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FOREWORD

The Administrator of the National Aeronautics and Space Admin-
istration has established a Technology Utilization Program for “the
rapid dissemination of information . . . on technological develop-
ments . . . which appear to be useful for general industrial applica-
tion.” From a variety of sources, such as NASA Research Centers
and NASA contractors, space-related technology is screened, and that
which has potential industrial use is made generally available. Thus
American industry will receive information from the Nation’s space
program about developments in operating techniques, management
systems, materials, processes, products, and analytical and design
procedures. This publication is part of a series designed to provide
this technical information.

"This is the second in a series of volumes on Reliable Electrical Con-
nections. This volume covers the theory requirements and funda-
mental techniques of interconnecting electronic components by resist-
ance spot-welding. A thorough understanding of the theory of
resistance spot-welding along with good workmanship and process
control are the factors necessary to attain the required reliability.

THE Direcror, Technology Utilization Division
National Aeronatics and Space Administration



CONTENTS

CHAPTER PAGE
I INTRODUCTION. ... ccocrcmcuvos somsmmsmmnnsmns s eSS 1
2 FUNDAMENTALS. ___ e 3

Joining Mechanism_________________________________________ 3
Heat Generation____________________________________________ 6
Resistance of the Weld Cireuit_____.__________________________ 6
Time____ . 7
Current - - ___ . 7
Heat Balanee_ __________________________ o ______ 8
Pressure: uoninecrnass sxe mmmm S5 Sne SRS HE S5 San e m e e eEs 9
DETERMINATION OF OPTIMUM PARAMETERS___________ 10
EQUIPMENT . e 14
Power Supplies and Control Cireuits_ ... ___________________ 14
A.C. Power Supply _ - - .. 14
Stored-Energy Power Supply...._. . _________________ 15
Welding Heads________________ . 17
Eleotrodess - corsscnssns seassmmnans sos sresssss sue samesms 17

5§ INTERCONNECTING AND COMPONENT LEAD MATE-
RIALS e 21
General Considerations___.__________________________________ 21
Standardized Materials_____________________________________ . 24
Polarity Sensitive Combinations._____________________________ 24
6 WELD INSPECTION______________ . 26
Nondestructive Inspection (Visual Inspection) _________________ 26
Destructive Inspection_____________________________________ 34
Metallurgical Examination. __________________________________ 35
7?7 PROCESS CONTROL_________ oo 40
Equipment. - oo soosmmecsmsscscimmmm et e me o e S 40
Power Supply Capacitance___________________________________ 43
Weld Pulse Characteristies_..________________________________ 43
Weld Circuit Resistances__ ___ ______________________________ 44
Materials and Components_ _ _______________________________ 45
Receiving Inspection________________________________________ 45
Human Factors_ - _______________ L ___:._ 46
Personnel...ox cnormnn s s s s s s s e e S 46
Welding Line Supervisor____________________________________ 46
Assembler/Operator_____________ o ____ 46
Inspection Personnel . ______________________________________ 47
Working Environment. _ _ ____________ . ______ 47
In-Process Control . ______ _____________ o ____. 47
Weld Schedule Record _ _ _ - _ . 48
Electrode Inspection and Maintenance _ ______________________ 48



V1 CONTENTS
7. PROCESS CONTROL—Continued
Weld Sequence: Ligt. - cocommmcanassmcsanacescscsmcasone sana
Packaging Methods__ - ..
Matrix Packaging _ _ _ .
Point-to-Point Packaging.__ ________________________________
Header Packaging. cococons sommsmmammin somimismmms e s
Welding Technique._ _ - __ o cacmeooo
Placement of Materials and Module Positioning_______________
Head Actuation_ ______ ..
GLOSSARY OF WELDING TERMS_______________ . _____
APPENDIX A_ e
APPENDIX B_ e
BIBLIOGRAPHY ___ e
INDEX e
ILLUSTRATIONS
FIGURE
1 Master Chart of Welding Processes_ - - - - ____________
2 Basic Typesof Welds. cocamomoacanmonmsmca s ccccsmccaae-
3 Resistances of the Weld Cireuit_ - _- . ________________
4 Resistance Zones and Temperature Gradients of Resistance Spot-
C Welding o - o oo e
5 Preparing the Iso-Strength Diagram_____________________________
6 The Finished Iso-Strength Diagram______________________________
7 Heat Control in Welding Machines_ _ __ ___ . _____________________
8 Creating Heat Balance___ __ __ L _______
9 Electrode Configurations_ _ _ __ . ______
10 ‘Offcenter Welds:_ _ - c ccosmmsrmsossmseswe e ms i v s S S
11 Cracked Welds_ - - - - - oo
12 Deformed Weld - - _ - o
18 Splashed Weld . —cusmons sommumn o imsmmoms s i i s o oo S 55
14 Blow HOIE. . .- o soc sasmsesess s e e s s e e SEEwE s F e s eSS
16 Pitted Welds_ - - - -
16 Excessive Surface Fusions_ - ___________________________________
TT B OWI . o o e s o o 5 5 7
18 Methods of Pull Testing____ __ o _____._
19 Lack of Fusion Caused by Insufficient Heat_______________________
20 Excessive Heat and Pressure Resulting in Shrinkage Cavities_ __ __ __
21 Proper Penetration - --ccoccnmomanomancca i cand s csnsn e e
22 Improper Heat Balance_ _ __ ____________________________________
23 Proper Heat Balance___________________________________________
24 Energy Pulse Curves_______________________ o ________
25 [Eleotrode Nomenelatufe. .. occonocavmsmsmosmensvmomemsssssssss
26 Electrode Alignment Fixture____________________________________
27 Proper Electrode Alignment_ __ _________________________________
28 Improper Electrode Alignment__________________________________
29 Shunting of Current Through Semiconduector______________________
30 Proper Weld Sequences_____ __ __________________________________
31 Improper Weld Sequence



CONTENTS v

FIGURE PAGE
82 Matrix Packaging_ _ _ ___________________ o ______ 54
33 Point-to-Point Packaging___ ________________ o ______ 55
34 Header Packaging  ___ ____________ e 56
35 Proper Placement of Materials_ _________________________________ 57
36 Shorting Component Leads_ - ________________________________ 58
37 Bend Radii of Interconnecting Materials_ _ _ ______________________ 59
38 Electrode Centering_____ ____ _______ . 59
39 Module Positioning - ________ __ _ o= 60

TABLES AND CHARTS

TABLE PAGE
1 Electrode Groups and Classes_ - - ____ 17
2 Weldability Indices of Materials____ ______________________________ 22
3 Materials Used for Electronic Welding - - __________________________ 23
4 Effect of Reversed Polarity _____________________________________ 25
CHART

1 Elements of Process Control - - ___________________________________ 41

2 Welding Process Flow Chart__________________________________._- 42



C/mpter 1
INTRODUCTION

The trend toward package miniaturization has resulted in many
new packaging concepts. One of the concepts presently in use is the
welded package. The guidance systems of the Polaris, the test data
system of the Dyna-Soar, portions of the Titan electronics, and portions
of the Pershing Ground Support Equipment have used the welded
package technique. The Saturn project has a.-number of welded pack-
ages either in use or in planning; for example, the guidance computer.

The welded package offers a greater reliability of operation than do
other available packaging methods. Although welding is an old
process, its use as an interconnection medium for electronic components
is relatively new. Its first application to the electronic field was in the
manufacture of vacuum tubes. In 1954, a research scientist at Hughes
Aircraft Company proposed that the welded technique be adapted for
the interconnection of electronic components. This technique has
been developed to the point of application in the production of minia-
ture electronic packages.

Welding is not a panacea for the interconnection problems and
will never entirely replace soldering. Each method has its advantages
and disadvantages; thus, careful consideration should be given to the
method of interconnection to be used for any specific application.

1
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C/mpter 2
FUNDAMENTALS

Welding is defined as the joining of two materials by the formation
of a homogeneous alloy at the interface of the materials. Many weld-
ing processes are in use, as shown by figure 1. The process to be dis-
cussed here is the resistance spot-welding process. Other welding
processes have been, or are now being, investigated as a means for
interconnecting electronic components. Some of these processes are
arc welding, ultrasonic welding, and percussion welding. However,
these are still in the research and development stage.

Resistance spot-welding is a thermal process wherein the inherent
resistance of the materials to the flow of electric current is employed
to generate the required heat for welding. Basically, the materials
to be welded are placed between two electrodes which exert pressure
on the materials. A high intensity current is then passed through
the electrodes and the materials to be welded for a precise length of
time. The current flowing through the resistance of the materials
generates heat which produces the weld. '

JOINING MECHANISM

The joining mechanism of welding may be classified as being either
a fusion or a forging action. The fundamental difference between
the two mechanisms is the temperature at which the joining weld oc-
curs. The heat generated is a function of the thermal and electrical
characteristics of the materials to be welded. These characteristics
govern which joining mechanism takes place. Figure 2 illustrates the
two basic welds.

Fusion occurs when the temperature is great enough to cause
melting of the weld materials at the point of interface. The molten
materials are confined within the weld materials and, upon cooling,
solidify to a cast structure, termed a “nugget,” which binds the
‘materials together. - Lighter metals and materials such as iron, steel,
and nickel exhibit this type of weld.

The forge weld is basically a ‘solid state one. The temperature
reached is not high enough to cause melting but high enough to cause
the materials to reach a plastic state. The pressure exerted by the

3



4 WELDING FOR ELECTRONIC ASSEMBLIES

electrodes forces the materials into intimate contact, and the proximity
of the atoms of the two materials at the interface causes a solid state
bond. There is no evidence of a nugget in the forge process. Copper
and other metals possessing low resistivity and high thermal conduc-
tivity are joined by this type of weld since it is difficult to localize the
heat at the interface.

TWIN FURNACE

INDUCTION RESISTANCE

ToreH O ARV ‘BRAZING BRAZING Tarazing  DIP L - BLOCK
WELDING BRAZING BRAZING

FLOW
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ACETYLENE WELDING
WELDING FLASH
(%XY_E - WELDING
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WELDING o G
OXY~ PERCUSSION
HYDROGEN RESISTANC
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PREGSEéJRE '
INDUCTION
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THERMIT WELDING METAL-ARC
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METAL-ARC WELDING
WELDING , 4 ATOMIC
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SHIELDED IMPREGNATED TAPE
METAL-ARC

METAL ARC
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Adapted from ‘‘Resistance Welding—Theory

and Use’’ by the American Welding Society.

Ficure 1.—Master chart of welding processes.



FUNDAMENTALS 5

a. Fusion-type weld exhibiting nugget (nickel to nickel, 0.010 in. x 0.047 in. rib-
bon). .

b. Forge-type weld (0.010 in. x 0.047 in. nickel to 0.025 in diameter dumet).

FicURE 2.—Basic types of welds.
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Of the two basic welds, the fusion weld exhibits greater strength
and is more desirable. However, the nature of the materials encoun-
tered in welding electronic components is such that most welds have
been of the forge type.

HEAT GENERATION

From the previous paragraphs, it is obvious that heat must be gen-
erated to produce a weld. The heat is produced by a high intensity
current flowing through the resistance of the materials to be welded.

Current flowing in a resistive circuit generates heat which may be
expressed by equation (1).

Equation (1) P=I*R
P=Power (watts)
I=Current, (amps)
R=Resistance (ohms)

This equation gives an instantaneous value and does not take into
consideration the element of time. Taking time into consideration,
the equation becomes:

Equation (2) W=0.241RT
W= Energy (calories)
I=Current (amps)
R=TResistance (ohms)
T=Time (seconds)
0.24= Conversion Factor

Equation (2) computes the amount of energy generated by a given
quantity of current flowing through any specified value of resistance
for a precise length of time.

RESISTANCE OF THE WELD CIRCUIT

The resistance of the weld circuit appears as shown in figure 3.
The current will be the same at any given point in a series circuit, and
the heat generated at this point will be directly proportional to the
resistance at this point. Heat generated anywhere but at the place
of the weld is wasted energy. Therefore, all resistances of the weld
circuit, other than at the point of the weld, should be minimized. Of
the resistances shown in figure 3, all but seven can be eliminated in the
analysis of the weld circuit.

A number of factors will influence the resistance of the contact
areas. The resistance of zones 2, 4, and 6 varies with electrode pres-
sure, cleanliness, resistivity, geometry of the electrodes, and the
materials.
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Rg Ry Rig Ry
? MV NV MV MV
|
|
1
|

” Weld transformer

Ry2
. D < &

Ry and R - resistance of electrode )

Ry and Ry - contact resistance between electrode and work material

R3 and Rs - resistance of work materials

Ry - contact resistance at interface of work materials

Rg and Ryp - contact resistance between cables and power supply

Rg and Ry3 - resistance of cables

Rqp and Ry4- contact resistance between cables and weld head

Ry7and Ry5 - contact resistance between electrode clamp and electrode
NOTES

1. Resistances Rg through Ry are equipment design factors.
In a well-designed machine, these resistances will be minimized.

2. Resistances Ry through Ry will depend on the electrode and  work
materials. These resistances affect the heat generation at the weld point.

F16URE 3.—Resistances of the weld circuit.

TIME

The equation for heat generation shows that the heat produced is
proportional to the time duration of current flow. Thus, time dura-
tion must be precisely controlled to produce consistent welds. In the
case of stored energy equipment, this time is fixed and may be con-
sidered a constant. The pulse width of most stored energy machines
is in the range of 1 to 3 milliseconds, although equipment is available
with longer pulse durations.

CURRENT

The current flowing in the weld circuit plays the largest role in
the generation of heat, since the heat produced is proportional to the
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square of the current. However, the amount of current flowing in the
weld circuit is a functional result of the weld circuit resistance and

applied voltage.

HEAT BALANCE

When the maximum amount of heat is produced at the interface of
the two materials to be welded, namely zone 4 in figure 4, the fusion
zones in the pieces of material to be joined undergo approximately the
same degree of heating. This is the desired condition and is termed

heat balance.
\Elg

Zone 1
Zone 3 #
\ Zone 2
Zone 4
Zone 4
Zone 5 >
Temperature

Zone 6

Zone 7 \.

Ej?j Temperature gradient

FI1GURE 4.—Resistance zones and temperature gradients of resistance spot-
welding.

When different types of materials, or materials of different thick-
nesses, are to be joined, zones 3 and 5 present different values of
resistance to the weld current and therefore shift the temperature
gradient curve so that heat balance no longer occurs. The resistance
of the materials to be welded is the biggest factor in heat balance,
although the resistance of the electrodes must also be considered.

Heat balance is affected by all of the following:

a. Relative thermal and electrical conductivities of materials to be

joined.

b. Relative geometry of parts at joint.

c. Thermal and electrical conductivities of the electrodes.
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d. Geometry of electrodes.

By judicious choice of electrode material and proper electrode
geometric design, the problem of improper heat balance can be solved.
The methods employed to create proper heat balance are discussed
in the section dealing with electrodes.

The seven zones of weld circuit resistance and their related heat
gradients are shown in figure 4. Zones 1 and 7 represent the resistance
of the electrode materials. The temperature at these zones is fairly
low because of the. relatively low resistance and large radiative sur-
face of the electrode. The areas labeled 2 and 6 represent the contact
resistance between the electrodes and the weld materials. The tem-
perature at these points is fairly high and approximates fusion tem-
perature. However, because of the conductivity of the electrodes,
part of the heat is conducted away from these zones, and fusion tem-
peratures are not reached. Zones 3 and 5 are resistance zones due to
the internal resistances of the weld materials. The temperature
gradient is increasing here and is close to the fusion temperature.
The zone labeled 4 presents the largest resistance and, consequently,
reaches the highest temperature. This zone is the contact resistance
at the interface of the weld materials. The heat generated at this
point is isolated from the electrodes by the hot spots of zones 2 and 6.

PRESSURE

Equation (2) takes into account the electrical variables of the weld
circuit. However, it does not reflect the pressure requirement which
is essential to provide forging. The pressure exerted by the electrodes
on the work materials serves three main functions:

a. Contains the molten nugget during current flow when high in-

ternal pressures are built up as a result of the heat of welding.

b. Maintains intimate contact between the materials to be welded

and also between the materials and electrodes.

c. Provides forging action during nugget solidification so that ther-

mal shrinkage will not promote cracking or porosity.

744-717 0—64——3



Cbapter 3

DETERMINATION OF OPTIMUM
PARAMETERS

Since pressure, time, and energy are the controllable variables for
producing a weld, proper application of these variables is of para-
mount importance for producing the optimum weld.

The operator must prepare an iso-strength diagram to determine
which parameter of each variable will result in the strongest, most
consistent weld. The iso-strength diagram is a graphical representa-
tion expressing the strength of the weld as a function of energy and
pressure. When the diagram is completed, it will show the operator
which parameters are most suitable for producing optimum welds with
specific materials.

On the iso-strength diagram, pressure is plotted on the ordinate
end energy on the abscissa. At each set of coordinates within the
plot, the strength of the weld produced at these coordinates is recorded.
The plot may be completed by selecting increments of energy and pres-
sure and then producing welds at each coordinate point. However,
this is a lengthy procedure, and a statistical approach has been de-
veloped which produces the same results in a much shorter period.

The statistical approach involves selecting an arbitrary set of start-
ing points. Several welds are made at this point and pull-tested.
The average breaking strength of this group of welds is then recorded
at the coordinate point on the iso-strength diagram. Four additional
points are selected at definite increments of pressure and energy in
such a manner that the four points fall around the initial point. A
number of welds are made at each of these points, pull-tested, and the
average break-strength recorded at the respective coordinate points.
The point which displays the highest break-strength is the direction in
which future tests proceed. Select another arbitrary point that is in
the direction indicated by the preceding test. Use the aformentioned
procedure to determine the direction in which to continue testing.
This procedure continues until the point is reached where “spitting”
occurs. The diagram is then analyzed and the region which exhibits

10



