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while the ratio of A to C remains fixed; (b) two-dimensional construction of (a); (¢) A is fixed

while B and C are allowed to vary; and (d) the two-dimensional construction of the case in (C) ............... 26
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.........cccueervierciieeiiieeiieenre e sieeeiee e 27

(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 uUnder an aPPHEd SLIESS § ....c.e.eriririruriereieieiiiitrteteeeieteeseeets st bese et ettt st b bebe e set e st st ebebebeseseneasasseses 29
(a) Face-centered cubic (FCC) crystal structure. (b) Hexagonal close-packed (HCP) crystal structure.
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(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 () ........cccceeveevieecieniieiienienieneene,
Optical micrograph of the microstructure of the 96.5Sn-3.5Ag solder, showing the Sn-rich

phase and Ag-rich Ag;Sn phase PartiCles .........c..ccoririririiiiiiin ettt
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.eviiiiiriirieieee ettt sttt ettt ettt e b eaaesaee e
(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

T11USLTAtE the JAET WO CASES ...eruveriiiriiiiiteriieieet ettt sttt ettt et ettt eat e shte st esbe e bt e sabesbeesaeenaeenteens
Optical micrograph of the 58Bi-42Sn solder. The darker phase is Bi-rich; the lighter phase is Sn-rich.....
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 ........ceveerirreerierieiiereeieee e
TEM photographs of dislocation tangles in (a) 1100 Al (mild) and (b) ANSI Type 304

stainless steel (severe) following strain hardening caused by cold WOTKing...........cccceevervieriirniennieneeneenn.
(a) Optical micrograph cross section and (b) SEM stereo micrograph of the through-hole solder joint

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

ElECIIONICS APPLICALIONS ...ttt ettt ettt b e b et e et et st e eatesbtesbe e bt e sbe e bt e bt ebeenbeeaaesanesaee
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..........cccoeciiiiriiiiiicce ettt s
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.............coeceeveeveeneenenniennenns
Schematic representation of solder (molten) spreading: (a) On open surfaces. (b) By the process

of capillary flow in confined ZEOMELIiEs (€.2., @ ZAP)..veeuverreerrierrierieriieiieteeeeete sttt ettt et
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, 0.,

IS th@ COMBACT ANGLE ...ttt ettt e et e et e et e e st e e e ateesabeeaaseeensaessaeessseeanseesnseesnseean
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 .........ccccoooeiiiinnnnninn,
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.........cccceceeviriiniiniiniiniiiieeeeeeee
Formation of the Cu;Sn and CugSns intermetallic compound (sub-) layers at the interface

between Cu and 63Sn-37Pb solder and accentuated by thermal aging.........ccccceceervirienicnienieneeneeneennens
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 ...........cccceeevervvervuernuenueneenne
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 ..........ccccoceevenieniininiinieneenens
Schematic diagram illustrating dewetting that results from the dissolution of a solderable coating
placed over a difficult-to-solder or unsolderable base material SUIface........c..ccoceveirieveinienienenncncnene
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..........cocceeveevierciiniierienienieneenne,
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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 ...........c.cccueunee.n. 48

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 Z/CIMN> ..........c.c.ovoiiiieeeeeieeeeeeee e 51
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 fIat PIALE ......eevueeriiiitieitieeeeee ettt ettt st 52

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

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

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.........ccccceveeriiniinieneeneeeeeeeeeee 57

Optical micrographs of the cylindrical solder joint (in cross section) between 96.5Sn-3.5Ag
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.............ccocoooiiiiiininnnnnnn. 59

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..............ccoociiiiiiiiiiiiii e 59

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.........cccceevuirviiiiiierieeieniiiiieeeeeeeeeens 60

(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

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

(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) SITENZLN ......cc.eeviiiiiiiiiiiiriiii ettt 65

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

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 ;. (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 o' resulting from the combination of layer compositions: o; + o, + 0. (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 0 + 0, + 03 + Oly.

(e) Temperature Ts: (complete solidification of the nonequilibrium system) Solid-state phase composition
of oi5' resulting from particles of the combined layer composition o) + 0, + 03 + 0y + O.s, as the

remaining liquid of composition, Ls, precipitates OUt Of Ol.......c.eeeverrerierierierierieeieeieeieeeesreseesaeesaeeeeens 67

Optical micrographs of the solidification structure of a 95.57Sn-3.47Ag-0.96Bi alloy under:
(a) Low magnification. (b) High magnification ...........cocevviiriinieniiiiieieeeeeeeeeeee e e 68
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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..........c.ccceeerviierieriiiniienierieeseeeeeee e
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.....c.cccciiiiiiiiiiiiii e
(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 (ol;) 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 (ai3) is greater than that of the base materials. In both cases

(a) and (b), locally higher residual stresses will develop at the corners (arrows) ........ccceevveevveeneeseenneeneennn
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 T;. (¢) 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........c.cceeeeveivieninneniiniinicniceecnene
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;

o, is the layer thermal expansion coefficient; and v; is the layer Poisson’s ratio.........cccceeceeveeneeneenniennenne
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 reSIAUAL STIESSES.....uirririerierierierieeieeieeieerteetestesteseesteesbeesseesseenseeseens
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 MAtEIIal ........c.coouerieriiiiiiiiiieeeeeeee e
Dissolution rates of base metal wires into 60Sn-40Pb solder as a function of (molten) solder temperature....

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 .........cccecevenenininnnnn.
Dissolution of Cu base metal after exposure to molten 100Sn at 300°C (572°F) for 60 S ......ccoveeveeevuernnnns
(a) CugeSnjs 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 ......
(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 embIrittlement”............cociiriiiiiiiiniieeeeeeeeee et
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 (SOIIA=STALE) 1..vveeevieeeiieeteeeieeete ettt ettt eeteesbeeesteeeeae e sbeessbeesssaeessaeasseaassseessaesssaeasseesssseessseessseesnseesnsennn
(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 € (Cu3Sn)

and 1n' (CugSns) intermetallic (SUD)IAYELS .....cccueiviiiriiiiiiierieiieeteeee ettt
Ratio of € (Cu;Sn) to the intermetallic compound layer thickness for the (a) 100Sn/Cu couple

and (b) 63SN-37PB/CU COUPIE .......eeviiiiiiiiiiiieitt ettt sttt b et
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................
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............cccccevvereereeruennnnns
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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 10-4 m-s %%, n = 0.54; and AH = 31 KJ/mol.............ccoevun..... 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-5Sb. (d) 960.58N-3.5AF ... uiiiiieieiieie e 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..cco.c..... 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 daysS.......cccverieriieriieiieeieeieeieetesieesieesteesteesaeeresresreeaessaeseeenes 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 days........cceceeeeremrmemriieieiereienieeeeereseeseeseeesesesessasesesesesesesessesesesesesesessasesescsesese 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 (tabUlAr fOIMAL) .......eeivieeiieeieeeiieerteeeteescteeeteeestee e taeessbeessaesaseeesseeesseessseasssesssseessseessseenes 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/SOIN-50PD SYSIEIM.....cc.iertiiriieriieiiiieetestesteste et et eteebeebeetesstesteesatesseesseenseenseensesssesnsens 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 NizSng......cccceevervevveennene 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 ..........ccccceeeeuneene. 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) ....cccccveeververvucnnnene 106
1.92  Schematic diagrams of several fundamental solder joint configurations............c.ccoceeceeveeveeneneneneneennn. 109
1.93  Plot of meniscus (capillary) rise as a function of the gap width between two Cu plates. A rosin- based

flux was used in the tests. The solder alloys were: (1) “SnSb,” 95Sn-5Sb; (2) “SnPb”” 60Sn-40Pb;

(3) “SnAg,” 96.55n-3.5Ag; (4) “SnAgBi,” 91.84Sn-3.33Ag-4.83Bi; and (5) “SnCuAg,”

95.55n-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

between two Cu plates. A rosin-based flux was used in the tests. The solder alloys were: (1) “SnSb,”

95Sn-5Sb; (2) “SnPb” 60Sn-40Pb; (3) “SnAg,” 96.5Sn-3.5Ag; (4) “SnAgBi,” 91.84Sn-3.33Ag-4.83Bi;

and (5) “SnCuAg,” 95.5Sn-4.5Cu-0.5Ag. X-ray radiographs were used to image the voids.............c..c..cc...... 110
1.95  Schematic diagram of the flow of liquid solder through a joint having a bend..........ccccceeeeviiriirniennennnen. 111
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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) Oljeeve >> Oleylinder i Which the

gap widens. (b) Ogieeve << Oleylinger i Which the gap becomes smaller ..o 112
Schematic diagram of the effect of molten solder surface tension on the alignment of: (a) One block

atop another block with a solder film between them. (b) The centering of a cylinder and sleeve by

SOIALT TN @ TAP JOIME.euuiitietietieiiete et ettt ettt et e st e st e st e bt e be e bees b e esbeesbeesbessbessbessbesssenseenseenseensaensesnsennnens 114
Schematic diagrams of self-jigging techniques in solder joint design.........cccceeveerieeriercieriienienienieseeeeen 115
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..........c..ccoeeveeveeneennene 116
(a) Schematic representation of thermal conduction (Q) from the hot surface (Ty) to the cold

surface (T¢) of a solid cylinder having a cross section A and length 1. (b) Illustration of

thermal conduction and thermal convection causing heat loss from a lap joint
Heating case study for the soldering of two Cu rods tOgether ............cccecvevieriiniiiiieiieenenereeceeeee

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 ...........cccccovveieeiiiiieiiciiei e, 121
SHIESS-SIIAIN CUTVES. c.uveeuvieerieiieeieetenttesteesteesteesteesteesseessesssesssesssesssenseenseenseesseessesssesssesssesssenseeseensesssesssensens 121
Schematic diagram of the three fundamental fracture mode loading regimes: (a) Mode I, tension.

(b) Mode II, shear. (c) Mode III, “trouser-18g tear’” ...........cceceeverriirriirnierienienieeneesieesreere et 122
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corrosion behaviors (e.g., mechanisms, rates, etc.). (b) When a voltage is applied between the
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(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-3.5Ag (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 ........c.eecueeiiiiiniiiieieeeeeeeeee e 161
Schematic diagram of the rotary dip test to evaluate the solderability of holes in through-hole

PIANLEA CITCUIE DOATAS ..euvieniieiieiieieeie ettt ettt s e st e sate s et e be e be e beenbeenbesnsesenesanenseenseenses 162
Schematic diagram of the globule solderability test method for Wires..........ccceeveviviiirieiicnencnenieeenne. 162
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.......ceviiriiriiiriiiriieieeeee e 163
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Schematic diagram of the processes occurring at the front of spreading molten solder on a substrate
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spreading by the molten solder over the protective finish. (b) Dissolution of the protective finish
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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 MAtEIIal .........ccociviiiiiiiiiiiiiiiciee e e 236
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 MICIOSCOPE ....c..coveruerureiirierieniieiieretete et 237
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 fOrM.......cccceiiiiiiiiiiiiiiiee e 239
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 .......ccoccoiiiiiiiiiiiiiiic e 246

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 (NEighDOTING JOINL) .o..eetieriiiriiiiiiiiite ettt ettt et sate st e st e s bt e beenbeesbeebeenbesaneas 247
(a) SEM and (b) optical micrograph cross section of the solder joint of a small outline
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Precipitation hardening aging curves of tensile strength for: (a) 2024 and (b) 6061 wrought Al alloys.....267
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(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
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Optical micrograph of the microstructure of a 50-50 Al,03/Mo cermet. The light phase is the
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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 ............ccccciiiiiiiiiiiiiiiiii e 289
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
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Schematic diagram of a tube-and-sleeve joint that illustrates the application of flux and the

flow of solder during a hand SOIAETING PIOCESS ......ccveeverierierierienieeriiesieesieesteeresreeressresseesseesseessesssesnses 294
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
Schematic diagram illustrating the process of a reactive flux; Al is exemplified in this case................... 304
Schematic diagram of the application of an inert gas blanket to exclude the air atmosphere
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Schematic diagram of the application methods for solder paste: stencil or screen printing
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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 SPIreading...........cccueveerieriiriieriieieeeeeste et 317
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Schematic diagram of the logistics for identifying a suitable solder and developing a

soldering process t0 MAaKe the JOINT........cccccuecueriiriiiiieieieieeecee ettt 321
Schematic diagram of the (a) recommended and (b) not recommended clamp position when

cutting or forming a workpiece having a SOlder JOINt iN it........ccceevueerieriiirriiesienieniesieseeneeie e 323
Schematic diagram of two types of soldering iron: (a) Electrical resistance heat source.
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Schematic diagram depicting the soldering of two Cu rods to illustrate the computation of

soldering iron power rating vs. joint configuration and desired temperature rise...........ceeveeeveerveerueeruennnens 328
Four basic geometries of soldering iron tips: (a) Chisel. (b) Conical. (¢c) Pyramid. (d) Ball..................... 329
Schematic diagram of the contact geometry between the soldering iron tip and flat or
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Schematic diagram of the manual soldering of a pin/collar assembly, using a soldering iron.................. 330
Schematic diagram of techniques to control the concentricity between a tube and a collar:

(a) spacer Wires and (D) fIXTUTINE ......eeverierierienieniereeste ettt sttt sat e st e sbeesbtesbte bt ebeenbeebeensesnsesanens 332
Schematic diagram showing preferred orientation of the workpiece to assist solder flow

DY the aCtioN Of ZLAVILY ..eevveiiiiiiiiiiiieeee ettt ettt st sttt sbe e s sbe e b eneeares 333
Through-hole circuit board for telecommunications appliCations ............cecuevveriererereeriereneneneneeeenene 333
Schematic diagrams of some of the leaded component package configurations used in

through-hole electronic circuit BOATdS ...........ccccverieiiiiiiiiiiieeeeeee et 334
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Schematic diagram of the through-hole solder joint, including material and structural details ................ 335
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

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 OPETratioN..........couireerieerierriierieeieeiente sttt ettt ettt st saee e eaeesaee s 338
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............cocceceeievienineneniienienenenene 339
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 O’ CLOCK” POSTHION ..uteniieniieiieieeiie ettt sttt e bt et eb e et st e satesate bt e be e bt e beenbeeatesabesabesstesseenbeebeenseensenanens 341
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 & CIOCKWISE QIT@CHION. .....ccueeruieiieiietieteeie ettt ettt et et et et e ebeesbesatesbeeseaenseensesasens 341
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 GEOMELITES)......c.ueruirtertirtieieteierteet ettt sttt et ettt ebt ettt sbe bt bt et enaesbe s b ebeenes 343
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 IO thE GAP.c..eeeeeiiiiiiiiit ettt ettt st st s bt e bt e bt et e b et e e et sat e sabesbe e bt e bt e b e ebeeatesaee s 345
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.) ......cccccoevinininnininincncnnns 349

XX1


https://webstore.ansi.org/RecordDetail.aspx?sku=AWS%20SHB-3rd-Ed-1999&source=preview
https://webstore.ansi.org/Standards/AWS/AWSSHB3rdEd1999&source=preview
https://webstore.ansi.org/Standards/AWS/AWSSHB3rdEd1999?source=preview

This is a preview of "AWS SHB-3rd-Ed-1999". Click here to purchase the full version from the ANSI store.

6.24

6.25

6.26

6.27
6.28

6.29

6.30

6.31
6.32

6.33

6.34

6.35

6.36

6.37

6.38

6.39

6.40

6.41

6.42

6.43

6.44

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
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 (€)........ccceeeveerveerveeeveennen. 351
Schematic diagram of an idealized furnace process (solid plot) and the more likely

PIOfAle (AASHEA PLOL) ..ttt ettt et et e e sat e sbe e sbeesbeebeenees 355
EINZam QIAZIAIM ...c..eeiiiiieiieieeie ettt ettt ettt et et e et e satesstesaaesaeeseenbeenbeensaensesssesssessnenseenseenss 358
Schematic diagram illustrating the use of a weight to “mechanically” assist the wetting and

SPIEAdING OF the SOLACT ......eeuvieiiiiiieieete ettt ettt sttt s e st e s bt e sbaesaeebeenbeenbeebeensesasesanens 360

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

1ampP/hold COMBINALIONS......cecueiiiiiieiieieeteete ettt ettt ettt et et s e st st e bt e bt e bt beesbeesbeeneennes 364
Schematic diagram of a temperature cycle showing “overshoot,” “undershoot,” and

“ringing” at the conclusion of a teMPErature FAMP ..........ccuevuerereririierienientene ettt bttt eee e sbeeaes 364
SEM optical micrograph of an electronic solder joint illustrating the formation of solder balls .............. 365
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

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 ..eeoveeeeerirnirnenienienienieeceeeeeeeeee e 373
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 (0) is less than that of base material #2 (o,). 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.ccceceeeereennee. 377
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
Assortment of configurations for self-jigging the substrates used in a solder joint.........ccccceeeereeneeeennne. 380
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
Schematic diagram of a retort. The retort design must be able to withstand vacuum and

positive pressure internal environments When USEd .......c..cooverieriiriieriieniinnienieneeneesresieesicesre e 384
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,

TOOOC (Z12°F) ittt et 385
Schematic diagram of the vapor phase reflow apparatus. Only a single fluid is present in this

HTUSEFALION ..ottt ettt st s 386
Schematic diagram of the use of photoresist films for the selective deposition of solder coatings

DY the diPPIng PrOCESS....coueiviiiieieieientiett ettt ettt sttt et et a ettt sae e s e e sae s b ebeestennesnensesaesueennas 390

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 0 should be sufficiently large

to allow solder to gradually fill the hole before the opening is covered by the bath.............cccoeevverenenne. 391
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).........ccccuervierieriirniienieieeie e 392

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

DIIAEE AETECLS ..ottt ettt et et e s bt e s b e s bt e s bt e be e bt e bt enbeeabesabeshbesbtesseenbeentes 394
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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
Schematic diagram of the drag SOldering ProCess............ccccueviiiiiiiiiiiiiiiiiii e 397
Schematic diagram of the wave sOldering apParatus ..........cc.evererereeierienieninereeterenee et eeieeeenee e saeenes 398
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
Schematic diagram of the more widely used solder wave geometries: T-wave, extended
T-wave; lambda wave; and the UAL WAVE ...........oooiiiiiiiiiiiieee ettt e e e e e e et e e e e e e seessnaaanees 400

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 ...........cccccceeeviniiieciecincnenenne 401
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
Schematic diagram of a sample and coils for induction SOIAering ...........cccceceeeriecienieneneniecenieneneeene 406

(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 CONAUCLOT ..........ccceevieriiriiniiniiieieic e 408
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...........ccoocevvieniiniiniininniieieeeeeee 409
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”)........cccoveviriiniinininiinnineeeeeee 410
Schematic diagrams illustrating the effects of (a) coil proximity, x and (b) coil pitch, N/L,

on the heated Zone in the WOTKPIECE ......cc.eevuerriiiiiiiiiieeieneesttert ettt sttt 411
Schematic diagrams of various coil geometries and workpiece configurations .............cccceeeveevveerveeruennnnne 412

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...........cccocooerieiiiiiiiininiiceceeeee 413
Schematic diagram of the use of shielding to remove the magnetic field influence from

TRE WOTKDIECE ...ttt et ettt et s e s bt s bt e s bt e s bt e bt e bt et e eabesatesbbesbaesseenbeentes 414
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............cccceevueevierienienienieneeneeneereeie e 417

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) ........ceveererreriiriiiirienieeenc e 418
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 SUDSITAte MALETIAL .......eooviiiiiiiiieieeet ettt ettt s e sat e sbeesbtesbeebeenees 421
The electromagnetic spectrum; frequency is represented on the left vertical axis and

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

OF MALETIALS ...c.eviiiiieiictic ettt st s 425

(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

SYSTEIM AT1 (@) 1.veueetteteentientteteete et et e e b e et e suteshte st e esbe e bt e bt et e eabeeabeeatesat e sabeea b e bt e bt e bt e bt e bt enbe et e e beenbeeabesate s 429
(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 10St.....coueruiriiiiirierieeee et 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 ......c..ueruiriiriirieriierieereeeetc et 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

FIOM The SUITACE. ...ttt ettt ettt s s b e bt be ettt saesbesbeeae 439
Cascade washing process. The part moves “uphill” to successively cleaner baths until
it is fully cleaned at the end of the Process 1N .........cocuercuiriiriirienierieieeeeeetete et 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 t0 the COMPOSIEION ...veeuvireiiriieriieriesieeiteerte et et eteeteetesteesteesseesbeesseesbeenseessessnesssesseenseensennsens 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 aps O NOLES.......c.cccuiriiriiriririiiiieeeee 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 CUIPIIt SUITACE ....c..iiiiiiiiieeie ettt st st st e st e sbeesbeesseebeenes 450
Schematic diagram of bleed or inspection holes in a substrate that are used to monitor the

progress of solder flow down a 1ong gap Or hOle .......cceeieriiriiriniiiiieeeeeeeeee e e 456
SEM micrograph of a Cu strap soldered to the anode end of a PIN diode.........c..cccooereriiiinincncncncenne. 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 1N (Q) .....eeieeuiiiieiiiieeceiiee et e et e et e e et e e e tteeeestbeeeeeabaeeeesseeeeensaneas 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 Photographic fIIM .....cc.ooiiiii et 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 Dehind it.........c..cceeiiiiiiiiiiiiniiieeeee 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..........cccceevieeiiiiiiiiniiiincceeceeee 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 ..........ocveverveniiniiniinicncneene. 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 Interface .............ccccvviiiiiiiiiiiiiiiiiiie e 463
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(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. (c¢) X-ray radiograph of the same part,

illustrating that the X-ray technique is ineffective at discerning bond defects in the joints ..........c..c....... 464
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

INCTAGIIE WAVES ...ttt ettt ettt st at e bt e bt e bt e bt et e e et e st s ate e st e sbe e s bt e nbe e bt eabesatesbtesmaesaeenneennes 465
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............ccuerverieieienieieniineieeeeeee e 466
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

SOLAET JOINE(S) 1eeuveeurerureruieneierteenttesteesteeteeteeetesteestesteesseesseesseenseesseensessseessasssasseesseessaesssenseenseenseensenssenssennsens 467
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 .........cccccecceveeniineenennnen. 468
(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 JOINES ......cccueriiiriiriiirieiierte ettt ettt 472
Schematic diagram showing the diametrical and longitudinal (axial) cuts of a tube/sleeve

lap solder JOINt CONTIZUIALION .....c..euiruiriiriieiieiertert ettt ettt ettt ettt b b e et sbe b ebeenee 474
Schematic diagram showing the taper section teChNIiqUE..........c..cccoecieiiiiiiiiniiiiiiecc e 475
Schematic diagram showing preferential polishing (or “polishing relief”’) followed by

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

prevent the preferential 10ss by the solder Material..........cceccvevierierierienieniee et se e 476
Schematic diagram of the process of particle pull-out arising from the polishing process

of solder alloys and SOIAET JOINES....c..eeitiirtieriieiiieie ettt sttt ettt ettt et satesbeesbte s bt ebe et e e sbeebeenseentean 477

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 FeCls) followed by 5 s in a

solution of 25 mL DI H,0, 25 mL NH4OH, 1 mL 30% H505) ....ccooviiiiieiieiieeeeeeeee e 478
Schematic diagram of oblique illumination that is used in light microscopy. Bright
field illumination occurs When 0 = 0 ........ocouiiiiiiiiieeee ettt 480

(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 ......cecueirueriiiriiiie ettt sttt ettt et 481
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..........cc.ccccevenenenncene. 482
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 €ach POLISHING SLEP......cviiriiriirierieieetere ettt sttt e e st sbeesaeesseebeenees 483
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

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...........cceoereriniriiinienininceeeeeeee 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..ccccevievieieiininininieiieee 486
7.31 Schematic diagram of the effect of a crack on solder joint Strength..........cccoeceevcierienieneenieniereeeeeeee, 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.........c.cccccceevueeuennene 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..ccceeveunenee. 514
C.1 (a) 100 Sn (etched for grain boundary delineation); (b) 97SN-3CU .....ccceoverieiierininininieiereseseeeeeens 517
(O 5 1 B ) o TSRS 518
(O B 46 1N 1 B I o o T OO PO SO U USSP 518
C4  (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 UNSPECITIEM).....c.eiruiiriiriiriiiie ettt ettt sttt e st e st esbeesbeesbeeaeenees 519
C5 (a) 95Pb-5Sn (unetched); (b) 95Pb-5Sn (€tChed).......uvviieieiiieiciiee e 520
(O T I 1) o TR 520
C.7  (a)96.5Sn-3.5Ag; (b) 95.5Sn-0.5Ag-4.0Cu; (c) 91.84Sn-3.33A2-4.83B1 c.eeecvvvviriinieienieneereeeeieene 521
(O T B B 1 B 74 | DO OSSPSR 522
C.9  96Zn-4Al (representative of the 94Zn-6Al eutectic COMPOSILION).....c.eereverierierierienieinieerieeieerieeseeeee e 522
C.10 () 50IN-50PD; (D) 0PD-5IN-5A ....vioiiriiitieiieieeeteeteet ettt b et ettt sae st tenae b sbeebeene 522
C.11 (a) 52In-48Sn (includes black polishing particles); (b) 70 Sn-18Pb-12In.......cccevvirieniiniiiniinieienicnene 523
C.12  (a) 58Bi-42Sn (10°C/min); (b) 58Bi-42Sn (aged as part of a solder joint, cooling rate unspecified) ....... 523
(O G T 1) 01 B 72 35 USSP 524
Cl4 A3 N-43PD-14Bi ettt b ettt st ettt e et e et e shtesbte bt e aeebeents 524
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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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Figure 1.1 —Historical time line of soldering technology.

Mesopotamians in ¢. 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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