldering technol-
ogist to have a firm understanding of interpreting the
various types of binary alloy phase diagrams, and their
limitations based upon the underlying equilibrium
assumption.
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1.2.1.1.2 Ternary Alloy Phase Diagrams. As
noted above, a majority of the commonly used solders
are, in fact, binary alloys. Their melting properties and
equilibrium microstructures are described by the binary
alloy phase diagram. Even many of the metallurgical re-
actions that take place between the solder alloy, molten
or solid, and the base material, can be aptly approxi-
mated by one or more binary interactions. However, the
number of soldering applications involving solder alloys
or solder-substrate systems having more than two ele-
ments that actively participate in the joint metallurgy is
steadily growing. These higher-order interactions have
become more prevalent with the development of new sol-
ders engineered to have properties optimized for particu-
lar manufacturing advantages and/or to meet stringent
service environments. The solder metallurgist has been
forced to look beyond the traditional binary alloys and to
investigate ternary alloys (three elements), quaternary
alloys (four elements), and higher-order alloy systems
[13-15]. As a consequence, there is the need to predict
and analyze the microstructure of higher-order solder al-
loys, and to interpret complex solder-substrate interac-
tions that cannot be effectively described by binary alloy
phase diagrams.

The next level of phase diagram tool is the fernary
phase diagram. Several criteria are required to construct
and interpret the ternary alloy phase diagram, simply be-
cause there are more degrees-of-freedom (variables) than
in the case for the binary system. Recall from the earlier
discussion that binary phase diagrams showed three of
four possible degrees-of-freedom: the amount of A; the
amount B; and the temperature. The fourth variable, pres-
sure, was assumed constant. Also recall that the binary
alloy phase diagram was a two-dimensional construct that
describes the “temperature-composition” relationship.
Only two dimensions were required because the amount of
one element, e.g., B, was determined by the amount of the
other element, A, as 1 — A, assuming fractional quantities.

In a ternary system, a third component, C, requires the
addition of a third dimension to the descriptive methodol-
ogy, because now, two of the three components, A, B, and
C, must be designated. The third component, e.g., C, is de-
termined by 1 — (A + B), assuming the fractional represen-
tation of the component quantities. A simple, three
dimensional phase diagram is constructed in Figure 1.17;
the axes are shown in Figure 1.17a. The horizontal axes
are the concentrations A and B; the amount of C would
then be implicitly determined by 1 — (A + B). In the in-
stance in which either A or B is zero, then the other axis, B
or A, respectively, would represent the binary alloy cases
of B-C or A-C, respectively. The vertical axis is tempera-
ture. The phase transitions that were represented by the
liquidus and solidus lines in the binary phase diagram, be-
come surfaces in the three-dimensional ternary phase dia-
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Figure 1.17—A ““first cut” of a three-
dimensional, ternary alloy phase diagram.
The graph of the axes is shown in (a).
The horizontal axes are A and B; the vertical
axis is temperature. The example of a solid
solution alloy AB is illustrated in (b).

gram. This point is illustrated in Figure 1.17b using the
simple case of a complete solid-solution ternary alloy
A-B-C. Phase fields that were areas in the binary alloy
phase diagram, become volumes of space in the three-
dimensional ternary diagram.

Although today’s computer imagery can easily
develop three-dimensional plots to describe ternary
alloy systems, ternary systems have been described by
two-dimensional constructs that accommodate the sur-
face of a sheet of paper. Of course, reducing the three-
dimensional ternary phase diagram, e.g., Figure 1.17b,
into a two-dimensional representation must necessarily
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occur at the price of losing some information. The lost c
information is caused by one of the parameters neces-
sarily being kept constant. The following discussion
will use very simple alloy systems to describe the fea-
tures of the ternary alloy phase diagram. More intricate
alloy systems having numerous phase or “volume
fields” can be understood from these basic principles.
The ternary systems are the highest-order alloys that
can be represented visually in complete form; (e.g.,
Figure 1.17b). The use of visual constructs to describe
higher-order alloy systems will require that greater
amounts of information be compromised, typically by
keeping additional variables constant.

The development of the two-dimensional, ternary A (a) B
phase diagram begins with a description of the Gibbs tri-
angle [16]. The Gibbs triangle can be thought of as an
outgrowth of the (ternary) axes diagram in Figure 1.17a,
having been chosen to explicitly show the concentrations
of all three elements. A Gibbs triangle for the three com-
ponent system, A-B-C, is constructed in Figure 1.18, be-
ginning with the initial outline in Figure 1.18a. It is an
equilateral triangle with the three components at each of
the apexes. A grid of lines is built-up in the triangle inte-
rior for each component A, B, and C. Figure 1.18b shows
the concentration lines of component A in which the
lines divide the distance between the A apex and its base
on the opposite side, into fractional divisions. Parallel
lines alX-alX aVHI_gVII - "3l al and a%-al. describe the
fractions, 0.9, 0.8, ..., 0.1, and 0.0, respectively, of the
possible concentrations of A in the ternary system. That
is, each line is a line of constant fraction of component A
in the composition. A similar set of lines would be con-
structed for components B and C. The finished triangle is
shown in Figure 1.18c. Each base or side of the triangle
represents the binary compositions of the two compo-
nents of the ending apex points; the third component is
equal to zero. Therefore, the composition represented by
point P (Figure 1.18c) is determined from the lines on
which it is located: 0.2A, 0.7B, and 0.1C; that is, the
composition is 0.2A-0.7B-0.1C. Interpolation between
two parallel lines would provide values for compositions
which do not lie directly on the grid lines. Of course, a
check on the correct interpretation of the plot is that the
fractional values must add up to 1; or 100% if percent-
ages are used.

The imposition of a two-dimension limit on the ternary
phase diagram means that the Gibbs triangle of composi-

tions represents only a single temperature; that is, the ter- Figure 1.18— Construction of the Gibbs triangle
nary alloy phase diagram is typically an isothermal for the ternary alloy comprised of A, B, and C.
section passing through the three-dimensional phase (a) Outline with each component at the apex of
space (volume) at a particular temperature of interest. the equilateral construct. (b) The triangle with
Therefore, it is the temperature information that is com- the lines of constant A component (as fractional
promised when describing a ternary alloy through a two- quantity) in place. (c) The fully constructed

dimensional construct. In actuality, some visualizations Gibbs triangle for the A-B-C ternary system.
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will be described below which illustrate a limited amount
of temperature information, but not to the extent that is
presented in the simpler binary alloy phase diagrams.

A two-dimensional, ternary phase diagram will now
be developed for the simple solid solution composition
represented by the three-dimensional, ternary alloy phase
diagram in Figure 1.19a [17]. Specifically, the case in
Figure 1.19a is that of the simple solid solution alloy, «,
separated from the liquid phase, L, by the two-phase re-
gion, o + L. The boundary surfaces between the two-
phase region and the L phase, and the L phase and the o
phase, are the liquidus surface and the solidus surface,
respectively. The two-dimensional diagram is developed
by taking an isothermal (horizontal) slice through the
three-dimensional diagram. If the slice is taken at a low
temperature so as to pass entirely through the o phase,
then the two dimension representation will appear as in
Figure 1.19b. An isothermal slice at a higher temperature
passes through the solidus and liquidus surfaces resulting
in the ternary diagram shown in Figure 1.19c. The inter-
section of the horizontal plane of constant temperature
with the liquidus and solidus surfaces results in the for-
mation of liquidus and solidus contour lines, respec-
tively. An isothermal section at a higher temperature,
shown in Figure 1.19d, illustrates the movement of the
liquidus contour line, the solidus contour line, and the
phase areas. Finally, at temperatures greater than that of
the highest melting temperature component, the alloy is
completely liquid; the ternary diagram would appear
similar to that in Figure 1.19b, except that the liquid
phase, L, would be present.

It was observed in the binary alloy phase diagrams
that the tie lines in a two-phase region provided the com-
positions of the two (terminal) phases per the starting
composition. The lever rule would be used to determine
the amounts of each phase that were present in the micro-
structure. In the ternary phase diagram, the tie lines are
not necessarily parallel to one another as shown in Fig-
ures 1.19c and 1.19d. The position and direction of the
tie line between the liquidus and solidus lines are not ob-
vious without experimental data. The criteria for tie lines
in the ternary phase diagram are:

(1) they are straight lines;

(2) they run between the solidus and liquidus lines;
and

(3) they cannot cross along an isothermal cut.

Since the overall alloy composition as well as the com-
positions of the liquid and solid phases all lie on the same
tie line, the lever rule can still be applied in order to de-
termine the relative amounts of each phase that are
present in the alloy at the particular temperature.

The isothermal section, ternary phase diagram pro-
vides a description of the phase relationships at a particu-
lar temperature. When such diagrams are available for a
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range of temperatures, then a more complete description
of the equilibrium microstructure of the alloy can be con-
structed. Besides the traditional ternary phase diagram
that shows the isothermal cut or section through the
three-dimensional phase space, other variations to the
ternary alloy phase diagram have been developed; these
alternative constructs provide different formats of infor-
mation. For example, should the liquidus surface of a ter-
nary alloy be of interest for a particular application, then
a graph is made in which the liquidus lines resulting from
several temperature (isothermal) cuts are projected onto
the Gibbs triangle. This plot is referred to as the liquidus
projection. An example of the liquidus projection for the
simple, solid-solution system is shown in Figure 1.20
[17]. Each liquidus line is denoted by the temperature
isotherm from which it was created. The liquid phase
would lie to the side of the particular liquidus line having
the other, higher-temperature liquidus lines; to the lower-
temperature, liquidus line side would be the two phase
field (liquid plus solid). A similar construct can be per-
formed with the solidus surface, thereby forming the
solidus projection of solidus lines.

At this point, it is instructive to apply the above dis-
cussion to an actual ternary alloy system. This system is
described as a fernary, four-phase equilibrium. This cate-
gory of ternary phase diagram, and its slightly simpler
sister category, the ternary, three-phase equilibrium, are
commonly encountered with materials used in soldering
applications. Nevertheless, both types of systems can be
very complex to analyze; in fact, some of those complex-
ities are beyond the scope of this text. The following ex-
ample will familiarize the reader with basic features of
the ternary alloy phase diagram. The case that is exem-
plified here is that of the Ag-Bi-Pb system, Figure 1.21
[18]. This case has particular pertinence to soldering
technology due to frequently encountered interactions
between Pb-Ag solders and Bi-containing materials or
coatings as well as the use of low-temperature, so-called
“fusible” solders that contain Bi. The liquidus projection
is shown in Figure 1.21a. The liquidus lines are marked
with the appropriate temperature values. The heavier
lines designate “liquidus troughs.” As the term implies,
the liquidus trough traces out the location of the intersec-
tion of two liquidus surfaces. The intersection of the two
surfaces is a line. This construct is best understood by re-
ferring to the top schematic diagram in Figure 1.21b. The
liquidus trough projection is not an isothermal contour
line. In fact, the liquidus trough line is a collection of
points of different temperatures. The liquidus troughs are
added to the liquidus diagram to forewarn the reader of
an artifact in the ternary system. The decrease in temper-
ature along the trough is often indicated by arrows.

Referring to Figure 1.21a, three such troughs have in-
tersected at point E;. Because the temperature trends
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(Phase Diagrams in Metallurgy: Their Development and Application, by F. Rhines, 1956. Reproduced by permission of the McGraw-Hill Company, Fig. 12-4,
p. 113; Fig. 12-6, p. 114.)

Figure 1.19—(a) Three-dimensional phase diagram (Gibbs triangle) for a simple solid-solution alloy.
(b) Isothermal section through the phase diagram entirely in the solid solution phase 0. (¢) Isothermal
section through the liquidus and solidus surfaces. (d) Isothermal section through the liquidus and
solidus surfaces, but at a higher temperature than in (c).
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