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ABSTRACT 

A limi-ted amplitude, controlled decay (LACD) welding concept de- 
veloped at the  Martin Marietta Corporation, Orlando Division, w a s  
optimized on t h i s  program t o  improve the weldabili ty of component lead 
materials of e lectronic  modules. 
the weldability of OFHC copper could be s igni f icant ly  improved by welding 
t o  nickel wire instead of ribbon with the  s t ipu la t ion  t h a t  t he  nickel 
wire must always be the  l a rge r  of the two. 
i n  t h i s  program, kovar, nickel,  dumet, and OFHC copper, the LACD process 
improved welding ranges by a f ac to r  of 2 t o  4X. 

During this study i t  was observed t h a t  

Of the  materials evaluated 
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SUMMARY 

A new welding process conceived and reduced t o  pract ice  by the Martin 
Marietta Corporation, w a s  optimized and evaluated on NASA contract NAS 8- 
21326. Evaluation w a s  achieved by comparing r e s u l t s  obtained on a stan- 
dard and a l imited amplitqzde, controlled decay modified welder, A s e r i e s  
of typ ica l  component lead materials were tes ted  including kovar, nickel, 
dumet, and OFHC copper. 
run t o  es tabl ish val id  weldabili ty comparisons fo r  both welding processes. 

Preliminary and f i n a l  qua l i f ica t ion  t e s t s  were 

The l imited amplitude, controlled decay welding process consis ts  of 
building o r  modifying a standard capacitor discharge welder t o  control 
the shape of the weld pulse. Qy inser t ion of a variable impedance i n  
the primary c i r cu i t ,  pulse amplitude, pulse length, and current decay 
can be se lec t ive ly  controlled. Thus the name l imited amplitude, con- 
t r o l l e d  decay was selected and the abbreviation, UCD.  The mod&fied 
welding equipment is pictured i n  Figure A. 

Since the e f fec t  of impedance on weldabili ty needed a most thorough 
investigation, the e f fec t  of varying impedance versus watt-seconds was 
investigated at three isopressures. Representative isopressures were 
selected from previously run standard isostrength diagrams. 
watt-second weldability range was established for  approximately eight 
impedance se t t i ngs  at eaoh of the three selected isopressures. 
welding processes were tes ted  on each of 12 materials combinations. 

A complete 

Both 

The LACD welding concept improved the weldability of a l l  materials 
combinations investigated,  except the OFHC copper t o  nickel  ribbon com- 
binations, by providing a be t t e r  match t o  the power supply. Based on 
optimum scale  u t i l i za t ion ,  an improvement of from 2x t o  4x was achieved. 
For instance, 0.017 kovar which had a normal welding range of 2 t o  3 
watt-seconds at a pressure of 5.5 pounds on the low scale ,  was satis- 
f ac to r i ly  welded i n  the range.of 50 t o  100 watt-seconds on the  high scale  
of the LACD modified welder. 

During the program, a b r i e f  academic study w a s  completed when it 
w a s  observed tha t  OFHC copper wire appeared t o  be more weldable t o  nickel 
wire than t o  nickel ribbon. 
were eas i ly  achieved using nickel wire and the LACD welding concept, The 
mass relat ionship of the copper t o  nickel wires was mathematically corre- 
l a t ed  t o  the served LACD, d e l t a  watt-second welding range. 

OFHC copper welding ranges of 30 watt-seconds 
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No deviation from NASA materials spec i f icat ions  is required except 

Also the presence of gold plating 
the stipulation that a nickel  barrier layer is mandatory on any gold 
plated copper surface such as dumet. 
thickness i n  excess o f  50 t o  1% microinches restricts the weldability 
range of dumet. 



I , INTRODUCTION 

Welding was d i f f i c u l t  i n  t he  ear ly  days of s t ruc tu ra l  fusion welding 
because nei ther  the power supply nor the  welding electrodes were t ru ly  
matched t o  fhe job requirements. I f  an a r k  was generated and a bare rod 
fused, a weld was made. 
improved u n t i l ,  today, both equipment and electrodes are t a i l o r  made fo r  
the job, and i n  the f i e l d  of microwelding, welding equipment is under- 
going evolutionary changes. 
l imited t o  a select f e w  by NASA specification. 

Power supplies and welding electrodes have 

Component lead materials have already been 

The need f o r  higher density e lectronic  packaging h a s  caused the u s e  
of modular packaging and welded c i rcu i t ry ,  This, i n  turn,  requires 
r e l i ab le  welding procedures through control of welding equipment, welding 
processes, and component lead  materials. The proper match of welding 
equipment and the  component lead is necessary t o  s a t i s f y  manufacturing 
tolerances. 
ce r t a in  acceptable l i m i t s  t o  produce a sa t i s fac tory  weld. 
of possible human e r ro r  helps es tab l i sh  the l imi ta t ions  which must be set 
on equipment and material. 

Neither the equipment nor the lead material may vary beyond 
Consideration 

Over the past six t o  eight years, a wide var ie ty  of lead material 
and welding equipment have been used. It was not uncommon t o  require  
more than one s e t  of welding parameters f o r  spec i f i c  material combina- 
t i ons  when two or more welding machines were used, 
ment and component lead material have been improved considerably, but a 
small deviation from established welding parameters w i l l  still produce a 
defective weld. This is due t o  an improper equipment t o  material match, 
accentuated by var ia t ion of material  from l o t  t o  l o t .  I n  the case of 
0.017 inch diameter kovar, the present production welding range is close 
t o  1 watt-second; 0,020 inch diameter dumet is 2 t o  3 watt-seconds; 
while nickel  is somewhat higher. 
e r r o r  can eas i ly  cause a defective weld. 
and aging of the  equipment have caused problems a t  the  Martin Marietta 
Corporation, 
once when trouble occurred. 

Today, welding equip- 

’JJith such l imi ta t ions  a small human 
New shipments of components 

welding parameters have had t o  be re-established more than 

Even with normal Qual i ty  Control procedures a potent ia l  hazard 
exists if a mixed l o t  of components should go undetected t o  the  pro- 
duction floor, 
var ia t ions induced by the equipment, material, and the  human element is 
required. 
the Orlando Division. 
magnitude improvement i n  weldability. 

A more to l e ran t  welding system t o  allow f o r  nonnal 

Such a system was conceived and the f e a s i b i l i t y  established a t  
Preliminary t e s t s  have demonstrated an order of 
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‘This study w a s  designed to improve r e l i a b i l i t y  of microwelding by 

The concept provides the basis  for design of a new 
demonstrating an improved welding concept employing capacitor discharge 
welding equipment. 
power supply or the modification of typical,  commercial grade, capacitor 
discharge welding machines. This new welding concept, LACD, expands the 
weldability of component lead materials. 

2 



11. DEVELOPMENT 

The LACD welding concept was developed t o  provide a b e t t e r  match of 
the capacitor 
ponent lead m a  
t ronic  modules. 
decay. Limitation of peak current reduces expulsion. Addition of 
res is tance i n t o  the primary c i rcu i t  of t h e  capacitor discharge welder, 
pennits a b e t t e r  match of power t o  individual component lead weld jo in ts ,  
and provides a grea te r  scale u t i l i z a t i o n  of the specific power supply. 
E-raluation of the  LAC3 concept w a s  performed by comparing r e s u l t s  
achieved on a standard power supply with those achieved on the LACD 
modified welding power supply. 
i n  three sections: 
Evaluation, and 3) Final Evaluation. 

charge microwelding power supply t o  the  va r i ty  of can- 
ia l s  required i n  the fabrication of welded elec- 
LHCD provides limited peak current and controlled current 

Developnent and evaluation are described 
1) LACD C i r c u i t  Optimization, 2) Preliminary 

A, LACD CIRCUIT OPTIMIZATION 

1. Circui t  

Figure 1 shows the schematic of a capacitor discharge power supply 
and a schematic of t h e  LACD modification c i rcu i t  which was incorporated 
in to  the  Hughes power supply a t  locat ions X 1  and X2. 
shown were selected t o  provide minimum d r i f t  due t o  temperature change. 
A resistance check of the c i rcui t ,  a f t e r  making up t o  50 w e l d s  at maxi- 
mum welding power, showed a change of less  than one ha l f  of one percent, 
as indicated i n  Table I. 

The components 

2. Pulse Control 

An oscilloscope trace of the weld pulse obtained by use of the LACD 
modificatfon is shown i n  Figure 2. 
shown is produced by a standard power supply, the  intermediate length weld 
pulse is produced by addition of high inductance, and the  longest weld 
pulse is produced by the LACD modification. 
smallest i n  amplitude and greatest  i n  pulse length. 
the weld pulse was made as it varied with added in t e rna l  resistance.  

The addi t ion of res is tance 
Since the most e f fec t ive  

The shortest  of the three pulses 

The LACD weld pulse is the 
A ca l ibra t ion  of 

s is shown i n  Table I1 and i n  Figure 3. 
n i f icant ly  increases weld pulse length. 

portion of the weld pulse occurs during the f i  
period, it may be seen tha t  the maximum e f f ec t  
length at t h i s  decay point occurs with an i n t e rna l  resistance of 10 ohms. 
A t  t h i s  point, the  LACD weld pulse is essent ia l ly  12.5 milliseconds 
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capacitor Discharge Power supply 

Location of LACD Hod Insertion T 5 

Capacitor Bank 

SW1 Mercury Switch 

4 Primary of Output Traneformer 

c1 

LACD Modification Circuit 
x 
1 - x2 

&eos t at 0-5 Q 150 Watt 
Resistance 5 0 40 Watt 

2 0 40 Watt 
Switches S1 to Ss DPST 3 2 A  

Figure 1, Schematic of LACD Modification 
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TABLE I 

LACD Impedance Test 
(Performed at a power setting of 100 W-s) 

Setting at Start 

Test Welds Performed 

0 

10 

20 

30 

50 

5 ohms 

Measured 
Value 

10 ohms 

Measured 
Value 

10.00 

10.00 

10.00 

10.00 

9.98 

Repetitive LADC impedance checks made after 0, 10, 20, 
50 welds with a weld rate of one every 2 1/2 seconds. 

20 ohms 

Measured 
Value 

20.00 

20.00 

20.00 

20.00 

19 97 

30, and 

Alinco Resistance Tester, Model No. 101-5 B. F., used to make 
resistance checks. Initial calibration tests were made with a 
Wheatstone Bridge. 
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against  3.1 milliseconds for  the standard power supply. 
t i v e  weld pulse length may be increased up t o  four times the  length of the 
conventional weld pulse. 
Storage Oscilloscope. 

Thus the effec- 

Test data was obtained on a Type 564 Tektronix 

B. PRELIMINARY EVALUATION 

The evaluation of the  LACD concept versus the standard welding concept 
was performed on a se r i e s  of materials normally used i n  e lectronic  c i r c u i t  
modules as follows: 

1, 0,010 x 0.020 inch nickel (bare) t o  0.017 and 0.025 inch 
kovar (Au) 

2 - 0.010 x 0,020 inch nickel t o  0.025 and 0.032 inch nickel (bare) 

2 0.010 x 0.020 inch nickel t o  0.020 and 0.032 inch dmet  (Au) 
with N i  ba r r i e r  

- 4 0,010 x 0.020 inch nickel t o  0.020 inch dumet (Au) without 
N i  b a r r i e r  

5. 0.010 x 0.020 inch nickel t o  0.010 x 0.025 inch nickel (bare) 

5 0.010 x 0.020 inch nickel t o  0.020 and 0.032 inch OFHC Cu (Au) 

2 0.025 and 0.032 inch nickel wire t o  0.020 inch OFHC Cu (Au) 
(not required by contract 

Scale: 2 ms/cm 

Figure 2. Oscilloscope Traces of Welding Cur 

10 

rent  
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Table I1 

Weld Pulse Length Versus 
Added Primary Resistance 

( i n  milliseconds 

Obtained on a Type 564 Tektronix Storage Oscilloscope 

Exploratory welds have been made with nickel ribbons of INCO al loys 
200, 205, and 270. All of these al loys meet mil i tary specif icat ion 
requirements. 
components, i t  was used for the bulk of the work. 
ranges could not be achigved with al loy 205, INCO N i  a l loy  270 was used. 

Since al loy 205 is the  industry standa:d f o r  electronic 
Where welds or welding 

A preliminary evaluation and past conventional welding data indicate  
tha t  the best  results are obtained at 5.5 pounds pressure fo r  0.017 inch 
diameter gold plat.ed kovar. 
see how the LACD concept would function at low welding pressures. 
desirable when small, notched welding electrodes are required fo r  welding 
i n  r e s t r i c t ed  locations. 

Some work was done at 2 pounds pressure t o  
This is 

Impedance se t t ings  used were from 2 t o  16 ohms ( i n  2 ohm increments) 
fo r  each selected welding pressure. 
s e t t i ngs  were sought. The lower watt-second setting developed strengths 
meeting the 60 percent p u l l  strength of the weakest material used i n  the  
par t icular  weld study. Two upper limits were established by using one 
o r  more of the following methods: 

M a x i m u m  spread i n  watt-second 

‘1 - Determine the s e t t i n g  j u s t  below expulsion which would still 
meet the 60 percent strength requirement. 

- 2 Determine the watt-second s e t t i n g  where neither component lead 
penetrated the other more than 50 percent of t he  thickne8e or 
diameter of t he  smaller lead. 
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2 Determine t h e  watt-second se t t i ng  where maximum Setdown 
did not exceed 35 percent of the combined thickness of 
the two materials being welded. 

Welding electrodes representing a l l  conventional types were explored 
fo r  compatibility with the LACD pulse control system. T e s t  r e s u l t s  indi- 
cated no s ignif icant  deviation i n  compatibility from the exis t ing conven- 
t iona l  unmodified weld power supply. 
of OFHC copper. 
A, and Classea 13 and Moly, of group B. 

1. 

This w a s  performed on the weldability 
Electrode types explored were RWMA Classes 1 and 2 of group 

S t h d a r d  Versus LACD Modified Welder 

A s e r i e s  of tests was run while varying the in t e rna l  res is tance a t  
typical  welding pressures of 4, 5.5, and 8 pounds. An occasional series 
of tests was performed at 2 and 10 pounds, Preliminary da ta  were estab- 
l ished at maximum and minimum welding currents  at  which welds would meet 
NASA requirements. A t o t a l  of f i ve  welds were made a t  the extremes and 
three welds a t  one o r  two watt-second in t e rva l s  between these extremee. 
This basic data is shown i n  the appendix. 
plotted i n  Figure 4 showing one isopressure diagram of one size of each 
material  at its optimum welding pressure. 
s ign i f icant ly  as primary impedance was increased. The largest spread i n  
welding current is summarized i n  Table 111 for  each of the welding pres- 
sures investigated. 
achieved with LACD when the m a x i m u m  weld current was 100 watt-seconds. 
The minimum welding current is essent ia l ly  100 watt-seconds minus the 
welding ranges shown i n  Table 111. 
strengths plotted a t  a pressure of 5.5 pounds. Standard welder and EACD 
modified welder pu l l  s t rength were plotted from a minimum strength of 60 
percent of the t ens i l e  of the lower strength lead t o  the m a x i m u m  w a t t -  
second level ,  where acceptable welds are l imited by 35 percent t o t a l  de- 
formation, 50 percent setdown, expulsion, or  loss of strength below the  
60 percent strength level.  These f igures  show s igni f icant ly  increased 
welding ranges with the LACD process.’ To evaluate the possible a f f ec t s  
of LACDon weld jo in  strength,  the s t rength data shown i n  p lo t s  of Figure 
5 through 9 were examined. 

Results of these t e s t s  are 

The welding range increased 

It was observed tha t  maximum welding range was 

Figures 5 through 9 show typical  iso- 

The t o t a l  number of acceptable weld j o i n t s  over the complete weld- 
ing range was averaged and isshownin Table I V  i n  the strength average 
columns. 
columns. 
i n  the  last column. 
welding strength except i n  the  welding of 0.032 inch nickel wire t o  0.010 
x 0.020 inch nickel ribbon where a l o s s  of 5 percent is indicated. 

The number of weld j o i n t s  averaged is shown i n  the population 
The LACD t o  standard s t rength r a t i o  w a s  obtained and ia shown 

In each case, LACD shows no s ignif icant  decrease i n  

9 
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Table 111, Preliminary Data, Comparative A Watt-Second 
Welding Ranges of Standard Versus LACD Modified Equipment 

Welding Pressure 

Equipment Condition 

17 Kovar CAu) 
25 Kovar (Au) 

25 N i  200 
32 N i  205 
10 x 25 N i  200 

20 Dum& (Ad 
No N i  f l ash  
With N i  f l ash  
2 b e t  (Au) 

With N i  flash 

16 OFWC Cu (Au) 
20 OFHC cu '(Au) 
12 x 31 N i  270 

20 OFHC Cu (Au) 
20 N i  "A" 
25 N i  200 
32 N i  205 

2 l b  - 
S t  d - 
3 

0 

1 

- 
LACD - 
60 

20 

0 

- 
5td 

1.5 
6 

6 
1 
3 

7 

0 
2 
5 

0 

0 
3 
7.5 - 

4 l b  - 
LACD - 
50 
a8 

30 
35 
33 

5 
30 
45 

10 

0 
30 
50 - 

- 
St d - 
1 
3 

6 
1 
1 

2 
4 

0 

0 

0 
5 
9 - 

- 
LACD - 
45 

72.5 

32 
25 
20 

25 
40 

0 

20 

0 
23 
50 - 

8 l b  - 
S t  d - 
0 
7 
8 
2 
0 

4 
7 

- 
LACD 

40 
77.5 

30 
20 
10 

- 

28 
35 

None 

8.5 El.: 45 
Note: 

Welded t o  10 x 20 N i  205 except last group of 20 OFHC Cu (Au) 
whhh is welded t o  20 N i  IrA", 25 N i  200, and 9 N i  205 as 
specified. 

Backup data for t h i s  table  is contained i n  Section VII. 

Weld only t o  20 OFHC Cu (Au) (1)  
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Table IV 

Average Jo in t  Strengths of Complete Welding Range, 
Standard and LACD Modified Equipment 

Materials 
Mils 

17 Kovar (Au) 
10 x 20 N i  205 

25 Kovar (Au) 
10 x 20 N i  205 

10 x 25 N i  200 
10 x 20 N i  205 

25 N i  200 
10 x 20 N i  205 

32 N i  205 
10 x 20 N i  205 

20 Dumet (Au) 
10 x 20 N i  205 

32 Dumet (Au) 
10 x 20 N i  205 

20 OF'HC Cu (Au) 
25 N i  200 

20 OFHC cu (Au) 
32 N i  205 

20 Silver (bare) 
10 x 20 N i  205 

(1) Information 

(We1 ding Pressure 

Standard Welder 

Strength 
Avg 

10.0 l b  

9.8 lb 

10.9 l b  

10.1 l b  

11.1 l b  

9.6 lb 

9.4 l b  

8.7 l b  

9.2 l b  

503 l b  

Population 

6 (1) 

9 

6 

15 

4 

6 

12 

9 

12 

5 

5.5 lb) 

LACD Mod Welder 

btained from welding ranges estab 

Pop1 at ion 

15 

21 

9 

15 

12 

9 

15 

12 

18 

10 

.shed on i e  

ACD/St andard 
itrqngth Ratio 

1.04 

1.01 

1.01 

1.01 

0.95 

1.02 

1.00 

1.04 
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2. Copper Nickel Weldability 

During the preliminary evaluation of standard versus LACD modified 
equipment, it w a s  observed that the copper t o  nickel  ribbon series shows 
poor weldability. 
electrode used as a M a r t i n  Marietta standard for welding electronic 
modules. 
N i  205 nickel ribbon by the standard process when the copper m a s s  was 
smaller than that of the N i  bus as with 0,016 OF'HC copper (Au), but not 
with 0.020 OFHC copper(Au). 
(Au) t o  a larger cross-sectional ribbon 12 x 31 N i  270 at s ingle  points, 
but still could not es tab l i sh  a welding range. The LACD welding process 
produced welding ranges with a l l  of these combinations except the 0.016 
OFHC copper (Au) t o  10 x 20 N i  205 where only welds were achieved a t  s ing le  
watt-second se t t i ngs  a t  an impedance setting at 4 ohms and 10 ohms. It 
was observed that s igni f icant ly  improved welding ranges were achieved on 
welding 0.020 OFHC copper (Au) t o  a ribbon of la rger  cross-section o r  by 
welding a smaller copper wire t o  a given 10 x 2Q nickel  205 ribbon size. 
To further evaluate t h i s  relationship,  three nickel  wire diameters (0.020, 
0.025, and 0.032) were each welded to  three OFHC copper (Au) wire diafneters 
(0.010, 0.016, and 0.020). 
and LACD modified welders. 
meter nickel wire of 0.032 diameter. 
a s  7.5 watt-seconds were obtained with the  standard power supply at 4 
pounds pressure, 9 watt-seconds a t  5.5 pounds pressure, and 8.5 watt- 
seconds a t  8 pound6 pressure. 
duced welding ranges of essent ia l ly  50 watt-seconds a t  each of the three 
welding pressures. The actual usage of moly welding electronics  (recom- 
mended t o  achieve optimum heat match on welding OFHC copper) produced 
LACD welding ranges as high as 70 watt-seconds. Plot t ing the LACD weld- 
ing ranges versus the square of the r a t i o  of nickel to  coFper diameters 
provided the r e s u l t s  shown i n  Figure 10. A family of curves is indicated. 
The poss ib i l i ty  of predicting welding ranges for the  selected nickel t o  
copper diameter appears highly feasible.  An OFHC copper t o  nickel mass 
relat ionship may be selected t o  achieve the desired LACD welding w a t t -  
second range. 

This was based on the  u8e of the RWHA No. 2 welding 

A welding range was achieved oaweldSagOFHC copper to 10 x 20 

It was possible t o  weld 0.020 OF'HC copper 

Table I11 shows the results with the standard 
On welding 0.020 OFHC (CUI  t o  the largest dia- 

Watt-second welding ranges as high 

The LACD modified welding equipment pro- 

C. FINAL EVALUATION 

The LACD modified welder was compared t o  the standard welder by 
comparing qualified welding ranges and photomicrographs of t h e  cross- 
sectioned weld joints .  
emitted infrared pulse during welding. 

1. 

ment obtained by the LACD process over the  standard process during the 
preliminary study. The extent of improvement, i n  most cases, remained un- 
changed even though both the standard and LACD weldability ranges were 
somewhat smaller than was observed i n  the  preliminary data. 
t ion  test  established firm upper and lower watt-second l i m i t s  a t  which 
sound welds could be made, for the standard and LACD processes. 
of 50 welds was made at a l l  limits, meeting NASA cr i ter ia  for  a sound weld. 

The LACD weld pulses were correlated t o  the 

Comparison of Standard Versus LACD 

Qualification t e s t s  were performed to  substant ia te  the weld improve- 

The qual i f ica-  

A t o t a l  

18 



When either limit'failed to meet quality requirements by as few as one 
weld in a series of 50, the limit was moved to a more conservative setting 
and the qualification test rerun. The qualified welding limits established 
for both the standard and LACD welding processes are shown in Table V. Ten 
materials combinations are listed. Approximately 1% qualification tests 
were run to successfully complete the listed 113 qualification test results 
specifying maximum and minimum welding currents. 
to seven thousand Welds. 

This amounts to same six 
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Qualification welding ranges were obtained on a l l  materials combina- 
t i ons  evaluated by the LAO process except for the copper t o  ribbon com- 
binations. A l l  were welded using the RWMA No. 2 welding electrode. Two 
materials combinations &owed zero welding ranges, on evaluation by the 
standard process, i n  addition t o  the copper t o  ribbon combinations. See 
Table V. 
half watt-second. 
established on qual i f icat ion t e s t ing  were: 
plated dumet, and 2 )  0.020 inch diameter bare s i l v e r  wire. 

Zero welding range is defined as a welding range less than one- 
These materials for  which a welding range could not be 

1 )  0,032 inch diameter gold 

Direct comparison of the welding range obtained by the standard welder 
on the low power scale  and the  welding range obtained with the LACD m o d i -  
f ied welder on the high power scale  shows an exaggerated improvement. To 
compare these data it is necessary t o  convert t o  percent values, 
ing ranges derived from the qualified data which were developed on the low 
scale  (0 t o  15 W-s> and reported i n  columns 1 and 2, are divided by 15. 
A l l  welding ranges developed on the  high scale  (0 t o  100 W-S) and reported 
i n  column 3, are divided by 100. These values represent the percentage of 
the lower and upper watt-second sca le  u t i l i zed  by the welding range, and 
are expressed as percent scale  u t i l i za t ion  i n  Table V I ,  columns 4, 5 and 6. 
These values show that the LACD process ha8 produced a s ignif icant  improve- 
ment over tha t  obtained by the standard process. A LACD improvement factor  
may be expressed as a r a t i o  of these percentage values, i e ,  the LACD scale  
u t i l i za t ion  percent divided by the standard scale  u t i l i za t ion  percent. 
LACD improvement fac tors  a re  shown i n  Table V I ,  columns 7 and 8. 

A l l  weld- 

The greatest  improvement i n  weldability is indicated by the LACD i m -  
provement factor on the dumet wires t o  nickel ribbon combinations. 
is followed by kovar wire t o  nickel ribbon combinations, and then the nickel 
wire t o  nickel ribbon combinations. Improvement fac tors  obtained with 
0.020 inch diameter OFXC (Au) wire t o  nickel wire combinations show one 
improvement factor eomewhat lower than that achieved on the nickel wire 
t o  ribbon and one value somewhat higher. 
ment fac tors  were 1.8 or  greater. In case of the 1.8 value for 0.020 
OFHC (Au), the standard power supply watt-second range on the  low power 
scale  was 2.5 watt-seconds, on the high power sca le  the  welding range ob- 
tained with the LACD modified welder was 30 watt-seconds. This is 5 watt- 
seconds higher than the welding ranQie obtained on t h e  0.025 inch diameter 
nickel t o  0,010 x 0.020 inch nicke1;ribbon combination, and 5 watt-seconds 
less  than the welding range obtained with the 0.035 inch diameter nickel  
t o  0.010 x 0.020 nickel  ribbon combination. 

This 

In a l l  cases the LACD improve- 

A requirement generated i n  another Martin Marietta divis ion required 
a quick look a t  joining s i l v e r  wire t o  nickel ribbon. Weld j o i n t s  could 
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be achieved at 12.5 watt-seconds at a pressure of 5.5 pounds, meeting the 
60 percent minimum strength l e v e l  without sp i t t ing .  However defective 
welds were obtained at se t t i ngs  only one-quarter watt-s 
below t h i s  value, The LACD modified welder produced co 
weld j o i n t s  over a welding range of 10 watt-seconds, f 
seconds, with a LACD impedence s e t t i n g  of 4 ohms. The 
f i ed  r e su l t s  but were based on a preliminary study i n  
200 welds. 

i f i c a t i o n  t e s t  data recorded i n  Table V and additional 
t e s t  data have been evaluated t o  determine the minimum and 

m a x i m u m  watt-second se t t i ngs  which can be used fo r  the welding of two o r  
more material combinations. These combinations a r e  shown i n  Table VI1 as 
Combo-set 1, Combo-set 2, and Combo-set 3. Essentially,  Combo-sets one 
through three a re  weldable by the standard power supply as w e l l  as the 
LACD modified welder. The htame was found to  be t r u e  f o r  wire t o  ribbon 
material  combinations, 0,025 inch diameter kovar (Au) t o  ribbon, and 
nickel wire t o  ribbon combinations, 
be welded are shown for  pressures of 4, 5.5, and 8 pounds. 
Combo-set 1, the jo in t  welding range was improved by LACD modified weld 
equipnent by a factor  of 4 t o  1. No advantages were achieved using the 
LACD modified welder on Combo-sets 2 o r  3 since the improvement fac tor  has 
a value of l e s s  than one. 
the  welding ranges with increased resistance. 
improvement factor was calculated as the r a t i o  of sca le  u t i l i za t ion  
percentages as shown a t  the bottom of Table VII. 

The ranges over which these s e t s  can 
I n  the case of 

This appears t o  be due t o  the divergents of 
The LACD monoparametrie 

2, Metallographic Examination 

Cross-sectioned welding jo in t s  were made of all material combinations 
at the minimum and m a x i m u m  watt-second se t t i ngs  on welds from the stan- 
dard welder and the LACD modified welder, Figures 11, 12, and 13 show 
representative photomicrographs of the m a x i m u m  power se t t i ngs  of one of 
each of the two materials diameters investigated,  and f o r  each type of 
materials welded. Each weld met a l l  NASA requirements for  strength,  
deformation, setdown, and expulsion. No s igni f icant  difference was 
observed i n  the  general appearance of these sectioned specimens from the 
standard welder or  the LACD modified welder. 
micrographs shows the weld jo in t  interface and grain s i z e  t o  be ident ical .  
Some s l i g h t  grain enlargement is apparent i n  both types of weld j o i n t s  
but no s ignif icant  difference can be seen. Photomicrographs for  OF'HC 
copper (Au) show the lower welding l i m i t  of one materials combination 
(Figure 13, views c and d). 
lower bonding area. 

Examination of the  photo- 

These reveal somewhat l e s s  deformation and 

Metallurgical s tudies  have shown tha t  sound bonds were obtained on 
welding kovar t o  nickel, nickel t o  nickel, and dumet core t o  nickel, 
the  m i n i m u m  acceptable strength levels ,  the dumet lead is bonded t o  the  
nickel ribbon by copper braze. 
weld was observed by the  

A t  

I n  all other material  combinations a t rue  
pearance ,of recrys ta l l iza t ion  across the weld 
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0.017 Kovar (Au) t o  0.010 x 0.020 N i  205 

20 n 5.5 lb 100 w-s  Zero 5.5 lb 3 w-s 

0.032 N i  205 Bare t o  0,010 x 0.020 N i  205 

S t d  

Maximum 
Power 

LACD - 
4 lb loo w-s Zero n 4 lb 6 W-s 

0.020 Dumet ( N i / A u )  To 0.010 x 0.020 N i  205 

Std - 
Maximum 

Power 

WLCD 
c- 

12 lb loo w-s Zero n 12 lb 6 W-s 9.25 Q 

lOOX 

Figure 11. Representative Photomicrograghs of  Lead Materials (Note 
comparative grain growth and penetration) 
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0,020 OFHC ( A d  to 0.032 Nickel 205 

S t L  

Maximum 
Power 

LACD 

4 n  4 l b  100 w-8 Zero n 4 l b  17.5 W-s 

0.020 OFHC (Au) t o  0.032 Nickel 205 

4n 4 l b  70 W - s  zero n 4 l b  lo  w-6 

0.020 OFHC (Au) t o  0.025 Nickel 200 

6 n  4 l b  100 w-s Zero 0 4 l b  13 W-8 

lOOX 

Figure 13. Photomicrographs of OFHC Copper (Au) to Nickel Wire (Note 
comparative grain coarsening obtained by both standard and 
LACD processes) 



In the  case of the n icke l  ribbon t o  ribbon welds, the  weld area 
occurred off-center. 
the  smaller ribbon showed the  weld t o  be approximately 
with a 65 percent bond area. Polishing of two i d e n t i c a l  ribbon t o  
weld j o i n t s  on perpendicular planes approximately f i v e  m i l s  on e i t  
of theore t ica l  center  showed a sound weld nugget i n  one and the  ab 
of a weld i n  t h e  other. 
t h e  welding electrodes at  the  welding pressure t o  assure p a r a l l e l  elec- 
t rode  faces during welding. 

Sectioning of t h e  weld j o i n t  para l  

Special  care  w a s  taken during the preparation of 

Visual inspection of the mating electrodes at 2 0 X  confirmed proper 
f la t  p a r a l l e l  sea t ing  at welding pressure. The off-centered weld appears 
t o  be caused by shunting or  seeking t h e  shor tes t  current  path toward the  
hee ls  of the welding electrodes.  The welding electrode configuration w a s  
modified t o  provide more uniform current density across  the weld j o i n t ,  
as spec i f ied  i n  t h i s  report .  

3. Infrared Weld Pulse Evaluation 

Oscilloscope t r a c e s  were made of the welding current pulse and the  
inf ra red  pulse resu l t ing  from the  weld (Figure 14). 
made f o r  each materials combination investigated.  
and minimum qual i f ica t ion  weld s e t t i n g s  obtained a t  the  welding pressure 
of 5.5 pounds with an addi t iona l  t r a c e  made a t  a welding current some- 
what below the m i n i m u m  qua l i f ica t ion  se t t ing .  Since the  emitted I R  is 
d i r e c t l y  r e l a t e d  t o  the  temperature of the welding j o i n t ,  i t  may be seen 
t h a t  t h e  heating r a t e  var ies  with the  amplitude of the  weld pulse. As 
the  watt-second power s e t t i n g  is increased, the  heating rate increases. 
The I R  traces i n  the  oscil loscope pat terns  show the e f f e c t  of the physical 
propert ies  of component lead  base materials. The kovar I R  t r a c e s  (Figure 
14, views a and b )  a r e  generally symmetrical with a gradual rise and drop 
i n  welding temperature. 
melting does not appear t o  s ign i f icant ly  a f f e c t  heat generation i n  the 
kovar weld joint .  I n  the case of nickel  and dumet, views c through f ,  
tendencies exist f o r  the I R  t r a c e s  t o  occur more promptly. I n  f a c t ,  
i n  views c and f ,  the I R  t r a c e s  rise more rapidly on welding dwnet than 
the temperature decay of the weld j o i n t ,  showing the e f f e c t  of the l o s s  
of weld j o i n t  i n t e r f a c e  on melting. 
eliminated, the only res i s tance  l e f t  is t h a t  of the  molten weld joint .  
Since t h i s  is r e l a t i v e l y  low with respect t o  the  i n i t i a l  weld j o i n t  i n t e r -  
face resis tance,  the temperature of the  weld jo in t  declines. 

A dual t race was 
These show the maximum 

The elimination of the weld j o i n t  in te r face  on 

As t h i s  contact res is tance is 
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IR 
pulse 

Current 
Pulse 

5 
205 0.02 

5 W-S, and 25 W-s ow-t3 5.5 

IR 
Pulde 

( d >  

Current 
Pulse 

11 13 -- 
06025 Nickel t o  0.010 x 0.020 N i  205 
565 lb, 11.25 a; 100 w-S, 75 w-S, and 62.5 
W-S w-s 

0.OP Nickel t o  0.010 x 0.020 N i  205 
5.5 lb, 10 0 ;  100 w-s, 65 W-s, and 60 

IR 
Pulse 

(f) 

Current 

15 Pulse 17 
0.020 Dumet (Au) t o  0.010 x 0.020 N i  205 

W-8 

0.09 &met (Au) t o  0.010 x 0.020 N i  205 
5.5 lb, 9.25 a; 100 W - s ,  85 W-a, and 565 lb, 7.5 0 ;  100 w-S, 80 w-S, and 60 w-s 

Scale: ,?ms/cm 

Figure 14. Oscilloscope Traces of Weld Current and Infrared Pulses 
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0.020 OFHC Cu (Au) t o  0.025 Ni 200 
5.5 lb, 6 0 ;  100 W-s, 70 w-S, and 65 W-s 

0.020 OFHC Cu ( A d  t o  0.032 Ni 205 
5.5 lb, 4 n; 100 V-s, 50 Y-6, and 4 0  Y-s 

0.010 x 0.025 Nickel to 0.010 x 0.020 Ni 205 
5.5 lb, 8.5 0 ;  100 W-s, go W - s ,  and 80 W-s 

Scale: 2ms/crn 

Figure 14. Oscilloscope Trace6 of Weld Current and Infrared Pulses (cont) 
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I11 . DISCUSSION 

The LACD modification has a demonstrated capabi l i ty  of shaping the  
weld pulse, 1 
LACD impedance se t t i ng  i n  conjunction with the vatt-second s e t t i n g  provides 
complete control of pulse shape, amplitude, and power, This has provided 
s ignif icant  improvement i n  the  weldability of a l l  materials except the 
copper to  ribbon combinations. However, the subs t i tu te  0,020 OHFC copper 
(Au) t o  two different  nickel wire diameters of 0.025 and 0.032 inch showed 
improvements i n  weldability of 1.8 and 3.0, respectively. The joining of 
0,020 s i lve r  lead material t o  0.010 x 0.020 nickel  ribbon w a s  accomplished 
on a limited number of test welds over a welding range of IO watt-seconcls 
wi th  the LACD modified welder. 

t i n g  amplitude, and controll ing current decay. Use of the 

During t h i s  program, welding parameters and conditions were ta i lored  
t o  "production conditions". 
position with the welding electrodes down, t o  give the operator optimum 
v i s ib i l i t y .  
s t ra ight  shaf t  at the welding t i p )  were used t o  simulate the production 
need t o  weld a complete module at one welding s ta t ion ,  This eliminates 
the potent ia l  production problem of mixed electrodes, As a resu l t ,  some 
reduction i n  welding range is accepted i n  cer ta in  materials. For t h i s  
reason the standard RWMA No. 2 welding electrodes were used during the 
welding of OF'HC copper t o  nickel ribbon. 

The welding head w a s  placed i n  a horizontal  

Similarly, RWMA No, 2 electrodes (reduced t o  0.060 diameters 

Welding of OFHC copper has always been d i f f i c u l t  even with optimum 
With RWMA No, 2 electrodee, no welds were made electrode combinations. 

by the standard welder on e i t h e r  OFHC copper wire t o  0,010 x 0.020 ribbon, 
although 0.020 OFHC copper could be welded t o  the l a rge r  0.012 x 0.031 N i  
270 ribbon, and l a rge r  nickel wires during the preliminary survey. 
LACD, preliminary welds could be made with a l l  wire and ribbon nickel bus 
materials. Qualification w a s  achieved on 0.020 01;HC copper to  both of 
the l a rge r  diameter nickel wires with both standard and LACD modified 
welders equipped with R W M  No. 2 welding electrodes, 

With 

The relat ionship (developed using the LACD modified welder) of 
copper/nickel mass r a t i o  t o  the weldability range strongly indicates  the 
s p s s i b i l i t y  of specifying wire diameters t o  achieve a desired weld- 
a b i l i t y  range. 
data, preliminary data were suf f ic ien t '  t o  demonstrate the copper/nickel 
m a s s  re la t ionship t o  U C D  weldability range. 

While more extensive t e s t ing  would es tab l i sh  more precise 

The LACD concept has demonstrated the a b i l i t y  t o  weld all material 
combinations weldable by the standard welder. No special  tolerance 



limits must be imposed on any of the component lead  materials evaluated. 
However, the f ac t  that both kovar lead diameters were welded a t  pressures 
of 4, 5.5, and 8 pounds over the same 40 watt-second welding range 
strongly indicates  that diameter tolerances can be opened one more mil on 
the high s ide  of 0,017 kovar and the lower s ide  of 0.025 kovar. 

The experienoe obtained from performing a few tests on three labora- 
tory l o t s  of dwnet wire has indicated a s igni f icant  narrowing of the 
weldability range with increased gold plat ing thickness due t o  the  for- 
mation of "gold fuzztt. Nominal gold plating thickness was 280 uin. 

On welding the heavier gold plated dumet material, a porous spongy 
gold colored substance develops at the weld jo in t  at the lower watt-second 
sett ings.  
removed with a high velocity dry air blast .  
s e t t i ngs  the normal molten f i l l e t s  a l loy with o r  prevent the formation of 
the "gold fizz". 
two jo in t  materials t o  prevent '#gold fuzz0. Best results were obtained 
with 0.010 x 0.020 INCO nickel 270 ribbon as compared with the standard 
electronic  grade 0.010 x 0.020 nickel 205. 

This substance, termed "gold fuzz", is eas i ly  brushed of f ,  o r  
A t  higher watt-segond 

Fillets must be 50 t o  90 percent of the  smaller of the  

A sample from one of the troublesome l o t s  of dumet w a s  sectioned, 
Sample material clipped and measured 280 microinches of gold plating. 

from production components showed much b e t t e r  weldability than laboratory 
material. Production sample clippings of 0.020 dumet (Au) showed a gold 
plat ing thickness of 60 t o  90 yin. For the new LUCD process as well as 
the old, gold plat ing thickness should be kept on the low side of the 
specified 50 t o  150 microinches. Also, t e s t s  performed on gold plated 
dumet without a nickel bar r ie r  layer  exhibited severely r e s t r i c t ed  weld- 
a b i l i t y .  This experience emphasizes the necessity of adhering t o  NASA 
plat ing specif icat ions with no waiver permitted on the nickel bar r ie r  
requirement on gold plated durnet. 

shown that  the LACD welding procew has not been detrimental t o  the weld. 
The effect ive duration of the LACD weld pulse is about three t o  four times 
as long as the weld pulse of the standard welder. 
is 12 milliseconds at the 63 percent decay point and 18 milliseconds at 
the  95 percent decay point at maximum impedance set t ing.  
impedance se t t ing ,  the LACD 63 percent decay point may be as short  as 
6.5 milliseconds. No sensation of heat w a s  detected by touch on holding 
the  Qnmponent of lead materials close t o  the welding electrodes while 
welding witk the LACD process or on touching the leads immediately a f t e r  
welding,, Metallurgical examination of cross-sectioned welds made by the  
LACD process shows the grain s i z e  of both component lead and nickel bus 
material. remains unchanged as compared t o  similar maximum power welds 
made by the standard welder. O f  t en  materials combinations examined at  
a typical  welding pressure of 5.5 pounds, only one showed an apparent l o s s  
of 5 percent of weld strength. 

Examination of the physical properties of the welded component has 

The LACD weld pulse 

A t  a much lower 

The remaining nine materials combinations 
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showed an equivalent o r  s l i g h t l y  higher weld jo in t  s t rength when welded 
with the LACD process. 

One problem encountered during the program is oormidered worth noting. 
Trouble shooting The welding power supply developed irregular perfor.IIYLnCe. 

showed no evidence of f a u l t  i n  t he  equipment. 
capacitors checked. 
loscope showed no i r r e g u l a r i t i e s  at the time the welding power supply watt- 
second meter showed a sudden posit ive deflection. Even so, the problem waa 
resolved by changing t o  another power line. 
blem with personnel performing laser research i n  an adjacent laboratory 
revealed tha t  pulsing of the laser causes a sudden momentary phase shift 
of the 60 cycle voltage at the  moment of firing. 
be detected by an oscilloscope when the o s c i l l o s ~ o p e  sweep is 8,ynchronized 
by the incoming l i n e  voltage. 

A l l  tubes were changed and 
Monitoring of the power l i n e  with a Tektronix osci l -  

Later discussion of the pro- 

Th i s  phase s h i f t  cannot 
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IV. CONCLUSIONS 

The r e su l t s  of this program have lead to the following conclusions: 

1. The LACD welding concept has s igni f icant ly  increased the standard 
weldabili ty range of a l l  materials investigated except t h e  copper t o  nickel  
ribbon combinations. 

2. The LACD welding concept has improved the  weldability, as shown 
below i n  decreasing order with only 0FHC Cu welded t o  nickel  wire. 

LACD Improvement Factor Weldability Range 

Dumet (Au) wire 
Kovar (Au) wire 
OF'HC Copper ( Au 
Nickel (bare) wire 
Nickel (bare ribbon 

Kovar (Au) wire 
OFHC Copper (Au) 
Nickel (bare) wire 
Dumet (Au) wire 
Nickel (bare)  ribbon 

3. The LACD welding concept cont ro ls  weld pulse height, pulse length, 
and current decay, 

4. The LACD welding concept does not degrade the  physical propert ies  
of the weld jo in t  except fo r  a s l i g h t  loss i n  tensile s t rength from 11.1 
t o  10.5 pounds on 0.032 nickel t o  0.010 x 0.020 nickel  ribbon. 
i n  grain size was detected. 

No change 

5 .  The absence of the nickel bar r ie r  layer  i n  gold plated dumet 
ser iously degrades weldability. 

6 .  Heavy gold plat ing produces "gold fuzz" when welding gold plated 
dumet. Heavy weld f i l l e t s  prevents the  formation of "gold fuzz". 

7. Quality assurance c r i t e r i a  for inspection of weld j o i n t s  shall 
remain the 8ame as with standard welding equipment. 
equipment requirements are specified in Section VI. 

Process control  and 

8. Gold plated 0.010, 0.016 and 0.020 OFHC copper wire demonstrated 
excellent weldability when welded t o  nickel bus wire one t o  two gauges 
larger than the copper wire being welded. 
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9. The square of the copper t o  nickel mass relationship can be 
directly correlated to LACD weldability range. 



V, REEOMMMDATIONS 

These recomnendations are based on the  conclmions contained in 
Section IV, 

1, The present MSFC 270B specif icat ion which establ ishes  dimension8 
and plat ing thicknesses is adequate f o r  producing sa t i s f ac to ry  welds with 
the LACD concept, i f  s t r ic t  adherence t o  the following is maintained: 

- 1 Nickel barrier layer  is required on gold plated dumet wire 
o r  otherwise where gold comes i n  contact with a copper surface. 

- 2 Specified 50 t o  150 microinches of gold on dumet leads  is not 
exceeded. 

2, When a "gold fuzzP' problem is encountered, me a t i g h t l y  bonded 
heavy weld f i l l e t  as r e s t r i c t ed  by Quality Assurance items 6 and 7 of 
Part  C of Section VI. 

3. Any OFHC copper lead material required f o r  special c i r c u i t s  must 
be limited t o  0,010 t o  0.020 inch diameter with nickel  bus wire one t o  two 
gauges larger than the copper wire t o  be welded. Larger copper wire re- 
quires proportionately larger nickel bus wire which is d i f f i c u l t  to bend 
on a production l ine .  

t o  more precisely es tab l i sh  the relat ionship and permit an enlightened 
design of a weldable e lectronic  module containing OFHC component leads. 

4. Perform addi t ional  s tudies  on the mass r a t i o  of copper t o  nickel 

5. Modify the ex is t ing  capacitor discharge welders t o  the LACD 
welding c onc ept  . 

6. In the  modification of any capacitor discharge welder, the 
capacitor discharge leakage r e i s to r  must be no less than loo0 ohms, 
and preferably greater than 2000 ohms. 

7. Welding electrodes 8 Id be prepared as Shown i n  Figure 15 t o  
assure uniform welding current through the weld jo in t .  
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VI. s 

The equipment red f o r  t h i 8  program 
supply, Model No. XC, modified with an i 
Figure 1, 
below. 

The parts necessary t o  reco 

Item Rating 

DPST switch 16 agp per contact 5 
Rheostat 0-5 ohms, 150 watt 1 
Resi st ors  2 ohms, 40 watt 2 
Resistors 5 ohms, 40 w a t t  3 

Interconnecting wiring is No. 10 gauge, insulated fo r  5OOVdc minimum. 

B. PROCESS CONTROL 

To rea l ize  the most reliable and consistent r e su l t s ,  s t r ic t  atten- 
t i on  must be observed regarding: 

- 1 Welding electrode configuration 
- 2 Welding electrode dressing 

2 Welding electrode alignment. 

The welding electrodes should be shaped as shown i n  Figure 14. T h i s  
should be monitored as required t o  assure compliance, The number of 
welds per hour, welding pressure, and the formation of the t ips  w i l l  
d ic ta te  the frequency of monitoring and reshaping. 

The welding electrode dressing should be observed a f t e r  each f ive  
welds, The electrodes are dressed with a non-residual contact burni- 

<. shing too l  and then polished with a sanding disc. 

A non-residual ishing too l  such as 6 (POI<, Nevaes 
Inc., P. 0. Box 65, 11inOiS) is Sat . A sanding 
disc of approximately recommended . a c t  burnishing 
too l  is pulled down between the two welding electrodes, maintained at 
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welding pressure, t o  assure square and parallel electrode faces. This 
is repeated u n t i l  a l l  areas of both electrode faces s h q w  bright fresh 
metal. 
trodes, maintained at welding pressure, fo r  f i n a l  polish. Electrodes 
are brushed with a dry clean t o  eliminate a l l  dust. A b las t  
of dry air w i l l  eliminate due e electrodes and the  welding sys- 
tem. The included angle between t h e  electrodes i n i t i a l l y  should be set 
at 60 degrees with a spacer tool ,  and both electrodes aligned fore  and 
af t  against  a straight edge or  block t o  assure face t o  face alignment, 
These dirGCtiOn8 are t o  be followed only a f t e r  establishing that the two 
horizontal  electrode holder arms are on the  same hor imnta l  axis (as 
most often u t i l i zed  i n  manufacturing). 

A sanding disc  is then rotated 180 degrees between the two elec- 

Weekly checks of the LACD modification uni t  are recomended a t  im- 
pedance se t t i ngs  at 5 ohms, 10 ohms, and 20 ohms. 

C. QUALITY ASSURANCE 

A l l  LACD qual i f icat ion weld j o i n t s  and production welds mt meet 
the following requirements, 
a magnification of 20X. 

A l l  visual inspection s h a l l  be performed a t  

1) Welds must be 60 percent o r  above the t ens i l e  s t rength of the 
weakest of the two component lead materials. 

2) Neither of t h e  two lead materials may setdown i n t o  the other 
more than 50 percent of the thickness of the  thinner material. 

3) No weld shall be accepted i f  the thickness of the weld is re- 
duced more than 35 percent of the t o t a l  thickness of the two unwelded 
materials. 

4) No weld shall be acceptable i f  there are visual indications of 
metal expulsion. 

5) No sp i t t i ng ,  expulsion, or cracking is permitted. 

6 )  The f i l l e t  s i z e  of any kovar weld jo in t  shall be r e s t r i c t ed  t o  
50 percent maximum of the smaller wire diameter. 

7)  The f i l le t  s i z e  of any dumet, nickel, o r  copper lead t o  nickel 
bus mterial sha l l  be r e s t r i c t ed  so as not t o  touch either welding 
electrode. 
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VII. PROGRAM DATA 

This data w a s  performed during the preliminary evaluation and is 
summed up i n  Table 111. 
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