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Joining techniques: soldering and brazing 

1. INTRODUCTION 

Jo in ing m a t e r i a l s of a l l k inds Is a fundamenta l pu rsu i t of modern t echno logy , 
j u s t as i t has been trhoughout the h is to ry of c i v i l i z a t i o n . The p roduc t ion of 
var ious a r t i f a c t s o f ten c a l l s for the j o i n i n g of d i f fe ren t m a t e r i a l s , a l though the 
j o i n i n g of two components of the same mate r ia l may present a c t i a l l eng ing 
p rob lem at t i m e s . One is thus conf ronted w i t h a w ide range of j o i n i n g techn iques 
that have been deve loped for d i f fe ren t a p p l i c a t i o n s ; these i nc lude m e c h a n i c a l 
j o i n t s ach ieved by reve t ing and r o i I - p e e n i n g , adhes ive j o i n t s , w i d l e y used 
in the aerospace indus t r y , d i f f u s i o n j o i n t s , we ld i ng , and so lde r ing and b r a z i n g . 
A s the t i t l e of t h i s lec ture i nd i ca tes , the la t ter two techniques are the m a i n 
concern of th i s p resen ta t ion , but s i nce Braz ing f a l l s In the general ca tegory of 
W e l d i n g , a few words shou ld be sa id about t h i s impor tan t group of j o i n i n g 
t echn iques . 

W e l d i n g P r o c e s s e s : In i t s m o s t general appi i ca t i on , the t e rm " W e l d i n g " 
covers the j o i n i n g of m e t a l s by any procedure that resu l t s in a m e t a l l u rg ica l I y 
sound j o i n t . On the other hand, the A m e r i c a n W e l d i n g Soc ie ty ( A W S ) de f ines 
We ld i ng as "a m e t a l - j o i n i n g process where in coa lescence is produced by 
heat ing to a su i t ab le temperature w i t h or w i thou t the app l i ca t i on of p ressu re , 
and w i t h or w i thou t the use of f i l l e r m e t a l " . C o l d - W e l d i n g , a process w i d e l y 
used in the v a c u u m - t u b e indust ry for p i n c h i n g - o f f me ta l exhaust t u b u -
ł a t i o n s w i thou t the a p p l i c a t i o n of hea t , is thus a c o n t r a d i c t i o n . S i m i l a r l y , 
R e s i s t a n c e - W e l d i n g , U l t rason ic W e l d i n g , and F r i c t i o n - W e l d i n g do not requ i re 
en external heat source , a l though h igh tempera tu res are be ing produced at the 
in te r face by the nature o f j h e s e p rocesses . 

The "Char t of We ld i ng P r o c e s s e s " pub l i shed by A W S makes s o m e a l l o w a n c e 
for these d i sc repanc ies by l i s t i n g as major ca tegor ies 

Gas W e l d i n g 
A r c We ld i ng 
R e s i s t a n c e W e l d i n g 
B raz ing 
S o l i d S ta te We ld i ng 
Other Processes 

^Presented at the International Sumnner School on subject electronics materials (Herceg-Novi 1975) 
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The f i r s t two e n t r i e s , Gas We ld i ng and A rc W e l d i n g , are the processes that 
we genera l l y assoc ia te w i t h the a c t i v i t i e s of a welder who produces a fus ion 
j o i n t be tween a l i n g e d parent m e t a l s by heat ing them to the m o l t e n s ta te w i t h 
the a i d of an externa l heat source whereupon a s o l i d io in t resu l t s on c o o l i n a . 

G a s W e l d i n g is usual ly a manual ope ra t i on , a l though in can be au to -
m a t e d . The operator uses the f a m i l i a r w e l d i n g to rch to w h i c h a m i x t u r e of 
gases is f ed that burns at the t i p and produces the heat required to m e l t the 
m e t a l . A f i l l e r me ta l rod is usua l l y m e l t e d Into the j o i t . Mos t fer rous and 
nonferrous m e t a l s can be gas we lded , but the o x y - f u e l gas m i x t u r e mus t be 
c a r e f u l l y chosen to produce the des i red f l a m e tempera tu re , heat t ransfer 
i n t e n s i t y , and c o m p o s i t i o n of the f l a m e a tmosphe re . O x y - a c e t y l e n e we ld i ng 
i s be ing w i d e l y used for repair and ma in tenance work and for f l a m e c u t t i n g ; 
the f l a m e tempera tu re exceeds 30D0°C (6OOOOF). 

A r c W e l d i n g : Fourteen convent iona l arc we ld ing p rocesses are cur rent ly 
in use ; they d i f f e r p r i n c i p a l l y in the way harmfu l gases are exc luded f r o m the 
w e l d a rea . Depending on the mate r ia l to be we lded and the des i red w e l d cha rac -
t e r i c t i c s , the f o l l o w i n g m a i n ca tegor ies e x i s t . 

S h i e I d e d - M e t a l - A r c W e l d i n g is a manual process in w h i c h the heat 
for w e l d i n g is generated by an arc es tab l i shed between a f l u x - c o v e r e d consumab le 
e lec t rode and the w o r k . The e lec t rode t i p , w e l d p u d d l e , a rc , and ad jacent 
areas of the work p iece are pro tec ted f r o m a tmospher i c c o n t a m i n a t i o n by a 
gaseous sh ie l d ob ta ined f r om c o m b u s t i o n and d e c o m p o s i t i o n of the f l ux cove r i ng . 
A d d i t i o n a l s h i e l d i n g is p rov ided for the m o l t e n meta l in the w e l d puddle by a 
cove r i ng of m o l t e n f l u x ( s l a g ) . F i l l e r meta l is supp l ied by the core of the con-
s u m a b l e e lec t rode , and , w i t h c e r t a i n e lec t rodes , f r o m meta l powder m i x e d 
w i t h the e lec t rode c o v e r i n g . M e t a l s m o s t e a s i l y we lded are carbon- and l o w -
a l l o y s t e e l s , s t a i n l e s s ç t e e l s , and h e a t - r e s i s t i n g a l l o y s . The end of the e l e c -
t rode m u s t be c l o s e enough to the work to insure that m o l t e n meta l f r om the 
e lec t rode w i l l be t ransfer red d i r ec t l y and accura te ly in to the w e l d pudd le . In 
genera l , arc leng th shou ld not exceed the d iamete r of the e lec t rode core w i r e . 

F l u x - c o r e d A r c W e l d i n g u t i l i z e s a tubular consumab ie e lec t rode 
w i t h i n w h i c h the f l u x is con ta ined . The e lec t rode may therefore be supp l i ed 
in the f r o m of f l e x i b l e , con t inuous w i r e that can be co i l ed in d i s t i n c t i o n to 
the " s t i c k e l ec t r odes " used in sh ie lded meta l arc w e l d i n g . 

S u b m e r g e d - A r c W e l d i n g is a fas t we ld ing opera t ion res t r i c ted to the 
j o i n i n g of f a i r l y heavy s t o c k , more than 3 / 1 6 i n . t h i c k , w h i l e the f a y i n g sur faces 
are m a i n t a i n e d in a hor izonta l p o s i t i o n . A layer of granular and f u s i b l e f l ux 
i s depos i ted a long the gap that may be contoured to re ta in i t , and one or more 
bare m e t a l c o n s u m a b l e e lec t rodes p low through t h i s granular t rack and es tab-
l i s h an arc ( o r a r c s ) between the i r t ips and the base m e t a l . The layer of 
f u s i b l e f l ux b lanke ts the m o l t e n we ld me ta l and the base meta l near the j o i n t 
and thus prevents a tmosphe r i c c o n t a m i n a t i o n . The process is mos t f requent ly 
app l i ed to the j o i n i n g of fer rous m e t a l s , but d i f f i c u l t i e s a r i se w i t h h i g h - a l l o y 
s t e e l s , and cas t i ron i s exc luded . 
• G a s M e t a l - A r c W e M i n g ( G M A ) o r M e t a l I n e r t G a s W e l d i n g 
( M I G ) : The heat for we ld i ng is generated by an arc between a consumab le 
e lec t rode and the work m e t a l . The e lec t rode , a bare s o l i d w i r e that is con -
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t i nuous ly fed to the w e l d area, becomes the f i l l e r me ta l as it is c o n s u m e d . 
The e lec t rode , w e l d pudd le , a rc , and ad jacent areas of the base meta l are 
pro tec ted f rom a tmospher i c con tam ina t i on by a gaseous sh ie ld provded by 
a s t ream of gas , or a m i x t u r e of gases , fed through the e lec t rode ho lde r . A rgon 
( A r g o n - a r c w e l d i n g ) or hel i u m ( H e l i - a r c w e l d i n g ) were or ig ina l I y 
used for sh i e l d i ng a l m o s t e x c l u s i v e l y , but carbon d i o x i d e has now a l so been 
w i d e l y accepted as a s h i e l d i n g g a s . Oxygen and carbon d i ox i de are o f ten 
m i x e d w i t h the inert gases to s t a b i l i z e the arc and improve the meta l t ransfer 
c h a r a c t e r i s t i c s , but deox id i ze rs are then added to the e lec t rode . Argon is 
p re ferab le to h e l i u m for the we ld ing of t h i n s e c t i o n s , whereas h e l i u m is 
preferred for t h i c k s e c t i o n s . 

G a s T u n g s t e n - A r c W e l d i n g (GTA We ld ing ) or T u n g s t e n I n e r t 
G a s (TIG W e l d i n g ) u t i l i z e s a nonconsumab ie tungsten e lec t rode . A s in M IG 
w e l d i n g , an arc is s t ruck between the e lec t rode and the work , and sh ie l d i ng 
i s p rov ided by a s t ream of g a s . A we ld can be made by f u s i o n of the base 
meta l w i thou t the add i t i on of f i l l e r m e t a l , or a f i l l e r meta l may be fed into the 
j o i n t is requ i red . D i r e c t - C u r r e n t , s t r a i g h t p o l a r i t y is m o s t w i d e l y used 
for TIG we ld ing w h i c h i m p l i e s that the tungsten e lec t rode i s connected to the 
negat ive po le of the power s u p p l y . In the case of reve rse -po la r i t y we ld i ng , the 
work p iece i s connected to the nega t i ve po le . Reverse po la r i t y D . C . produces 
a f l a t , w ide bead w i t h sha l l ow pene t ra t i on . 

P e r c u s s i o n W e l d i n g is a v e r s a t i l e we ld ing process that permi ts the 
j o i n i n g of s i m i l a r of d i s s i m i l a r m e t a l s of w i d e l y va ry ing c r o s s - s e c t i o n s by 
means of a capac i to r d i scharge across an a i r gap . A sha l l ow layer of me ta l on 
the contact sur faces of the work p ieces i s m e l t e d by heat of the arc produced 
between t h e m ; one of t hem is impac ted against the o ther , ex t i nqu i sh i ng the 
a r c , e x p e l l i n g m o l t e n meta l , and c o m p l e t i n g the w e l d . The ends of w i r e s can 
be b u t t - w e l d e d to each other in t h i s manner , one w i r e hav ing as s m a l l a d i a . 
as O.OOSin. Large-area j o i n t s to c o m p o s i t e contact sur faces are a l so p o s s i b l e . 
The we ld ing cur rents are ex te rme l y large but of very short du ra t i on . 

There e x i s t s a large body of l i t e r a t u r e o n a l l aspec ts of we ld ing , 
R e f . 3 V o l u m e 6 of the M e t a l s Handbook of the A m e r i c a n Soc ie t y for M e t a l s 

the W e l d i n g Handbook of the A m e r i c a n We ld i ng Soc ie ty [ R e f . s ] , P rocess 
S p e c i f i c a t i o n s pub l i shed by the A m e r i c a n Soc ie t y For Tes t ing and Ma te r i a l s 
( A S T M ) , numerous p u b l i c a t i o n s by NASA [ R e f . e ] are some of the sources 
that shou ld be consu l ted for fur ther d e t a i l s . 

The app l i ca t i on of we ld i ng to the cons t ruc t i on of vacuum dev ices have been 
d i scussed by S u l l i v a n et a l . [ R e f . ? ] and by Ver fuss ^ R e f . s j . Espe [ R e f . 9 ] 
dea ls w i t h these ques t ions in V o l . 1 of h i s ser ies on " M a t e r i a l s of H igh 
Vacuum Techno logy " , and Kohl ' s Handbook Ref . lC^ con ta ins two lengthy 
chapters on So lder ing and B r a z i n g . Manko [ " R e f . 1 l ] has pub l i shed a book on 
" S o l d e r s and S o l d e r i n g " . 

2 . SOLDERING 

It i s not so long ago that " S o l d e r i n g " was looked upon, w i t h some d i sda in as 
" t h e P l u m b e r ' s A r t " that was p rac t i ced by the Romans when they made water 
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p i p e s f r o m lead sheet and j o i n e d t hem by so lde r ing w i t h l e a d . Later they 
added t i n to the lead and c reated the soca l l ed " W i p i n g S o l d e r " that is be ing 
used for th i s purpose t o d a y . 

I n c i d e n t a l l y , l e a d / t i n so lders were known to the Egyp t i ans more than 
3000 years ago, a l though no t i n ores were a v a i l a b l e in the Med i te r ranean 
b a s i n ; they were brought to Egypt a long m y s t e r i o u s t rade routes f r o m as far, 
as Conwal l in the Wes t and The Casp ian Sea in the E a s t . No wonder that 
pure t i n was looked upon as a prec ious meta l and used for co ins at one t i m e . 

The s k i l l of the c r a f t s m a n that re l i es on techn iques a c c u m u l a t e d over 
cen tu r i es and was passed on f r om one genera t ion to the next has served we l l 
i n the c rea t i on of works of a r t , but i t has los t i t s dominan t ro le in modern 
so lde r i ng t echno logy . S c i e n t i f i c d i s c i p l i n e s a i m i n g at an uders tand ing of the 
p r i n c i p l e s that under l i e the f o r m a t i o n of a re l i ab le j o i n t now prov ide impor tan t 
g u i d e - l i n e s in p rac t i ca l ope ra t i ons . 

The m a t e r i a l s engineer mus t now c o m m a n d knowledge in a number of f i e l d s 
that bear on t h i s s u b j e c t . A m o n g these are not on ly P h y s i c s . C h e m i s t r y , and 
M e t a l l u r g y , but a l so Sur face P h y s i c s , S t ress A n a l y s i s , E l e c t r o c h e m i s t y , 
and Vacuum Techno logy . The " P l u m b e r ' s A r t " hast thus deve loped into a 
s o p h i s t i c a t e d pursu i t of s o l u t i o n s to p rob lems whose ex i s tence was not apparent 
in ear l ie r t i m e s . The reasons for t h i s g rowing c o m p l e x i t y have their roots in 
the f o l l o w i n g d e v e l o p m e n t s . 

The demands for quan t i t y p roduc t ion of so ldered a s s e m b l i e s have necess i ta ted 
a h igh degree of m e c h a n i z a t i o n and a m u c h c loser contro l of i nd iv idua l 
ope ra t i ons . Where a to rch was f o r m e r l y man ipu la ted by hand and the gas 
m i x t u r e a d j u s t e d by the opera tor , a who le bat tery of torches may now be 
moun ted on the per iphery of a ro ta t ing p l a t f o r m on wh i ch the workp ieces are 
p laced and the gases are fed to each torch p o s i t i o n and the i r proper m i x t u r e 
i s con t ro l l ed by f l o w m e t e r s . S i m i l a r l y the f l ux and solder may a u t o m a t i c a l l y 
be fed to the j o in t f r o m d i s p e n s e r s . Even the so lde r ing i ron , where it is s t i l l 
be ing used , has i t s b u i l t - i n heat sensor and a t i m e con t ro l l e r , both of w h i c h 
can be a d j u s t e d to meet the e x i s t i n g requ i remen ts . Solder m a y app l i ed to the 
j o i n t by e l e c t r o p l a t i n g or by u s i n g p re fo rms that can a l so be a u t o m a t i c a l l y 
d i spensed in s o m e c a s e s . 

3 . INDUSTRIAL A P P L I C A T I O N S 

Sheet Meta l Work 
Cab le Jo in ts 
P i p i n g I ns ta l l a t i ons 
A u t o m o t i v e Body Repai r 
A u t o m o t i v e Rad ia to rs 
Re f r i ge ra t i on S y s t e m s 
A i r Cond i t i on ing S y s t e m s 
Food Preserva t ion (Tin Cans) 
E l e c t r i c a l W i r i n g 
P r i n ted C i r c u i t Boards 
E l e c t r i c a l I ns t rumen ts 
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Th is par t ia l l i s t of indus t r ia l ac t is / i t ies wtnere So lde r i ng is p rac t i ced on a 
la rge s c a l e ind ica tes the c o m m e r c i a l impor tance of t h i s j o i n i n g p rocess .Many 
of these app l i ca t i ons ca l l for spec ia l so lder c o m p o s i t i o n s and a careful se lec t io i 
of f l u x e s . In e lec t ron ic a p p l i c a t i o n s , s t r i c t l i m i t s mus t be imposed on the 
i m p u r i t y and gas content of so l de r s , as these wou ld adverse ly a f fec t per formace 
W h i l e Standard Agenc ies in va r ious count r ies have es tab l i shed l i m i t s on che -
m i c a l c o m p o s i t i o n , gas content is rare ly m e n t i o n e d . " V a c u u m - c a s t so lde rs " 
are a v a i l a b l e f r o m a number of s u p p l i e r s , but users have found t hem to have 
w i d e l y va ry ing q u a l i t y . In v i ew of the i r r e l a t i v e l y h i gh vapor pressures, so lders 
are genera l l y not p e r m i t t e d " t o see" a vacuum e n v i r o n m e n t , espec ia l l y in a 
s e a l e d - o f f d e v i c e . 

W a v e S o l d e r i n g i s be ing w ide l y used in the p roduc t ion of P r in ted C i r c u i t 
Boards ( P C B ) and has reached a h igh degree of a u t o m a t i o n . Th is techn ique 
e s s e n t i a l l y is a m o d i f i e d ve rs ion of D ip So lde r ing where the board w i t h i t s 
m a n y exposed " l a n d s " or " p a d s " is ho r i zon ta l l y fed through the cres t of a 
so lder wave that i s produced by an e longated o r i f i c e moun ted j us t below the 
su r face of l i q u i d so lder in a s u i t a b l e con ta ine r . The so lder i s con t i nua l l y 
c i r c u l a t e d by a pump so that the wave a lways con ta ins f resh , uncon tamina ted 
s o l d e r . C lean ing , P rehea t ing , and F lux ing p o s i t i o n s o f ten precede the i m -
m e r s i o n of the board in the so lder wave in a l inear array and are f o l l owed by 
P o s t - H e a t i n g and P o s t - C l e a n i n g s t a t i o n s , so that a w a v e - s o l d e r i n g mach ine 
m a y extend over a legth of 20 feet or m o r e , depend ing on the number of 
opera t ions that are incorpora ted . D i f f e ren t w id ths of boards can be a c c o m o -
da ted by ad jus tab le r a i l s . 

P r i n t e d C i r c u i t B o a r d s were deve loped in Great B r i t a i n dur ing W , W . , 
II and their techno logy rap id ly advanced in U S A . A t that t i m e , boards were 
a c u a l l y p r in ted on i nsu la t i ng subs t ra tes by a p p l y i n g conduc t i ve inks through 
s u i t a b l e s t e n c i l s . The t e rm P C B has now taken on a gener ic mean ing and 
cove rs the techn ique of r emov ing unwanted copper f r om a c o p p e r - c l a d 
i n s u l a t i n g board ( sub t rac t i ve me thod ) by e l e c t r o l y t i c e t ch ing or adding the 
c i r c u i t pa t te rn to a bare i nsu la t i ng board ( a d d i t i v e t e c h n i q u e ) . Great advances 
have been made in the past decades . The l i n e w i d t h and spac ing cur rent ly 
ach ieved in the indust ry range f r o m 15 to 20 m i l s ( 0 . 3 8 - 0 . 5 1 m m ) and the 
s i z e of the boards f r o m 100 to over 1000 c m ^ . H igh r e l i a b l i l i t y and a m e n a b i l i t y 
to m a s s p roduc t ion have m a d e P C B ' s the backbone of e l ec t ron i cs in compu te r s , 
space v e h i c l e s , m i s s i l e s , and inc reas ing ly a l so in the en te r ta inmen t i ndus t r y , 
such as rad io and t e l e v i s i o n . 

The h igh ly soph i s t i ca ted techno logy that i s requi red for the product ion of 
P C B ' s has been d i scussed in numerous pub l i ca t i ons and at in ternat iona l 
con fe rences . It wou ld go beyond the f r ame of t h i s p resen ta t ion to enter in to 
any d e t a i l s beyond e m p h a s i z i n g the ex t reme impor tance of the u tmos t 
c l e a n l i n e s s in a l l opera t ions R e f . 1 2 , 1 3 and the need for s t r i c t process 
c o n t r o l . 

S o l d e r a b i l i t y T e s t s : The ba lance of fo rces that p reva i l s between 
l i q u i d solder and subs t ra te is de te rm ined by the respec t i ve sur face energies 
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and the r e s u l t i n g con tac t ang le w h i c h shou ld not be much greater than 60 
degrees for good w e t t i n g and sp read ing . I n v i s i b l e ta rn ish of the sur faces and 
adsorp t ion of i m p u r i t i e s con ta ined in the so lder w i l l have a harmfu l e f f e c t 
and cause poor w e t t i n g or dewe t t i ng un less a s u f f i c i e n t l y a c t i v e f l u x r e m o v e s 
such c o n t a m i n a t i o n . In e l e c t r o n i c assemb i i es , however , on ly m i l d , ros in t ype 
f l u x e s a re p e r m i t t e d . It is there fore impor tan t to be ab le to measure the 
c o m p a t i b i l i t y of the i nvo l ved componen ts and thus to eva lua te , pre ferab ly in 
a q u a n t i t a t i v e manner , the e f f e c t s of p rocess v a r i a b l e s , s torage t i m e s , and 
cho i ce of m a t e r i a l s . 

A number of s o l d e r a b i l i t y t es t s have been evo lved over the years and one 
or the other are p resc r ibed in m i l i t a r y and c i v i l i a n s p e c i f i c a t i o n s . A m o n g 
these are the " T w i s t e d W i r e T e s t " , the "Spread T e s t " , the " G l o b u l e T e s t " , 
and the " E d g e D ip T e s t " . 

The e a r l i e s t of these t es t s i s based on the W i l h e l m y f i l m ba lance for 
sur face t e n s i o n m e a s u r e m e n t s and was app l i ed to k i n e t i c measu remen ts in 
the Ko l l ag raph in 1945 by E a r l e . In recent yea rs , the i ns t rumen ta t i on for t h i s 
me thod has been grea t ly re f ined in independendent deve lopmen ts by Compan ies 
i n Europe ( P h i l i p s , M a r c o n i , G . E . C . , E r i c s s o n ) and USA (NL I n d u s t r i e s ) . 
The G . E . C . ve rs i on in be ing marke ted in USA by M o l l i s Eng ineer ing I nc . 
i n Nashua , N . H . under the t radename " M e n i s c o g r a p h " . To quote f rom the i r 
l i t e r a t u r e . . . " it has been used to show d i f f e rences between component leads 
at va r ious s tages of sem iconduc to r dev i ce manu fac tu re , to eva lua te c l e a n i n g 
procedures for i m p r o v i n g the so lderab i I i t y of n i c k e l / i r o n leads on reed re lays 
and to i l l u s t r a t e the d i f f e rence between f l u x e s used on n i c k e l / s i l v e r rea ly 
s p r i n g s " . 

C o m p l e t e d j o i n t s can be eva lua ted by a number of des t ruc t i ve and non-
d e s t r u c t i v e t e s t s , such as P u l l Tes t s , Pee l Tes ts , X - R a y s , U l t r ason i c S c a n s , 
I . R . Spec t roscopy , Op t i ca l and A c o u s t i c Ho log raphy , and A c o u s t i c E m i s s i o n . 
A l l too f r e q u e n t l y , however , the i nspec t i on of so ldered j o i n t s re l i es on v i s u a l 
e x a m i n a t i o n , and de ta i l ed g u i d e l i n e s have been es tab l i shed for the number and 
t ype of f au l t p e r m i s s i b l e on P C B ' s . 

D e s i g n C o n s i d e r a t i o n s : Apar t f r o m the compa t i b i I i ty of the j o i n t 
componen ts and the e f f ec t of env i ronmen ta l c o n d i t i o n s , it is impor tan t t o 
remember that so lders genera l l y have low mechan i ca l s t rength and low 
therma l and e l e c t r i c a l c o n d u c t i v i t y . U l t i m a t e Tens i le St rength ( U . T . S . ) at 
room Tempera ture ( R . T . ) ranges f r om 5 - 1 0 ks i ( 0 . 7 - 1 .4 k p / m m ^ ) for 
c o m m o n l y used s o l d e r s , and e l e c t r i c a l c o n d u c t i v i t i e s are about 10% l A C S 
( In te rna t iona l Annea led Copper S t a n d a r d ) . So ldered j o i n t s mus t therefore be 
m e c h a n i c a l l y anchored when exposed to s t resses in s e r v i c e , and e lec t r i ca l 
b y - p a t h s m u s t be p rov ided to avo id overhea t ing by e x c e s s i v l y h igh cu r ren t s . 
B raz ing a l l o y s a lso have a w i d e range of r e s i s t i v i t i e s , but the in ter face be tween 
abu t t ing sur faces is u s u a l l y m u c h th inner than i t is for so lde rs , of i t m a y 
d isappear a l together in d i f f u s i o n s e a l s . In m e t a l l i z e d and brazed ce rami cs, 
losses in the brazed in te r face at h i gh f requenc ies can be a cause of f a i l u r e in 
wavegu ide w indows and s i m i l a r s t r uc tu res . 
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B r a z i n g i s d i s t i n g u i s h e d f r o m s o l d e r i n g by i t s be i ng c o n d u c t e d at a 
h igher t e m p e r a t u r e , u s u a l l y above 4 0 0 ° C , so tha t the j o i n t c a n c o r r e s p o n d i n g l y 
be exposed to h igher t e m p e r a t u r e s in o p e r a t i o n . A s long as a s u i t a b l e f i l l e r 
m e t a l is c h o s e n , even re f rac to ry m e t a l s w i t h very h i gh m e l t i n g p o i n t s c a n be 
j o i n e d by b r a z i n g . In a l l c a s e s , both for s o l d r i n g and b r a z i n g , the f o r m a t i o n 
of b r i t t l e i n t e r m e t a l I ic c o m p o u n d s at the i n t e r f ace of t h e parent m e t a l s m u s t 
be a v o i d e d , s i n c e t he i r p resence w o u l d s e r i o u s l y i n t e r f e re w i t h the m e c h a n i c a l 

s t r eng th of the j o i n t . H o w e v e r , t h i s r e m a r k cannot e n t i r e l y be t a k e n at i t s 
f a c e v a l u e , s i n c e a s m a l l a m o u n t of i n te r face m a y be necessa ry for e f f e c t i v e 
b o n d i n g ; i t is the e x c e s s i v e b u i l d - u p of i n t e r f a c i a l c o m p o u n d laye rs at t he 
i n t e r f a c e tha t is o b j e c t i o n a b l e . 

A p a r t f r o m c o m p o u n d f o r m a t i o n at the i n t e r f a c e , i t has a l s o been f o u n d tha t 
ca rbon f i l m s m a y f o r m the su r f ace of the parent m e t a l by d i f f u s i o n of e x c e s s i v e 
ca rbon con ten t w h i c h t hen s e r i o u s l y i n te r fe res w i t h the w e t t a b i l i t y of t he 
s u r f a c e by f i l l e r m e t a l s . S u c h a c a s e has recen t l y been d e s c r i b e d by La rson 
and K o r b i t z [ ^ R e f . 1 4 j , fo l l o w i n g an o b s e r v a t i o n by Hauber | R e f . 1 5 . 

A gray t a r n i s h f i l m d e v e l o p e d on a s a m p l e A of M o n e l 400* (64% N i , 33% C u , 
2% Fe, 1% M n ) on exposu re to a t e m p e r a t u r e of 8 0 0 - 9 0 0 ° C in a v a c u u m f u r n a c e 
( 1 0 " ^ Torr) but not o n a d i f f e ren t s a m p l e B . Auger e l e c t r o n spec t ra e s t a b l i s h e d 
the t a r n i s h f i l m to c o n s i s t of c a r b o n , and b u l k c h e m i c a l a n a l y s i s s h o w e d tha t 
t he ca rbon c o n c e n t r a t i o n in s a m p l e A w a s 0 . 1 5 3 wt% and tha t of s a m p l e B 
0 . 1 0 9 wt%. A s Hauber has po in ted o u t , the ca rbon con ten t of s a m p l e A w a s h i g h 
enough to p roduce a s u p e r s a t u r a t e d s t a t e at the b r a z i n g tempenature w i t h the 
resu l t that the ca rbon d i f f u s e d to the s u r f a c e . S a m p l e B , on the o ther h a n d , 
was not sa tu ra ted w i t h ca rbon and the re fo re d i d not p roduce a carbon f i l m . The 
c o n c l u s i o n reached i s that Monel has good w e t t i n g c h a r a c t e r i s t i c s for ca rbon 
c o n c e n t r a t i o n s of l ess than 0 . 1 0 9 wt% C . 

Of the va r i ous t y p e s of Mone l cu r ren t l y i n u s e , M o n e l 400 , Mone l 4 0 1 , and 
M o n e l 404 have s p e c i f i e d m a x i m u m ca rbon c o n t e n t s of 0 . 3 0 , 0 . 1 0 , and 0 .15% 
r e s p e c t i v e l y . It w o u l d t hus appear that on l y Tupe 401 s a t i s f i e s the a b o v e - s t a t e d 
r e q u i r e m e n t , a l t h o u g h bo th Type 401 and Type 404 are b e i n g used in e l e c t r o n i c 
a p p l i c a t i o n s . Type 404 Mone l was deve loped s o m e 15 years ago to r e p l a c e 
Type 403 ; i t has a m u c h lower con ten t of M a n g a n e s e (0 .10% m a x . ) and c a n 
the re fo re be b razed in wet hyd rogen at a h igher Dew P o i n t ( + 2 4 ° C ) . T race 
a m o u n t s of a l u m i n u m , s i l v e r .'•and t i t a n i u m tha t c a u s e o x i d e f o r m a t i o n i n 
poo r l y c o n t r o l l e d hydrogen a t m o s p h e r e s are a l s o kep t at a very low l eve l i n 
Type 404 Mone l . 

On a s o m e w h a t d i f f e r e n t s c a l e , b r a z i n g of a l u m i n u m to s t a i n l e s s s t e e l has 
o f t e n p resen ted s e r i o u s d i f f i c u l t i e s , p a r t l y because the f i l l e r m e t a l s do not 
we t the t i g h t l y a d h e r i n g o x i d e f i l m on a l u m i n u m , and p a r t l y on a c c o u n t of the 
f o r m a t i o n of a b r i t t l e i n t e r m e t a l I ic c o m p o u n d be tween a l u m i n u m and i r o n . 
The o x i d e f i l m can be broken up by u l t r a s o n i c a g i t a t i o n of the f i l l e r m e t a l tha t 

* T r a d e m a r k , The In te rna t i ona l N i c k e l C o m p a n y 
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then ga ins access to the bare subs t ra te . The f o r m a t i o n of the ob jec t i onab le 
i n te rme ta l l ic can be c i r cumven ted by the a p p l i c a t i o n on to the S . S . of a barr ier 
layer of t i t a n i u m by vapor depos i t i on in a vacuum over w h i c h a second layer 
of A | - Z r - S i i s then depos i ted by v a p o r i z a t i o n . R e l i a b l e j o i n t s are then obtainec 
by convent iona l sa l t bath i m m e r s i o n . 

M e t a l l u r g i c a l I y sound and vacuum t igh t j o i n t s be tween S . S . and A l 
tub ing , or other m e t a l s , have been produced by f o r c i ng an ove rs i zed mandrel 
through the inner tube , thereby expanding i t aga ins t the inner wa l l of a 
coax ia l outer tube and caus ing the meta l to y i e l d at room tempera tu re . 
E x p l o s i v e bond ing techniques have a l so been e m p l o y e d for t h i s purpose. 

Burgess , B ryan t , Neugebauer, and Babcock of the General E l e c t r i c Company 
in Schenectady R e f . 1 have desc r ibed an in te res t ing techn ique for the j o i n i n g 
of m e t a l s , or of m e t a l s and d i e l e c t r i c s , that c i r c u m v e n t s the p lacement of 
f i l l e r m e t a l s between the components of the j o i n t . By hea t i ng the a s s e m b l y 
in a r eac t i ve gas a tmosphere , a g a s - m e t a l eu tec t i c i s f o r m e d that we ts the 
sur faces t o be j o i n e d and es tab l i shes a s t rong bond on c o o l i n g . Copper , 
n i c k e l , i ron , c o b a l t , c h r o m i u m , s i l v e r , a l u m i n u m , and the i r a l l o y s , as we l l 
as s t a i n l e s s s tee l ( S . S . ) have been j o i n e d in t h i s m a n n e r . A s the bond 
exh ib i t s low o h m i c res i s tance , the techn ique lends i t se l f to the f ab r i ca t i on of 
in tegrated c i r c u i t s . 

In many impor tan t a p p l i c a t i o n s , m u c h higher tempera tu res than those 
men t i oned in the preced ing paragraphs are encountered. Energy conve rs ion 
d e v i c e s , nuc lear reac tors , and aerospace s t ruc tu res are e x a m p l e s . This f i e l d 
of " H i g h - T e m p e r a t u r e B raz ing " has been very we l l covered in a f a i r l y recent 
m o n o g r ^ h by Pa t tee [ R e f . 2 ] and in a NASA "Techn ica l M e m o r a n d u m by 
Mor r i s _Ref .16 , who descr ibes and tabu la tes eu tec t i c s and m e l t i n g point ^^ 
m i n i m a for b inary comb ina t i ons of m e t a l s hav ing vapor p ressures be low 10 
Torr at 1500 K and 1 0 ' ^ Torr at 2000 K . 

F i n a l l y , it may be appropr ia te at he end of t h i s s u m m a r y to m a k e a few 
remarks on the M a n a g e m e n t o f S o l d e r i n g a n d B r a z i n g . Any 
en te rp r i se that a i m s at the p roduc t ion of so ldered of brazed a s s e m b l i e s , be 
they b i c y c l e f r a m e s , car rad ia to rs , or aerospace s t ruc tu res , shou ld be aware 
of the c o m p l e x i t y of the t a s k . A n a t tached F low Chart shows the i te ra t i ve 
.nature of the des ign process in the l e f t - h a n d c o l u m n and the d e t a i l s en ter ing 
in to the des ign and produc t ion opera t ions in the m a i n body of the cha r t . Many 
d i s c i p l i n e s are invo lved and shou ld therefore be represented on the s t a f f . 
A t least a M a t e r i a l s Engineer shou ld be compe ten t in the areas of P h y s i c s , 

T a b l e 2 A 
R A N G E S OF R O O M - T E M P E R A T U R E T E N S I L E STRENGTH ( U . T . S , ) F O R 
V A R I O U S M A T E R I A L - E X P R E S S E D IN UNITES OF 1 ,000 P . S . I . 

Freshly d rawn g lass f iber ( 0 . 0 0 0 1 i n . d i a . ) 10 ,000 
Boron f i be rs 350 - 1 ,000 
G lass f iber Type S (65% R , H . ) * 500 - 650 
* R . H . - R e l a t i v e H u m i d i t y 
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Glass f iber Type E (65% R . H . ) 300 - 500 
Tungsten f iber ( 0 . 0008 i n . d i a . ) 582 
Boron f iber ( 0 . 0045 i n . d i a . ) 400 
A l l o y s tee l s (H and T ) * " 98 - 345 

U l t r a h igh s t rength s tee l s (H and T) 275 - 319 
Graph i te f i be rs ( 6 5 % R , H . ) 103 - 285 
Carbon steel s (H and T) 75 - 237 
S in te red tungsten bar (1 m m d i a . ) 200 
S in te red tungsten bar (5 m m d i a . ) 57 
N icke l rod, as drawn 6 5 - 1 1 0 
Copper, ETP - 85% R e d . 55 
A l u m i n i u m and i t s a l l o y s ( S o l . T r . and Aged ) 36 - 49 
Pure i ron, annealed 42 
Copper , annealed 32 - 35 
Gold w i r e , c o l d worked 32 
Gold w i r e , annea led 18 
Graph i te 0 . 4 - 2 

T in , Lead, and the i r A l l o y s 

Cast t i n - l e a d an t imony a l l o y s 6 . 8 - 11 .8 
Cast t i n and i t s a l l o y s 2 . 8 - 8 . 7 
Cast lead and i ts a l l o y s 2 . 0 - 7 . 4 
Ex t ruded lead and i t s a l l o y s 2 . 0 - 3 . 3 

C h e m i s t r y , M e t a l l u r g y , The rmodynam ics , and E l e c t r o n i c s , and i n Indust r ia l 
Engineer shou ld concern h i m s e l f w i t h P rocess C o n t r o l , E l e c t r i c a l Eng inee r ing , 
Vacuum Technology, S p e c i f i c a t i o n s , Personnel T ra in ing , and S a f e t y . In 
larger o rgan i za t i ons , separate depa r tmen ts w i l l take over these d i v e r s e 
f u n c t i o n s . In that case , i t is impor tan t t o m a i n t a i n c o m m u n i c a t i o n between 
t h e m , so that the le f t hand knows what the r ight hand is d o i n g . 

Da ta ex t rac ted f r o m 1974 M a t e r i a l s S e l e c t o r , Re inho ld P u b l i s h i n g C o r p . , 
and supp lemented f r o m the a u t h o r ' s "Handbook of M a t e r i a l s and Techniques 
for Vacuum D e v i c e s " , Re inho ld 1967. 

Wh i ske rs of a l u m i n a have t e n s i l e s t reng ths in the range of 2000 - 3000 ks i 
Whether they have cor respond ing ly h igh f a t i gue s t rengths is not k n o w n . 

T a b l e 2B 

R O O M - T E M P E R A T U R E TENSILE S T R E S S ( U . T . S . ) FOR C O M M O N SOLDER« 
(A f te r P . A . A i n s w o r t h , T in Research I n s t i t u t e , (1971) expressed in un i t s 
of 1 .000 P . S . I ) 

G e n e r a l E n g i n e e r i n g S o l d e r s : 
Sn Pb 40 7 . 7 
Sn Pb 50 6 . 5 

• * H and T - S t ra in hardened and Heat t rea ted 
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Pb Sn 40 6 . 2 5 
Pb Sn 30 6 . 2 5 
Pb Sn 20 6 . 1 
Pb Sn 50 , Sb -2.8 8 . 1 
Pb Sn 40 , Sb 2 . 2 7 . 4 
Pb Sn 30 , Sb 1 .7 6 . 9 5 

S p e c i a 1 P u r p o s e S o l d e r s : 

Pb S n 2 4 . 0 5 
Pb S n 10 5 . 3 5 
Pb Sn 1, A g 1 .5 4 . 0 5 
Pb S n 5 , A g 1 .5 5 . 6 5 
Pb Sn 40 , Ag 1 .5 10 .1 
Sn 2 . 0 3 
Sn A g 2 3 . 8 
Sn A g 5 8 . 5 
Sn Sb 5 5 . 8 
Sn Pb 30 , Cd 18 6 . 2 
Sn Z n 20 10 .1 
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