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THE JOINING OF  DISSIMILAR METALS 

by 

H.   E.   Pattee,   R.  M.   Evans, and R,  E.  Monroe* 

SUMMARY 

The joining of dissimilar metalo has progressed significantly during the 
past two decades because of the increasing use of dissimilar-metal combinations 
in the aerospace,  nuclear,  chemical,  and electronics industries.    The selec- 
tion and application of dissimilar metals in structural applications arc dictated 
by the service requirements of the structure,  as well as the economic« of 
material cost and the ease of fabrication.    Requirements of a structure for high- 
temperature strength,  lightness,  oxidation resistance,  corrosion resistance, 
or other desirable properties may lead to the use of dissimilar-metal combina- 
tions in its design,  with au attendant need for a method of joining the dissimilar 
metals, 

Dissimilar-metal-Joining procedures can be applied in two ways.    The 
dissimilair-metal joint can be an integral part of a structure; in such cases, 
the effects of joining on the properties of the joint members must be carefully 
considered.    In other instances, the dissimilar-metal joint is incorporated in 
a relatively short transition section that is inserted between various structural 
members and welded or brazed in place; joining occurs between similar or 
identical metals when a transition section is used,  and few problems are on- 
countered with a well-designed section of this nature.    The dissimilar-metal 
joint in the transition section can often be made with processes that would be 
impractical for joining structural parts themselves,   e. g.,  friction welding, 
explosive welding,   etc. 

In this report,  the dissimilar-metal joining between the following metais 
and alloys is emphasized:   (1) aluminum,  titanium,  and beryllium,  and their al- 
loys,  (2) refractory metals and alloys,  and (3) high-strength steels and other 
high-strength, heat-resistant alloys.    Dissimilar-metal joints in structures 
having aerospace applications are emphasized.   Joining technology is discussed 
in the following major sections: 

(1) Joining dissimilar ferrous metals 
(2) Joining nonferrous to ferrous metals 
(3) Joining dissimilar nonferrous metals. 

*Senior Electrical Engineer, Associate Chief 
and Division Chief,   respectively,  Materials Joining Division, 
Battiille-Columbus Laboratories. 

; 
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INTRODUCTION 

The joining of dissimilar metals has become 
increasingly important during the pasi two dec- 
ades because of the service requirements for 
structures used in missiles and rockets,   super- 
sonic aircraft, and nuclear equipment.    While 
certain dissimilar metals have been routinely 
joined for many years,  the advent of the space 
and nuclear ages has produced a need for sophis- 
ticated methods to join the new structural alloys 
that have been developed for these demanding ap- 
plications.    These alloys possess exceptional 
mechanical properties and resistance to corro- 
sive media under extreme operating conditions. 
However,   such alloys are frequently used only for 
sections of a structure where theii specific prop- 
erties are required; conventional alloys are used 
for the remainder of the    tructure for reasons of 
economy, weight,  ease 01 fabrication,  etc.    Thus, 
there is a need for procedures to produce reliable 
joints between dissimilar metals.    The ability to 
design and fabricate such joints is essential to 
many segments of our industrial economy,  par- 
ticularly those associated with the production of 
aerospace hardware,  chemical equipment, 
nuclear apparatus,  and electronic devices. 

The selectionand use of dissimilar metals 
in structural applications is governed by the serv- 
ice requirements for the structure and the eco- 
nomics of material cost and fabrication.    For 
example,  a relatively inexpensive grade of steel 
may be used in fabricating the shell of a vessel 
for the chemical industry for reasons of economy, 
while the corrosion requirements are satisfied 
by lining the vessel with thin-gage stainless steel 
or titanium.    Because of their low density, 
aluminum alloys are used extensively for tankage 
in liquid-fueled rockets; however,  the plumbing 
to distribute and control the flow of the fuel and 
oxldizer to the engines is fabricated from stain- 
less steel.    Other applications requiring the join- 
ing of dissimilar metals are discussed briefly 
below: 

(1) The lunar module contains 26 pres- 
sure  vessels in its descent and ascent 
stages. I')*   Depending on their func- 
tion,  these vessels are fabricated from 
titanium-,  nickel-,  aluminum-,  or 
iron-base alloys.    Coextruded titanium- 
stainless steel transition joints are 
used to connect the titanium pressure 
vessels to the stainless steel feed sys- 

> tem.    Metallui-gically bonded transi- 
tion joints are also used to join alumi- 
num to stainless steel components. 

(2) Joints between beryllium and such 
metals as aluminum,  stainless steel, 
and titanium are encountered in space- 
vehicle design where beryllium is an 

^References are  given on page 40. 

attractive structural metal because of 
its low density, its stiffness under load, 
and its resistance to damage by impact 
with meteors. 

(3) Procedures are required to join dissim- 
ilar metals in nuclear-reactor construc- 
tion.    These applications range from 
♦he cladding of fuel elements with alu- 
minum,  stainless steel, or zirconium 
alloys to the fabrication of dissimilar^ 
metal piping joints. 

(4) Dissimilar-metal joints are encountered 
in aircraft hydraulic and ducting sys- 
tems,  as well as in engine and airframe 
construction.      While significant quanti- 
ties of titanium alloys will be used in 
the supersonic transport,  there will be 
occasion to join titanium to other struc- 
tural allovs to meet specific design re- 
quirements. 

(5) Dissimilar-metal joining is used exten- 
sively in the electronic industry.    Typi- 
cal applications include the attachment 
of lead wires and connectors to semi- 
r.onductoir devices,  the fabrication of 
vacuum-tube components,  and the con- 
struction of special-purpose tubes for 
high-frequency operation. 

In general, dissimilar metals are used in a 
structure to provide high-temperature or low- 
temperature strength; resistance to oxidation, 
corrosion, or wear; resistance to radiation dam- 
age; or other required properties.    Also,  the use 
of dissimilar metals is often attractive from the 
cost standpoint. 

An up-to-da-e review of developments in the 
technology of joining dissimilar metals is presen- 
ted in this report,  with eraphasis on the methods 
used to join specific metal combinations.    From 
the material aspect,  the metals of interest to the 
Defense Metais Information Center (DMIC) are 
emphasized.    Included in this classification are 
(1) aluminum,  titanium,  and beryllium,  and their 
alloys,   (2) refractory metals and their alloys, 
and (3) high-strength steels and other high- 
strength,  heat-resistant alloys.    For reporting 
purposes,  dissimilar metals are defined as metals 
that diffei     ubstantially in composition and proper- 
ties.    For example,  the joining of stainless steel 
to titanium and its alloys is discussed in this re- 
port,  but the joining of various stainless steels or 
titanium alloys to each other is not included.    Al- 
though both fusion and nonfusion methods to join 
dissimilar metals are covered,  the nonfusion 
processes are emphasized,   since they are more 
useful in joining metals with widely differing com- 
positions and properties. 

The sources of information for  this publica- 
tion include the reports of Government and industry 
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tluit are filed by DkflC, the technical literature on 
joining dissimilar metals, the libraries of the 
Colurrbus Laboratories of Battellc Memorial 
Institute,  various engineering indexes, and per- 
sonai files.    References to both domestic and 
foreign devel&pmentB in this field are included. 
The literaiure reflects the pace of developments 
in this area of technology,  since most publica- 
tions arc dated in tb« past 10 years. 

In the case of Government-sponsored re- 
search, the results often appear in a technical 
paper or article, a« well as in a report to the 
sponsoring agency.    While the foirrv-J report is 
cited as the primary information »-ouice, the 
papers and articles are referenceJ ^iso for those 
who do not have ready access to Government re- 
ports. 

A number of general survey articles on 
the joining of specific di.ssimilar-rnetal combina- 
tions have been published in recent years.    While 
such article« become rapidly dated by current 
■deveiopmfcnts,  their value should not be discount- 
ed, because they indicate the diseimilar metals 
that have been joined.     For example, in 1962 
Peckner prepared a list of 170 dissimilar metals 
that had been joined for Materials in Design En- 
gineering. "J This list is reproduced as Table 1, 
and includes the joining method, the filler metal, 
the relative difficulty of making the joint, and 
comments regarding the joint properties; the 
source of the data is indicated as well.   An arti- 
cle of a similar nature in which advanced joining 
procedures are reviewed has been prepared more 
recently by Irving. (2)   General articles summariz- 
ing the progress made in joining dissimilar metals 
by diffusion welding,  brazing    and explosive weld- 
ing have been prepared also. (3-6) 

BACKGROUND 

Joining Considerations 

The joining of •dissimilar metals  is inher- 
ently more difficult than the joining of similar or 
identical metals because of the differences in the 
physical,  mechanical, and metallurgical proper- 
ties of the metals being joined.    Difficulties asso- 
ciated with joining metals whose physical proper- 
ties (melting temperature,  coefficient of linear 
expansion, thermal conductivity, and specific heat) 
differ markedly can often be anticipated and mini- 
mized by proper selection of the joining process 
or by modification of the joining technique.    For 
example, when metals with substantially differ- 
ent coefficients of expansion are fusion welded, 
they expand and contract at different rates to pro- 
duce stresses that can cause cracking or fissur- 
ing of the weld metal; this problem can be mini- 
mized by proper joint design and the use of a duc- 
tile filler metal.    If metals with widely differing 
melting temperatures are welded, one metal will 
be molten long before the other metal has reached 

the welding temperature; a welding technique in 
whi-ch the arc is concentrated on the metai having 
the higher melting temperature has been used to 
produce acceptable joints.    However,  such metals 
can often be br-zed or diffusion welded without 
difficult/. 

The problems associated with the metallur- 
gical compatibility       dissimiiar metals are more 
serious and more subtle than those discussed 
above, and a thorough understä-ßding of the phe- 
nomena that occur during joining is essential for 
their solution.    Such difficuitiee can be overcome 
soxneti.mes by proper selection of the filler metal; 
in other instances a special joining technique ie 
required.    The examples discussed below indicate 
the magnitude of the problems encountered. 

(1) Nickel and copper can be readily fusion 
welded because these metals are metal- 
lurgically c-mpatible; regardless of 
composition these metals form a series 
of solid solutions.    Thus, Monel, a 
nickel-copper alloy,  can be welded to 
pure nickel without difficulty,    However, 
when a stainless steel filler wire is used 
to weld Monel to an austenitic stainless 
steel, the weld will be hot short and 
crack sensitive if there is any appre- 
ciable copper pickup from the Monel. 
These metals can be successfully welded 
with a special Inconel filler metal and a 
technique that minimizes weld-meta! 
dilution. 

(2) The joining of aluminum to ferrous met- 
als is much more difficult than the rather 
simple example cited above, because the 
physical properties of these metals dif- 
fer widely and they are metallurgically 
incompatible as well.    Aluminum melts 
at 1220 F while iron melts at 2797 F; 
the coefficients of linear expansion for 
aluminum and iron are 13. 6 x 10"6 and 
6. 5 x 10"6 in, /jn. /j")  respectively. 
Also, the thermal conductivities and 
specific heats of these metals differ con- 
siderably.    The iron-aluminum phase 
diagram indicates that these metals 
form solid solutions,  intermf taliic com- 
pounds, and a eutectic,    Sr   eral com- 
plex intermetallic compounds,  such as 
FeAl3, Fe2Al7, Fe^A^,  FeAl2, and 
FeAl,  form when the iron content of an 
aluminum-iron alloy exceeds 40 per- 
cent; alloys of iron and aluminum have 
little or no ductility when the iron con- 
tent exceeds 12 percent.    When aluminum 
and steel are fusion welded, the molten 
metals react to form a hard, brittle 
layer consisting mainly of FeAlj.    How- 
ever,  procedures to minimize the for- 
mation of such compounds during fusion 
welding have been developed.    In brief. 
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TABLE 1.    GUIDE FOR JOINING DISSIMILAR METALS*1) 

Combiiuiion Joininj Method Re I  Oiff Filler Other Commenlj Souic» 

ALUMINUM AND ALUMINUM-BASE ALLOYS 

Aliiminum AusteniliC Stainless friction weld   Easy — Poor joint ductility AiiMr.Macb.£Fdy. 
(AMF) 

Brass Fnclioo aeeid  Easy — Poor joint ductility ♦ 
Copper-Base Alloys EM» 

Easy 
Mod. difficult 
Easy 
Easy 
Easy 
Easy 

Easy 
Easy 

Al-base 

Zn-bas« 
Sn-bas« 

— 

Fair joint ductility 
Poor joint dueblny 
Poor joint ductility 
Brittle, vacuum tight joint 
Poor joint ductility. Us« at «00 F ma« 

Fair joint dueUUty 
Good joint ductility. Use lincate coatng 

«id copper plate aluminum 
Poor joint ductility 
Poor to good joint ductility 

MM 

AICOJR-260     

Bran  
Eiectron beam  
Friction Bek)  

.Hard solder  
Soft solder  

Diffusion bond  
Pressure weld     

Rapt 
Alco 
Ham 
AMF 
Alco. 
Bell 

Alco 

UtcAiriation 

Kon-Standard 

i 
Labs 

i 

Ferrous-Base Alloys Torch weld  Mod. difficult 
Easy- 
Mod. difficult 
Easy 
Easy 
Easy 
Easy 
Easy 

Al-base 
Al-base 

Zn-base 
Sn-bsse 
Af«.. i opiate 

Al-base 

Brittle joint. Use joint up to MO F 
Joint dueUSity fair. Us« joint up to WO F 
Joint ductility fair. Us« joint up to 800 F 
Joint ductility good. Us« joint up to 500 F 
Joint ductility good. Us« joint up to 250 F 
."mt ductility good. Us« joii.l up to MP F 
J «rt ductility good. Use joint op to »0 F 
J Hot dBClllity fair Us« joint up to 800 F 

Arcweld  

Hard solder 
Softso<der  
Diffusion bond  
Pressure wsid  
Bnoe  

Lead-Base Alloys SoRsoWtr  Easy 
Ess» 

Sn-baae Goou joint ductility 
sod ioint ductility r 

Magnesium Forge weld Easy 
Easy 
Mod. difficult 
Mod. difficult 70Sil-3CZr, 

Brittle joint 

Brittle ioint 
BritH« joint 

Dow 

Flux dip bran  
Ultrasonic weld  
SoMering  +• 

Nickel-Base AUsys Sam« n Aluminum-Ferr «is alloys 

Precious Metals So« sold«  
Diflustor. tand  
Pressure »aid  

Easy 
Easy 
Easy 

Sn-base Good joint ductiltty 
Good joint ductlHty 
Good joint ductility 

Alco 1 

Silver-Base Allays Hard soldsr  
So« solder       

Easy 
Easy 
Easy 
Easy 

Zn-basa 
Sn-base 

Fair to good joint ductility 
Fair to goott joint ducMüty 
Fair to good joint ductility 
Fair to goo« joint ductility 

Diffusion bond  ' 
Start Al-Fm or Bi-Br«n  

Shielded rsrtalarc... 

Mod. difficult 

Mod. difficult 

Pure 

25Mbronnrod. Agbraz- 
ing alloy. UDO Al 

Poor joint ductilit», poor latigii« charac- 

low Nat conductor 
Us« oxyaMtjtoa«, «n edge of rt««l with 

bronn; IwHare wald Ag strip to tinrwd 
edge; Ndarc «eld Ai to Ag strip 

Republic A»i»lion 

Union Carbide 
Naclear 

Tin-Base Alioys Soft solder  Easy 
Eaay 

Sn-base Good joint ductility 
Good joint ductility 

Alco ' 

Titanium-Rase Alloys Easy 
Mod. difficult 
Easy 
Mod. difficult 

Albas« 
Zn-base 
Sn-base 

Fair to good ieiot dueUUty 
Fair to good joint dueülity 
Fair to good joint docölltv 

Forms weak bran typ} joint 
' 

äesisiance weld  Tttanium Mtialt 

Tungsten Arc «raid  Mod. difiicult Al-bas« Good ioint dtxtility Aka 9 

Uranium Easy Albas« Fair joint ductility 

Zinc-Bast Alloys Hirdsoldcr  Easy 
Easy 
Easy 

Zn-bas« 
Sn-baaa 

Good joint ductility 
Good joint ductility 
Good joint dueUUty 

SoH solder  
■ 

   
!1C0 Beryllium Ultrasonic WDK  Easy — - MM Imri 

Säryllium + Al layer UHresonicweld  Easy — - 
Copper Ultrasonic «raid   Eaay - - 
Iron Ultrasonic weld  Easy - - 
m Stainless Steel | Ultrasonic weld  Easy — - ' 
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ÄiüiilfiriJM AW- ÄLUMINÜM-Bm AUO*S (continued; 

mt CbwaolWtn UltrmmicwM  ** - - Sonebond 

ContMiMWn UHmoaktMW   l») - - 
Caw» UttrasMutmM  U* ~ - 
»! SUini«s »Ml UltlMOflKWtU  fmg - - 
321 Suinwss SIMl Ultrasonic wtid  U*f - - 

MM B«rfll.un, Uilt«omc«wK  im - 
Iran immcaicwM  Easy - - 
AISI1010 Uimionic wi  fm - - 

sen Copptc UKrawnk w«W  Easy - - 
M2S2 Mo^SSTi Bna  E»y Sterling silver Use inert jas bminf Boeing 

tamuvM 
Ber^lrum Aus!»niltc SUinle« IndacHHi bran  Mod. diffical» 60Pd«Ni Recommended for joinms tmell sections. 

Used in hi jh temp valve components 

UCC Nwloar 

Berjrtüufti copper tlKtror, be«m  Eny - Joint ductility equ»! to beryllium Haimlton-Stanuard 

CßPPE« AUS C0PPER-8ASE ALLOYS 

SM SMeMod imtal erc  Easy Ambraio» 928 Long arc(H in.) to reduce iron pickup UCC Nuclear 

BeryÄMiBn Copper «ildSiMi Tbermetool  
Electron beam  

Easy 
Easy 

- loint brittle, must bt tempered 
Joint ductility squsls beryllium copper 

AMF 

Hamilton-Standard 

IM«*! Electron beam  Easy - Joint ductility eqyivaient to tunfsten *■ 

Bfass Auatenitic Sainlesi Friction weld  Easy - Fair to poor joint ducblit) AMF 

BMMI Pension wold  Easy - Good joint ductility General Electric 

Pal(ad:urr, p'ojection wain  Easy - - | Fans teat Met. 

PUtinußi Projection weld  Easy - - 
mm Projection «NW  Mod dlilicuii - - 
Steel Projection weld  Easy - - 

kMM Silver Easy - - 
Steel Projection weW  Easy - - f 

Copper Ausltmiic Stainlsss Solder  Easy 

Easy 

Mod. difficult 

Sn-Pb alloys 

Silver braze alloys 

Electroiess Nl 

Good joint ductility. Use corrosive flux or 
solaetable plating on stainless 

Good joint ductility. Us« low carbon or 
stabilized stainless 

SpewiL     nrice wer 1500 F 

Ball Labs 

UCC 
r 
Nuclear 

Brate Friction weld  
Solder       

Easy 
Easy 
Easy 

Sn-Pb alloys 
Silver bra,'« alloys 

Excellent joint ductility 
Goth, joint ductility 
Good joint ductility. Avoid leaded brass 

AMF 
Ball Labs 

Bran  •¥ 
Dumet Peransion weld  Easy - Eicellent joint ductility General Electric 

Solder Easy Zn-AI alloy Flux not required. Rubbing action needed 
for so>der 

Bell Labs 

Kover Per«iS9;ofl weM  Easy - Excellent joint ductility General Electric 

Magnesium ■ we«  

FlasbweW     

Mod. difficult 

Easy - 

Probably brittle joint. Good only for elec- 

Joint probably brittle. Joint strength up to 

25-28,000 psi 

Dow 

Hickel Solder Easy 
Easy 
Easy 

Sn-Pb allays 
Silver braze alloys 

Good joint ductility 
Good joint ductility 
Good joint ductility 

Bell Labs 
Bran   
Electron beam  Hamilton-Stcndard 

SUinless Steel Friction weld  
Tun.     i arc 

Easy 
Mod. difficult 

Poor joint Ductility 
Slight Intergrenular penetration of Cu 

into stainless 

AMF 
UCC Nuclear 

Steel SeWer  
Bran  

Thermatoot          

Easy 
Easy  

Difficult 
Mod. diffi«!« 

Sn-Pb alloys 
A« bran alloys  
Al alloy  

Good joint ductility 
Good joint ductility 
Aluminum cladding needed on steel 
Good joint ductility 
Butter steal with Inco Ul electrode 

Bali Labs 

1 
aaac 

Bronn Are D Manual are  U.S. Steel 
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ComNoition Joimrg Method Rel. Oitl filltr Oih«r Commenti Sour« 

com* AND CO 

Nickel Silver 

PPER-BASE ALLOYS (continued) 

Brau Projeclion weW  i E«» 
I 

Joint ductile ?finslMi Mff. 

Of Copper AISI 4130 Electron b«m  | Eisy j - Joint ductility «qyiv to last itetiit pert H«miltOTSt«nd«rS 

Otiäueä Copp« Steel Shielded metelerc... | Eny | AoKcmh 372 PfthMt to 400 f UCCr.utlMf 

SRON AND IR0N-S««E ALLCYS 

A286 Inco 100 Electron beam  Easy Joint duetiliiy equivalent to l*<st ductile 

paft 

Kam fton-Standard 

Inco 713 Electron beam  Easy - Joint ductiHty e<iuiv to least dtictile part 

1 üa.. -' Electron beam  Easy - Joint ductility «itiiv to l«ast Juctilc part ' 
Cast Iron Stainless Steel Easy  

Easy   

Ni and stainless 

Everdur 

Deposit Ni bead on edge of east iron; weld 
bead to stainless with stainless rod 

Direct arc on stainless, not cast iron 

UCC Nuclsir 

1 
4- 

Dumet Austenitk Stainless Percussion weld   Easy - Eiceilenl joint ductility taM 

1 

tral Electric 

Kovar Percussion weld  Easy - Eieetient j^int ductility 

Nickel Percussion weld  Easy - Eicellent jaiat dueUHty 

Molybdenum Percussion weld  Easy - Excellent ioinl ductility 

Ttngaten Percussion we'd  Easy - 
Iron-Base Nickel Arc weld  Mod. difficult 

Mod difficult 
Hifh Ni »'re 
A: or Cu 

Poor joint ductility 
Poor joint ductiHty 

Republic Aviation 
4 

Kovar A<istenit<c SUinless TIG weld  Mod. difficult 
Cu or *-  u-lSN. 

Joint ductile, large dlff in net ol eip 
Good joint ductility. Use reducing aim. 

Use joint up to - 750 f 

Westimhouw 

Braze 

i 

Ferritic Sttiniess Btaie  
TIG weld  

Mo-' liffico! 
Easy 
Easy 

72At28Cu Good duetiliiy. Use rwSucini furnace atm 
Good ductility. Use redueiog furaace atm 
Good ductility. Use reducing furmce atm Resistance weld  T 

Nfckel 

Percussion weld  
Resistance weld  

Easy 
Easy 
Easy 
Mod. difficult    . 
Easy  

Al 

72Ag.28Cu 

Euellenl joint duciiiity 
Excellent joint ductiHty 
Brittle joint. Max use temp - 500 F 
Brittle joint. Max use temp - 500 F 
No P-bttring brazing alloys. Anneal Kovar 
Good joint ductility 

Ham 
Gone 
West 

Jton-Standard 
ral Electric 
nghouse 

TIGwtli'       Easy 

Titanium Resistance wdd  Easy 
Mod difficul Al 

Brittle joint. Max use temp - 500 F 
Brittle joint. Max use temp - 500 F 

Stee! Other Metals (See STEELS) 

MACNESIUM 

Magr.esium Steel Arc weld Mod. difficult        AZ92A, AZ61A Pre-tin steel at joint area Dow 

NICKEL AND NICKEL-BASE ALLOYS 

Inconel Ausisi.itic Stainless Tungsten arc  E»sy Inconel 62 Excellent ductility. Suited for high temp 

service 

UCC Nuclear 

Carbon Steel Shielded metal arc..   . Easy Inconel 182 t   ellent ductility 

Molybdenum Furnace braze  Mod. difficul AMS-4777 „amended for joining small sections 

Hic:.„ Tungsten arc  Easy Inunel £2 Excellent ductility. Used extensively lor 
corrosion resistance r 

Platinum, Pt-10Rh Easy 60Pd-4üCü Braze in inert gas at 2300 F, use 0.002 in. 
HI up. Joint somewhat ductile 

Boeing 

Tuiigslen Furnace braze Easy Cu Recommended for joining nwll sections. 
Used in high temp v.iiva. 

UCC Nuclear 

Inconel X Molybdenum Electron beam  Easy - Joint ductility equal to motylxlenum Hamilton Standard 

Nickel Hastelloy N Tungsten are  Easy Inconel 82 Excellent ductility Used for corr res UCC Nuclear 

Stai.iiess Steel Projection weld  Ea», - - FanstMl Met. 

Udimat 500 iMana Electron b«am  Easy - Joint ductility »qoiv to least ductile part Hamilton-Standird 

Mo0.5Ti Easy Sterling silver Use inert gas brazing Boeing 

Waspalo" Inco 100 Electron beam  Easy - Joint ductility «quiv to least ductile part Hamilton Stai-dard 
1 

Inco 713 Electron beam  Easy   Joint ductiHty toui« to least ductile part r 
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the steel surfaces are coatsd with a 
metal that is cosiipatibie with aluminum. 
Theü^ the workpieces are joined with 
an aJuminum filler wire; a special weld- 
ing tethuique is used to prevent daJUÄge 
to the coating.    Complete details of this 
procedure and other procidures that 
have been used to join alaminum to 
steel arc discussed later in this report. 

Thus,  unubL^   procedures must be used to 
fusion »eld disc rnilar metals that form com- 
pounds affecting the joint characteristics.    How- 
ever,  undesirable interme.tallic compounds may 
form even wher. methods other than fusion weld- 
ing are used to join such metals as aluminum to 
steel, titanium to steel,  titanium to copper,  etc. 
Wheft aluminum is brazed to steel,  brittle inter- 
metallic compounds form because of the reaction 
of iron with the molten aluminum filler metal. 
Such compounds also form as the result of the 
migration of iron and aluminam atoms duiing dif- 
fusion welding.    However,  the reactions that oc- 
cur during brazing and diffusion welding are gen- 
eriuy less severe than those that occur during 
fusion welding, and the. degree of reaction or al- 
loying can be more easily controlled by varying 
the brazing or diffusion-welding conditions.    The 
formation of undesirable intermetallic compounds 
can be further minimized by (1) selecting the filler 
metal carefully,  (2) using metal inserts that are 
compatible with the base metals, or (3) using bar- 
rier metals to limit diffusion.    Of course,  im- 
provements in the properties of  fusion-welded 
joints can be realized by using a process that 
produces a mini mum-width weld bead or a weld- 
ing technique that mini-nises weld-metal dilution. 

Fusion Joining Proceiseg 

The processes in which two-meLils to be 
joined are heated until they meit and fuae together 
are classified as fusion joining processes.    The 
heat required for joining is generated by an elec- 
tric arc, by a beam of electrons    or photons, or 
by the resistance of the metals to the passage of 
an electric currr   t.    WMie pressure is essential 
in resistance welding,  it is not required in other 
methods o< fusion joining.    The need fos: a filler 
metal is governed by the process requirements. 
The major fusion-weldiag processes are listed 
below according to the method of heat genera- 
tion. 

Arc 

Shielded metal-arc 
Gas tungsten-arc 
Gas metal-arc 
Submerged-arc 
Eiectrosiag 
Plasma. 

Resistance 

Beam 

Electron beam 
Laser 

Spot 
Seam 
Flash 
Upset 

The following processes are used principal- 
ly for welding similar and dissimilar ferrous 
metals:   shielded metal-arc,  submerged arc. 
eiectrosiag, flash,  and upset welding.    They find 
little use in joining dissimilar nonferrous metals. 

Most of the fusion-welding processes  can 
be used to join dissimilar ferrous metals.    How- 
ever,  because of the metallurgical consequences 
of the fusion process,  only a few of these methods 
(gas tungsten-arc welding,  electron-beam weld- 
ing,  and resistance spot and seam welding) have 
been used extensively to join other dissimilar- 
metal combination ,.    Dissimilar metals are most 
frequently joined by nonfusion joining methods. 

Classification of Joining Processes 

Metals are metallurpically joined by the 
application of heat, pressure, or a combination 
of heat and pressure.    Over the years,  a multi- 
tude of joining processes based on these princi- 
ples have been devexoped; they are broadly classi- 
fied as fusion joining processes and nonfusion 
joining processes.    Complete descriptions of 
each process can be obtained in any standard 
welding handbook.    However,   since these terms 
are used extensively in this report,  the two 
categories are discussed briefly to aid in differ- 
entiating between individual processes. 

Nonfusion Joining Processes 

The processes in which joining is produced 
without melting the base metals are classified as 
nonfusion joining processes.    The solid-phase 
processes depend on pressure as the principal 
means to achieve joining; however,  heat is often 
supplied or generated duiing the joining process. 
Joining can be accomplished without a filler metal. 
In contrast, the use of a filler metal that melts at 
a lower temperature than the base metals is a 
necessity for liquid-solid phase joining.    With 
these processes the joint assembly is heated until 
the filler metal melts and flows between the joint 
surfaces; the joint is completed when the filler 
metal solidifies.    All of the nonfusion nrocesses 
listed below are used to join dissimii^i metals. 

Solid Pnase 

Diffusion welding 
Pressure welding 
Gas-pressure bonding 
Cold deformation welding 
Friction and inertia welding 
Explosive welding 
Ultrajonic welding 
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I^iquid-Solid Phase 

SoMering 
B rasing 

JOINING DISSIMILAR FERROUS METALS 

Mors research has been devoted to the 
joining o< dissimilar ferrous rKetais than to any 
other combinaUon of metals; this :s understand- 
able because of t>i« universal use of ferrous 
metals for stmcturai purposes.    Much of this 
research originated ia the early 192C's when the 
tread toward «»re exacting operating conditions 
for heating equipment used in the generation 
of steam and the refining of crude oil required 
structural alloys with improved resistance to 
oxidation and corrosion.    Prior to 1920, the low- 
carbon steels were able to meet the service re- 
quirements of such equipment.    The newly devel- 
oped ferritic and austeaitic stainless steels were 
suitable for such facilities; however, because of 
their cost, these steels were used only for high- 
temperature sections of these installations.    Low- 
carbon steels were used for the remaining sec- 
tions.    Because of the difficulty in producing 
sound, welded dissimilar-metal joints, the two 
grades of steel were coanected by mechanical 
joints.   In the early 1930's, the less highly al- 
loyed chromium-molybdenum steels were devel- 
oped for moderately high temperature service. 
Successful techniques were developed to weld 
these steels to low-carbon steels with the newly 
introduced consumable austenitic stainless steel 
electrodes.    Since the chromium-molybdenum 
steels were weldable and cost less than the stain- 
less steels, they were used extensively in the 
steam power plants and refinery equipment with 
excellent results.    However,  during the next two 
decades the service temperature of equipment 
used in steam plants and the rapidly expanding 
petrochemical industries increased gradually 
and improved structural materials were needed. 
It is now common practice to use the austenitic 
stainless steels for service temperatures in ex- 
cess of 1050 F.    Welded dissimilar-metal joints 
are used extensively to economize on material 
costs.    For example, joints between low-carbon 
steel,  chromium-molybdenum steel, and austen- 
itic stainless steel may be encountered in steam 
superheaters.    Since these early beginnings,  the 
technology of joining dissimilar ferrous metals 
has kept pace with the service requirements of 
the expanding aerospace and nuclear industries. 

Fusion Joining 

Since the late 1940,s,  the literature is re- 
plete with references to research on the arc weld- 
ing of dissimilar ferrous metals.    While much of 
this research has been associated with the fabri- 
cation of piping joints for steam power plant 
services,  it has been invaluable for other appli- 
cations as well.    The austenitic stainless steels 
can be welded to low-carbon or low-alloy steels 

if the electrode and welding technique are selected 
to prevent the occurrence of microfissuring, 
.ransition-zone cracking,  carbon migration,  and 
oxide penetration.    The literature of the period 
reflects the preoccupation of the authors with 
these problems. 

In 1947 Schaeffler discussed the selection of 
electrodes for welding dissimilar steels and devel- 
oped a diagram that related the amount of ferrite 
in austenite to the composition of the electrode 
and the base metals. H)   This diagram, illus- 
trated in Figure 1,  is used in selecting electrodes 
to prevent extensive dilution of the weld metal by 
the base metals and the formation of a crack- 
sensitive micrestructure.    Much of the research 
is associated with the high-temperature behavior 
of austenitic-ferritic joints.    In 1949 Weisburg 
discussed the results of cyclic-heating tests of 
austenitic-ferritic pipe joints for high-temperature 
steam service;(°)    this was followed by an arti- 
cle by Stewart and Schreitz that discussed thermal- 
shock tests of austenitic-ferritic pipe joints, (9) 
In the early HSO's Carpenter,  Jessen,  Oberg, and 
Wylie discussed research on the arc welding of 
chromium-molybdenum steel to austenitic  stain- 
less steel for high-temperature,  high-pressure 
service. ('0/   Fatigue tests and thermal-shock 
tests at elevated temperatures were conducted. 
Electrode selection and its relation to microfis- 
suring was discussed along with the effect of 
carbon migration,  accelerated oxidation, and 
stresses in the joint properties.    Research on the 
problems of welding ferritic to austenitic steels 
for high-temperature service continued veil into 
the lxiid-1960'8 with program results reported by 
Ronay and Clautice and by Tucker and Eberle.'"»1'-' 
A thorough study of the effects of carbon migra- 
tion in austenitic-ferritic joints was conducted by 
Christoffel and Cur ran; the influence of time, 
temperature,  and material composition on the ex- 
tent of carbon migration was investigated with 
specimens that were fractured after treatment. ^-) 
Under the test conditions used,  carbon migration 
had little effect on the joint properties.    Work of 
similar nature was undertaken by Livshits and 
Bakhrakh with different results.    '  '   Metallo- 
graphie studies of the microstructures near the 
fusion line indicated that the hardness and brittle- 
ness of the martensitic structure increased be- 
cause of carbon migration and the joint ductility 
was impaired,    Gotal'skiy studied the high- 
temperature behavior of austenitic-ferritic joints 
that were welded with high-nickel filler metals; 
it was concluded that a mechanism other than 
carbon migration was responsible for premature 
joint failure,  and further research was recom- 
mended,!^)   Xn 1964 Slaughter and Housley dis- 
cussed the evaluation of a new nickel-base elec- 
trode (Inconel 182) for welding ferritic to austen- 
itic steels.    These joints exhibited better resis- 
tance to cracking during thermal cycling than did 
similar joints that were welded with a Type 347 
electrode, U") 
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FIGURE 1.    SCHAEFFLER'S DIAGRAM FOR THE MICROSTRUCTURE OF STAINLESS 
STEEL WELDS(21) 

This brief review indicates the scope of the 
research conducted on the arc welding of dissimi- 
lar ferrous metals.    More extensive summaries 
have been prepared by Rutherford and Thorney- 
croft; in these articles the problem areas are de- 
fined,  and research on specific difficulties is re- 
viewed, '^'J 1°'   The American Welding Society 
has published an extensive bibliography on the 
welding of stainless steel; articles on welding 
stainless steels to other ferrous metals are in- 
cluded. '1°'   Other references are listed in the 
Bibliography section of this report. 

Several of the conventional arc-welding 
processes,  such as shielded metal-arc welding, 
gas metal-arc welding,  and gas tungsten-arc weld- 
ing,  can be used to join tht  stainless steels to 
other ferrous metals.    However,   most dissimilar 
ferrous metal joints are welded with coated elec- 
trodes using the shielded metal-arc process,  be- 
cause of the nature of the joining operation (i. e. , 
the fabrication of piping joints, the connection of 
pipes to valves and other fittings,  etc. ).    The 

degree of difficulty experienced in producing ac- 
ceptable joints is directly related to the difference 
in composition of the base metals.    Two types of 
series-300 stainless steel can be readily welded; 
however, problems can be anticipated when a 
stainless steel is welded to a low-carbon or low- 
alloy steel.    Such problems can be largely over- 
come by the proper selection of the filler metal, 
joint design,  welding process,  and welding tech- 
nique.    A thorough understanding of the metallur- 
gical processes that occur during welding is also 
required. 

The problems that arise iiom welding are 
associated with the mixing or alloying of the molten 
filler metal and the two base metals; depending on 
their compositions,  brittle phases having inferior 
mechanical properties can occur in the weld metal. 
The degree of alloying is related to the arc pene- 
tration and the amount of metal melted during weld- 
ing.    Usually,  there is less penetration and melt- 
ing of the base metal with the shielded metal-arc 
or short-circuiting gas metal-arc processes than 
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with th« other arc-welding processes.   Penetra- 
tion can be ccntroiled by directing the arc toward 
the weld puddle rather than toward the unmelted 
base metal, by avoiding weaving techniques,  and 
by using low arc currents.    A V-groove joint de- 
sign is usually used when the base-metal thick- 
ness is 0.750 inch or less; a U-groove is used 
for thicker sections. 

The key to sound serviceable dissimilar- 
ferrous-metal welds lies in the selection of the 
filler metal.   Proper selection is dependent on 
(1) the effect of base-metal dilution on the com- 
position and properties of the weld metal and 
(2) the service conditions to which the joint will 
be subjected.    Fully austenitic weld deposits tend 
to develop microcracks during welding.    Since 
welds containing a small amount of ferrite are 
highly resistant to cracking, the filler metal is 
selected to form an austenitic weld deposit that 
contains a small amount of ferrite.   When one of 
the base metals is highly austenitic, a filler 
metal that contains a large ferrite content, such 
as £312, can be used for welding to insure a 
weld deposit with sufficient ferrite to prevent 
cracking.   Conversely, when one of the base 
metals i* iiighly ferritic, it may be desirable to 
weld.with a fully austenitic electrode, such as 
£310, to prevent the formation of a hardenable 
weld metal or a weld metal with an excessive 
content of ferrite.   The Schaeffler diagram 
(Figure 1) is useful in predicting the microstruc- 
ture of the weld deposit as a function of the elec- 
trode and base-metal compositiors and the 
amount of dilution of the weld meta) that occurs 
during welding."' 

The Schaeffler diagram shows how the 
micrestructure of the weld deposit is affected 
by those alloying elements in the stainless steel 
that act like nickel and those that act like chrom- 
ium.    The nickel equivalent group includes nickel, 
carbon, and manganese with an allowance being 
made for the nitrogen content of standard welds. 
The nickel equivalent is the ordinate of the dia- 
gram.    The chromium equivalent group is the 
abscissa and includes the effects of chromium, 
molybdenum,  silicon, and columbium. 

To estimate the microstructure of a depos- 
it, the nickel equivalent and the chromium equi- 
valent are calculated from the composition, using 
the following formulas: 

Nickel equivalent %Ni + 30 x %C + 0. 5 x 
%Mn 

Chromium equivalent = %Cr + %Mo + 1. 5 x 
%Si + 0. 5 x %Cb 

The values obtained are marked off on the co- 
ordinates of the diagram, and, in this way, a 
point is located on the diagram.    The micro- 
structure shown at that point is the one pre- 
dicted for a deposit of that composition.    For 

example, a Type 302 stainless steel containing 
0. 10%C,   i.00%Mn, 0. 5%Si,   17. 5%Cr, and 8. 5%Ni 
has a nickel equivalent of 12.0 and a chromium 
equivalent of 18. 25.    In the form of a weld deposit, 
it» microstructure is shown by the closed circle 
on the diagram.    The deposit just manages to be 
fully austenitic. 

To continue this exarople,  this steel is 
welded with a Type 308 electrode having a com- 
posj'-ivts and a structure represented by the closed 
square.    A tie line connecting the square and the 
circle indicates the structures of the welds that 
would result from the combination, at all possi- 
ble degrees of dilution.    For instance, the dia- 
gram shows that, if the weld metal is dilrted to 
the extent of 50 percent with parent metal in the 
course of the welding operation, the deposit will 
contain about 5 percent ferrite.    Normally,  such 
a deposit should have satisfactory resistance to 
hot cracking and it would not have impaired im- 
pact properties at very low temperatures. 

The example just given can be turned around. 
The stainless steel to be welded will be represen- 
ted by the closed circle, and it is desired to pro- 
duce a weld metal containing an average of 5 per- 
cent ferrite.    If the extent of dilution is 50 percent, 
the weld metal will have the proper composition 
if a Type 308 electrode is used that has the com- 
position corresponding to the closed square. 

Many factors influence the extent to which 
the weld metal is diluted by melted parent metal 
during the welding operation.    Among them are 
the welding process, joint design,  metal thick- 
ness, nunmber of (.asses,  current setting, and 
travel rate. 

The Schaeffler diagram can also be used to 
predict electrode compositions required to avoid 
ferrite or martensite in a stainless steel weld 
deposit.    In addition, the diagram is helpful in 
estimating the trend of the microstructure devel- 
oped when dissimilar steels are welded.    An illus- 
tration of this situation is the welding of a stain- 
less steel overlay on a piece of carbon steel 
chemical processing equipment.    The carbon steel 
composition and the overlay composition can be 
marked on the diagram, and the tie line drawn 
between them will indicate the microstructures 
that may be encountered. 

Base-metal dilution can also be controlled 
by "buttering" the joint surface of the low-carbon 
an ' iow-alloy steel with a layer of stainless steel 
befcre the joint is welded.    The composition of 
the electrode used for buttering is determinf.d by 
the criteria discussed above; after buttering,  the 
joint can be welded with a filler metal that is com- 
patible with the stainless steel base metal.    The 
compositions of deposited weld metal obtainable 
with some commercially available covered elec- 
trodes are shown in Table 2; the compositions of 
base filler ».^tals for gas metal-arc welding and 
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TABLE 2.  COMPOSITION AND MECHANICAL-PROPERTY REQUIREMENTS FOR COVERED STAINLESS STEEL ELECTRODES 

AWS-ASTM         n 

Classificationt*'      C Cr 
Compotition ot Dtpocitec1 Weld Metal, percent (b) 

Ni Mo Cb + Ta     Mn Si 

Minicrcm 
Mirarrum    Elonga- 
TeaiUe     f.on in 

Stzccgth,      Z In., 
p«i percent 

£308 
E308L 

E309 

E309Cb 

E309MO 

E310 

E310Cb 

E310Mo 
E312 

E16-8-2 

E316 

E316L 

E317 

E318 

E330 

E347ic) 

E349 ;«) 

0.08      18.0 to 21.0       9.0 to II. 0 
0.04      18.0 to 21.0       9.0 to U.O 

2.5     0.9C      0.04      0.03      80,000 
Z.r>     0.90      0.04      0.03      75,000 

0.15 22.0 to 25.0 t2.0tol4.0              -- -- 2.5 0.90 0.04 0.03 80,000 

0.1?. 22.0 to 25.0 12.0tol4.0              -- 0.70 to 1,00 2.5 0.90 0.04 0.03 80,000 

0.12 22.0 to 25.0 12,0tol4.0 2.0 to 3.0 --           2,5 0.90 0.04 0.03 80,000 

0.20 25.0 to 28.0 20.0 to 22.0              -- -- 2.5 0.75 0.03 0.03 80,000 

0.12 25.0 to 28.0 20.0 to 22.0              -- 0.70 to 1.00 2.5 0.75 0.03 0.03 80,000 

0.12 25. 0 to 28. 0 20. 0 to 22. 0 2. 0 to 3. 0 
0.15 28. 0 to 32.0 B.OtolO. 5 

0.10 14. 5 to 16. 5 7. 5 to 9. 5 1.0 to 2.0 

0.08 17.0 to 20.0 U.O to 14.0 2. 0 to 2, 5 

0.04 17. 0 to 20. 0 U.O to 1C0 2.0 to 2. 5 

0.08 18. 0 to 21.0 12.0toi4. 0 3. 0 to 4. 0 

2.5 0.75 0.03 0.03 80,000 
2.5 0.90 0.04 0.03 95,000 

2.5 0.50 0.03 0.03 80,000 

2.5 0.90 0.04 0.03 80,000 

2.5 0.90 0.04 0.03 75,000 

2.5 0.90 0.04 0. C3 80,000 

0.08      17.0to20.0     U.OtoM.O     2.0 to 2.5      6 x C min    2.5     0.90      0.04      0.03      80,000 
to 1. 00 max 

0.25      14. 0 to 17.0     33.0 to 37.0 

0.08      18.0 to 21.0       9.0 to U.O 

2.5     0.90      0.04      0.03      75,000 

8 x C rnin    2. 5     0. 90      0. 04      0. 03      80, 000 
to 1.00 

0,13      18.0to21.0       S.OtolO.O     0. 35 to 0.65 0.75 to 1.2 2. 5     Ü. 90      0.04      0.03    'OO^OO 

E410 0.12 U.O to 13.5 0.60 — 

E430 0.10 15. G to 18.0 0.60 - 

E502 0. 10 4.0 to 6.0 0.40 0.45 to 0.65 
E505 0.10 8.0 to 10.5 0.40 0.85 to 1.20 

E7Cr 0. 10 6. 0 to 8.0 0.40 0.45 to 0.65 

35 
35 

35 

30 

3 5 

30 

25 

30 
22 

35 

30 

■•o 

30 

25 

25 

30 

25 

1.0 0.90 0.04 0.03 70, OOO'-^ 20'-- 

1.0 0.90 0.04 0.03 70,000^* 20(S) 

1.0 0.90 3.04 0.03 60,000(f' 2o|'> 
1.0 0.90 0.04 0.03 60,000(f' 20(" 

1.0 0.90 0.04 0.03 60,000t£) 20(£) 

(a) The Specification for Corrosion-Resisting Chromium and Chromium-Nickel Stcc' Covered Electrodes (AWS A5.4-62T, 
ASTM A298-62T) contains the complete requirements. 

(b) Single values are maximums, except where specified. 
(c) Minimum chromium shall be 1. 9 x Ni, when specified . 
(d) When specified,  0. 10 Ta max. 
(e) 0. 15 Ti max,  1.25 to 1.75 W. 
(f) Specimen heat treated at 1550 to 1600 F for 2 hours, furnace cooled at less than 100 F per hour to 1100 F, air cooled. 
(g) Specimen heat treated at 1400 to 1450 F for 4 hours, furnace cooled at less than 100 F per hour to 1100 F, air cooled. 

gas tungsten-arc welding are similar to those of 
covered electrodes. '•■ "'   The electrodes recom- 
mended for welding various types of stainless 
steel to carbon steel and two typical low-alloy 
steels are shown in Table 3. 

Also to be considered in the welding of 
stainless steels to low-alloy steels for high- 
temperature service are the problems occasioned 

by (1) carbon migration and (2) the stresses in the 
joint resulting from the differences in the coef- 
ficients of expansion for the base metals and the 
filler metal.    Carbon migration occurs when a 
carbon activity gradient is produced by a differ- 
ence in alloy content of the bas« metals.    The 
carbon will migrate across the lusion line from 
the lew-alloy steel to the high-alloy steel; the 
degree of migration is dependent on the service 
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TABLE 3. COVERED ELECTRODES RECOMMENDED 
FOR TELDS BETWEEN STAINLESS, HEAT 
RESKTLvC AND CARBON STEELS 

AUeroative Electrodes and PTocedutes 
Ba«e    —* Carbon l-l/4Cr- Z-l/4Cr- 
Mjtal. Steel 1/ZMo iMo 

Z01 (c);E309 (c);E309 (c):E309 
202 (c);E309 (c);£309 (c);E309 
301 (c):E3C9 (c);E309 (c);E309 
302 (c);E309 (c);E309 (c);E309 
302B (c):E309 (c);E309 (c);E309 
3Ci<a) (e);E309 (e);E3Ci9 (e);E309 
304 (c);E309 (c);E309 (c);E309 
304L (c)jE309 (c);E309 (c);E309 
305 (c);EJ09 (c):E309 (c);E309 
S08 (c);E309 (c);E309 (c);E.309 
309 (c);E309i(d) (c,,;E309;(d) (c):E309;(d) 
309S (c):E309;(d) (c);E309:(d) (c):E309;(d) 
310 E3I0;(d) E3!0;((J) E310;(d) 
31 OS E310;(d) E310;(d) E3»0;(d) 
314 (c):E309:(d) (c);E309;{d) (c;;E309;(d) 
316 (c);E309;(d) (c);E309;(d) (c):E309;(d) 
3i&L (c):E309;«d) (c):E309;(d) (c):E309;(d) 
317 (c):E309;(d) (c);E309:(d) (c);E309;id) 
317L(b) {c);E309:<d) (c);E309;(d) (c);E309;(d) 
321 (c);E309:(d) (c);E309;(d) (c);E309;(d) 
330(b) (e);E312;(d) (e);E312;(d) (e);E312;(d) 
347 (e);E3!2;fd) (e);E312;(d) ,'e);Eil2;(d) 
348 (e);E312;(d) (e);E312:(d) (e);E3i2;(d) 
403 (g);<fl (h);i:n (i);(f) 
405 (g);(0 (hum (tt:(f) 
110 (g);(fl (H);(f) (i);(f) 
414 (g):(f) (h);(f) (i);U) 
416(a) E309 E309 E309 
420 {8);(f) ;h):(f) («sW 
430 (g);(0 W;t0 (i):(0 
430F(a) E309 E309 E309 
431 (g>;(f) (h);(f) {i);(f) 
440A (g);(f) a>/;(f) mn 
440B <g):(f) (h);(f; (i);(0 
44 0C (g)M (h);(f) (i):(f) 
446 (g):(f);(d) WSWJW) (i);(f).-(d) 
501 (g);(f) W;«3 (i);{n 
502 (g)i(f) a.);(f) (i);(f) 
505 {g):(f) (ii);(n (i):(f) 
Carbon «eel <g) 0) U) 
l-l/4Cr- 

l/2Mo (hi (H) 
2-l/4Cr- 

IMo (i) 

(a) Includes »eleniiim-bearing grade, although welding 
usually is not recommended for any of the free- 
machining steels when high quality joints are 
rnquired. 

(b) Not a standard AISI grade designation. 
(c) Butter chromium steel with E309; complete joint 

with E308. 
(d) ENiCi re-i preferred,  especially for joints for high 

temperature service, 
(e) Butter chromium steel with EJ09,  and chromium- 

nickel steel with E312; complete joint with E308. 
(f) E309 or E310 msy be sssed wj »n matching composi- 

tion weld metal is not required. 
(g) Any E60XX or E70XX mUd steel electrode. 
(h) E801S-B2L,  E80I6-B2,  or E80i8-B2 (low aUoy steel 

electrodes), 
(i)  E9015.B3L,  E9015-B3,  E9016-33,  or E9018.B3 (low 

alloy steel electrodes), 
(j)  E7015,  E7016,  E70i8,  or E?02e (mild steei elsc- 

trcdes). 

temperature,  the time of exposure,  and the 
amount of carbide-forming element» contained 
in the high-alloy eteel.    Carbon migration pro- 
duce» a dectrburized band on the low-alloy side 
of the fusion line; th« joint properties are reduced 
by the presence of this band.    With dissimilar 
ferrous metal joints,  the effects of thermal 
cycling on the joint properties must be considered. 
When a joint between stainless steel and low-carbon 
or low-alloy steel is heated to a high temperature, 
stresses will be produced because of the differ- 
ences in the expansion coefficients of the base 
metals; joint failure can occur if the joint is heated 
and cooled repeatedly in service.    However, 
successful joints for this type of service have 
been fabricated with the copper nickel E4NIA 
electrode; the weld metal produced with such an 
electrode has eufficient ductility to overcome the 
stresses that occur during thermal cycling. 

The heat treatment of dissimilar-ferrous- 
metal joints presents many difficulties.    The 
ferritic base metal and transition zone have a 
high hardenability and localized stresses are 
retained after welding.    An annealing treatment 
at 1250-1350 F is required to restore joint ductil- 
ity.    However,  this treatment may sensitize the 
austenite and produce a micros.ructure that is 
susceptible to corrosion.    If the joint is heated to 
about l^OO F,  a temperature that is normal for 
annealing stainless steel,  carbon migration will 
occur and the ferrite will transform to austenite. 
A reasonable compromise is to anneal at 1300 F 
for about an hour. "'»   More serious problems 
are presented when the precipitation-hardening 
stainless steels are joined to other ferrous metals, 
and heat treatments should be carefully selected 
to maintain the required joint properties. 

The resistance flash-welding process has 
also been used to fabricate dissimilar-ferrous- 
metal joints, particularly tubing or pipe joints. 
The pipe ends must be machined and carefully 
matched at the forging surfaces. Also, the input 
energy must be controlled and flashing must be 
held to a minimum, since the base metals have 
different burn-off rates. 

Nonfusion Joining 

The most commonly used nonfusion method 
of joining dissimilar ferrous metals is brazing. 
This process is particularly attractive for joining 
the stainless steels to low-carbon or low-alloy 
steels,  because the base metals are not melted 
during joining; consequently,  the problems 
associated with dilution are minimal.    However, 
a number of factors to be discussed below must 
be considered in joining these materials. 

The selection of the filler metal,  brazing 
procedures,  and required equ\-ment is largely 
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governed by the type of steels being joined and 
the expected service conditions.    Both the chro- 
mium-nickel and the hardenable chromium 
stainless steels can be readily brazed to less 
highly alloyed tteel«: however,  in the brazing of 
the harden3v"tj cAtuuutuit nil-    s,  the effect^ of 
the brazir):; cycle on the base metal must be con- 
sidered .    If the brazing temperature is beiow the 
hardening temperature,  some loss in strength may 
occur.    Sometimes brazing and hardening can be 
combined in a single operation,  if the brazing 
temperature exceeds the hardening temperature. 
The brazing alloys should be selected with these 
considerations in mind.    When the austenitic 
stainless steels are joined to other grades of 
steel,  prolonged exposure to temperature3 of 
900 - 1300 F should be avoided if the joint is to 
be used in a corrosive environment.    Under such 
conditions,  carbide precipitation can reduce the 
corrosion resistance of the joint.    Carbide pre- 
cipitation can be minimized by: 

(1) Selecting a brazing filler metal 
with a melting temperataie 
higher than 1300 F 

(2) Minimizing the brazing time 
if the filler metal melts in 
the critical range 

(3) Using a brazing process that 
permits rapid heating and 
cooling of the joint 

(4) Using a stabilized or extra- 
low-carbon grade of stain- 
less steel 

(5) Heat treating the joint to 
redisöolve the carbides. 

The austenitic stainless steeJs are aloo suscepti- 
ble to stress-corrosion cracking,  the result of 
base-metal attack by molten filler metals.    To 
minimize the occurrence of such defects,  the 
joints should be brazed in a stress-free condition. 

The selection of filler metals for brazing 
dissimilar ferrous metals is based on the service 
conditions to which the joint will be subjected. 
The joint must possess the strength,   oxidation 
resistance,  and corrosion resistance to meet 
the service requirements.    The strength and 
oxidation resistance of joints brazed with the 
copper- or silver-base alloys decreases rapidly 
above 500 and 800 F,   respectively.    However, 
since the stainless steels are not brazed to low- 
carbon steels for service under such conditions, 
these filler metals are suitable for most appli- 
cations.    If a stainless steel must be joined to a 

low-alloy sted fcr high-temperature Bervice, the 
copper-manganese or goW-base filler metals can 
be used to produce joints that arc serviceabie t:p 
to about 1000 F; for higher temperature service up 
to 2000 F the nickel-base filler metals can be used. 
Filler metals that can be used to braze dissimüar 
ferrous metals are shown in Table 4. »*"   The 
compositions of these alloys a?e covered by AWS- 
ASTM specifications; however,  numerous other 
filler metals are available for use also. 

The stainless steels must be carefully 
cleaned before brazing to remove traces of dirt, 
grease,  acd other surface contaminants; these can 
usually be removed by solvent cleaning.    More 
vigorous cleaning methods,   such as wire brushing 
or acid pickling, are needed to remove surface 
oxides.    Fluxes or protective atmospheres must 
be used during brazing to prevent the formation 
of oxides that inhibit the melting and flow prop- 
erties of the filler metals.    Fluxes provide 
adequate protection when brazing is done at 
temperatures below ahiout 1400 F with silver- or 
copper-base a'ioys.   Inert 31 reducing atmospheres 
must be used at higher temperatures.    An atmos- 
phere of hydrogen is particularly useful,   since it 
reduces chrcmium oxides at elevated temperatures, 
provided the dew point of the gas is low enough. 
Figure 2 can be used to determine the dew point- 
temperature relationship for the reduction of 
oxides in a hydrogen atmosphere.'   '' 

100 1000 

Temperature, F 

FIGURE 2.    METAL--METAL OXIDE EQUI- 
LIBRIA IN HYDROGEN ATMOSPHERE 

Each curve reprwoents an equilibrium 
of metal and metal oxide.    For points 
lying above or left of the curve,  the 
oxide  tends to form.    Below or right 
of the curve, oxides tend to be re- 
duced.    Thus,  at higher temperatures, 
more water vapor    \ay be tolerated,  or 
for a 8;iven dew point,  prevention of 
oxidation is favoreu.    When the metal 
is alloyed, a higher dew point may be 
tolerated than is indicated here, this 
diagram being based on pure metal. *2*) 
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TABLE 4.    BRAZING FILLER METAI,S<*> (2i) 

FiUer Metal Nominal Com position, percent Temper 
Solidu. 

ature, F 
Cümification Co Al P Za Cd       Au Ni Cr Si       B Other Liqaidu« 

ßCuP-1 95 
92.75      .... 
89            5 
86.75      6 
80             15 

15            45 
15.5        50 
26            35 
15.5        50 
30            40 
30            45 
34            SO 
22            56 
28             72 
27.8        72 
40             54 
30             60 
7.3        92.5 

62.5 
20 
62 

99.90 min  
99       min.  
86.5   min. .... 

59.25        
4« 

5 
7.25 
6 
7,25 
5 

• #«« 
• « • a 

• ■ a a 

a a a a 

11 
10 

16 
16.5 
21 
15.5 
28 
25 
16 
17 

5 

40 
42 

24          
18          
18 
16 

37. 5 
80 
35 
82 

» a • » 

i" 
z 

i 

3 
18 

'io' 

73.25 
82.4 
90.9 
93.4 
70.9 
89 
77 

14 
7 

19 

13 

4        3.5 
4.5    3.1 
4. 5    3. 1 
3.5    1.6 

10.1    ... 

1310 
1310 
1190 
1190 
1190 

1125 
1160 
1125 
1170 
1240 
1250 
1270 
1145 
1435 
1410 
1325 
1115 
1435 

1815 
1635 
.'785 
IV 40 

1980 
1980 
1980 

1630 
1690 

1790 
1780 
1800 
1800 
1975 
1610 
1630 

1650 
»2 1460 
-} 1485 
-4 3335 
-S 1475 

BAg-1 1145 
1175 

• 2 1295 
-3 1270 
-4 1435 
.S 1370 
4 1425 
-7 
.8 

Sn-S 1205 
1435 

-Ca 
-13 
-1* 
-19 

BAn-l 

-3 
-4 

BCo-1 

-2 

RBCuZn-A 
-D 

BNI-1 
-2 
-3 
-4 
-5 
-6 
-7 

Li-0.2 1410 
1575 

Sn-10 
Li-0.2 

1325 
1635 

I860 
1635 
1885 
1740 

1980 
1980 
1980 

Sn-0. 75 1650 
1715 

Fe-4.5,C 
Fe-3 
Fe-1.5 
Fe-1.5 

•0.75 

max, 
max. 

1900 
183C 
1900 
1950 
2075 
1610 
1630 

(«)   Valuef fbown io this table should not be us ed for purpos !• of BJ* BCifit ation.    Reference should bt made to AWS A5 .8. 

Special care must be exercised in joining the 
precipitation-hardening stainless steels to o-her 
ferrous metals.    These alloys usually contain 
small percentages of aluminum and/or titanium. 
Since the oxides of these alloys cannot be reduced 
at practical brazing temperatures, joints involving 
them should be brazed in a vacuum. 

Joint design is very important in brazing 
dissimilar ferrous metals, because of the 
differences in the coefficients of expansion of 
ferrous microstructures.   Joint design must 
account for the expansion and contraction that 
occur during the heating and cooling portions of 
the brazing cycle;  otherwise, cracking will occur 
in the joint area.   The nomograph. Figure 3, can 
be used as a guide in. designing joints for all types 
of dissimilar-metal joining. *"' 

Friction welding has been used successfully 
to make dissimilar-ferrous-metal joints when one 
or more of the joint members can be rotated. 
Although this is not a new process, most of the 
exploitation of friction welding in the United States 

has occurred in the past 10 years.    It is in direct 
competition with flash welding as a method to 
join similar and dissimilar ferrous metals. 
Hollander, Cheng,  and Wyman investigated the 
parameters associated with the joining of Type 
304 stainless steel to AISI 4140 steel J23)  Using 
3/8-inch-diameter rods,  it was found that joints 
with optimum propertios were produced under the 
following conditions! (1) rotational speed-3600 rpm, 
(2) heating pressure - 5000 psi,  (3) heating time - ' 
10 seconds,  and (4) forging pressure - 20, 000 to 
30, 000 psi.    Data of a similar nature are discussed 
by Vill', t2'*) 

Significant developments in explosive 
welding as a method to join dissimilar ferrous 
metals have been made.   However, most of this 
research has been directed toward cladding 
applications, eg., the cladding of low-carbon or 
low-alloy steel plate with a thin layer of corro- 
sion-resistant stainless steel for use by the 
chemical industry.    Explosive welding procedures 
have also been used to clad steel tubing.   A 
recent publication summarizing the current status 
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IS 
of explosive >B'eiding indicated that many of tfae 
ZOO-,   300-, and 400-Berie» staJnlese Eteeis have 
been explosive welded to a variety of low-carbon, 
medium-carbon, and low-alloy steels.  '"   This 
publication discusses (1) the aiechanics of the 
explosive-welding process,  (2) the types of 
available explosives,  (3) the care and handling of 
explosives, (4) the evaluation of explosive-welded 
joints,  and (5) numerous applications.    The 
mechanical propertie   of explosive-welded 
dissimilar-ferrous-metal joints are discussed in 
detail by Demaris and Pocalyko.  (26)   Research 
to join stainless steel tubing to mild steel header 
plates has been conducted by Crossland,  et al. '-''» 
Several tube-to-header plate joint designs were 
evaluated during this studv.   An explosive with a 
low detonation velocity produced optimum joining 
of 1-inch-diameter tubing; the header plate 
thickness was Z inches. 

The stainless steels can be joined to low- 
carbon or low-alloy steel", by other^uwoCusion 
joining techniques,  such as ultrasonic or dif- 
fusion welding.    However, there is little reason 
to do so on a production,basis, because other 
methods are adequate.    Type 430 stainless steel 
was ultraBonicaliy welded to a low-carbon eteel 
during the course of a study of the fundamental 
nature of ultrasonic welding   *Z8'  Tbö base-metal 
thicknesses were 0. 0005 inch for the low-carbon 
steel and 0. 008 inch for the stainless eteel. 
Similarly,  Type 304 stainless steel was diffusion 
welded to three low-alloy steels during a program 
to study the migration of carbon in dissimilar- 
ferrous-metal joints. '"» 

JOINING NONFERROUS METALS TO 
FERROUS METALS 

tc. 

r-OM 
t 
rr 

MS-i 

i 
—MO 

-■0» 

l«C -■WO 

1100 
■ -015 
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«wo ■ 

,. 1»0- 

\30LUTeNTO 

ta»: 

ftT.iaor 

ii» 
♦v-ir-i0«"1'8 
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NOTES:  (1)   This nomograph fives ch.mjK in diamettr czmed by hestiflg  CitaraFK? t^ 

promnlr bruinf filler m<1,il Ü11-»  must be provided Jllbraiisig SempHsto«. 

(2)   D  =: nnininiii diamrter itf ioint, infhes 
Ci. = change in dt'jrar.ce. inch^ 

T   = brasinp temperature- minus room temperature * F 

a, = mean cocfiicient of thermal expansion, maie mernbtr. <^/jr. /• f 
a: — mean coefiicien? of thermal expansion, femaL. ^«iriber. iit/m /c f 

(i)   This nomograph assumes a ase where or, excels o:.. ut that seals -■'aö-e 
for (da-cc,)   is nejtative   Resultant values for ACr. ire trwrcfire tito 

ne/jalive.  si^jnifylng  Ihst  ine  |Oin;  49p  rrtutes   up«!   teüti.sj.   Wh«- 

(«a-eei)   is  positive,   vrlues  of   iCc   vre   rriJ   ÄS   ^r*itiv^.   sonifying 
enlargement of the joint gap upon he»ti*ig. 

FIGURE 3.    Nomograph for findinj; the change in 
diametral clearance m jornte of dissimilar 
metals for a variety of 'irazl^g situa- 
tions.  {ZZi 
(Reproduced by Perrnissiün of Airiericaa 
Welding Society) 

Joints between ferrous and nonferrous 
metal» are of interest to industry because thsy 
combine the strength and toughness of steel wMi 
the special properties,   such as oxidation re- 
sistance,  corrosion resistanre, etc., proärldeö 
by the nonferrous metal.    The joining of ferrous 
to nonferrous metals is far more complicated 
than the joining of dissimilar ferrou    metals, 
because of the wider variation in tha physical, 
mechanical, and metallurgical properties csf the 
metals being jc'TXid.    The exten-- of these property 
differences is an excellent inditatioii of th? 
difficulty to be anticipated ir-joüiing stich metals. 

AJaHPJaag to Steal 

Joints af aiuiniouni to vuiiour iy^o» of eteel 
aiff- 'jteftC because iheiy tombi.»!« the UghtnesE, 
'.oerosioA rf-eintancit and good theirnal assd 
electrical conductivities of alusniftWKn with ihe 
strength and durability or steel.    Most of ths 
research on joining aluminum to dissimilar metale 
hao b^sn concentrated on »l-iminun^-to-steel 
joint".    Tbs ♦v.^ion-wexe'dng f/roc«fS'jc Csac bav<* 
beat« useO most Buccosjfuliy te fabrJcaling such 
joints iaciude gas trtagatan-arc welding aad 
lesj.stsnc«; spot wowing; ia d./idizioii, most of fee 
ncrifü.Bios joiaing processes have been u^efal in 
joining theee fnatals- 

Fiifion .Tgiajag 

Alt, ins nun's cani*ot be joined directly to 
Ete-rd by gas tasgsten-arc x/elmng for reasusiS 
discusßöti bsiow: 

(i;   Because öf tJ-.s wide difference in the 
melti-ig tsmparatures of alumlnmn 
{IZZb F) and steel (2300 F), alucoiaam 
will be molten and fluid befo?« iron is 
well heated. 

^>«tKWffWaaWCiWTffl51WW«Hrt»««^-*Ji«B« K 
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(2) Tliernjal steast,   -: of coR«iderablt: 

weldisg apere.tloi! bccÄwse of tJie 
diÖV;r-e?fcPs in the cosiiicienls of linear 
ejijssaisisB, thertnsd conductivitieB, and 
feposilis heat? el" eltwwinua aaö steel. 

(3) Aeet!*£|feg to tb< alutnaum-i' an phas« 
Si&gvaxn; tliese metals form Solutions, 
inter-tcieisiliti corspounds, «nd a eutectic. 
"«Vhen the iron coatent of an aluminum- 
iron alley exceeds 40 percent, a naKiber 
oJ complex,  bsittl« interraetallics such 
AS FeAljj Fä^AlB.  FeÄlj, FeAl, and 
Fe2AJ, may be formea.    Ryabov and 
Duplyak have studied the reaction of 
molten aluminum i^ith selid iron and 
have caXcalated the Ivee eaereies of 
the intermetallic compounds. *^'   During 
this rsactson, a complex layer consistisg 
prirrjarily of FeAl, and FejAlf. forms at 
the joint teterface.    k on-aluminum alloy is 
containing more than 12 percent iron have 
little or ao ductility. 

The problems associated with fusion welding 
aluminum to steel have been overcome by (1)  coat- 
iisi the steel surface with a metal that Is compati- 
ble with aluminum or (2) using ar alumiaum-steel 
tesasition section that is febricatad by another 
isäskig meth'jd. 

The use «1 znstel coatingg to minimize or 
psreveBS thi iozixi&tiau of brittle iKtarroetallic 
cempousida during the are ^siding oi siaininum- 
to-steei joiiös dssee back to thg S3id-I950'.s. 
tlsiagth* argon-fihislded gas tuagstsn-arc process, 
Rsccjstssblt ttibiag jc-iEts between Type 3004 
8-liisitoiiit» alloy aüd alaimaum-coated Type 304 
staiale«« steel ware produced by Millar and 
Mssioa, -    f   Ouriag welding, the arc was directed 
tews«1, the alaaiinain surface to prevsnt damage to 
the pretective coatiag on the stainless steel; when 
the alumi-tam aselted,  the molten metal flowed 
aad wet the coated-steel surface.    The principles 
developed during this investigation are still in 
use today. 

The usefulness of several metal coatings 
was investigated by Rabkin and Ryabov. (32) 
Alusninuin- magnesium alloys were welded to 
tow-carbon steel that was coated with each of 
the following metals;   copper,  nickel,  cadmium, 
tin,  lead,  zinc,  brass,  magnesium,  silver,  and 
aluminum.    Electrodeposited or hot-dipped 
coatings of tin,  zinc,  aluminum,  silver,   or their 
compounds were most effective in the production 
of sound joints,    Regardlsss of the manner in 
which Use coating was applied,  tests indicated 
that the coating thickness should not exceed 
40 to 50 n. ( 32, 33! 

Extensive studies to fusion weld aluminum 
tc mild steel were conducted by Andrews. (34-36) 
Commercially pui-e aluminum,  Al-1. 25Mn, 
Al-3.. 5Mg,  and an Al-Mg-Mn-Si alloy were argon- 
arc welded te mild steel that was coated with 
aluir.inuni,  zinc,   or tin by hot-c ipping or electro- 
plating procefluras; an   Al-5Si filler wire was 
used for wedding.    Butt welds in sheet stock and 
tubing were made readily;   lap welds were made 
less successfully.    With fillet welds,  single or 
double said beads were possible; a secondary flow 
of shielding gas was required to prevent OKidation 
of the coating opposite the side beinp welded.   The 
mechanical properties of butt welds in 1/8-inch- 
thick plate were generally adequate; some 
variation in the results was attributable to the 
particular coating on the steel and the manner 
in which it was applied.    Long-term thermal 
treatments of welded joints at elevated tempera- 
tures indicated that service temperatures should 
not exceed 300 C (572 F) for extended operation; 
at higher temptratures,  a brittle layer of FeAl3 
formed as the result of diffusion of aluminum into 
the steel and the mechanical properties decreased. 
Optimum corrosion properties were obtained with 
joints between aluminum and aluminized steel. 

Research to Join aluminum and its alloys 
to low-c-rbon steel for shipbuilding applications 
was conducted by Bel'chuk. (37-38) -fhe steel 
was prepared for welding by applying a thin layer 
of aluminum or zinc to the joint surfaces; then, 
several heavier layers of pure aluminum were 
deposited on the coated surface by gas tungsten- 
arc weh ling procedures.    The effect of the 
welding conditions on the bead contour and the 
thickness of the intermetallic layer were investi- 
gated. (37)   Later studies by Bel'chuk were 
concerned with the fatigue strength and resistance 
to explosive stresses of aluminum-to-steel 
joints. (38)   For these studies  Al-6Mg alloy was 
tungsten-arc welded to a low-carbon steel that 
was coated with a thin layer (40 ii) of zinc before 
welding.    The endurance limit of the joints was 
equivalent to that of the aluminum base metal; at 
higher stress levels, the fatigue life was greatly 
affected by the contour of the weld bead,  and 
fracture occurred in the weld.    These results 
are in general agreement with those obtained by 
Andrews. (•*4"3o.    The resistance of these joints 
to explosion bulge stresses was fairly high; the 
resistance was dependent on the strength of the 
filler metal. 

It is generally agreed that the strength of 
aluminum-to-steel joints is highly dependent on 
(1) the metal used to coat the steel prior to 
welding,  (2) the thickness of the coating,  and 
(3) the degree of adherence between the coating 
and the steel surfaces.    Joint strength is also 
dependent on joint design,   since this determines 

t    ? 
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the load-bearing area of the joint.    Joint strengths 
of about 14 to 20 ks; have beo^ reported for 
various aluminum alloys joined to zinc-coated, 
low-carbon steel;   fracture ueually occurred in 
the joint at or near the steel interface.    The 
effect of joint acsign has been shown in studies 
conducted by Orysh,   et al. "9' Th; strength of 
lap joints between Type 2024-T4 aluminum a'Joy 
and a silver-coated, low-carbon steel was 400 
to 3100 psi; butt joints between the same base 
metals had strengths of 20, 000 pg'' and higher. 

Experimental evidence indicates the strength 
of joints between aluminum and steel can be 
improved by measures to (1) inhibit the formation 
of brittle intennetallic compounds and (2) improve 
the adherence of the coating to the steel sur- 
face.       '   3' In studies to weld Al-1. 25Mn and 
Al-6Mg aluminum alloys to a zinc-coated, low- 
carbon steel,  Ryabov and Yumatova noted that 
additions of 3 to 5 percent silicon,  copper,  or 
zinc to the filler wire decreased the width of the 
intermetallic layer and increased the joint 
strength to about that of the base metal, v33;40) 

In earlier work,  Rabkin and Ryabov compared the 
strengths jf alrminum alloys that were tungsten- 
arc welded to a iow-carbon steel that was coated 
with zinc by various procedures. '3"'   The joint 
strength of Al-5Mg-0. 2V welded to low-carbon 
steel increased from about 18 to 27 ksi when the 
zinc coating was electrodeposited over a flash 
coating of copper instead of being applied to the 
bare steel surface. 

Research to fusion weld aluminum to stain- 
less steel has also been conducted,  and the work 
undertaken by Miller and Mason has already been 
discussed.    Gorin investigated the tungsten-arc 
welding of Al-1.25Mn or Al-6Mg lo Type 321 
stainless steel in sheet stock thicknesses; joints 
between Al~6Mg and Type 321 stainless steel 
tubing "'ere also studied. '     '    Before welding,  the 
stainless atee.1. surfaces were degreased and 
pickled; then, a thin layer of aluminum was applied 
to the cleaned surfaces by hot-dipping procedures. 
Sheet and tubing joints were produced by argon- 
shielded gas tungsten-arc welding.    The tensile 
strengths of tne flat specirr eas were equivalent 
to those of the aluminum base metals,  but th? bend 
properties were very erratic.    The joints were 
further evaluated by impact and fatigue tests. 
Similar research has also been conducted by Rab- 
kin,  Ryabov,  and others. (■"i'*u'   A Type 6061 
aluminum alloy fitting was welded to Type 204 
stainless steel tubing. ^Z)   ^ flash ccating of 
copper was deposited on the stainless steel sur- 
face; then, the tubing was aluminifed by hot- 
dipping.    The assembled joint was tungsten-arr 
welded with Alcoa No.  716 filler w;.re. 

The arc welding of alumtrum-to-steel joints 
with the aid of transition  sections has also been 
investigated.    The transition sections consist of 
short lengths of aluminum and steel that are joined 
by pressure welding,  friction welding,  explosive 

welding,  or other nonfusion joining processeB.    The 
transition sections are positioned between the 
aluminum and steel workpieces and weldüd by 
conventional procedures.    Since welds are made 
between aluminum and aluminum or steel and steel, 
the problems associated with the formation of 
brittle intermetallic compounds are eliminated. 
Transition sections are available in plate or tubing 
form.    Gorin evaluated the use cf transition sections 
for joining Al-1. 25Mn or Al-6Mg a'uminum alloys 
to Type 321 stainless steel. (4^)    Clad metal 
sections produced by roll welding were used to join 
sections of sheet stock.    The aluminum-to- 
aluminum weld was made first using minimum arc 
currents; then,  the steel-to-steel weld was made. 
Cruciform joints had strengths equal to those of 
the aluminum base metals.    Tubing transition 
sections of Al-1. 25Mn and Type 321 stainless steel 
were fabricated by friction welding and used to 
join lengths of aluminum and stainless steel tubing. 
The mechanical properties of the friction-weided 
joint were not affected by subsequent welding oper- 
ations,  provided the transition section was long 
enough to limit the temperature at the joint inter- 
face to 250 C {482 F) or below. 

Procedures incorporating the use of an 
intermediate mutal have been developed for the 
resistance spot welding of aluminum to fen-out 
metals.    In 1946, Hess and Nippet investigated 
the spot weiding of Type 3003 aluminum alloy to SAE 
4140 steel sheet  stock. !43'   The steel surface was 
electroplated with various thicknesses ( 0 to 0.0005 
inch) of tin,  zinc,  nickel,  chromium,  cadmium, 
copper,  or silver.    Spot-welding studies indicated 
thac optimum joining occurred with silver-plated 
steel; sound,  ductile joints were produced over a 
wide range of welding conditions.    Joints made 
with tiii- or zinc-plated steel were brittle, and the 
welding conditions had to be closely regulated to 
produce sound joints with steel that was coated 
with nickel,  cadmium,   GI chromium.    Very high 
welding currents had to be used to produce welds 
with copper-olated rteel; the plating thickaese and 
wexding current had to be closely controlled to 
produce ductile joints. 

Gas metal-arc spot welding procedures, also 
involving fusion, have been ucvcloped to join 
aluminum to ^teel. The surfaces of the stjel 
workpieces were aluminized or galvanized to 
permit wetting by the aluminum filler wire. 
Optimum corrosion resistance was obtained with 
aluminized steel. 

Nonfusion Joining 

Nonfusion joining processes have been uoed 
with considerable success to fabricate aluminum- 
to-steel joints,  because the possibility of forming 
undesirable intermetallic compounds is reduced 
by the absence of fusion.    If intermetallic com- 
pounds form because of diffusion of aluminum into 
steel, the thickness of the intermetallic layer is 
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less üi&n thet formed during fusion welding,  and 
ito effect on the joint properties is smaller. 

18 

Several techniques were developed to solder 
aian-.imirr, to stainless steel t"bing by Smith and 
Rabb. '    '   In one procedure,  the surface of the 
aluminum tubing -was copper-plated and then tinned 
vnth a 50Sn-50Pb soft solder.    The stainless steel 
tubing wac also tinned,  inserted into the aluminum 
tubing, ?.nd flaxed; then, the joint vras completed 
by sweating the parts together.    Tinning the 
aluminum tubing was also accomplished by ultra- 
sonic means or b" abrafacu.    An intermediate 
sleeve of copper -fas also usfd to facilitate joining 
these metals.    TL« copper siieve was brazed to 
the stainless steel tubi^   .    Then,  the copper sleeve 
was inserted into the aluminum tubing and the 
joint was completed with aa aluminum-zinc solder. 

More extensive research on brazing alumi- 
num to steel Has been conducted.    In 1959, 
procedures were developed to braze Type 3003 
aluminum alloy to Tvpe 321 stainless steel, '4°' 
The stainless steel member was plated with 
titanium to prevent the formaiion of brittle inter- 
metallic compounds.    Commercial aluminum 
brazing alloys were used for joining.    The mini- 
mum tensile-shear strength of the brazed joints 
was 8340 pai,    10 1963,  Orysh,  et al. ,  discussed 
the evaluation of two seta of brazed specimens. (39) 
Lap-shear specimens were prepared from 0. 125- 
inch-thick sheets of Type 6061 aluminum alloy 
brazed to AISI 1010 steel with the BAlSi-4 filler 
metal; the average tensile-shear strength was 
650Ö psi.    Similar specimens were made from 
0. 125-inch-thick sheets of Type 3003 aluminum 
alloy brazed to Type 347 stainless steel; the 
average tensile-shear strength for ten specimens 
was 9600 psi.    Type 304 stainless steel tubing 
has been brazed to a Type 6061 aluminum alloy 
fitting with Alcoa No.  716 filler metal. *42*  Before 
brazing,  the stainless steel tubing was copper 
plated and aluminized. 

Type 3C4 stainless steel tubing has berm 
brazed to Type 6061 aluminum alloy tubing for 
the plumbing system of a large iiquid-propellant 
launch vehicle. ^4"'     '   Tubing joints up to 8 
inches in diameter were fabricated by salt-bath 
brazing for use as transition sections between 
tubing or fittings made from Type 321 stainless 
steel and Type 6061 aluminum alloy.    The steps 
in the joining operation are listed below: 

(1) The stainless steel tubing is coated 
with electroless nickel and plated 
with tin to a thickness of 0, O^JI to 
0.0003 inch. 

(2) The aluminum tubing is cleaned in a 
hot alkaline and mixed deoxidizer bath 
immediately before brazing. 

(3) The parts are assembled in a telescoping- 
type joint with the aluminum tubing on 
the outside.    Since the aluniinum has a 

higher expansion coefficient than stain- 
less steel,  thermal stress in the joint 
are eliminated during brazing.    The 
joint clearance is 0.001 to 0.004 inch 
for 0. 250 to I. OOC-inch-diameter 
tubing,  0. 001 to 0, 006 inch for 1. 000 
to 3. OOO-mch-diameter tubing,  and 
0.001 to 0.008 inch for 3.000 to 10.000- 
icch-diameter tubing. 

(4) The brazing alloy,  Alcoa No,   718 
(Al-12Si) is preplaced in the joint. 

(5) The joint assembly is preheated to a 
temperature of 400 to 900 F,  depending 
on size,  and salt-bath brazed.    After 
brazing,  the assembly is cleaned to 
remove traces of residual salt. 

Ihe mechanical properties of these alumi- 
num-to-steel joints were determined by tests 
conducted at rooir. temperature and -423 F; in 
addition,  burst tests,  vibration tests,  and 
cryogenic thermal-shock tests were conducted. 
The joint strength was adequate for the intended 
application.    Type 321 stainless steel has also 
been brazed to Type 6061 aluminum alloy using 
the procedures outlined above. 

A program with the same objectives as the 
program discussed above was conducted to 
diffusion weld transition sections of Type 321 
stainless steel and Type 2219 aluminum 

(49 51^ alloy. '   7"     'It is not possible to dip-braze most 
of the 2000 series or the 7000 series of aluminum 
alloys with commercially available filler metals 
because the solidus of these systems usually is 
found at a lower temperature than that of the 
filler metals.    However,  earlier work had indi- 
cated the feasibiU|y of diffusion welding aluminum 
to steel. ^"'     ' ^^   During the initial phases of 
this program,   research was conducted to develop 
diffusion-welding techniques that could b<  usea 
in the fabrication of a 20-inch-diameter ', md 
ultimately,  a 50-inch-diameter) transition section. 
It was determined that the diffusion welding of the 
aluminum-to-stainless steel j^int could be done in 
air under the following conditions:    (1) temperature- 
500 to 600 F,   (2) pressure - 20 to 25 ksi,   and (3) 
time - 2 to 4 hours.    Silver was electrodeposited 
on the aluminum and stainless steel surfaces to 
promote diffusion.    To insure proper adherence of 
the silver to these surfaces,   a nickel strike and 
copper flash were used prior to silver plating 
the stainless steel,  and a zincate treatment 
and copper flash were used prior to silver plating 
the aluminum.    The joint prcverties were eval- 
uated by metallurgical studies,  mechanical tests; 

and corrosion tests.    The joint design and loolin/-; 
required for diffusion welding the 20-inch-diameter 
transition ring are shown in Figures 4 and 5; the 
basic concepts were confirmed by diffusion 
welding several 8-inch-diameter sections. 

»*»«» ***<#«** 
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FIGURE 4.    JOINT CONFIGURATION OF 20-INCH-DIAMETER TUBULAR WELD ASSEMBLY i49) 

Outer, 
spacer 

^^^^^ 

Aluminurr plate 

FIGURE 5.    ARRANGEMENT OF PARTS AND TOOLING FOR WTLDING 20-INCH-DIAMETER 
TUBULAR ASSEMBLIES (49) 

Following welding,  the joints were evaluated by 
helium-leak tests conducted before and after 
thermal-shock tests.  Then,   end covers were 
welded to the transition sections to form pressure 
vessels for pressure cycling ar-d burst tenting. 
The conditions under which the joint properties 
were evaluated and the test results are shov/n in 
Table 5.    During burst testing of the first three 
assemblies, failure initiated in the diffusion- 
welded joint because of the application of a peel 
load during pressurization.    The wall thickness 
of the aluminum ring was increased slightly and 
a fourth transition section was welded and tested; 
failure occurred in the circumferential weld at 
the end cover. 

Diffusion-welded joints between Type 2219 
aluminum alloy and Type 321 stainless steel were 
also made using the differential expansion tooling 

and joint design shown in Figures 6 and 7, 
respectively r T50) The external aluminum tubular 
member was cooled to -320 F and inserted ini;o 
the die that was heated to 250 F.    Then, the 
internal stainless st  5l member was inserted into 
the taper with a light pressure of 100 pounds.    The 
joints wer° welded in air at a temperature of 500 F 
for 2 hours; the joint surfaces were silver plated to 
promote diffusion.    After welding and removal from 
the die set,  the tubing was machined to remove the 
outer reinforcement.    After thermal-shock tests 
and helium-leak checks,  the joints were tested in 
tension; the shear load required to produce failure 
was 7800 pounds.    Fracture occurred in the 
aluminum base metal.   Additional studies are being 
conducted with joints having diameters of 0. 5,   2. C, 
4.0,  and 8.0 inches.    The joints are being evalu- 
ated by thermal-shock tests,  helium-leak tests, 
and various dynamic tests; the results to date are 
shown in Table 6 (52) 
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TABLE 5.    SUMMARY OF 20-INCH-DIAMETER TANK TESTS«49) 

rank 

Cyclo Num- 
Test Pres- ber 

Method sure, lbs        Cycles 

Burst Joint 
Pres- Hoop'a> Shear 
sure, Stress, Load, 
psi psi lb/in. 

470 37,600 2350 

505 40,400 2520 

670 53,600 3350 

645 51,600 3220 

695 55  600 3470 

Failure Mode 

1 Water (RT) 350 

2 LN2{-320F)      350 

3 LH2',-32CF)      310 
240 

4 Water (RT) 240 

4 reteat      LN2(-320F> 

200 

92 

60 
140 
100 

Diffus ion-welded joint 

Diffusion-welded joint 

Diffusion-welded joint 

Circumferential weld 
at aluminunn head 

Circumferential weld 
at aluminum head 

(a)   Based on 0. 125-inch-:*.ick aluminum alloy tank shell. 

3.0  OD die 

ID—1 

Type 321   stainless 
stee! tubing 

FIGURE 6.    JOINT AND TOOLING ARRANGEMENT FOR DIFFUSION«50' 
WELDING DISSIMILAR-METAL TUBULAR ASSEMBLIES 

Joints between aluminum and steel have been 
made by pressure welding,   cold welding,   or roll 
welding.   All of these processes are related in that 
considerable pressure is required for joining; 
heat may or may not be required.    In a review of 
the published literature,   Ryabov indicated that 
aluminum could be cold welded to steel using 
defi -mation of 47 to 81 percent. (53)    The tensile 
strengths of such joints ranged from about 12 to 
14 ksi; the joint strength was increased to 24 ksi 
by annealing the joint at 930 F.    Gritsenko,   et al. , 
cold welded cylindrical joints between Al-6Mg 
aluminum alloy and Type 321 stainless steel; the 
tensile strength of these joints was about 42 
ksi. (54) The joining conditions were not presented 

however,   different amounts of deformation 
were used for each of the base metals.    The cold 
and pressure welding of these same alloys was 
also discussed by Shestakov. ^~ '   '"he pressure 
welding of aluminum to stainless steel is described 
in a patent awarded to Dulin. f-^)   using this 
technique,  the workpieces are abrasively cleaned 
and placed between the platens of a hydraulic press 
at a pressure of 15 ksi.        When the specimen 
temperature reaches 700 F, the pressure is 
increased rapidly to produce a deformation of 
25 percent in the aluminum. 

The roll welding of aluminum to iron was 
included in a study of the parameters associated 
with joining dissimilar metals. «")   Strong joints 
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2213    olummum   alloy 

0.90 diom   — 
0 80 diam 

FIGURE 7.    JOINT DESIGN FOR DIFFUSION WELDING DISSIMILAR-METAL 
TUBING (50' 

TABLE 6.    TESTING OF DIFFUSION-WELDED 2219 ALUMINUM ALLOY TO 321 STAINLESS STEEL TUBULAR JOINTS (52)* 

Thermal 
Shock 

Joint + 180 F 
Diameter, to 

Specimen        inches -320 F 

Vibration Cyclic Pressure, p«ig 

Burst Test, 
Pisig 

Random 
Kelium       27 G's 

Leak        RMS**' 
Sinusoidal    He1:,ir: 

5 G's Leak 
72 F -320 F Kelium 

200 Cycles,    200 Cycles.     Leak      72 g   -iZOF, 

Al 
A2 
A3 
A4 
A5 

A6 
A7 
A8 
A9 
A10 

All 
A12 
A13 

0.5 
0.5 
0.5 
0,5 
0.5 

2.0 
2.0 
2.0 
2.0 

i  i imes 
Ditto 

14.8 mia 
6 min 

15 min (b) 
15 min 

(b) 

10   cycles 
10   cycles 

4480 
4480 

1920 
1920 

A14 
A15 
A16 
A17 
A18 

A19 
A20 
A21 
A22 
A23 

4.0 
4.0 
4.0 
4.0 
4.0 

8.0 
8.0 
8.0 
8.0 
8.0 

945 
945 

(a) Test duratiV    *D minutes. 
(b) Failed '        ,ot of specimen fitting. 

*     x indicates -„st completed,  Wank space indicates tept to be completed. 
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■were produced by roll welding; however,  the 
strength declined rapidly when the joints were 
heated to a temperature at which diffusion of 
aluminum into iron occurred.    A limited study 
to determine the feasibility of roll welding Types 
22i9 and 7106 aluminum alloy to Typ.   321 stain- 
less ateel ■•»« conducted hf Crane,  et al. ^0) 
The joints had excellent peel strength and ductility 
when welded at 750 or 859 F; joint« that were 
welded at 650 F had low peel strengths.    There 
was no evidence of the formation of an intermediate 
phase at the bond line.    The roll welding of 
aluminum-to-steel transition sections for use in 
joiuing aluu^mutn and steel components was dis- 
cutsed by Razdui,   Zasukha,  and Ryabov. (58) 
Joists were made between the following aluminum 
and ferrous alloys:   (1) Al-6Mg and Type 3Z1 
stainless steel,  (2) Al-5Mg-0.2V and Type 321 
stainless steel,  (3) Al-6Mg and. low-alloy steel, 
(4) Al-3Mg and low-alloy steel,  and (5) Al-6Mg and 
low-carbon steel.   Alter the aluminum and steel 
strip was cleaned by chemical and abrasive 
methods, the aluminum strips were heate>l to 
662-842 F.    Then, the aluminum and steel strips 
were assembled in a pack and rolled immediately; 
the reduction in thickness ranged from about 40 
to 70 percent.    The shear strength of '.hese joints 
was about 10 to 13 ksi.    Sections of r.teel 0. 24 inch 
thick and aluminum 0, 16 inch thick were arc- 
welded to these transition element»; the width of 
the steel and aluminum sections w:ts 2 inches. 
These assemblies wer ; tested in tension; the 
breaking load- -atied from 2500 to 4000 pounds. 

Friction welding is another method that can 
be used to join aluminum and steel without an 
intermediate metal.   Commercially pure alumi- 
num was friction welded to a low-carbon steel 
and Type 321 stainless steel without difficulty; 
however, joints with satisfactory mechanical 
properties could net be produced between steel 
and aluminum alloys that contained magnesium, 
copper,  sine,  or silicon. (59 -60)   During friction 
welding of aluminum to low-carbon steel,  tempera- 
ture measurements in the joint area indicated that 
the aluminum almost reached its melting tempera- 
ture; thus,  diffusion rates were high and an 
interlayer containing brittle compounds (mainly 
f ^Al3) formed.    Therefore,  welding conditions 
tliat result in low heat inputs must be used to 
minimize the thickness of the intermetallic layer. 
Higher heat inputs can be ueed to friction weld 
aluminum to stainless steel, because the diffusion 
rates are not as high as thooe experienced with 
low-carbon steels.    The tensile strength of fric- 
tion welds between      mmercially pure aluminum 
and low-carbon or stainless steel •vaa about 12 
kai.    The operating temperature of aluminum to 
steel joints is limiteti by the diffusion rate of 
aluminum Into iron.    If the joint is subjected to a 
temperature at which a significant layer ( 10 li or 
more) of brittle FeAl3 forms by diffusion,  the 
joint will lose its strength.    Glnzburg,  et al. , 
recommended operating temperatures below 750 F 
for aluminum-stainless steel joints. (59) 

An extc sive Investigation of the micro- 
structures produced during the friction welding 
of aluminum to stainless steel was conducted by 
Scott and Squire», '"M   As-welded friction welds 
were stronger than the aluminum base metal; 
however,  the joint strength decreased rapidly at 
elevated temperatures.    The joints were stable 
for (1) 18 months at 750 F,  and (2)  13 months at 
840 F.    There was a noticeable Increase In the 
width of the diffusion zone at 840 F.    The authors 
stated that the joints were not stable at 1100 F 
for more than 15 minutes. 

Friction welds between Type 6061 aluminum 
alloy and Type 304 stainless steel tubing were made 
for use as transition sections. '^   The average 
joint strength was 28. 3 ksi; before testing,  the 
joints were thermal cycled several times between 
212 F and -320 F without any indication of failure. 
Joints between aluminum and steel have also been 
made by inertia welding,  a variation of the 
friction-welding process in which the rotational 
energy is stored in a flywheel until met»l-to-metal 
contact is made. '"  ' 

In their report on explosive welding. Linse, 
WUtman, and Carlson Indicate that aluminum and 
Its alloys have been joined to most types of steels 
by this method. '") for example, hemispherical 
configurations have been produced by explosively 
welding Type 2219 aluminum alloy to Type 301 
stainless steel. I") 

Ultrasonic welding can be used to weld 
aluminum to steal without using an Intermediate 
nrseta; to promote joining.    A large number of 
alumlmjiri alloys and steeia have been joined,  but 
the base-metal thicknesses were small.    Orysh, 
et al., joined the follo-«'ing materials;   (1) 0.005- 
inch-thick Type 1100 aluminum to 0.016-inch- 
thick stainless steel (2) 0. 04-inch-thick Type 3003 
aluminum to 0. 028-inch-thick AM-350 stainless 
steel,  and (3) 0. 031-inch-thick Type 6061 alumi- 
num to 0, 030-inch-thick Type 301 stainless 
steel. (39) 

Titanium to Steel 

Fusion Joining 

With few exceptions the fusiorj joL'iirig 
processes are not considered suitable ior the 
fabrication of tit£.nium-to-ateel joints.    Th? same 
difficulties that are experienced in welding alumi- 
num to steel (i. e. ,  the differences betwaen rtis 
physical and mechanical properties! of the base 
metals,  the metallurgical incompatibility of the 
base metals,  etc.) are also encountered wha». 
titanium is joined to steel.    The solubility of iron 
in or- titanium is very low,  and if the concentration 
of iron exceeds about 0. i percent,   TiFe- and 
TiFe2-type intermetallic compounds are formed. 
These compounds are. very hard and brittle.    Thus, 
If titanium is fusion welded to low-carbon or 



i w«jM»nwwi •jmrnammm 

- 

23 
low-alloy steel,  the weld will have little or no 
ductility.    The difficulties are increased if titan- 
iuir. is weided to stainless steel,  because complex 
intermetallic compounds of titanium with iron, 
chromium,  and nickel are formed.    Fusion welding 
has been attempted with processes that produce 
minimum melting of the titanium, a filler metal 
that is compatible with tnanium is used. 

Research on arc-welding of titanium alloy 
Ti-3Al-1.5Mn to Type 321 stainless steel was 
conducted by Gurevich and Zamkov.  '"'I) 
Unsuccessful attempts were made to join these 
alloys by a braze-welding technique; however, 
more successful joints were produced with the 
aid of zn intermediaLe metal that was compatible 
with titanium and stainless steel.    Experimental 
joints between titanium and stainless steel were 
produced with a vanadium insert by automatic gas 
tungsten-arc welding in a controlled-atmosphere 
chamber;   these joints did not contain any defects 
but their ductilities were low.    Joints were also 

made with a composite insert compored of tanta- 
lum and a high-copper alloy;   the insert was 
positioned in the joint so that titanium was welded 
to tantalum and stainless steel was welded to 
copper.    These joints had tensile strengths of 
about 70 to 80 ksi. 

The gas tungsten-arc process has been used 
to join pure titanium to mild steel by a variation 
of the plug-welding technique.  '"-''    Two procedures 
were used to weld 0, 04Q-inch-thick titanium to 
0. 250-inch-thick steel.    In the first case,  a 9/16- 
inch-diarneter hole,  1/16 inch deep,  was drilled 
in the steel; this hole was filled with vanadium by 
gas tungsten-arc weldin"      Then,  a 1/4-inch- 
diameter hole was drilled through the titanium 
sheet.    The titanium sheet was positioned so the 
hole was located over the vanadium pad; then, the 
hole was filled with pure titanium by gas tungsten- 
arc welding.    In the second procedure,  a circular 
wafer of pure vanadium was placed in a countersunk 
hole in the steel and was welded in place.    Then, 
the titanium was welded directly to the vanadium 
wafer.    Molybdenum was also studied for use as 
an intermediate metal; however,  it was considered 
to be inferior to vanadium because of the extreme 
hardness of the molybdenum-steel weld zone. 

Resistance spot welding has been investi- 
gated as a method to join titanium to steel.    In 
1956 McBee,   et al., studied the resistance spot 
welding of commercially pure titanium to Type 321 
stainless steel.  '"'   Welds made at low heat- 
inputs were similar to solid-state welds; at 
increased heat inputs,  an extremely brittle 
intermetallic phase was formed at the joint 
interface.    Spot welds between titanium and the 
major constituents of stainless sceel (iron,  nickel, 
and chromium) were made; the titanium-to- 
chromium weld was better than either of the other 
two welds.    However,  there was litile improvement 
in weld properties when chromium was used as 
an intermediate metal between titanium and stain- 
less steel.    Mitchell and Kessler demonstrated the 

feasibility of using vanadium as an iatermediate 
metal between titanium and low-carbon or stain- 
less steel; they were not successful in uatng 
aluminum or silver as intermediates.  '°  ' 

Titanium can be clad to ferrous metal» by 
explosive welding,   roll welding,  and brazing.    The 
problems associated with joining titanium-clad 
steel have been considered by Moore.  »°^)   Methods 
to accomplish this are shown in Figure 8. 

Si'vsr 
Carbon steel deposits 

a.    Method Favored for Butt Welding Hortonclod Plate 

Roll-bonded 
joint ,,_ 

Titanium 
cladding 

Steel 

Carbon stetl'^^sTT'      ^aintess steei deposit 

b     Method Favored for Butt  Welding Roil-Clod Plate 

Silver 

Roll-bonded 
joint 

Titanium strip 

Titanium 
cladding 

Steel 
Silver or vanadium x Carbon steel deposit 

c     Alternative Method for Butt Weiding Roli-Clad Plate 

FIGURE 8.    METHODS TO FUSION WELD 
TITANIUM-CLAD STEEL (67) 

Nonfusion Joining 

Brazing is used most frequently to join 
titanium to steels of various types.    Most of the 
filler metals used for this purpose are based on 
silver or other noble metals.    Silver-base alloys 
wet titaniuin and most steels well,  and the reactioc 
between them and titanium can be controlled 
quite readily. 

The brazing of titanium to Type 321 stain- 
less steel and 17-~PH  precipitation-hardening 
stainless steel was discussed by Levy and 
Kaarlela,   respectively,  (68,69)   Sleeve joints 
between titanium and Type 321 stainless steel 
were induction brazed in an argoa atmosphere 
using a 98Ag-2Al filler metal.    The results of 
joining appeared to be successful; however,  the 
joints failed within 100 hours in salt-spray tests. 
The corrosion resistance of these joints was not 
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iinproved by plating the t^lanium surfaces ■*iüi 
•ilver or the stainless stefti surfaces with nickel. 
Additional work was conducted to determine the 
i iefulness of some newly developed filler metals 
containing silver and aluminum as their major 
constituent?.    A sandwich structure consisting 
of 17-7 PK face sheets and a titanium core was 
biuzed with an Ag-5Al-0.5 to 1.0 Ma alloy. 
These joints successfully v-ithstood a 5C-hour 
»alt-spray test and a 100-hour oxidation test at 
SOG F. 

A brazed transition section to be located 
between a titanium tank and stainless steel feed 
lines was evaluated during the course of the 
Gemini program. ^70'   Titanium alloy Ti-6A1-4V 
was vacuam-induction brazed to Type 304L 
stainless steel with Jbe Au-18Ni filler metal.    The 
presence of a brittle iiitermetallic compound and 
indication of cracking led to extended joint evalu- 
ations.    Cracking could not be induced by two-point 
loading.    Cracks were induced by cantilever loading 
the joint through the titanium member,  but failure 
did not occur by continued bending.    It was con- 
cluded that the brazed joint could sustain loads in 
excess of the yield strength of the stainless steel. 
The successful performance of this joint has been 
attributed to the rigid control of all the brazing 
process variables, t'l)   The joint clearances were 
held to very close tolerancee and the joint was 
brazed rapidly; because of the rapid heating rate 
and a minimum holding time at temperature, the 
formation of brittle intermetallic compounds was 
minimized.    The same procedures have been used 
to make joints betweeti titanium and mild steel, 
Vascojet-lOOO,  and other metals. 

Alloy-development studies have been con- 
ducted to produce a brazing filler metal that could 
be used to join titanium to stainless steel for use 
in the Apollo plumbing system.    In addition to the 
requirements that the melting temperature of the 
brazing filler metal be below the beta t.ransus of 
the titanium alloy and that joining occur without 
the formation of brittle intermetallic phases, the 
joints had to be strong,  leak-tight,  and inert to 
nitrogen tetroxide.    Also,  the filler metal had to 
be exceptionally ductile,  because the metal mem- 
ber with the .'arger coefficient of expansion 
(stainless steel) was positioned inside the member 
with the smaller coefficient of expansion (titani- 
um); thus,  the braze bond line was in tension.    A 
palladium-base filler metal (Pd-14. 3Ag-4.6Si) 
was developed for joinine Ti-5Al-2.5Sn titanium 
alloy to Type 304L stainless steel.  (72)   However, 
further evaluation of this filler metal indicated 
that, while many of the joining criteria were 
satisfied,  the alloy was sluggish and did not flew 
well.  (73)   Another füler metal, Ag-9.0Pd-;  2Si, 
was developed and evaluated.    Plug-in-hole type 
joints were brazed at 1360 F in a vacuum of 
3 x lO"^ torr.    Excellent flow properties were 
exhoivd by this alloy.    Additional specimens 
we. r - . azed and helium-leak checked before and 
after thermal cycling from room temperature to 

-320 F; the leak-rate recuireme.nts were satis- 
fied.    Furlher evaluation of this alloy is planned. 

Other research on brazing titanium to steel 
has been undertaken.    In 1958,  the feasibility of 
brazing a steel bearing race (A1SI 4340) to a 
C-130AM {Ti-4  .l-4Mu) titanium-alloy propeller 
blade was investigated.   ■-7*)   Sleeve joints were 
induction-brszed in an argon atmosphere with 
filler metals that flowed at 1000,   1250,   1450, and 
1800 F.    To promote flow of the brazing alloy, 
th<; steel member was plated with nickel.    Joints 
brazed with pure silver or a silver-base alloy 
(Ag-15. 5Cu-l6. 5Zn-i8Cd) had acceptable pro- 
perties for this application; the joint shear 
strengths were about 10 ksi.    The use of alumi- 
num or aluminum-base alloys for brazing titani- 
um to steel is indicated by a patent issued to 
Harrick and Holzworth.  (75)   The joint members 
are hot-dip coated with aluminum,  then assembled, 
and salt-bath brazed. 

The use of eutectic diffusion brazing to join 
titanium to steel was investigated by Khar- 
chenko. *'"'   Eutectic diffusion brazing combines 
the features of brazing and diffusion welding . 
An intermediate metal that forms a eutectic witli 
one of the base metals is located between the 
workpieces; a foil or an electrodeposited coating 
can be used.    Joiaing occurs when ihe assembly 
is heated above the eutectic temperature; a 
liquid phase may form,  but it disappears by 
diffusing into the base metals.    Cylindrical joint 
members (1/2 inch in diameter by 1 inch long) 
of a titanium alloy containing 3 percent aluminum 
and Type 321 stainless steel were assembled 
under ligl^t pressures and heated in a vacuum to a 
temperature slightly higher than that at which 
the titanium-nick el eutectic forms.    The ultimate 
tensile strength of these joints was about 47 ksi at 
room temperature,  43 ksi at 1110 F,  40 ksi at 
1300 F,  and 30 ksi at 1470 F.    A taper&d tubi.ig 
joint, was fabricated by these procedures. 

Diffusion welding has been used extensively 
to fabricate titanium-to-steel joints.    In a review 
of the fundamentals of solid-state welding,  Albom 
reported on the diffusion welding of titanium to 
stainless steel.  ''•'   The procer    variables used 
for welding were not given; how   /er,  negligible 
pressure was required,   similar to the work 
undertaken by Kharchenko.    The photomicrograph 
of the joint indicated the presence of ar. inter- 
metallic layer that was probably the nickel- 
titanium eutectic. 

The diffusion welding of Ti-8A1-IMo-IV 
titanium alloy to Type 321  stainless steel was 
investigated in the course of a program to develop 
procedures to fabricate transition sections for 
cryogenic tubing applications.  '5  > 5   '    Joints 
were diffusion welded in air and in a vacuum using 
bare or electroplated base metals.    Based on 
metallurgical studies,   corrosion tests,   and 
mechanical tests,   the following conditions were 
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selected for diffusion welding:   (1) bare base metals: 
1425 * ?5 F for 10 minutes in a vacuum and (2) 
silver-plated base metals-   700 F :"or 30 minutes 
in air.    The silver-plated specimens were pre- 
diffused at 1350 F for 10 minutes prior to welding 
Tubular transition sections were prepared using the 
tooling and joint design shown in Figures 6 and 7. 
Helium-leak tests before and after thermal cycling 
from room temperature to -320 F indicated the 
souadness of these joints; the shear load to failure 
was 12,800 pounds.    Failure occurred in the 
titanium-alloy tubing.    In an extension of this 
program, joints between Ti-6A-lMo-lV titanium 
alloy and Type 321 stainless steel are being 
diffusion welded to produce transition sections with 
diameters of 0.5S  2.0. 4.0,  and 8.0 inches. ^52) 
The joint properties are being evaluated by 
thermal-shock tests, helium-leak checks, vibra- 
tion tests,  cyclic pressure tests,  and burst tests. 
The results to date are shown in Table 7. 

anical and metallographic tests were conducted. 
The joint tensile strength was not affected 
significantly by the heat treatment; however, the 
joint ductility decreased rapidly due to the form- 
ation of brittle intermetallic compounds.    The 
cold welding of titanium to-steel joints was also 
investigated by Hughes.  '°"' 

.loints of this type have been produced by 
ultrasonic welding.    Joints were made between 
0.024-inch-thick AUO-AT titanium alloy and 
0. 028-inch-thick Type 430 stainless steel; the 
shear strength of these joints was about 940 
pounds.        '   Additional work was undertaken by 
Weare and Monroe.  '82)   Joints were produced 
between 0. 018-inch-thick A-70 titanium alloy and 
0.020-iach-thick Type 316 stainless steel;   the 
joint strengths were about 200 pounds. 

Titanium alloys have been clad to various 
types of steel by explosive welding and brazing. 

TABLE 7.   TESTING OF DIFFUSION-WELDED TI-BAI-IMO-IV to 321 STAINLESS STEEL TUBULAR JOINTS 
(52)t 

Joint 
Diameter, 

Soecimen inches 

Thermal 
Shock 

:• 180 F 
to 

- 320 F 

Vibration 
Random 

Helium     27 G's 
Leak    RMS(a' 

Cyclic Pressure, psig Burst Test, pslg 

Sinusoidal 
5   G'e 

Helium 
Leak 

72 F 
200 Cyc 

-320 F 
200 Cycle» 

Helium 
Leak 72 F -320 F 

Cl 
C2 
C3 
C4 
C5 

0.5 
0.5 
0.5 
0.5 
0.5 

5 times 
Ditto 

4400 
4400 

11,600 

Cb 
07 
C3 
09 
C10 
en 
C12 
013 

2.0 
2.0 
2.0 
2.0 
2.0 

15 min        10    cycles 
15 min        10    cycles 

1850 
1850 

5,900 

C14 
C15 
C!6 
C17 
CIS 

4.0 
4.0 

1070 
1070 

3,020 

C19 
C20 
C21 
C22 
C23 

5.0 
3.0 

(a)   Test duration 15 minutes ; 

*   x indicates test completed; blank space indicates test to be 

Titanium was diffusion welded to iron.   Type 
430 stainless steel,  and Type 321 stainless steel 
using a vanadium foil as an 'ntermediate 
metal.  ''°'    These jointE were extremely brittle 
because of the formation of a vanadium carbide 
intermetallic compound. 

Titanium to stainless steel joints were 
cold welded by Kharcheriko,  et al. (79) After 
welding,  the joints were annealed for periods up 
to 10 minutes at 1470 F in a vacuum.    Then, mech- 

completed. 

According to the review prepared by Linse,  Witt- 
man,  and Carlson,  titanium „nd its alloys have 
been explosively welded to numerous carbon, 
low-~11-oy,  and stainless steels by the patented 
DE.wvCLAD process.  ^25'   Another patented 
process, HORTONCLAD, has been developed to 
vacuum braze titanium to ferrous metals.    An 
extenf":.ve program utilizir.g these procedures 
was used to clad titanium to mild steel "sing 
various silver-base brazing filler metals,   '''■*) 
The strongest joints with shear strengths greater 
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than 20 ksi were produced by vacuum brazing 
with the silver-copper eutectic. 

Titanium alloy Ti-8Al-lMo-lV was roll 
welded to Type 321 stainless under the following 
conditions:   jl)  rolling temperature - 1050 F, 
(2) atmosphere-arson, and (3) diffusion aid - 
aluminuni foil.  l"i   The siress to cause failure 
in the resulting joints ranged from about 7 to 8, 7 
kai at room temperature, 5.6 to 6. 3 ksi at 400 F, 
and 7.2 to 10.4 ksi at -423 F.  (50' 

Beryllium to Steel 

Fusion Joining 

BeryLiUm has been fusion wslded to itself 
by means of the gas tungsten-arc and electron- 
beam welding   processes.    However,  little or no 
no success has been achieved in fusion welding 
beryllium to ferrous alloys because of the form- 
ation of brittle intermetallic compounds. 
MacFherson indicated that a braze welding 
technique has been used to join beryllium to stain- 
less steel using pure silver as the filler wire; 
however, the details on joinipg were not dis- 
cussed.  (84) 

Konfusion Joining 

The most commonly used process to join 
beryllium to steel is brazing.    In 1960,  Glorioso, 
O'Keef«,  and Rogers discussed the results of a 
limited investigation to braze beryllium to 17-7 
PH stainless steel for a sandwich structure 
application.  '^S)   jjjg weiting and flow properties 
of several silver-base filler metals were evaluated 
by brazing tee specimens in a partial pressure of 
argon; the Ag-7Cu-0. 2Li alloy produced joints with 
acceptable visual appearance.    To further evaluate 
the beh»vior of this alloy,  lap-shear specimens and 
a small sandwich panel were brazed.    The lap- 
shear specimens Jiad strengths ranging from 8 to 
14 ksi.    The sandwich panel consisted of 0. 020- 
inch-thick face sheets of beryllium brazed to a 
core of 17-7 PH.  Metallographic examination of the 
joints showed that excessive reaction between the 
filler metal and base metals had occurred. 

An extensive program to fabricate honey- 
comb flat and curved panels for service at high 
temperatures was conducted by Kruses,  et al. I"") 
QMV beryllium face sheets,  0.020 inch thick, were 
brazed to honeycomb core fabricated from such 
alloys as Type 321 stainless steel,   17-7 PH and 
15-7PH precipitation-hardening stainless steels, 
and A286 heat-resistant alloy.  Some panels con- 
sisted of a face sheet brazed to each side of the 
core material.    More complex panelii consisted 
of two layers of honeycomb core separated by a 
sheet of beryllium; face sheets attached to the 
outer surfaces of the core completed the assembly. 
DuriDg the initial phases of the program,  experi- 

mental honeycomb panels were brazed to evalu- 
ate (1) the selected brazing filler metals,  (2) the 
brazing cydt,  and (3) the heating equipment. 
Quartz-lamp brazing,   electric blanket brazing, 
and furnace brazing were evaluated; the panels 
were enclosed in an envelope so that blazing would 
occur in a partial pressure of argon.    The filler 
metals used for joining were (1) Ag-7Cu-0. 2Li, 
(2) Ag-28Cu,  and (3) sUver foil clad with Ag-7Cu- 
0. 2Li; optimum joining occurred with the Ag-7Cu- 
0.2Li alloy.    Quartz-lamp and electric blanket 
brazing equipment was well-suited to the produc- 
tion of flat or slightly curved panels; panels with 
more severely contoured surfaces were brased 
in a furnace.    This program demonstrated the 
feasibility of fabricating   honeycomb panels with 
beryllium face sheets for aerospace applications. 
Panels were evaluated metallurgically and mech- 
anically; the usual testi; specified for sandwich 
structure {flatwise compression,  tensile shear, 
etc.) were conducted. 

(87) 

A Type 303 stainless steel pressure fitting 
was joined to a 0. 080-inch-thick sheet of QMV 
beryllium using pure silver as the filler metal 
The joint was eutectic diffusion brazed at 1690 F 
for 20 to 30 minutes in a vacuum; a pressure of 
5 psi was applied to hold the joint members 
together.    The quality of the brazed joint was 
evaluated by torque testing at 7C inch-pounds. 
During the course of this program, it was noted 
that the time the joint was exposed to a tempera- 
ture in excess of the silver-berylliuir autectic 
temperature had to be minimised to prevent the 
formation of brittle intermetallics,    Westlund has 
also conducted research on the vacuum brazing 
of beryllium to stainless steel. (88) 

Research was conducted to fabricate cast 
beryllium-stainless stsel tubular composites to 
serve as impact targets for the evaluation of 
beryllium'sresistance to simulated meteoroid 
collisions.  (""'   C?st beryllium cylinders were 
machined to fit around a stainless steel tube with 
a clearance of 0.001 inch.    Following plating of 
the stainless steel and beryllium joint members 
with silver,  the parts were assemh1   d and sealed 
in a retort.    The retort was repeatedly evacuated 
and purged with helium; brazing was conducted in 
an argon atmosphere at 1625 F for 10 minutes , 
This appears to be an instance of eutectic diffusion 
brazing as was the work discussed in the pre- 
ceeding paragraph.    The joints were reai. onably 
sound; some unbonded areas were revealed i.y 
radiographic and destructive tests. 

QMV beryllium was brazed to Type 304L 
stainless steel to demonstrate the feasibility of 
joining these metals for nuclear applications. (90) 

The stainless steel component was chemically 
cleaned and placed in a vacuum chamber; further 
cleaning to remove chromium oxide was accom- 
plished by electron bombardment of the steel 
surface.    Then,  the surface was coated with a thin 
film of the Ag-28Cu filler metal by vapor-deposi- 
tion techniques.    The beryllium and stainless parts 
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were aBsembled and brazed in a vacuum; brazing 
was conducted at 1510 F.    The importance of 
cloßely fitting parts was emphasized,    i^ap-sheir 
specirriens were also prepared to determine the 
joint strength; shear strengths ranged from H.Z 
to 20. 5 ksi. 

The use of the eutectic diffusion brazing 
procees to join beryllium to stainless steel has 
already been cited.    Research has been conducted 
to diffusion weld thes    metals Also,    In the course 
of developing procedures to fabricate the bery- 
llium-stainlesE steel impact targets,  cast 
beryllium-to-Typs 316 staiiJ-ess steel joints were 
made by diffusion welding.   1°')   Joining was done 
in a vacuum at 1400 F for 2 hours; silver was 
used as a diffusion aid.    A 1/2-inch-diameter 
stainless steel tube was positioned inside of a 
drilled section of beryllium rod,   1-1/4 inches in 
diameter.    Fressurs was supplied by differential 
thermal expansion. 

During a program to develop filler metals 
and procedures for joining reiractory metals, 
Young and Jones studied the diffusion welding of 
beryllium to Type 316 stainless steel.  ''™   Disks 
of beryllium and stainless steel,   1/2 inch in 
diameter by 1/16 inch high, were machined, 
cleaned,  assembled,  and placed in a capsule; 
pressure was applied by means of a plug threaded in 
into the capsule.    The first group of specimens 
was diffusion welded in a vacuum (10"^ torr) at 
temperatures of 1800 and 2000 F for 4 hours; no 
diffusion aid or barrier was used.    Metallographie 
examination of these joints indicated the presence 
of a wide diffusion zone at the interface.    Addi- 
tional specimens were welded using copper as a 
diffusion barrier metal between the joint members; 
welding was done at 1500 F to minimize aiffusion. 
Metallographic examinations and hardness measure- 
ments indicated that copper was ineffective as a 
diffusion barrier. 

Gas pi assure bonding,  a variation of 
diffusion welding,  was used to fabricate beryllium- 
clad tubular impact targets.  *''i> ")   The impact 
targets were 6 inches in length and 1. 220 inches in 
diameter.    A beryllium sleeve was welded to   a 
0. 500-inch-diameter Type 316 stainless steel 
tubing.    Two types of beryllium were used during 
this investigation.    QMV beryllium powder was 
cold hydrostatically pressed and machined to 
size.    The other type was hot pressed,   extruded, 
and annealed PX20-grade beryllium.    The beryl- 
lium and stainless steel parts were assembled 
and gas-pressure bonded at 1400 F for 2 hours 
at a pressure of 10, 000 psi.    Successfully 
bonded impact targets were fabricated by these 
procedures.    In a later program,  a similar 
aesembly was bonded using beryllium that wa? 
reinforced with stainless steel wire. 

Ultrasonic welding procedures have been 
used to join a beryllium disk to a Type 321 stain- 
less steel ring for use with low-energy-radiation 
detectors    ''^' 

Refractory Metals to Steel 

Fusion Joinin I 

Most of the research on jc-{   ing the refrac- 
tory metals to dissimilar rneta ■ has been concen- 
trated on nonfusion joining methods.    Several 
of these metals are susceptible to embrittleinent 
from exposure to a contaminating atmosphere 
during joining.    In addition, the mechanical 
properties of some of these base metals are 
reduced as the result cf recrystallization during 
welding.    To an extent,  problems arising from 
fiontamination can be minimized by welding in a vacuum. 

During investigations to extend the useful- 
ness of electron-beam welding for production 
applications,  welds were made in several 
columbium- and tantalum-base structural alloys. 
In the course of this work, a spun tantalum cap 
was electron-beam welded to a heavy-walled Type 
32i stainless steel sleeve; the wall thicknesfc of 
the tantalum cap was 0.060 inch.   '"'   During 
welding,  the beam was focused mainly on the 
stainless steel section to permit the steel to 
become molten and wet ths tantalum. 

The use of the gas tungsten-arc and 
electron-beam welding processes to Join molyb- 
denum and columbium alloys to stainless steel 
was investigated by D'Yachenko,  et al.  ^°'   Flat 
butt and lap joints were electron-beam welded; the 
amount of heat applied to the high-melting metal 
was regulated by moving the molten pool away 
from the joint or by reducing the beam current. 
Under the proper conditions, the molten stainless 
steel wet the refractory metal well and produced 
a well-contoured joint.    The average yield strength 
for molybdenum-stainless steel welds was 55. 3 
ksi for butt welds and 59. 5 ksi for lap welds; 
welds using a modified butt-joint design with a 
raised edge on the stainless steel had an average 
vield strength of 82. 3 ksi.    For the columbium- 
stainless steel joints,  the average yield strength 
was    71 ksi for lap Joints.    Welds were also made 
by the argon-shielded gas tungsten-arc process in 
a controlled atmosphere.    The average yield 
strength for the molybdenum-stainless steel joints 
was 38. 3 ksi for butt welds,  55. 3 ksi for lap welds, 
and 71. 4 ksi foi' the modified butt welds; the yield 
strength for lap welds between columbium and 
stainless steel was 64 ksi.    The difrerence in 
yield strengths between welds made in a vacuum 
(electron beam) and those made in a controlled 
atmosphere (gas tungsten-arc) is directly related 
to the prebence of gaseous contaminants in the 
controlled atmosphere.    The effect of such con- 
taminants on the mechanical properties of 
columbium welds was less pronounced than on 
those of molybdenum welds. 

The welding of molybdenum-to-stainless 
steel joints by electron-beam procedures was also 
reported by Gatsek.  '"')   Tungsten was also joined 
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aluminum filler metal was used in joining. 
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Unpublished work conuucted at Battelle 
iavoiveU the joining of molybdenum and columbium 
to stainless Bteel.    The joints were used in 
corrosion-test loops to attach tubing connections 
to the refractory-metal loops.    "Tie molyhdenum- 
stainlees etecl joints were made by a weld-brazing 
technique using pure nickel as filler metal.    Simi- 
lar techniques were used in the columbium-stainless 
»ted jointc except that Hastelloy W filler wira was 
used.   All weld braiing was conducted in an inert- 
gas chamber using a tungsten-arc torch. 

Research of a different nature was conducted 
by Stoner.  (W)   Techniques were developed to 
join bimetallic tubing used in applications involving 
.nigh-temperature liquid metal containment. 
Coextruded bimetallic tubing has been produced to 
serve as mercury boiler tubes,  an application in 
which the interior of the tubing is exposed to 
boiling mercury and the exterior is exposed to 
NaK at 1350 F.    Effective joining techniques were 
needed to produce the usual plumbing-type joints. 
Tubing with an outside diameter of 0. 800 or 
0, 510 inch was evaluated.    The overall wall 
thickness of the tubing was 0. 055 inch; the inner 
layer was unalloyed columbium,  0,020 inch thick, 
and the outer layer was Type 316 stainless steel, 
C.035 inch thick.    Electron-beam welding and gas 
tungsten-arc welding in a highly controlled atmos- 
phere was used for joining butt joints, tee joints, 
and tube-to-header joints.    The procedures used 
to make butt and tee joints are shown in Figures 
9 and 10.   As can be seen,  the stainless steel 
cladding is removed from the joint area before 
the columbium weld is made; in this manner,  the 
formation of brittle intermetallic compounds is 
prevented. 

Nonfusion Joining 

The nonfusion joining processes,   such as 
brazing and diffusion welding,  are well suited for 
joining the refractory metals to ferrous metals. 
Joining can be conducted in a vacuum or in a 
controlled atmosphere,  thus preventing embrittle- 
ment from gaseous contaminants.    Also,   since 
fusion does not occur,  the formation   of undesir- 
able intermetallics is minimized. 

The brazing of a Cb-lZr to Type 304L 
stainless steel transition section was discussed 
briefly by Bertossa.  '''   Brazing was done in a 
vacuum; however,  data on the filler and the 
brazing procedures were not given.    It was noted 
that the time-temperature relationship during 
brazing was not as critical for this joint combin- 
ation as it was for the titanium-stainless steel 
Joint,  because of the low reactivity of columbium. 

The diffusion welding of molybdenum and 
columbium alloys to stainless steel was investi- 
gated by Young and Jones,  ('l)   Small disks of 
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FIGURE 9.    BUTT JOINT FABRICATION IN 
SEQUENCE >98) 

columbium alloy F-48,  molybdenum alloy Mo- 
O.STi,  and Type 316 stainless steel were machined. 
The disks were assembled in a molybdenum cap- 
sule for joining; pressure was applied by means 
of a threaded screw in the capsule.    Joints made 
between F-48 and 316 and   between Mo-0.5Ti 
and 316 were diffusion welded at temperatures 
of 1800 and 2000 F for 4 hours.    Joining was' 
achieved in both cases, but microstructure 
examinations and hardness measurements indi^ 
cated that brittle intermetallics formed.    Tensile 
specimens (Cb-lZr to 316) were diffusion bonded 
and tested.    The maximum shear strength was 
10.7 ks- at room temperature,   11.4 ksi at 600 F, 
11.9 ksi at 1200 F,  and 4. 2 ksi at 1800 F. 

Other methods that have been used co join 
the refractory metals to stainless «steel include 
gas-pressure bonding,  explosive welding,  and 
ultrasonic welding.  (39, 25, 82) 

Nickel to Steel 

The fabrication of joints between the nickel- 
base alloys and steels of various grades has always 
been an important area of joining technology; 
however, the joining of these metals has assumed 
new importance by virtue of their widespread use 
in aerospace and nuclear applications.    Such joints 
combine the high-temperature strength,   oxidation 
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resistance,  and corrosion resistance of the   con- 
ventional nickel-base alloys and the superalloys 
with the properties of a less expensive  structural 
metal. 

There is little justification for a detailed 
review of the accomplishments in joining these 
metals.     The technology of joining is highly 
developed and it is well documented in the tech- 
nical literature.  (21,99,100)   However,  a few 
general comments are in order. 

Fusion Joining 

The arc welding processes are used most 
frequently to join the nickel-base alloys to ferrous 
metals.    In many respects,  the arc welding of 
these metals is very similar to the arc welding 
of stainless steels to less highly alloyed steels, 

and many of the same prccautione in the selection 
of filler metals,  welding processes,   etc.,  must 
be observed.    The difficulues experienced in 
joining these dissimilar metals are related mainly 
to the differences in composition of the respective 
base metals.     The selection of the filler metal is 
based on such factors as (1) the effect of dilution 
at both base-metal interfaces,   (Z) the differences 
in the coefficients of expansion of base metals, 
and (3) the possibility of changes ia the micro- 
structure after long-time operation at elevated 
temperatures.    The effect of dilution is of parti- 
cular .vmportance because of the agitation and mixing 
that occurs during fusion.    The extent c- dilution 
is highly dependent on the characteristics of the 
welding process,  the speed of welding,  the thick- 
ness of the base metal,  the joint design,   etc.    The 
filler metal must be able to withstand dilution irjra 
both base metals v/ithout cracking, fissuring,  or 
otherwise being subject to weld defects.    The use 
of processes and welding techniques that produce 
minimum dilution should be considered in joining 
the nickel-base to ferrous metals.    A few examples 
of joining are discussed briefly below: 

(1) Inconel was joined to Type 304 stain- 
less steel and carbon steel by the 
following means:    shielded metal-arc 
welding,  gas tungsten-arc welding, 
and gao metal-arc welding.  ('"1) 
Weide meeting the stringent require- 
ments for nuclear-plant service were 
obtained with all processes.    Welds 
of a similar nature were made between 
heavy Inconel plate and carbon steel 
using specific nickel-base filler metals 
for shielded metal-arc and gas metal- 
arc welding.   (102)   Crack-free and 
porosity-free welds were obtained 
using various welding positions, 
restraints,   and heat treatments. 

(2) Research was conducted to determine 
the suitability of welds between nickel- 
base alloys and stainless steels for 
nuclear service at temperatures ranging 
from 650 to 2050 F. (103.l    The gas 
tungsten-arc process was used to weld: 
Hastelloy X to AISI 316 and AISI 347, 
and Hastelloy C to AISI 3J6 and AISI 347. 
Hastelloy W was used as the filler wire 
for all welds.    Ail of the welds and heat- 
affected zones were sound,   as determined 
by radiography,   dye-penetrant testing, 
and macro- and micro-examinations. 
Most welds exhibited full joint efficiency 
at room temperature.    The joint efficiency 
at 1800 F was highest for welds involving 
Hastelloy X. 

(3) Further research was conducted to 
determine the effects of aging at elevated 
temperatures on the properties of welds 
between Hastelloy X-28G and AISI 
316. (104) Joints between these metals 
were made by gas tungsten-arc welding 
with Hastelloy X or W filler wire; both 
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compositions are recomrrendftd for 
welding dissimilar nickel-bäse alloys. 
After joining,  the welds were aged for 
500, 1000, 5000 hours at tempera- 
tures of 1000, liOO, 1400, and i&OO F. 
On the basis of cor^parisons of weld- 
metal ductilities at room temperature 
and elevated temperatures,  it was 
concluded that welds made with Hastelloy 
W filler metal most searly met the joint 
requirements.   Although both weld rnetals 
were embrittled by the aging treatment, 
aging was more sluggish in joints welde,". 
with Hastelloy W than with Hastelloy X. 

These examples indicate the »cope of research 
in developing pröcsdures to weld tie solid-solution 
streagtiieaed nickel-base aUoys to ferrous metals. 
The welding of the age-hardenable nickel-base 
alloys to dissimilar metals is not nearly so well 
covered in the literature.    However, Hastelloy W 
has been used to weld such joints. 

Research to develop filler-metal composi- 
tions for welding high-nickel alloys to austenitic 
stainless steels was conducted by Martyshin and 
Khorosheva.  UOS)   fo reduce the susceptibility 
of the weld metal to hot cracking,  it wa« recom- 
mended that thefe base metals be joined with a 
nickel-chromium-rnoiybdenum filler wire; data 
indicated rn improvement in hot-cracking resistance 
without impairment of the mechanical propt-ties 
of the joint. 

Dissimila.   metal joints between niekel- 
base alloys and ferrous metals have also been 
made by resistance spot welding.    The weiding 
procedures for spot welding age-hardenaHe 
Inconel 718 to AISI 301 are discussed in a recent 
Bubiication by Girton.  (106)   The shear and tensile 
strengths of experimental spot welds were adequate 
at test temperatures of 75,   -320,  and -423 F. 

Nonfusion Joining 

Nonfusion joining processes., such as 
brazing, diffusion, welding, explosive welding, 
and friction welding, can be used to y   u toe 
nickel-base alloys to ferrous niv-t^iwi when it is 
necessary to avoid proHiems of dilution; however, 
the most commonly used joining method is brazing. 
The problems involved in brazing these base metals 
are similar to those encountered in brazing dis- 
similar ferrous metals. 

The selection of the filler metal, brazing 
process, and joining procedures is largely governed 
by the compositions and properties of the nickel- 
base alloy and ferrous metal and the expected 
service  conditions.     For low-temperature service, 
these metals can be joined with the silver- or 
copper-base alloys.    Joints subjected to high- 
temperature conditions can  be brazfid   with nickel- 
base filler metals, which possess excellent high- 
temperature strength and oxidation resistance.    Also, 

a number of filler metals based on such noble 
metals as gold and palladium are available.  Joints 
exposed to corrosive environments must be braced 
w-ith a filler metal that hat    :e required resistance 
to corrosioa.    The melting characteristics of the 
brazing filler metal must also be compatible with 
he heat treatment required to develop optimum 
base-metal properties. 

The nickel-base alloys should be in a stress- 
free condition during brazing,   since they are sub- 
ject to stress-corrosion cracking in the presence 
of molten filler metals,  '"'' 

The brazing environment is highly dependent 
on the composition of the nickel-base alloys and the 
ferrous metals.    The age-hardenable alloys contain 
significant amounts of titanium and/ot aluminum. 
Since the oxides of these netals are not reduced at 
practical brazing tempera:ures, joints involving 
these metals must be braied in a vacuum to insure 
adequate wetting by the f'JIer metal.    Other nickel- 
base alloys can be brazed in a reducing atmosphere. 

The technology of brazing nickel-base alloys 
is well-documented      the technical litera- 
ture.  »1°' - i^0)   This technology is generally 
applicable to the brazing of dissimilar-metal joints 
involving nickel-base alloys and the stainJ^ss steels. 

JOINING DISSIMILAR NONFERROUS METALS 

The inherent problems in joining dissimila- 
nonferrous metals are similar to those encountered 
when ferrous and nonferrous metals are joined, 
because of the differences in the physical and 
metallurgical properties of the base metals.    Some 
dissimilar nonferrous metals have been joined 
routinely for many years; others,   such as alumi- 
num to titanium, titanium to nickel,  aluminum to 
uranium,  etc., are new combinations that owe 
their ex-'stence to their application in aerospace 
and nuclear hardware.    Recent developments in 
this area of joining are discussed in succeeding 
sections 

ju  "oinum to Titanium 

Fusion Joining 

The joining of aluminum alloys to those of 
titanium has not been accomplished successfully 
by conventional arc welding processes.    During 
fusion, these metals form intermetallic compounds 
that are exceedingly brittle.    In 1963,   Fridlyand, 
et al.,  conducted research on the joining of these 
metals,  and a method of calculating the tempera- 
ture/time relationship under which the intermetallic 
compound A^Ti would not form was developed. (HI) 
During this investigation it was noted that the small 
amount of AlßTi that formed during the v.elding of 
titanium and pure aluminum (without fusing the 
titanium) had almost no effect on the mechanical 
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properties of the joint.    Theiefore,  it was recorrs- 
mended that the titanium joint surfaces be overlaid 
with pure aluminum before welding.    This technique 
of "buttering81 is often used during the welding of 
dissimilar metals. 

Moderate success has been reported in the 
resistance spot welding of aluminum to titanium 
in association with a program to evaluate this 
method as a technique to join titanium to other 
netals,  (66) 

Konfusion Joimr.' 

Nonfusion joining procedures are more 
suitable for fabricating aluminum-to-titanium 
joints,   because the formation of brittle intermetallic 
compounds is minimized by the absence of fusion. 
In 1965,   Gatsek indicated that these metals had 
been soldered after plating the titanium and alumi- 
num surfaces with nickel; however,  few detail» of 
the joining operation were given. (ll'W 

Bollenrath and Metzger conducted an extensive 
program to develop and evaluate filler metals and 
procedures for brazing commercially pure titanium 
to aluminum. (113}   Joints whose tensile and shear 
strengths were greater than those of the aluminum 
base metal were obtained by dip brazing in a molten 
flux.    The filler metal Ag-;'3A1 was used to braze 
(1) the pure aluminum-to-titanium joints,  and (2) 
the 6061 aluminum alloy-to-titanium joint; and Al- 
50Zn filler metal was also used to join   commercially 
pure aluminum to titanium.    Before brazing,   the 
joint surfaces were coated with the filler metal; this 
was accomplished by hot dipping into a flux-covered 
metal bath.    The best joints were made by dip- 
brazing procedure; torch brazing was possible,  but 
air-furnace brazing was not.    The tensile and shear 
strengths for brazed titanium-to-606 1 aluminum 
alloy joints after hardening were 31.7 and 25. 2 
ksi,   respectively.    The atmospheric corrooion 
resistance of the Al-50Zn filler metal was better 
than that of the Ag-33A1 alloy. 

Investigations indicate that sponge aluminum 
can be joined to the titanium alloy Ti-3A1- 
1.5Mn. (114)    To achieve satisfactory results,   it 
was necessary to coat the titanium surfaces with 
commercially pure aluminum in a flux-covered 
bath maintained at a temperature of 1470-1560 F; 
the most ductile joints were obtained with a coating 
time of 30-40 seconds.     Zinc-cadmium,   zinc- 
aluminum., and zinc-aluminum-copper filler metals 
were used for brazing.    Abrasive action during 
brazing was used in lieu of a flux.    Good shear 
strength in the temperature range of 70 to 570 F 
and adequate resistance to eeawater corrosion 
were reported.     The titanium alloy was also brazed 
to sintered aluminum powder using the same 
procedures. 

The diffusicn welding ol Type 2219 ahiminum 
alle      o Ti-5Al-2. 5Sn titanium alloy was investi- 
gated during a program to fabricatetransition 
sections for cryogenic tubing applications. '     '     ' 
The joints were diffusion welded in air or in a 
vacuum using bare or silver-plated base metals. 
Based on metallurgical studies, corrosion testa, 
and mechanical tests, the following conditions 
were selected for welding:   (1)   bare base metals: 
940 F for 30 minutes in a vacuum and (2) silver- 
plated base metals:   500 F for 2 hours in air. 
Acceptäüle shear strengths at all test temperatures 
were obtained with bare base metals.    Joints made 
with silver-plated base metals had acceptable 
strengths at room temperature and -320 F; low 
shear strengths were obtained at 300,  500, and 
-423 F, because of thermal stress resulting from 
the difference in thermal expansion of the joint 
members.   Tubular transition sections were made 
using the tooling and joint design shown in Figures 
6 and 7.    In an extension to this program,  joints 
between Type 2219 aluminum alloy and Ti-'JAl- 
2. 5Sn titanium allay are being diffusion wilded to 
produce transition sections of 0. 5,   2.0,  4.0,  and 
8.0 inches in diameter. (52)    The joint properties 
are being evaluated oy thermal-shock tosts, 
helium-le^k tests,  vibration tests,  cyclic pressure 
tests,  and burst tests; the results to date are 
shown in Table 8. 

Aluminum-to-titanium joints have been 
produced by cold deformation welding and roll 
welding.    Hughes and Shestakov discussed the cold 
welding of these metals; however, the details of 

ton   c'c\ 
joining were not presented,   i""'3-''   Shestakov 
indicated that the amount of deformation was 
different for each metal, since aluminum and 
titanium vary so much in their plastic properties; 
the amount of deformation was controlled by the 
distance each metal projected from the cold 
welding dies.    Crane,   et al.,   investigated the roll 
welding of Type 2219 aluminum alloy to Ti-5A1- 
2. 5Sn titanium alloy.   '"'   The lap shear specimens 
were abrasively cleaned and sealed in an envelope 
through which argon passed; rolling was conducted 
at 950 F with bare specimens.    The shear-failure 
stress at various test temperatures for these 
specimens was (1) 23. 1 ksi at room temperature, 
(2)20.7 to 23. 3 ksi at 300 F,  and (3)  10.0 to 11.4 
ksi at -423 F. 

Joints between aluminum and titanium alloys 
have also beea made by friction welding and 
explosive welding.   '"  » -5' 

Aluminum to Copper 

Fusion Joining 

The use of conventional fusion-welding 
processes to join aluminum to copper is limited 
by the formation of brittle inte.rmetallic compounds 
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TABLE 8.    TESTING OF DIFFUSION-WELOED 2219 ALUMINUM ALLOY TO TI-5A1-2. 5 Sn ALLOY TUBULAR JOIN-S*52' 

Joint 
Diameter, 

Spcciniea        incHea 

Thermal 
Shock 

ti80 F 
to 

-120 F 

Vibration Cyclic Presaurff,   pgig 

Helium 
Leak 

Random 
27 G'« 

RMS*»' 

Burst Test,   psig 

Sinusoidal 
5 G's 

Helium 
Leak 

72 F 
2C0 eyelet, 

-320 r Helium 
200 Cycles.     Leak     72 F   -320 F 

81 
B2 
B3 
B4 
35 

öö 
E7 
B« 
B9 
BIO 
Bll 
B12 
B13 

B14 
B15 
Bi6 
317 
B18 

B39 
B20 
B21 
B22 
B23 
324 
325 
B26 

0.5 
0.5 
0.5 
0.5 
1 5 

2.0 
2.0 
2,0 
2.0 
2.0 

4.0 
4.0 

8.0 
8.0 

Umes 
ditto 

11.3 roinfb' 
15 min 
15 min 

10    cycle» 
105 cycles 

4480 
4430 

1920 
1920 

945 
945 

(a) Test duration 15 minutes. 
(b) Failed in root of specimen fitting. 
*   X indicates test completed: blank space indicates tests to be cempieted. 

during the fusion process.   In an early article, 
Cook and Stavish discussed the gas metal-arc 
welding of aluminum to copper; before welding, 
a layer of a silver-base filler metal (Ag-15.5Cu- 
17.5Zn-18Cd) was deposited on the surfaces of the 
copper workpiece. (''■')   ^ consumable aluminum- 
base filler wire was used for welding.    Tin and 
alutninum have also been deposited on the copper 
surfaces before welding. 

During a recent investigation, procedures 
were developed to join aluminum to copper by 
gas tungsten-arc welding; commercially pure 
aluminum was used as the filler wire.  *       '   The 
edges of the copper workpiecee were bevelled in 
different ways to achieve the proper heat balance. 
During welding, the arc was directed toward the 
copper as filler wire was added.    Despite these 
precautions, the Joints did not possess the required 
strength or ductility.    Fusion welds were also 
made by the submerged-arc process.    The use 
of various coatings on the copper surfaces to re- 
duce dilution of th" weld metal was investigated. 
Optimum joint properties were obtained when the 
edge of the copper workpiece was bevelled at an 
angle of 75 degrees and coated with zinc. 

The arc-spot method of welding has also 
been applied to the joining of aluminum to 
copper,  .4^)   A shallow hole was drilled in the 

copper section and   aluminum was deposited in it. 
A smaller diameter hole was drilled in the alumi- 
num workpiece.    The joint members were aligned 
so the holes coincided; then, an arc-spot weld was P 
made using an alvminum filler metal. 

Alurriinum-!:o-copper busbar connections have 
been produced by flash welding lor the electrical 
industry.    Andreev,  etal.j  investigated the use of 
this process to produce aluminum-copper trans- 
ition sections that could be used for joining in the 
field.  \ll'l   Coatings of various silver-base alloys 
or brass were applied Jo the copper workpiece 
surfaces by means of an oxyacetylene torch.    The 
welds were made by the continuous flashing pro- 
cess to break up and expel any intermetallic 
compounds that formed faring welding. 

Nonfusion Joinine 

There are well-developed industrial pro- 
cesses to produce aluminum-to-copper joints by 
cold deformation welding.    Portable and auto- 
matic equipment has been designed for making 
such joints, mostly for use in the electrical and 
wire-drawing industries.    The cold-welding pro- 
cess is covered adequately in the technical 
literatu-     -id will not be discussed 
further.   (Uö   120) 



wm*^-- ■ '• r.pi w   i   «J  -  '^s- ^ _ ■HWIJL    I     .,  i   ■>..1iiwi| 

■-^Wf 

33 

Aluminum-to-copper joints can be made by 
diffusion welding.    In 1955 Storcbhsim conducted 
a laboratory study of the process parameters 

^'12M involved in producing joints with these metals. ■       ' 
It was found that acceptable joints were produced 
under the following conditions:   (I)  temperatu'-a- 

880 F,   (2)  pressure- 40 ksi,  and (3)  time - 4 
minutes.    Tha welds were produced in a vacuum. 
Other joints were produced at a temperature of 
1000 F and a pressure of 22 ksi for 4 minutes. 
Kazakov diffusion welded specimens from these 
metals at a temperature of 970 F and a pressure 
of 1.4 ksi for 10 minutes.  (122) 

The friction welding of aiuminum-to-copper 
joints has been reported by Hazlett.  (123)   joints 
between Type 2014 aluininum alloy and copper, 
0.250 inch in diameter, were made at a rotational 
speed of 3E00 rpm using welding and forging 
pressures of 5.6 ksi.    Because of the formation 
of a brittle intermetallic,  the joint strength was 
low; however,   such joints could be used in elec- 
trical conductors because little strength is required. 

Aluminum has also been explosively welded 
to    opper base-plate material,  (124,-5) 

Short copper-aluminum transition sections 
are used in large numbers in the refrigp.ration 
industry for use in, joining copper and aluminum 
tubing.    These sections are usually produced by 
pressure welding. 

Aluminum to Uranium and Zirconium 

JointE between aluminum alloys and alloys 
of uraniuin and zirconium are encountered in the 
fabrication of fuel elements for nuclear reactors, 
and an extensive technology for joining these metals 
has been developed.    Research hs^ been concen- 
trated on the following nonfusion joining methods: 
diffusion welding and roll welding for aluminum- 
to-uranium joints,  and explosive welding and 
pressure welding for aluminum-to-zirconium joints. 

The diffusion welding of aluminum to uranium 
has been discussed in detail by Schneider. (125, 126) 
t- technique using zinc or tin as the intermediate 
metal or diffusion aid was developed to produce 
joints that were suitable for use in fabricating fuel 
elements for a low-temperature,  water-cooled 
reactor; for higher coolant temperatures,  nickel 
was used as the diffusion aid.  ^1':b'   Further 
re'search was conducted to investigate the effects 
of the process variables on the properties of joints 
between aluminum   (99.5A1) and an A1-4.5U alloy 
whk i nickel was used as a diffusion aid.   (126) 
!n particular,  the growth of the nickel-aluminum 
and nickel-uranium intermetallic compounds at 
vario'is welding temperatures and times was 
studied.    Metailcgr?Dhic studies were conducted 
by Angerman to identify the microstructural con- 
stituents in joints welded with nicKel as the 
diffusion aid.   (       '   Further research on the 

aluminum-nickel-uranium system was undertaken 
by Auleta.  vli,öJ|   Joints were diffusion welded at 
750 F and 120 psi.    The joints were held at thie 
temperature for periods of 1000,  2000,  and 4000 
hours. 

The eutectic-diffusion brazing procesä was 
alro used t o join aluminum to uraniuin. *     ''   The 
UO2 fuel pellets were contained in a silvsr-plated 
alurrirnum-alley tube.    Joining studies were con- 
ducted in an inert atmosphere at a temperature of 
1050 F and a pressure of 5 ksi.    The silver- 
aluminum eutectic forms at this temperature to 
complete the joint; the eutectic-compositioa alloy 
diffuses into the base metals as a result c 
continued heating at this temperature. 

Roll welding was investigated by Fraacis 
and Craig as a method to clad urani-am-aiur&inuwi 
alloy and U0. -aluminum dispersion cores w'th 
aluminum alloys. I"")   Fuels with less than 20 
weight percent uranium were readily clad with 
commercially pure aluminum.   Alloy coyes with a 
higher uranium content wsre clad »ith Typ«? 6061 
aluminum.    Similar work was reported by 
Baskey.  **3X)   A 40 volume percar.t uranium- 
bearing Fiberglass core waa clad -wish Type 6061 
aluminum alloy at a terr.pcralure t£ 1100 F; the 
composite thickness was redacad 50 to 65 percent 
during rolliig.    Roll-welded aiuminum-ciad fuel 
elements containing a ur^miuni-aluminum alloy coi'e 
were producer by Lloyd &.vA Davi.es, 5*34)   -j-he 
uranium-aluminuir. fuel elements were heated to 
530-600 C (1076 - IliZ F) and hot roiled,  with a 
reduction in thickness of 60 percent; the rolling 
speed was 90 to 100 feet pe- minute. 

The hot-press welding of 2ircaloy-2 to 
aluminum and SAP (sintered aluminum powder) 
was investigated by Watson,  liJA 134) Xubing 
joints were prepared by heating a tapered tube 
and pressing it into a thick-walled tube by hydraulic 
pressure.    Commercially pure aluminum was 
welded to Zircaloy-2 without difficulty,   even 
when a thin layer of oxide was present on the base 
metal surfaces; no deterioration in bend strength 
was noted after the joints were heated for 1000 
hours at 500 F.    Good bond strength was also 
obtained with joints between Zircaloy-2 and SAP. 
Joints made in this manner were used as transi- 
tion sections . 

Explosive welding has also been used to 
fabricate aluminui    to-zirconium alloy transition 
sections.    Segel developed procedures to line 
Zircaloy-2 tubing with aluminum by means of 

. -explosive welding; for good joining,  it was neces- 
siry to oxidise the joint surfaces and evacuate 
the space between the tube walls. '1-")   Strong 
but discontinuous joints were produced at pres- 
sures of 10^ to 10' psi; at higher welding pressures 
the joints were continuous but the tubing dimensions 
could not be maintained.    Porembka,  et al., 
fabricated Zircaioy-4 to aluminum transition 
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sections with an outside diameter of about 3. S 
inches.  l*3o)   Sound joint« were produced when 
a 0.015 to 0.030-inch interface gap was employed 
and a central charge was detonated to expand the 
inner aluminum tube onto the zirconium-alloy tube. 

Titanium to Nickel 

Fusion Joining 

Titanium is difficult tc fusion weld to nickel- 
base alloy, because it forms brittle intermec   'tc 
cotnpou&^b with almost every element contained 
in üucfc^üiloys (Ni,  Fe,  CJ;  Mn,  and Si),    Gorin 
conducted research to develop methods to fusion 
weld titanium alloy Ti-1. 7Al-1.4Mn to a nicksl- 
base superalloy whose nominal composition was 
Ni-22,4Cr-9. 7Fe-3. 1A1-!. ITi-l.lMn. d37) 
Manual and automatic gas tungsten-arc welds 
were made with bare workpieces and with nickel 
or molybdenum; such joints were not successful. 
Similar joints were made with considerable success 
using inserts of columbium and a high-copper alloy, 
Cu-2. OBe-0. 35Ni.    Titanium can be joined to 
columbium without forming harmful intermetallics; 
similarly, nickel-base alloys can be joined to the 
copper alloy.    The average tensile strength uf 
automatic arc-welded joints <0. 08 inch thicV.) was 
6C kol at vj^ci :«!n{>erature; the average bend 
angle was 48 degrees.   The average tensile strength 
of similar joints made by manual gas tungsten-arc 
welding was 59 ksi at room temperature and 56 ksi 
at 750 F; the average bend angle was 70 degrees. 

During the same program,  procedures were 
developed to electron-beam weld the titanium alloy 
to the nickel-base alloy; the base-metal thicknesses 
ranged from 0.032 to 0.080 inch.    Satisfactory 
joints were produced by (1) welding the titanium 
alloy to a columbium insert,   (2) welding the nickel- 
base alloy to the copper-alloy insert, and 
(3) welding the inserts together. 

Gorin also investigated the use of inserts 
to resistance spot and seam weld these two base 
metals.    Excellent spot-welding results were 
obtained using insert foils of molybdenum,  colum- 
bium, and tant J.um. Optimum seam-welded joints 
were produced using a columbium foil insert or a 
plasma-arc sprayed coating of molybdenum between 
the joint surfaces.    Tue problems associated with 
spot welding titanium to nickel were also investi- 
gated by McBee,  Henson,  and Benson. <"*' 

NonfuBJon Joining 

Several nonfusion joining processes have been 
investigated to determine their usefulness in joining 
titanium to nickel alloys.    Joints between titanium 
alloy Ti-1. 7Al-1.4Mn and nickel-base alloy Ni- 
22.4Cr-9. 7Fe-3. 1A1-I. ITi-l. IMn were brazed in 
an argon atmosphere at 1600 F for 5 minutes using 
the silver-copper eutectic alloy Ag-28Cu.  (137) 

The average lap strength of these joints v/as 80 
ksi at room temperature and 54 ksi at 750 F; the 
bass-metal thickness was 0. 040 inch. 

The diffusion welding of  titanium alloy Ti- 
8A1- IMo- IV to nickel alloy Inconel 600 was also 
investigated during a program to fabricate transi- 
tion secti^"-« for cryogenic tubing applications. ':>('' 
The joints were diffusion-welded in air or in a 
vacuum using bare,   silver-plated,   or nickel-plated 
base metals.    The following conditions were used 
for welding:   (1) bare base metals - 1625 F for 
15 minutes in a vacuum,  (2) silver-plated base 
metals - 600 F for 30 minutes in air,  and (3) 
nicket-plated base ...atals -  1325 F for 30 minutes 
in a vacuum.    Specimens welded in the bare con- 
dition produced acceptable shear strengths at all 
test temperatures.    Either the silver- or nickel- 
plating functions as an effective diffusion aid 
resulting in Lowet permissible welding tempera- 
tures; however,  the joint strength was not improve 
by plating. 

During the same program,  Ti-8Al-lMo-IV 
was roll welded to Inconel 600 at a temperature of 
1050 F; no diffus;on aid was used. 

In an article csneerned with the fundamentals 
cf friction weidiug,  Hasieti. discussed the appear- 
ance of the microstructure of a frictic .-welded 
titanium-to-nickel joint. 1*38)   Some diffusion of 
nickel into titanium occurred,   (jresumably due to 
the formation of the nickel-titanium eutectic during 
welding. 

Review-type articles indicate that titanium 
and nickel alloys have been successfully joined by 
explosive welding. 

Titanium to Peryllium 

Beryllium has been mo.'jt successfully joined 
to titanium by brazing procedures.    In I960,  a 
program to develop beryllium sandwich structure 
was discussed by Giorioso,   et al. '  ')   Following 
a series of wetting tests conducted to evaluate 
selected brazing filler metals,  beryllium-to- 
titanium alloy RS140 lap-shear specimens were 
brazed with a proprietary filler metal (Ag-5A1- 
0. 2Mn).    The lap-shear strength of these joints 
varied from 8. 1 to !6. 0 ksi.  Face sheets of 
0. 060-inch-thick beryllium were brazed to a core 
of commercially pure titanium; brazing was done 
in a partial pressure of argon. 

A thorough study of the eutectic diffusion 
brazing of QMV beryllium to titanium alloy Ti- 
6A1-4V was undertaken by Cline and O'Neill to 
determine the most suitable filler metal for the 
intended application   '87)   The properties of 
joints brazed with the following filler metals were 
evaluated:   (1) pure silver.   (2) Ag-15Mn,   (3) Ag- 
0.2Li,   (4) Ag-5Al-0.2Mn,   and (5) Ag-7. 3Cu-0. 2Li. 
The results of the brazing studies are summarized 
in Table 9. 
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For elevated temperature «ervice,  the most satis- 
factory results were obtained by outgassing the 
beryllium before joining.    During brazing,  the 
time above the beryllium-silver eutectic tempera- 
ture,  about 16Z0 F,  was critical.    Some st'dies 
with barrier metals to u.ioimize diffusion were 
also conducted, and these results also appear in 
Table 9; »teel and vanadium were evaluated as 
barrier metals. 

Westlund also investigated the eutectic 
diffusion brazing of beryUium-to-titanium joints 
usiisg silver-base filler metals.  *88J   While in 
agreement with the temperature limits discussed 
above,  some joints between beryllium and B120 
VGA titanium alloy were brazed with pure silver 
in a vacuum at 1650 F; these joints had shear 
strengths of about 20 ksi.    These joints resulted 
from the formation of the beryllium-silver 
eutectic. 

aarfe of the Ti-3Al-6. 5Mo-HCr to Cu-0.8Cr 
joints were 29.5 ksi and 162 degrees,  respectively. 

Additional research oa the fusion joining of 
titanium to copper was conducted by Strizhevskaya 
and Starova during the course of a program oa 
joining dissimilar metals.  "4t''   Titanium alloy 
Ti-3Al-l,5Mn was electron-beam welded to Cu- 
0. 8Cr copper alloy.    With preferential melting 
of the copper, the joints had relatively low etrengii 
(T. 1 to 14. 2 ksi) and iow ductility.    There was a 
diffusion layer at the titanium interface that was 
very hard and brittle.    Gas tungsten-arc welds were 
made between these base metals using columbium 
as an intermediate metal; these joints were quite 
ductile, having a bend angle in excess of 100 
degrees. 

Konfusion Joirdag 

Diffusion welding was also investigated by 
Cline and O'Neill as a method to join these 
metals. (87)   QMV beryllium was joined to Ti- 
6A1-4V titanium alloy at a temperature of 1570 F 
and a pressure of 640 psi in a vacuum.   A silver 
foil,  0. 003 inch thick, was used as a diffusion 
aid.    The strength of these joints was about 5 ksi. 

Titanium to Gopper 

The physical properties of titanium (melting 
point, expansion coefficient, thermal conductivity, 
crystal lattice,  etc.) differ   videly from those of 
copper; in addition, the solubility of copper in 
O-titanium is low.    Thus:, the joining of these 
metals presents miny difficulties.    Nevertheless 
considerable research has been undertaken to join 
titanium to copper by ■Tusion and nonfusion pro- 
cedures. 

Fusion Joining 

In research conducted by Mikhailov,  et al., 
it was noted that the solubility of copper in 
S-titanium is about 17. 7 percent at 1820 F as 
opposed to a solubility of 2. 1 percent in a-titanium 
at the eutectoid temperature, '1-'9)   ^ series of 
experimental alloys containing B-stabilizers was 
produced for this investigation.    Included were 
Ti-20Mo,   Ti-20Cb,   Ti-30Cb, and Ti-30 Ta; the 
titanium alloys were rolled to a thickness of 0. 060 
to 0.080 inch.    Joints between those alloys ana 
commercially pure copper were made by gas 
tungsten-arc welding.    Joints between a B-titanium 
alloy Ti-3Al-6. 5Mo- HCr and copper were also 
made.    The joints with the highest tensile strengen 
and ductility were those produced with Ti-30Cb 
and Ti-3Al-6. 5Mo-l ICr.    Similar ree Its were 
obtained with joints between the titanium alloys 
and copper-base alloy Cu-0.8Cr.    The joints 
between Ti-30Cb and Cu-0.8Cr had an average 
tensile strength of 39 ksi and a bend angle of 137 
degrees; the average tensile strength and bend 

Titanium alloy Ti-3A1-1. 5Mn has been 
brazed to Cu-0. 8Cr alloy using silver-base filler 
metals,   >i,'1'   Three filler metals were evaluated 
during this program:   (1) Ag-28Cu,   (2) Ag-40Cu- 
35Zn,  and (3) Ag-27Cu-5Sn.    The joints were 
brazed in a vacuum at a temperature of 1520 F 
for 3 minutes.  Using these conditions,   shear 
strengths öf 28.4 to 38. 3 ksi were obtained.  The 
heating rate and brazing temperature were criti- 
cal.    Heating rates lower than 85 F per minute 
produced joints with lower shear strengths.    For 
maximum joint strength, the brazing temperature 
had to be between 1518 and 1526 F. 

A process for vacuum brazing copper- 
plated titanium was also developed,  (142)   Copper 
was electroplated on the surface of titanium alloy 
Ti-3A1-1. 5Mn after the surface had been hydrided 
in a sulfuric acid solution.    Joints were made 
between the titanium alloy and commercially pure 
copper (r ä well as between Ti-3A1-1. 5Mn and 
stainless steel or a nickel-base alloy) using 
Ag-27Cu-5Sn filler inetal.    The joints were brazed 
under pressure at 1400 to 1500 F for 15 to 20 
minutes.    Increased times and temperatures 
increased the diffusion-zone thickness and lowered 
the joint strength.    Under ideal conditions,  the 
average shear strength was about 28 ksi. 

The diffusion welding of titarvum alloys to 
high-copper alloys was investigated by Shmakov 
and Izmirlieva.   '143)   Joints were made between 
Ti-3Al-1.5Mn,  Ti-4Al-3Mo-IV,  and Ti-3Al-8Mo- 
llCr alloys and Cu-0.8Cr alloy.    The optimum 
joining conditions were (i) temperature -17S0 to 
1796 F,   (2) pressure - 280 to £00 psi,  and (3) 
time - 5 hours.    A columbium foil,  0. 004 inch 
thick,  was ufed as a diffusion aid     The tensile 
strength of these joints ranged   from about 27.5 
to 40. 7 ksi. 

Joints between titanium and copper have 
been cold welded also. (144) Specially shaped 
workpieces were assembled in a die set and joined 
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at a pressure of 6000 pounds.   After welding,  the 
joints were heat treated at 400 to 1470 F for 1 hour 
A gradual decrease in joint strength occurred with 
increasing heat-treatment temperature. 

Titanium to ColumbiusTi 
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Several columbium alloys were fusion welded 
to unalloyed titanium during the course of a pro- 
gram to develop techniques for joining refractory 
metals.  *»*->)    xhe inert-gas tungsten-arc welding 
process was used to join 0. 012-inch-thick titanium 
foil to 0. 018-inch-thick columbium alloy D43. 
Other joints between titanium a-.d columbium alloys 
D43,  Bb^,  and Cb752 were made by electron-beam 
welding.    Well-bonded joints were obtained in all 
of these metal combinations.    Minor problems were 
encountere i because of the difference in the melting 
points of titanium and columbium and because the 
foils were not of the same thickness.    These 
problems were overcome by changes in the welding 
techniques. 

Columbium was welded to several titanium 
alloys during a program to study the metallurgical 
aspects of joining or- and 8- titanium alloys to 
dissimilar metals.  I**")   Columbium is metal- 
lurgically compatible with titanium and is 
frequently used as an intermediate metal to facil- 
itate joining other metals to titanium.    Gas 
tungsten-arc and electron-beam welds were made 
between columbium and the following titanium 
alloys:   Ti-3A1-1. SMn,   Ti-4Al-3Mo~ IV,  and 
Ti-3Al-8Mo-llCr.    The tensile strengths, of these 
joints were as follows:   (I) Cb to Ti-3Al-1.5Mn - 
73. 2 ksi at 68 F and 62 4 ksi at 570 F,   (2) Cb to 
Ti-4A1- 3Mo- IV - 76 ksi at 68 F and 63.2 ksi at 
570 F,   and (3) Cb to Ti-3Al-8Mo-1 ICr - 75  2 ksi 
at 68 F and 61. 2 ksi at 570 F.    All of the joints 
exhibited excellent ductility. 

During this program,   zirconium was also 
arc welded to Ti-3A1-1. 5Mn.    The tensile strength 
of these joints was 61. 7 ksi at 68 F and 34. 0 ksi 
at 570 F. 

Refractory -Metals Joining 

Extensive research enjoining columbium, 
molybdenum,  tantalum,  and tungsten and their 
alloys to themselves and to other metals has been 
conducted in recent years,  because of the demands 
of the aerospace and nuclear industries for high- 
temperature materials.    Most of the research has 
been concentrated on nonfusion joining methods, 
since joining can usually be conducted under 
conditions that do not adversely affect the mech- 
anical properties of the base metal or joint.    The 
characteristics of the refractory metals must be 
considered carefully in selecting the joining pro- 
cedures.    In pa* ticular the effects of recrystal- 
lization on the mechanical properties of such 
metals as m-  ybdenum and tungsten must be 
considered.    Most of the refractory metals are 

embrittled by gaseous contaminants,   so the 
environment associated with the joining method 
must be considered. 

Developments in fusion and nonfusion joining 
of dissimilar refractory metals arc discuss"-1 in 
the sections below.    Also included are develop- 
mfints in joining the refractory metals to other 
heat-resistant materials. 

Fusion Joining 

Reports on research to join dissimilar 
refractory metals by fusion-welding methods are 
scarce.    In a recent paper,  Gatsek indicated that 
the following metal s had been, joined by electrop.- 
beam welding:   {1]   tungsten to molybdenum,   (2) 
molybdenum to columbium.   and (3) molybdenum 
to stainless steel,   l*^''   However,   details on the 
joining procedures and joint properties were not 
presented. 

During a program to develop tachniques for 
joining refractory-metal toils,  the following joints 
were made by gas tungsten-arc welding in a con- 
trolled-atmosphere chamber:   (1) Cb752 columbium 
alloy to Till tantalum alloy and (2) D43 columbium 
alloy to Till tantalum alloy.  Ü45)   The base- 
metal thickness was 0.012 inch in all cases. 
Metallographic examinations indicated that all 
joints were sound and that there was very little 
intermixing of the alloy constituents at the fusion 
line.    The mechanical properties of the D42-Tir 
joints at room temperature and at elevated tem- 
perature are shown in Table 10, 

Nonfusion Joining 

During an early program to develop 
biv;etaUic materials for '■ossible m'ssile appli- 
cations,  vacuum brazing was used to join tanta- 
lum sheet to OFHC copper plate.   '1™)   This joint 
combined the high-temperature strength and 
abrasion resistance of tantalum and the heat- 
dissipation capabilities of copper.    The bimetallic 
material was produced ip plate form; then,  the 
plate Wa.o cold drawn into T. nose-cone configuration 
for evaluation in rapidly flo.-'ing oxidizing gases 
at 3600 F.    Joints that withstood this environment, 
for a 1-minute performance period were produced 
with the following brazing filler metals:   (1)      u- 
8En,   (2) Au-18Ni,  and (3) Ag-15Mn. 

Brazing was investigated as a method to join 
the components of a propulsion engine for service 
at elevated temperatures. (147)   Such an engine 
operates with hydrogui as the thrust gas,   and the 
joints must remain gas-tight for .several hundred 
hours.    During operation,  the joint temperatures 
vary from 1650 to 2200 F or higher.    After an 
investigation of the prope      es of   several commer- 
cial and experimental filler metals,   the following 
filler metals were selected to join the tungsten 
nozzle to the molybdenum plenum:    (1) pure iron 
for service at temperatures up to 1800 F and (2) 
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TABLE 10.    TENSILE PROPERTIES OBTAINED IN TIG WELDS OF 0. 012-INCH 
Till FOIL TO D43 FOIL COMBINATIONS <145, 

Tensile Yield Elongation 
Temperature, Strength, Strength, in 1. 0 Inch, Location of 

F pai P«i percent Failure 'a' 

1500 58, 500 45, 400 6.0 Parent material 
1500 58, 500 46, 600 3.5 Edge of weld 
2000 47, 700 38, 300 7.0 Parent material 
2000 46, 500 36,900 ID. 0 Parent material 
2250 37,600 34,700 10. 0 Edge of weld 
2250 37, 200 31, 200 13.5 Parent material 
2500 24, 600 23.. 900 20. li Parent material 
2500 28, 800 26, 900 2L0 Parent material 
Room 80, 200 60, 800 L0 Parent material 
Room 61,400 59, 200 1.0 Edge of weld 

(a)   All failures in parent metal occurred on the D43 «ide of the welded joint. 

Or-25V alloy for service up to 2700 F.    The joints joining was achieved in both cases.   No diffusion 
were brazed in a controlled-atmosphere of hydro- layer at the interface was noted,  since these 
gen or argon. metals form mutual continuous solid solutions. 

The results of a program to develop pro- 
cedures to fabricate lightweight sandwich structures 
for service at temperatures up to 2000 F were 
reported by Titus, Nick ell, and Burns.  '148) 
Filler metals were evaluated for use in brazing 
TZM molybdenum face sheets to Inconel 702 
honeycomb core.   For this application, the filler 
metal had to wet both base metals well without 
causing erosion of the thin foil used in the face 
sheets or honeycomb cor«.   Also, the melting 
range of the filler metal was restricted to 2200 F 
and below to avoid recrystallization of the molyb- 
denum alloy.    The performance of filler metals 
in the gold-palladium and silver-palladium alloy 
systems was investigated; silver-palladium alloys 
produced joints with the least erosion of the base 
metals. 

Research to join representative refractory 
metals to high-strength, heat-resistant superalloys 
was also undertaken by Welty,  et al. , during a 
program to j<.in refractory-metal foils   (145) 
Joints »vere vacuum brazed between Hastelloy X, 
L605, and Rene 41 and the following refractory 
metals;   (1)   B66 and D43 columbium alloys,   (2) 
Till tantalum alloy, and (3) TZM molybdenum 
alloy.    The brazing filler metals were NX-77 (Ni- 
7Si-5Fe-5Cr-4Co-3W-0. 7B-0. IMn), Hastelloy C, 
and Pd-40Ni.    The results of the bra. ;ng studies 
are shown in Table 11. 

The diffusion weldki* of dissimilar refrac- 
tory metals was investigated by Young and 
Jones.  <91)   Columbium alloys Cb-lZr and F-48 
were joined to molybdenum alloy Mo-0. 5Ti in a 
vacuum at temperatures of 1800 and 2000 F.    The 
small disk specimens were assembled in a molyb- 
denum capsule; pressure was applied by means of 
a screw threaded into the capsule.   Excellent 

Vacuum-diffusion welding was investigated 
by D'Annessa as a method to join Mo-0. 5Ti 
molybdenum alloy to unalloyed molybdenum and 
tungsten. (149)   The research waa directed toward 
Öse selection of intermediate metals that could be 
used to promote welding at temperatures below 
the recrystallization temperatures of the 
respective base metals.    The intermediate metal 
foils investigated during this program include 
unalloyed nickel, titanium, columbium, and 
tantalum.    The welds were made in a partial 
vacuum of 20 microns; after welding, the joints 
were subjected to diffusion treatments conducted 
at 2050 F for 30,  54, and 78 hours in a vacuum. 
Based on metallographic studies of welded dif- 
fusion couples between the base metals and the 
intermediate metals,  it was concluded that opti- 
mum joining occurred with titanium and columbium 
foils. 

Extensive research has been conducted to 
join the refractory metals to graphite for aero- 
space and nuclear applications.    A variation of 
difi'usion welding,   eutectic diffusion brazing,  was 
i'.äed by Bondarev to join molybdenum,  columbium, 
and tantalum to graphite.  (15")   A titanium-foil 
insert,  electroplated with 0. 0008 to 0. 001-inch- 
thick layer of copper,  was placed between the 
graphite and the refractory metal.    Joining was 
conducted under the following conditions:   (1) 
temparature -  1634 to 1841 F,   (2) pressure - 43 
to 100 psi,  and (3) time - 5 to 10 minutes.    Under 
these conditions,  trie titanium-copper eutectic 
alloy formed and wet the graphite and the refrac- 
tory metal. 

Columbium alloy Cb- IZr has been brazed 
to two types of graphite for a space radiator 
application using the following filler metals:   (1) 
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Ag-26Cu-8Ti,  (2) Ti-48Zr-4Bc. and (3) Au-IONi-   40 

5Fe; brazing was done in a vacuutn of 10'* torr. i1'*' 
The brazing alloy« were deposited on the metal 
•ubatrates by plasma-arc spraying procedures; 
the alloy compositions were adjusted to compen- 
eate for the losses of titanium and beryllium 
during spraying.    The thermal stability and integrity 
of the joints were evaluated by aging (500 hours 
at 1350 I) and thermal cycling (500 cycles from 
350 to 1350 F) tests conducted in a vacuum; all 
joint« remained sound after these tests.   Cb- IZr- 
ta-graphUe joints were also encapsulated and aged 
at 1350 F for 2, 50C hours and 4, 000 v _ars without 
encountering problems with joint integrity. 

Filler metals have been developed to join 
molybdenum to graphite in association with a 
program on molt«n-salt reactor. (152)   These 
alloys had to wet graphite and molybdenum readily 
and be resistant to corrosion by molten fluoride 
salts.   Numerous alloys in the nickel-gold- 
molybdenum and nickel-gold-tantalum alloy 
systems were prepared and evaluated by brazing 
tests conducted at 2370 F.   In the Ni-Au-Ta 
aystem, as alloy with the composition Au- lONi- 
30 Ta was most effective in brazing molybdenum- 
to-graphite and graphite-to-graphite joints; 
however, this alloy had limited ductility and fillet 
cracking was observed.   More promising filler 
metals were found in the Ni-Au-Mo alloy system. 
The alloy, Au-35Ni-30Mo, wet graphite readily 
and flowed well; it proved to be suitable for brazing 
molybdenum-to-graphite joints. 
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