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A METHOD ¥OR WELDING SHEET ALUMINUM TO
SAB 140 STEEL

By W, ¥. Heas and E. F. Kippes, Jr.
- BUMMARY

This investigation involves a study of a large varlety of
dlfferent metals used as an intermediate metal between aluminum
and steel for the purpose of socuring a good bond both from the
viewpolnt of strength and thermal conductivity.

The principal result of thls investigation was that 1t was
found possible to secure a satisfactory bond between aluminum and
steel by electropvlating the steel wilth a layer of silver of proper
thickness. The welding equipment was then used to make a proper
bond between the aluminum and the sllver plating. 1In order to
effect this bond it was found desirable to secure a heat balance
by means of a high resistance insert between the electrode and
the aluminum. A very important part of the oproblem which was
properly solved by the method Just mentioned was the effect of
the welding operation upon the properties of the stesl. The steel
used in aircraft cylinder barrels, belng of a very hardenable
variety, would be damaged severely in its phyeical properties 1f
it were necessary to make the bond between the aluminmum and the
steel at a temperature above the austenltizing temperature of the
steel.

Another important part of the investigation includes the
atudy of the beat possible electroplating technique for securing
bonds of maximum strength between the plated metal and the steel.
Electroplating procedures were very carefully studied and optimum
conditions developed for the plating of bonds of maximum strength
upon steel. The results of this phase of the inveatigation may
be of value in other problems. It should also be polnted out that
the method of Joilning eluminum to steel herein develovwed, should
be of importance to the solution of any problem involving the weléd-
ing of aluminum to steel where strength 1a the primary conslderation,
whether or not thermal conduectivity ls important.




LITTRODUCTION

The possibility of increasing the horsepowser output of
alreraft engines by improving the cylinder cooling, has raised
the problem of welding fins of material of high thermal con~
ductivity to steel cylinders for alrcraft engines. The specific
problem herein studied involves the welding of half-hard 35
aluminum fins to SAE 4140 steel cylinders.

The problem involved in this investigation involves not only
the bonding of aluminum to steel but aleso the problem of making
this bond at e temperature sufficlently low to avold dmmage to
the heat-treated ateel. The natural tendency of alumlnum and
steel 1s to form very bdrittle compounds when fused together., If,
during the making of the bond between aluminum and SAE 4140 steel,
the temperature goes above the austenitizing temperature of the
steel, the rapld quench following the welding operation will result
in extremely hard and brittle structures in the SAE L4140 steel.
Thus, the problem was complicated by two sources of embrittlement,
the formation of iron~aluminum compounds and the formation of a
martensltic structure in the steel.

Early experiments by other investigators and confirmed in
this laboratory, showed that the seam weldling of aluminum fins
directly to SAE 4140 steel cylinder barrels was unsuccessful
because of the difficulties montloned abovo,

In order to overcome the difficulty of welding aluminum
directly to steel, the idea of using a third metal between the
aluminum and steel was investigated. It was hoped that a third
metal would be found whioch would alloy sufficliently with steel
and aluminum to permit the production of a strong bond between
them but would orevent the combination directly of aluminum and
gteel which would result in the formation of brittle compounds.
In a recent groun of experiments (reference 1) the insertion of
& third metal in the form of a foll between the aluminum and the
gtool was tried in the effort to prevent the formatlon of objec-~
tlonable ilron—aluminum compounds. It was found that with certain
metals such as silver, mors ductile welds were obtaired, but that
the conditions for obtalining such a bond were very critical, owlng
to the difficulty of eimmltancously welding aluminum to foll and
foll to steol. In ordor to overcome this difficulty, 1t appeared
necessary to completely absorb the foil in tho aluminum. To
accomplish this it was necessary to heat the aluminum above 1ts



melting poilnt for so long a time that it was almost impossiblo to
_avold melting the aluminum through to the outside surfaco. This
result polntod to the necessity for using thinner and thinner foill,
vhich became difficult to handle,

Tho difficulty of bonding eluminum to foll and simulteneously,
foll to eteel, indicated the deosirabllity of obtaining one of the
bonds outsido of the welding machine. Since some companies were
alroady meking aluminum coated steel, 1t was declded to try weld—
ing aluminum fing to aluminum coated stecl. It proved to be a
simple mattor to weld the aluminum fin materlal to the alumlnum
coated steel. However, the strongth of the bond botwoen tho coat-
ing and the steol was so low that the fin materisl pulled the coat~
ing away from the steel in a brittlo manner. As a result of the
exporioncos described above, 1t was declded to undortako the prosemnt
invostigatlion based on the oxporience gained in the previous tests,
namely that a third metal is nocessary for the proper bonding of
aluminum to steel, and to make use of electroplating as & method
of bonding the third motal to tho steol surface in preparation
for subsoquont welding of the aluminum fins to this surface,

For tho sako of simplicity thles investigation was dlvidod
into threc parts. The first of those was the gonoral problom of
bonding aluminum to stecl through the uso of an intormeodiate
oloctro-deposited motal, Thc next part of tho problem involved
tho study of the possibility of making a bond at a temperaturo
bolow tho austonitizing tomporature of tho cylinder barrel stool.
If thls wore posasiblo, tho bonding process could be accomplishod
without motallurgical damage to tho steol. Tho third phaseo of
tho problem was considorod to bo the devolopmont of a laboratory
sotup by which an actual cylindor barrel could be covered with
fins bonded in accordance with tho orinciples and practices
devoloped in this invostigation.

The rovort has boen divided in two sectionst tho first
diacussing thc bonding of aluminum to steeol, and tho soccond, tho
wolding of aluminum to chrome-molybdenum stool which includos
both tho avoidance of hardoning and tho seam wolding problems.

This invostigation, conductod at tho Romsselaor Polytochnic
Instituto, was sponsored by, and conductod with financial assist~
anco from, the National Advisory Oommittee for Aeronautics.



ANATYSIS AND DISCUSSION OF PROBLEM

I, BONDING OF ALUMINUM TO STEEL

Motallurgicel Considerations

Interferonce of the oxide. ~ Due to its high heat of oxide
formatlon, alumlmum oxido is alweys prosont to a groater or loss
thicknoss on the surface of aluminmum, This oxide would tond to
prevent tho alloying action of aluminum with iron and would pro-—
duco oxide inclusions in the weld. If the steol wero hoated in
air to the melting temperature of aluminum, tho surface of the
atool would become oxidized. Thie oxide would cling to the atool
and would be difficult to flux and float off as tho stoel would
remeln 80lid during the welding operation. This oxlde would thus
provent completo and satisfactory alloylng and as a rosult a bond
wvhich has low strength and low thermal conductivlity would be pro-—
duced. In ordor to prevent oxide formatlion on the stool, a procoss
such as soam or spot welding must be used. A procoss such as this,
howovor, demands materials of comsistont olectrical surface contact
reslastance, and thus the naturo and thickness of the aluminum-oxldo
film must be carofully controlled.

The nature of tha alloys of iron and alumipum, -~ If the oxlde
on tho surface of the aluminum is adoquately absorbcd in the molten

mase of aluminum during the wolding operation, eluminum will alloy
with tho surfaco layors of the solid iron. Owing to the fact that
the diffusion of aluminum into solid irorn is rolatively slow com-
paroed with the diffusion of iron into molten aluminum, a large
amount of high aluminum, low iron alloy will be formoed comparod

to tho amount of low aluminum, high iron alloy. According to tho
iron-eluminum oquilibrium diagrem (sce fig. 1, also referenco 2),
this will rcsult in a large amount of compound formatlion as tho
high aluminum, low iron alloys contain the compounds Fodljz,
FoAlg, and FogAlz. Since these commounds aroc brittlo in char-
actor, the reoulting wolds aro likely to be drittle. Actual
toneile testing of the wolds, howover, is the only practical way
of evaluating this brittleness. As only small amounts of alumninmum
diffuse into the steol and since the alumimum is soluble in the
alpha solid solution up to 3%percent aluminum, there is likely

to be 1little danger of brittle alloy formation in this reglon dur-
ing the welding operation. Howevor, whon the cylinder is placed
in oporatlon, the ordered lattice FezAl, may form. The effect

of thls formatlon would be to strengthen the metal and docrease



its ductility, but as far ag this influence is concerned, it will
be negliglible compared with the effect of the brittle nha.ae forma-
tions occurring in the high alumimim alloyse.

The need for a third metal. = As the difficulty with britile-
ness occurs in the sluminum-steel welds, the introduction of e third
metal between the iron and aluminum mey be utilized to elimlnate
this difficulty. Various types of alloy mey be trieds Theso typos
nsy be classifiod as mutually soluble in iron and aluminum, soluble
in elthor iron-or aluminum, and insoluble in iron and aluminum.

The solubllity of two componont alloys mey bo detorminod from the
binary diagrams eppearing in Hansen (roforence 2), while the tor—
nary alloye on the wholc have not been investigatod but mey be
ostimated by considering tho binary alloy diagroms. As solubility
i1s influenced by temperature and phase changes and silneco tho
solubility at thc welding tompeoraturoc, that is, the molting point
of aluminunm is of greateost intoreat, tho third metal will be classl-
flod as to its solubility in tho range of 1200° F as woll as at
room tomporaturoc.

Iin. - ¥o third metal shows completo solubility in both 1ron
and sluminum but tin is one of the closest approaches to this slt-
uation., Although tin and aluminum are completoly insolublo in
cach other at room temporaturo, they are mutually solublo in tho
nolton stato, that sy at 1200° ¥. About 19-percont tin is solublo
in alpha iron at 1200° F. This moans that tin can diffuse into tho
iron and a good bonding action can be oxpocted without any dot—
rimontal offects boing produced. About 2-percent 1lron is soluble
in tin at 1200° F while the structure from 2- to 13-porcent iron
conslsts of molton tin solution end solid FeSna. This moans that
vhon some of tho iron diffuses into the molton tin end roaches tho
saturation 1limit, TFeSng will form at the iron-aluminum interfaco.

This actlon will effectively prevent further iron diffusion into
tho molton tin but may produce a brittle weld. As the tin layer
betwoon the iron and aluminmum 1e likely to bo very thin, the lron
and aluminum will both dissolve in the molten tin and wlll como in
contact with ocach other. This may lead to tho formatlon of an
iron-aluminum compound and thus a brittle weld., However, 1f the
thickness of tho tin 1s sufficlont and the diffusion rates slow
onough, this action wlll not occur.

Zing, = Zinc is similar to tin in many respocts and, in
gonoral, the diagrams show about tho same structural features.
Zinc forms two compounds with iron., Both of thesc compounds are
known to bo brittle and thus 2 brittle wold would bo oxpoctod.




While both tin and zinc are mutually solublo in iron and sluminum,
thoy both tond to form brittle compounds and as a result the brit-
tleness of a wold may be dus to the formation of these compounds
rather than the formatlon of an iron~aluminum commound in the

nags of the tin or zine, In view of this fact, a mutually soluble
motal which 1s free from compound formation should bo tried, but
nono exist and thus tin and zinc are typlcal possibilitios.

S1lvor, - Silver i1s typical of alloyes which aro solublo in
oluninum but not in iron, as is shown in the constitutional dia~
granms, (See fige. 2 and 3.) At 1200° P silvor is complotoly
insolublo in iron and vice versa, Also at thls tomporature,
aluninun and silvor alloys from 20- to 100~percont aluminum are
in the molion state and comoioteoly soluble, On docressing tho
aluminum content bolow 20 porcont, the meltirg point of the alloys
repidly rises until tho melting point of silver at 1761° F is
roachod. On wolding these allors, no alloying action would occur
botweon the iron ané silvor, but the aluninum would be oxpected
gradually to wash and Giffuse silver into the molten aluminum, As
tho pure silvor will romain solid durinz the welding, only small
emounts of aluminum will be able to dissolve into tho sllvor sinco
the diffusion rote through a 80lld stete is oxtromely slow. As
a net result, if the welding timo is cxtremely short and tho silvor
layer roasonably thick, the rluninum vill not complctely dissolve
the silver film nor roach thc iron intorfnce and thus therc is no
dangor of the formation of a brittle iron-alumirum phaso. This
sllver bond should have oxcollont thernal conductlvity sinco
sllver is a good thormal conductor. The strenzth of tho bond
doponds ontirocly upon thec bond botwoon tho iron and silvor. As
tho bonding strorgth botwoen two grains of the semeo nhase and
grains of different phases has not boeon definitoly established,
tho bond may be very strong and if aso, this chould bo a very
satisfactory method of bonding steol to aluminum,

Copwor. ~ Copnor also lios in this same class with silver,
although thore is somo solubility of iron in coppor and vice veraa.
The rango of solubility of coppor in aluminum is moreo limited,
aluninum apd copper alloys at 1200° F arc solublec in the liquid
state fron 40~ to 100-vercent aluminum. On decroasing the alu-
minum content bolow LO percont, tho mclting point of the alloys
increases untll the molting point of coprer is reached at 1981° F.
On wolding thoso alloys, as with silvor, no alloying action would
occur boetween tho iron and the comvor but tho molten alumninum
would dissolve tho copvor gradually. Since tho copper romalins
solid during wolding, tho formation of brittle iror-alumimn cone
pounds 1e avoidod as was oxplained in the case of silver., Howovor,
formation of tho brittle theta phase Cullg is likely to glve
brittle wolds.



Nickel, - Although nickel and iron form eithor the face or
body centorod solid solutions at 1200° ¥, since tho nickol romaing
solld during tho woldlng, 1ts casc is -similar to that of copper.
Wlckel, however, is soluble 1in the liquid state only from 9 to
100-percont aluminum at 1200° ¥, As with coppor, brittle phase
formations are likely to occur in the nickel~aluminum alloys.

Ohromium, - Chromium at 1200° ¥ forms a continuous solid
solution with iron, whilo it is practically insoluble with alu~
ninun. However, in the rango from 79~ to 99.6~percent aluminum,
two phagos, molt and Al,0r exist abovo 1222° ¥, Horo'sagein,
tho formatlon of brittlo iror~alumimum phasos 1s avolded sinco
tho chromium doos not molt during tho wolding. Howover, tho forma-
tion of DdPrittlo chromium-aluminum phasos is likoly.

Cedmiynm, ~ No notal is complotoly insolublo in both iron and
eluminug. Cadmium, howovor, aporoachos this bottor than most
notals and thus will bc considered as typilcal of this class. At
1200° ¥ molton cadmium has no solubility in iron and vico vorsa.
A compound Cdgf'e, howovor, is possiblo in this gystom. Cadmium
and aluminum are complotoly insoludlo with rospect to oach othor
up to 1200° P. Abovo this temporaturo, the alloys are complotely
molton but oxist as insolublo liquld phasos of a S5~porcont cedmiun-
95-porcont eluminum alloy and purc cadmium.- As tho tomperaturo
risos, thosc compositions romain morc or less the sanc until woll
abovo thc tomperaturo range of intorost in this weldlng procoss.
On wolding thoso alloys, cadmiur and aluminum would both molt but
tho diffusion of aluminum into cadmium will not take placo. Molten
aluninun, howevor, will dissolve up to HF~porcent cedmium. This
would ald in agsuring a good bond as 1t would tond to movo tho
cadmiun—-aluminun interfaco away from its original vosition where .
g thin layer of alumlnum oxide cxists as a diffusion barrior and
a plano of woakness. If tho cadmium plato is thin or tho wolding
cloctrode prossure oxcossive, the cadnium may be completoly dis~
solved in tho aluminum or bo pushed away from the weld region.
This thereforc would result in tho alloying of iron and aluminun
and tho production of a brittle wold.

Exporirontal Proceduro

Goneral aspectg. - Sinco an adequato supply of SAE 4140 wase
not readlly avallable or absolutoly necossary for a study of thie
problom, & low carbon, rimning stoocl was soloctod for tho study of
tho gonoral problon of bonding aluninum to steol, As 38 half-hard



aluminum was to be usod as the fin metal, this matorial was
solectod as representative of aluminum and ite alloys. The in-
creased strength of tho half-hard material over tho annealed 38
stock insures amplo rigldity and resistance to doformation in
sorvice. - . .

Tho introduction of tho third motal was sccomplishod by
oloctroplating. The use of nmotal foils instoad of oloctroplating
was tried previously (roferonco 1), but tho possibility of oxides
on two interfacos and tho difficulty of thin foil production and
handling, compared to plating, made tho plating nethod socom much
noro practical. '

Soam welding of tho fins to the chrome molybdonum cylinders
1s tho ultimate goal of this process. Howevor, many varlablos aro
difficult to control in a socam~welding operation and thus spot
welding was soclocted for use in the study of the bonding problon.
Welding prossures, curronts, and timos wore inveatigatéd for the
varlous motel platos and plato thicknosses. Tho character of tho
rosulting wolds was investigated by a tensile tcst and the amount
of fusion in the aluminum dotermined by a gulck section test.
Thormal conductivity tests have not boen made up to the presont
time, but it is folt that if the weld has good strength, an in-
tinmato metal contact rmet exiast. - This intimeto contact -would thus
inguro a good thermal bond since tho thickness of any alloy or
third meotal which 1s used to ald bonding is practically nogligible.

Proparation of the stool for eloctroplating. - Steel specimens
of 0,037-inch automobilo body stock wore sheared into sections U

by 1 inches., Thesc spoclmens wero then streightened in a vise and
degroased by bolling in a saturatod solution of trisodium phosphate
for 10 minutes, washing in boiling water, wiping with a clean towel,
rinsing for 5 ninutes in carbon tetrachloride, and drying with a
clean towel. The specimens werc further propared by pickling in
50-percont concentrated hydrochloric acid for 1 minute, rinsing in
cold wator, drying with a clean towel, flash pickling in KO-percent
concontrated hydrochlorlc acid, rinsing in cold water, and drying
with a clean towel. Thoso spocimens wero then lmmediately plated.
If tho specinons could not bo plated immediatoly, they wore stored
in a doslccator and flash picklod in HO-porcent concentrated hydro-
chloric acid prior to wlating.

Electroplating technigqueg. ~ Mothods for tho production of
strongly adherent deposits of tin, zine, silvor, copper, nickol,

chromiun, and cadmnium wereo studled., Theso are.doscribed in the
followlng paragraphs. Varioue thicknesses of plates on tho stocel
woro.made by variatlon of the plating time.



(1) Tn plating. - A sodium stannate bath (reforenco 3) wes
used to tin plate the steecl.. This bath consisted of!

NagBnOz X 3HgO ~ 75 grams per 1itor
Na.OH ~ 6 grams per liter
¥aCgHa0g ' - 12 grans per litor

HeOg (3 porcent) - U milliliters per 1itor
This bath oporatos satisfectorily under the following conditions! -

Bath temperaturo - 165° ¥
Anode curront donsity -~ 25 amperes per squaro foot
Cathodo curront density - 25 to 30 amperes per squere foot

The control of the anode curront doneity 1s quite important in
this bath. If the anodo curront donsity 1s too low, little or

no oxygon 1s produceod at the anodo and an approciable amount of
tin is dissolvod in tho stannous state. Tho prosonco of excessivo
stannous lons in tho bath preduces unsatisfrctory deposits. The
solution should possess a light gray to light straw, color. Stan-
nous lons roadily turn the color of the bath to a brownlsh-black,
The additlon of hydrogon poroxide will irmmedlatoly correct thls
difficulty by oxidatlion of tho stannous tin to tho stannle form.
If inadoquatec hydroxide 1s in tho solution, tho anodos coat over
with oxldo and tho solution is depletod of stannic ioms with tho
rosulting loss in pleting efficiency. Tho proper hydroxido balance
is maintained by addition of sodium hydroxido or acetic acid. Too
high caustic contont will promote unsatisfactory deposlts by cous—
ing tho stannous lon content to riso.

(2) 24inc plating. - Tho zinc plating bath (roference U4) was
of tho alkaline cyenlde typce and consisted of:

Zn0 -~ Y45 grams per liter
¥aCN - 74 grams por liter
NaCH - 15 grams por litor

Tho bath was operated under the following condltiona?

Cathode curront density - 15 amperes por square foot
Bath tomperatureo - 115° ¥

In alkeline plating solutions, zinc may be found either as
godium zincate NagZnOp or tho double cyanide NagZn(ON),. Tor

best results a mixture of these two salts l1s desirable. Zinc
oxlido and sodlium cyanide renct as follows:

22n0 + UYNaCN ~—3NagZnOy + NegZn(ON),




10

Tho plating solution, which 1s a high alkall bath, contalns
1,5N total cyanide, 1l.3N totel alkali, and 1,0N zinc and hence
msy be considered as conteining 0.75§ NeaZn(CN)g, 0.25N NagZnOg,
and 0,8F freo NalH,

(3) Silver pleting. ~ If a steel article is immersed in the
rogular plating bath, a looscly adherent silver plate forms by
replacement. In order to avoid thls difficulty, the gteol must
firat be plated for a ghort time in a strike solution. The strike
solution has such a low concentration of silver that no plate forms
upon simple immersion, After atriking, plating is continuod in the
regular plating bath. (See roferences 5 and 6.)

In tho rogular plating bath the metal content is furnished
by the double cyanide EKAg(CN)g. Excess freo cyanide is maintainod
and is helpful in increasing conductivity, throwing power, and
anode corrosion. Potassium carbonatc also increases the con—
uctivity of the solution.

Carbon disulphide 1s used in baths as a brightoner and as such
only a trace ls required. Nothing much is known of theo actlon of
this addition agont excapt that 1ts use rosults in finer grainod
and donsor doposits. *

The striko solution had tho following compositlont

AgCl -~ 1,5 groms per liter
NaCN -~ 110 grams per liter

It vas oporatod under tho following conditionst-

Cathode curront donsity - 20 smperos por square foot
Bath temperaturo - 70° to 80° F
Time of plato - 20 soconds

Tho plating bath which was used had the followlng composltion?

AgCl 39 grans por litor
ECW 70 granmse.per liter
KgCOs ~ 38 grams per liter
CSg ~ 0.9 nilligran por litor

It was oporated under the followlng conditlons:

Cothode current density - 6 ampores pér square foot
Bath temperature - 70° to 80°
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(4) Coppor platine. - The copper plating bath (reference 4)
was of the alkalline cyanlde type and .consistod of!

CuCH -~ 22.5 grams per liter
HaON ~ 34 grame per liter
NagCOsz —~ 15 grams per liter

The bath was operated under the following condltlons!

Oanthode current density - 10 amperos per squaro foot
Bath tomperaturo . = 95° {0 104° ¥

In the alkaline coppor baths, the mein constituent is sodium
ouprocyanido Neglu(CN)s containing copper in the cuprous state.
The bath proviously doscribed conteins as active agonts 0.25N CulN
and 0.657 finCH and honce may be conslderod 0.25F HagOu(CN); and
0.158 "free cyenido." The addition of sodium carbonate NagCOs
docrorsos tho tondoncy for the cyanide to decormpose.

(5) Nickel plating. ~ The nickel plating bath (roferonco 4)
wos tho "singlo salt solution" and conslsted of:

111804 X THg0 - 105 groms por litor

HH,4C1 = 15 grams per litor
NiClg X 6Hg0 ~ 15 grams por litor
HxBOgy - 15 grems per liter

This bath was oporated under the followlng conditions?

Cathodo current donsity ~ 15 amperea per squerc foot
Beth temperaturo - 68° to 85° ¥
pH = 5.3

Tho Hi804 X THgO provideos the nickol ion, HHLCL and
WiClg X 6HgO increcse tho conductivity of the solution and promoto
nnodo corrosion, whilo the E,BO, acts as a buffor. VWhen tho pH

of the bath rises, say to 6, doposits are dark and aro likely to
curl., On tho othor hand, if tho pH drops, ssy to 4, tho doposits
arc bright, pittod, and cracked.

(6) Ohro « = The bath used for chromium plating
(referonco 4) consistod of:

CrOs - 250 grams por liter
HgS80, = 2.5 grams per liter
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The plating was dono at 125° T with the followlng proceduro?

(1) Reverso plate (spocimens anodic) for 10 soconds with
current denslty of 320 amperes per square foot

(2) Plate for 1 mimte at 200 amperes per square foot
(3) PFinish plating at 320 amporos per square foot

The improvement in platinz chromium on steel by meking tho
spocinons firset anodic has beoon oxplained in soveral weys., In
ono explanation, its anodic action is thought to ronder tho steel
surface passive, while In another explanetion the surface impuril-
tlios such as carbon are thought to bo romoved by the oxldizing
actlion.

. The uso of low-current denslty for tho first mimute of plating
wes found to lrprove the apvoarance of the plate. Past exporlonce
has shown that the chaoracter of a chromium plato is determined by
tho first monents of plating.

(7) Cedmium plating. - The cadmium plating bath (reference U4)
wos of tho alkaline cyenlde type and conglsted of:

€d0 == 32 grans per litor
oCN -~ 75 grams per liter

Its oporating conditions woro:

Cathodo current density - 4O arporos por square foot
Bath tomperaturo - 70° to 80° F

In alknline plating solutlons, cadalum 1s found as tho doublo
cyanido Tald( Gﬂ);. Baths usually contain appreciable amounts of
froc cyanido and alkali., Cadmium oxido and sodium cyenide roact
e follows:?

CdO + 3NaCN + Hg0 —NaCa(CW), + 2NaCH

Cadnlum, unlike zinc, does not react with sodlum hydroxide.
Tho pleting solution previously described contains 0,58 cadmlum
and 1.5 sodlum cyanide cnd hence nay bo considered conteining
0.5K HaCd(ON)5, 0,75 froo NaCW, and 0.5 froe HaOH,
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Proparation of the alumimum for weldingz. -~ 38 half-hard
specimens of 0.,040-inch stock were sheared into 1~ by 3-inch

soctions and straightened in a vise without marring the surface.
Ag stated before, aluminum oxide, owing to its high heat of forma~
tion, is always found to a greater or leas extent on the surfaco
of aluminum. This oxide film, which would cause poor metallur-
glcal bonding conditlons, should be removed. Although this film
cannot be completely removed, its th:l.ckneu was groatly reduced by
chemical mothods.

In this chemical method (referonce 7), the specimens aro
dogroased by a S5~minute treatment in a 180° F cleaning solution
contalning 3 ounces of Osklte aviatlon cloaner per gallon of watoer.
After rinsing in hot wator, a conaistont oxide film is produced
by a S-ninute troatment in a 180° P treating solution containing
6 ouncos of Oakitoc 84~n cleanor per gallon of weter. This troat-
ing bath contains sodlum~acid sulfate as an oxide~romoving agent
and organic compounds os wetting agents. Tho effect of this bath
in producing on aluninum surface which will possess consistent
contact resistances was studled. .

All contnct~rosistance measurements wero nade in a hydraulic
pross oquipped with U—-inch~radius domo wolding electrodes, as
illustratod in figuro 4. Prossure, which was maintainod at 1000
pounds, was measurcd by means of a calibrated spring. Reoslistance
noagurements wore made with a Kelvin double bridgo, s 1llustrated
in flgure 5, It was found that consistent contnct roasistancoes of
approximatoly 100 microhms were obtainod betweon two 0.0LO-inch 38
half-hard sheots treated for 5 mimutos with Oskito 84-a, The
resultes of theso tosts aro shown in teble I and figure 6. It is
noticod that contact resistanco falls during tho first mimute of
treatment as tho original oxide layor is dissolveds Then, for
sevoral nimtes, tho contact resistance romains constant and
finally rises agein, owlng to another film forming on tho surfaco.

Spot welding. —~ Tho concentration of heat at the iron-sluninum
intorface is a major problom in this spot-wolding invostigation.
Anothor problom of major importance whon spot welding aluminum to
stool is the question of eloctrode indentation. In the roglon of
tho melting polnt, aluminun 1s weak and thus, if flat tips are
uged, severc lndentatlon occurs on weldlng. In order to oliminato
this offect and concentrate tho dovelopment of heat in tho alu~
mimm, a Y-inch-radius dome was used as tho alumimum welding olec—
trode. In order to minimize heating of tho steel, which for highor
carbon and nlloy steols might result in objectionable hardoning, a
flat olectrode was used agalnst the steol to roduco the current
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doneity in tho stool, One of the objectionablo foaturces of wold-
ing aluminum is tho pickup of alumirum whlch occurs on tho wolding
olectrodes. Perlodically, for oxample ovory HhO weolds, this pickup
mst bo romovod. Tho use of No. 240 omory cloth has beon found

to bo the most satisfactory nothod of eloaning tho oloctrodes.
Vhon tho pickup bocomos sovoro, tho ocloctrodos must bo romachinod.

Wolding was performed on & Fodoral 175~kilovolt—amporo spot
woldor having a turne ratio of 8011, Tho primary voltago was
maintalnod at 350 volte, whilo tho mognitude and longth of curront
flow was controlled by a thyratron control pancl. Primary currents
worc noasurod by & pointor-stop ammoter. Eloctrodo prossuros woro
adjustod and controlled by prossure control of tho alr to tho bel-
lows of tho wolding nnchilne.

Whon a sot of spocimons wos woldod, & rough oveluation of
tho wolding hoat wes mado by lnvostlgating tho =nount of fuslon
vroducod in tho aluminum, Aftor dotormining tho rango of curronts
to bo usod, wolds woro nadeo at various intormodiato curronts and
oach curront was noasurod by tho pointor—stop amiaotore Two addi-
tional sinllar sots of wolds woro mado, giving threo spoclnons
nado undor identical conditlons but not in immodlatc succossion.
This procoss tonds to mininize tho effoct of a small amount of
vickup on tho wolding olcoctrode in contact with tho aluninum and,
et tho samo timo, providos thrco spocinons for tonsiloc teosting.

Togtinz of welds. - Tho woldod strips of alunimun and iron
wore pullod in Tomplin grips on a 60,000-pound Southwari-Emory
hydroulic tosting machino using tho 5000-pound tosting dial. 4
tosting retc of 0.06 inch por ainuto was used. Vhon tho ultinato
strongth was obsorved, thc load wns roloasod and tho charactor of
tho fallurc notod. TFelluros woro classifiod as "ductilo toar,m
"dnetllo sheer," or "brittle shonr." In a ductilo-toar failuro,
tho wold fallod by pulling a plug out of tho aluninunm shoot. 4
ductilo~shorr falluroc occurrod whon tho wold intorfeco failoed butb
not until considorabdlo bending of tho alunlnmun shoot had talkon
pleco. If tho wold soparatod at tho intorface with 1littlo or mno
bonding of tho aluminunm shoet, tho typo of falluro wes tormed
"prittlo shear.”

The oextont of fusion was thon dotorminod by the quick soc-
tion tost. This tost involvos soctlioning tho weld with a saw,
filing a smooth surfeco, and otching the surfeco from 1 to 3
ninmutos in a solution of l.5~porcont hydrofluoric acid. This
otching rovoecls tho outlino of tho fusod aluminum nuggot as 1s
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ghown in flgure 7, a photomacrograph at 12X, An evaluation of tho
migegot size 1s mado by estimating the porcent ponetration of tho
fused roglon into the aluminmum sheot, which has boon designatod as
migget penetration.

Discussion of Reosults

¥Woldinz variables. = Thero are five variables which must dbo
ostablished in this spot—welding investigation: electrodo pros—
sure, woelding timo, wolding curront, tho third metal, and the
thickness of the third metal.

Gonerally, it was found that olectrode pressures of ovor 1000
pounds resulted in too much indentation in the aluminum sheot. On
tho other hand, electrode pressures of less than 600 pounds gave
vory orratic results as dotermined by tcnsile and quick-section
tosts. TFor theso reasons, the elcctrodo prossure was standardlzod
at 800 pounds.

Since scanm weldling would bo tho final appllecation of this
investigation, the shoritest satisfactory welding timo would be of
the greatest interest. On the other hand, veory short welding
times would havo more of a tondoncy to hoat the stool above lts
crltical tomporaturo. This rosults from tho fact that a large
portion of tho heat is developed in the steol and this heat must
bo conductod to tho aluminum. In ordor to obtain tho same amount
of fusion in tho aluminum in both a short and long time weld, ap—
proximately the sameo amount of hent must bo doveloped. Whon this
heat is devoloped in a much ghorter timo, higher tomporaturos will
bo reached in tho stocel, In ordor to strike a satisfectory balanco,
10 cycles were chosen as tho wolding time.

The current uscd in the wolding oporetion influoncos the
amount of fusion in tho aluninmum sheot, In all cases, current
wag controlled betweon two critical valuos: & curront which Just
producod fuslon in tho aluminun and a highor current which pro-
duced 100~porcent fusion, in-which the alunimun was fusod com-
plotaely through from steol to oloctrode. In tho finnl application,
88 low a current as will produce satisfactory wolds should bo om-
ployed sinco this will lesseon tho danger of hoating the stool
above ite critical toigorsture and roduco tho aluminum pickup
on the electrodes.

Welding of aluminum to tin-plated gteol. - In wolding of tin-

plated steels to aluminmum, four tronds wore dieclosed:
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(1) Tin plating does not incroesc the sirongth and ductility
of tho iron~aluminum bond.

(2) Only brittlo shear type failures occur.

(3) Whon shenr type failures occur, consistont strongths
aro not obtained.

(4) For a given platc thickmess, highor curronts and thus
larger muggots producc greater strongth,

For various tin-plate thicknossoe, the offect of curront on
the spot sheer strength, nuggot ponetration, nnd typo of falluro
is shown in teblo II c~nd figuro 8., Tho type of falluro designatod
egs BS indicatos = britile shoer fallure, and DS »nd DT, whilo
not oncounterod in tho tostirg of tin-plerted spocimons, indiente
ductile sho~r cnd ductile tear failures, reospectivoly,

Ag the nuggot penotrotion incrorsod, the spot shoar strongth
incrocsod as indicotod irn the date of trblo III, for ~ 0.125-mil
tin~-plato thlecknese. Thc nvorago values of the spot shear strength
at 20-, 40-, 60-, 80-, and 100-percent mugget ponotretion wore
obtainod grophically from these data as illustratcd in figure 9.
This procedure, whon repeated for the various plato thicknessos,
cormpilos tho effoct of tin plato thicknese or tho shear strength
for varlous muggot porotrations as shown in tnblo IV and figuro 10,

Tho strongth and ductility of the iron~alumlnum bond aro not
incroased, owlng possibly to the formation of a brittlo corpound.
Two vossibilitics of this compound for.antion aro likely. Tho tin
ond iron nay form the compound IaSn, which might produco this
cffoct. Howovor, sinco little difficulty is oncounterod in hot
dippod tin plato, this nossibility of brittloness is considerod
highly unlikoly. Tho sccond possibility is thoe formetion of o
brittle iron—-aluninum compound. Thie compound might form at tho
welding tomporcturo if the prossurc forcod the molton tin frono
tho wolding intorfacc or if the tin woro complotoly ebsorbed in
tho molton alumimun. Visual obomorvation of tho shear feiluros
ond nicroscopic oxamination of tho wold intorfece gnvo substentio~
tlon to this socond possibility eince tin was not ovidont in tho
bond.

In all cascs, in tho welding of tin-platod stool to Ockito-
treated aluminum, brittle shoar type failures wore found. This
typo of failuro io duo to ~ conbination of low bond shorr strongth
and low ductility. Low ductility moterials will not yiold when
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subjocted to a concentrnted stress and thus do not allow a noro
oven distributlon of stross. As a result, thoso matorials allow
high strossos and high streses gradionts to occur and thus failuro
occurs locally and progrosses across tho load-carrying aroa. This
progresslvo falluro offogtively lowers the load-carrying capaclity
of the stressed section and rosults in a shoar type fallure,.

These progressive fallures do not, in generasl, produce consistent
tensilo results.

Higher currents produce greator strength for any plato thick-
noes, This improvoment of strength 18 oxplained hy tho largoer in-
torface aroa and a botter bonding per unit area, which rosults
from largor muggets formed by higher curronte. 4 larger muggot
vroduces botter unit—aroa bonding sinco a larger pool of nolten
notal nay romove by turbulence more of the alumimim oxide from
tho plano of the aluninum interface.

¥Woldine of alumipum to zinc~plated stoel. ~ Tho wolding
investigation of zinc-platod stool to ~lumimim disclosos the

sano goneral trends ns were noted in tin. (Soo tables V and VI
and figs. 11 end 12.) The relative strength and ductility was
loss for tho zinc-plated steels. Thie 1s possibly due to tho
formation of noroe brittle compounds in tho ilron-zinc systom.

Wolding of slunipum to gllvor~plated steol., ~ In the in-
vestigatlon of the welding of silver~plated stoel to Opkito~

troatod aluminunm, 1t wns found that as tho plate thickness
incroased, the typo of faillure became more ductilo. Filgurc 13
shows tho general offoct of plato thickness on tho relationship
botwoon strongth and wolding curront. The hoavy deshed lino in
this figuro roprosonte tho approximate dividing lino betwoon
ductilo toer falluroc and ductilo or brittlo shear fallure. It
will bo noted that =« plato thickneoss of above 0.05 mil produces
a ductilo tear falluro if the curront 1s sufficlent to produco
only a 1littlo fuslon in tho aluminum. Oonsidering the welds nado
using spocimons with thinner silver plates, ductile toar follures
in tho alumimmm occur only if a higher current and groater nugget
penotration are employod. This is rovealod by exrmination of
teble VII. Tho offect of silvor plate thickness on tho spot
shear strength for varlous muggot ponotrations is shown in figure
14 and toble VIII, Higher currents, which result in greater
miggot poenotration and heat-affected areas, incroege the duc-
t1lity of the helf-herd aluminum sheet. As a less ductils
naterlnl does not have the rbility to distribute tho stress over
o larger aree, high stross gradionts will rosult at the bond
Interface. Tho existence of high stress gradionts at the bond
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interface will, in general, result in lower load-carrying capacity
and shear type failure. In view of the above, the effect of weld-
ing current and nugget size upon the strength and type of failure
is reedily apparent.

Ag the thicknees of the sllver plate lncreases, a certain
critical thickness is reached, above which complete solution of
the silver in the molten aluminum nugget does not occur during
welding. ¥Figure 15, a thotomicrogreph at 1000X of the weld inter-
face, confirmg the presence of thie thin silver film which insures
the absence of any brittle iron~aluminum compound formation. Hencs,
the resultant weld exhlbite a ductile tear fallure. The slight
increase in weld strength as the current rlses 1s undoubtedly due
to the decreased stress gradients and increased ductility caused
by the greater welding current.

Silver has been found in this investigation to be very satis-
factory as an interface metal between iron and aluminum, Silver
vlate thicknesses greater than the critical thielkmess produce con-
alstent, tear type fallures with a minimum amount of fusion occur-
ring in the aluminum. This results in atronger welds and less
aluminum pickup on the welding electrodes as less aluminum is
heated to a temperature where recrystallization and alloying with
the copper electrodes can occur.

Welding of aluminum to copper-plated steel, -~ The results of
welding of aluminmum to copper—plated steel, shown in tables IX

and X and figures 16 and 17, were somewhat similar to that of
sllver. As the plate thickness increased, the type of fallure
became more ductile, Microascopic investigation oroved that only
the 0.05~mil plate was entirely absorbed during the welding. The
thicker copper plates, however, gave a more limited range of duc—~
tile tear fallures and generally less comslstent welds than did
the silver plates. Thls may be explalned by the formation of the
brittle thete phase (Culls). Brittle shear and ductile shear
fallures consistently occurred at the copper—asluminum interface
in the thicker plates. As the plate thickness increases, the
current necessary for weldlng increases much more rapldly for
copper than for silver, although both metals have like thermal
and electrical conductivities. Differences in the grain struc-
tures of the plated metal might account for thls anomaly.

Yelding of glumirmum to nickel~plated steel. ~ The recsults
as shown in tables XI and XII and figures 18 and 19 indicate that

only shear type fallures are obtained when welding aluminum to
nickel~plated steel. However, the shear type failures become
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more ductile as the nugget pemetrations increase, undoubtedly be—-
cause of the effect of the higher currents on the softening of

the aluminum sheet. The heavy dashed lines in the figures indicate
the approximate dividing line between ductile and brittle sghear
fallures. Microscoplc examination showed that nickel was only
slightly dissolved during welding even in the thinner plates.
Visual examination of the shear failures indicated that fracture
occurred at the alumlnmum-nickel interface. This indicated the
presence of a somewhat drittle aluminume~nickel phase,

¥e B : } steel, ~ Slight expul-
sion of alum:lnum from the weld 1nterfa.ce was conaistently observed
when welding alumimum to chromium-plated steel. This expulsion is
due to the large amount of heat produced by the abnormally high
contact reslstance of chromium,

The results of the welding of alumimm to chromium-plated
steel are shown in tables XIII and XIV and figures 20 and 21.
Shear typeo failures resulted in all cases, but as the plate thick-
ness increased and as the mugget penetration increased, the fallures
became more ductile. Chromium was not appreciably dissolved during
welding and failures occurred at the aluminum-chromium interface,
indlcating the formation of a somewhat brittle aluminum-chromium
compound,

Weldine of aluminum to cadmium-plated gteel. — With respect
to the tensile strength and character of fracture, cadmium plates

appear better than tin and zinc plates but not so satisfactory as
gllver and copper plates. The strength and fracture characterlstics
are glven in table XV, while figure 22 shows the current—atrength
relationships. Table XVI and figure 23 show the effect of plate
thickness on shear strength for various nugget pemetrations. If
the cadmium interface had remained in place, the welds should have
possessed propertles similar to the welds made with a silver inter—
face. However, owlng to the low melting point of cadmium and the
welding pressure used, it was found that the molten cadmium was
oJected from thoe weld interface and some direct alloying of iron
and aluminum occurred., This, of course, would result in the pro-
duction of a more brittle weld.

Conclusions of Part I — Bonding of Aluminum to Steel
1. A third metal 1s necessary to effect a satisfactory bond

between aluminum and steel, since no satisfactory method of join-
ing these two metals has been found,




2. Electroplating of the third metal to the steel ia the
most satisfactory method of applying the interface metal,

3. The surface treatment of aluminmum in preparation for
welding muet recelve tho same careful attontlon as la requlired
for the spot welding of the gtructursl aluminum alloys.

Y4, Tin and zinc when used as the third metal produce only
brittle welds.

5. Nickel, chromium, ané cadmium have only a very limited
range of moderately satisfactory weldlng conditions.

6. Coppor is more satisfactory than the metals previously
montioned but requires very hlgh currents for welding. Turther-
more, the conslstency of strength and the range of plating thick-
ness and welding current in which ductile welds can bo produced 1s
1limitod,

7. BSilver is the most satisfactory third metal to accomplish
the bonding of alumimum to steol. High strength, ductllo wolds
can be produced ovor a wlde range of welding current and plating
thickneas.

II, WELDING OF ALUMINUM TO SAE 4140 STEEL

Introduction

Tho problem of spot welding aluminum to steocl was solved by
silver plating the steel. This section of the report considered
the further problems incidont to the hardening of the SAE 4140
stoel as a result of welding, and the actual seam welding of aluw
minum fins to SAE 4140 cylinder barrels.

Metallurgical and Welding Considerations

At the present time, airplane cylinders are made of SAE 4140
steol which has been heat-treatod to a hardness of about 320 Vickors
(Rockwell C~35). This hardness corresponds to a heat treatmont of
0il quenching followed by a 1250° F draw and thus this stool can
bo considered to be relatively soft and tough., If this steel were
to be wolded by ordinary welding processea - that 1s, by fusion or
pressure~plastic processes ~ the steel would be ralsed above its
critical temperaturc (Aex-14U5° F; Ae;~1365° F) and the resulting



cooling rato after welding would produce a weld mertensitic in
character., While this might not be too dotrimental in many appli-
cations where tempering treatments can be applied, it is highly
undesirable under the service conditions existing in an alrplane
cylinder where fatigure and impect stresses are likely to be very
high and the drawing operations after welding likely to bde dlffi-
oculte It is therofore obvious that a highly specialized method of
Joining muat be utilized,

It is readily apparent that if this silver-plated steel could
be jJoined to the aluminum at a temperature well below the critical
temperature, that is, 1365° ¥, the danger of the martensitic forma-
tion would never °°mb as asustenite would not be formed. As pure
aluminum melts at 1218~ ¥ and a S5~percont silicon alloy at a tem-
porature of epproximatoly 1150° F, there exists the possibility of
a metallurglcal bond belng formed without actually heating the
steel to its oritical temperature,.

In the investlgsation of the bonding of aluminum to steol, the
matorials were.of like thickmess, 0.040-inch 38 half~hard aluminum
being wolded to plated 0.037-1inch rimming steocl. Because of welght
conslderations, the proposed aluminum fin thickness is 0.030 inch,
while the design thickness of the SAE 4140 cylinder barrol avail-
able for use in this investigation from a previous investigation
for Pratt & Whitney Alrcraft, was 0,090 inch, B8ince the resistiv-
1ty of stoel 1s greatcer than that of aluminum, as the ratio of
stecl thickness to total thickness increases, the ratio of stoel
reslstance to total reslstance incrocases rapidly. This will causo
a major portion of the heat to be developed in the steel, and thus
vastly incroase the poasibility of heating the steel above ite
critical temperature during welding.

Bxperimental Proceduro

Goneral aspectg, — Ivon though seam welding of aluminum fins
to chrome molybdenum cylinders was the goal, spot wolding was
seloctod for the study of the martensitic formatlion in the SAE
4140. This decision was mado in order to eliminate as many ver-
ieblos as possible, When the solution to this problem was found,
1t would be a natural step to apply it to the socam-welding opera~
tion.

zﬁémmmmmwmm- = In cleaning
8AB 4140 steel before plating, it was discovered that the surfece

obtained by pickling with the usual commercial picklos was
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unsatisfactory sinco woll adherent silver platos were not obtalned.
Two solutions to thils problem were discovered. In one method, the
steol was vapor degreased with trichloroethylene and then electrolyt-
ically polished and otchod by means of tho followlng bathi

185 cublc centimoteors
765 cubic contimeters
50 cubic centimeoters
0.5 percent

Porchloric acid (sp. gr. 1.61 65 percent)
Acetic anhydride

Water

Aluminum

This bath was oporated under the following conditions:

Temy orature - 70° to 800 F
Anode curront density — 45 amperes per square foot
Timo of treatment - 5 minutes

This eloctrolytic rolishing and etching was followed by water
ringing and immediate plating, In the other method, whileh gave
oqually satisfactory rosults, the surface was mechanlcally cleanod
wlth omeory papers down to grit No. O, vapor degrecased with tri-
chloroothylene, wipod clean, again vapor dogreased, and finally
plated. :

In comerclal production, cleaning of the steel wo{JJ.d be no
problem, since woll adherent silvor plates can be doposited on
froshly nachined, greaso-~froe surfaces.

Silvor was platod on the SAE 4140 gteol as described in part
I of this report. Tho bost results in the wolding of aluminum to
sllver-plated rimming stecl were obtained by using eithor 0.25- or
0.50~m1l1 plato thickness. The 0.,25-mil silver plate thickneas waw
chogen 1lnstoead of 0.50-mil, since 1t was chosper and quickor to

apply.
Preoparation of the saluminum for welding. -~ During the funda~

mental investigatlon of the bonding of aluminum to steel, now baths
wore belng discovered for the removal of tho oxide £ilm from the
surface of alumlnum prior to welding.

Two surface treatments dovcloped by the Aircraft .Spot Welding
Rescarch at Rensselaer Polytechnic Institute wore usod!

Solution 5 (reference 8), which requircd 6~mimtes troating
tine at 180° T consistod of!

HaS04(ep. gr. 1.84, 98 HgSO0,) - 10 cubic contimeters per liter
(active agont)
Nacconal NR ~ 2 grams per liter (wetting agent)
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Solution 14 (reforence 9), which required 6~minutes troating
timc_a at room temperature, conslastod of:
HgBi¥a (27 to 30 percent) = 3.0 percemnt by volumo or 1.18 percent

by wolght
Nacconal NR ) - 0.1 percent

With both of these solutions, consistont low contact resist-
ances from 2 to 5 microhms were obtainod. Prior to surface treat—
ment, the aluminum was vapor degreased with trichloroothylone,
wipod cloan, and again vapor degreased. Tho rosults of a typleal
contact resistance run with solution 5 are shown in table XVII and
figuro 24. Yor thoso resistance measurcments 0.030-inch spocimons
of Alcoa No, 1 Brazing shoot wore used, which consistod of 38 half-
hard composition clad on one surface with a 7—=percent thiclkmess of
a B-percont silicon alloy. ©Since thoso solutions gave very low
contact rosistances over a wildor rango of treating time, they wero
used in preforence to Vakito 8li-a, used for the ocarlier work.

LQMW;&. - In order to avoid hardoning
and oven romelting of the SAE 4140 steel during wolding, sovoral
procedures woerc investlzatod, which are described in the following
paragraphs.

(1) Uso of longer weldins times. - The first procedure in-
vestigated was the use of longer welding times, asince 1t was
thought that tho lower torperature gradionts which result fronm
this method would losson the possibllity of heating thoe steel
above its critical transformation tomperature.

(2) 0o cat eating. - If tho stool wero
preheatod in the rango of 650° to 750° ¥, and maintained at tom~
perature during the weldlng operation and shortly thereaftor, the
portions of tho steel which had dbecome austonltic during wolding
could only transform to bainito upon cooling. According to tho
8 curve for SAE 4140, figure 25, the bainite, formod by isothormal
trensformetion in the tomperaturc range from g50° to 750° ¥, would
have a Rockwell C hardness from U8 to 40 and would be tough. This
compares favorably with tho original hardneas of the coylinder bar-
rel, Rockwell 0-35, and is far superior to the drittle martemnsitic
gones of Rockwell 0-60 hardness. The 8 curve indicates that a
holding time from 150 to 250 soconds 1s necessary for corpleto
transformation.

To tost this procodure, silver-platod SAE 4140 stecl speci-
mens wore prehoated to 700° ¥ and rapidly woldod to aluminum, aftor
which the welds were irmediatoly postheated at 700° F for 3 minutos,
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(3) Uge of a1 eltl int al: alloy, - If a
lower molting point aluminum alloy were welded to the silvor—
plated steel, obviously lower temperatures would bo attained in
the stoel during the process. A lowering of 50° to 100° F in
the necessary bonding tcmperature might eliminate martensite formo~
tion in the steels The fins could be fabricated entirely from an
alumimn brazing alloy or from 35 half-hard alumimin clad with tho
brazing alloy. The latter is preferable for a fin material on the
basis of 1te higher thermal conductivity.

To test the effoct of & lowor nmelting point aluminum alloy,
0.030-inch specimens of Alcoa Fo. 1 Brazing sheot (38 half-hard
clad on one eside with a 7-percent cladding of a S5~percent silicon
alloy) wero wolded to pilver~plated 0.090-inch SAE 4140,

(4) Use of a stairless steel inscri. - In order to supply
noro hoat to the aluminum and develop less heat in tho steel, an

18'Cr 8 X1 stainless steel insert might be utilized as 1llustrated
in figure 26. Since austenitic stainless steel has a higher elec-
trical resistivity than plain carbon or SAE 4140 alloy steel, pas~
sage of current during welding would heat up tho stalnless steel
insert and supply extra heat for the fusion of the aluminum. The
difficulty of securing proper fusion at the alunimmesllver inter—
face 18 largely due to tho roplid heat extractlion from the high
conductivity aluminun through the copner electrode. Not only would
the low thermel conductivity stainless steel insert prevent this
heat extraction, but, in addition, it would tend to supply heat by
conduction to the aluminum, asslsting in proper fuslom of aluminun
at the silver interface. By assisting in supplying proper heat
for tho fusion of alumimin, an ingert of proper thiclkness might

bo expected to produce the neceasary heat by a current of such a
value that proper bonding of the aluminum could be obtained aad
nartensitlc formatlions avoided in the steol.

Discussion of Results

Avoidance of martensitic formetions in SAE 4140, - In the
spot welding of 0.030-inch aluminum to silver-plated SAE Y140

stecl, martensitic formations and evon remelting were found in tho
steel. A gmall martensitic zono is 1llustratod in figure 27 in a
photomacrograph at 12X, The indentations resulted from a Vickers
hardness survey, which 1s also shown in figure 27, indicating a
maximn hardness of VPN 700 {Rockwell c-so?'.u-
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The use of longer welding times 4id not solve the problem of
the avoldance of martensitic formations., It was found that even
with welding tines-as -long as 25 oyeles, martensite-was obtained
almost to the samo extent as with 5 ocycle welds. Iven though the
use of longer wolding times resulted in shallow. terperature gra-
dients, large portlons of the steel were still being heated above
the critical temperature and thus hardened. Nurthermore, longer
welding timos are objectlionable since they are less adeptable to
seam welding,

¥hen welds were made with preheating and posthoating at 700° ¥,
as indicated by the 8 curve, the heat affected zones of the SAE
4140 consisted of a bainitic structure with a Rockwell O hardness
of U47.5 (VP¥ 505). Althouzh this procedurc avoids tho formation
of martensite, i1t is objectionable from the standpoint of oasy fab-
rication. Although silver-plated surfaces aro not affocted at .
these terperatures, tho formation of oxidos on tho aluminum eur-
facos are detrimental to consistent weldlng.

Tho use of a lowor melting point aluminum alloy loworcd the
necess bonding tomporature and thoroby lessonod the heating of
tho SAE 4140 steol above tho critical tomporature, As is shown
in table XVIII, at the maxirmm current which just avolded martons-
ito in tho SAE 4140, tho wolds made by use of the brazing clad
material are far suporior to that made by usc of unclad 35 half-
hard. However, this procedure cannot bo considored the solution
to the problem, since the nmaximum wold propertlies could not bo
attainod without forming martensito in the stoel.

Under propor conditions, tho use of a stainless stool insort,
to supply extra hoat for the fuslon of tho aluminum, rosulted in
the avoldanco of nmartonsitic formations in tho SAE 4140 stool.

Tho corroct wolding conditions rosulted when a propor balanco was
obtained betwoen two variables; tho thicknoes.of tho stainless
stecl insert, and tho welding timo, Three thicknesses of stainloss
steel wore examined: 0.006, 0.0ll, and 0.023 inch; while four
wolding timos were investigated: 3, 5, 10, and 23 cycles. The
results of these tosts aro shown in table XIX, Bocauee short
wolding times rapidly dovelop a large amount of heat in the staln-
leoss steel, objoctionable alloying action was noted at the alumlmum-
stainless stool intorface. With long wolding times, the tendency
for martonsito to form in tho SAE 4140 became evident. The long
wolding time allowed the heat dovolopod in the stainless steel to
flow through the aluminum and add to that developed in the SAE
4140, Since tho minimum bonding temperature of the aluminum-silvor
interface is somewhat above 1220° ¥, the melting point of aluminum,
tho posslbility of martensitic formation 1s greatly increased.
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With the 0,006~inch stainless steel insert, not quite emough hoat
was developed at the aluminum=-silver interface for proper bonding.
However,  this was not the case with the thicker .lnserts, and.the
0,023-inch stainless insert develeped so much hoat that aluminum-
stalnless stesl alloying occurred, The best conditions, which
avoid both martensitic formations in the stesl, and alloyling of
of alumimum with the stainless stesl, wore found with F~cycle
welds using an 0.0l1~inch stainless atesl insert,

The seam weldlng of fins to the S8AE 4140 eylinder b o =
In order to show that the results obtalnmed from the investigations
proviously described in this report could be applied to an actual
bonding of alumimun fins to an SAE 4140 cylindor berrel, an oxper-
imental arrangement was prepared to make these welds to a cylinder
barrel in a seam—welding machine, The laboratory was fortunate in
having in ite possession a cylinder barrel and a mumber of fins
which had been supplied by the Pratt & Whitney Aireraft Corpora~
tion for some proviocus experiments in this field. Individual fins
made from the No. 1 Brazing sheet had been punched out and formed
to fit over the machined cylinder barrel, with the braszing alloy
surface in contact with the cylinder barrel,

Tho results of the investigation for the avoidance of mar-
tonsitic formntions in the SAE 4140 steol were applied to seam
welding. Tor this operation, which was carried out on a Foderal
179~kllovolt~ampere seam-welding machine, it was decided to weld
brazing clad 38 half-hard fins to the barrels employlng a stain-
lees steol insert, as shown in figure 28, The 0,0ll~inch staine
less steel lnsert had to be bent on an angle to avold accidental
current flow from the side of the welding electrode to. thc adjacent
. portion of the fin, When this accldental short~circulting scecuri+Z,
s0 much current was diverted that unsatiefactery wolds were obtained.

Proper conditions worc determined for this seam-welding opera~
tion. It was found that satisfactory overlapping spot welds could
bo mede at a wheol speed of 80 inches per minute using a seam~
welding sequence of 5 cyecles on, 2 cycles off, the value of sec-
ondary current being 8600 ampores for an electrode pressure of
800 pounds. The clectrodes consistod of a 6~inch diametor wheol
ovor which the barrel fitted and a 9-inch diameter seam-wolding
wheel with 1/8-inch width of contact. No extornal water sprey was
used.

Difficulty was exporieoncod with mechanlcal alincment of the
aluninmum fin and the stainless stoel insert. Proper Jigging would
overcome thie difficulty for commercial adaptation. Possibly a
coppor elloy scam-welding wheel with a stainless steel tire might
be substituted for the insert.



In figure 29, photographs of a seam-welded cylinder barrel
are oxhibited. This cylinder barrel is boing forwarded in a
separate enclosure with this report to the NACGA, .It is hoped
that a thermal efflciency test and such other tests as may bo
dosired by tho NACA Power Flants Oommittee may be made on this
cylinder barrel. A probable criticism of the welded cylinder bar-
rol is that the fins are not sufficiently closo together for maxi-
mum efficiency, With the fins-and facilitles available for this
investigation closer spacings were not feaslble. In a commercial
application of this method, closer spacing could be achieved, In
a cormercial installation it might also be proferable to use the
fin materiael in the form of a contimous length wound spirally
and welded without interruption.

Surmmary and Conclusions of Part II
Wolding of Aluminum to SAE 4140 Stoel

The following parocgraphs summarize the accomplishments of
the second part of thls inveastigation.

1. The avoldance of martonsitic formations in the cylinder
barrel steel was accomplished by use of a sufficlontly low weld-
ing current to avold the devolopment of too much heat in tho eteol.
This was made possible by supplying a part of the hoat for the
fusion of the aluminum by meana of a high resistance lnaort between
the eloctrode and the aluminum surfece,

2. A wolding machine was adepted and used in welding alu-
minun fins to a cylindor barrel. Thls makes possible a study of
the cooling officiency of such a combination, although the avail-
able fins were not properly designed to peruit as closo a spacing
as night be dosired.

CONCLUSIONS FOR COMPLETE HEPORT

1, Bilver is the most satiefactory metal for eloctroplating
steel cyllnder barrels to permit the bonding of aluminum fins.
The optimn plating thickness 1s 0.25 mil,

2. OCareful attention to the silver-plating technique, as
outlined in this report, must be glvoen slnce the strength and
permanence of the bond depends to a large extent upon the perfec—
tion of the bond secured during the plating operation.,
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3. The bonding of alumimum to SAE 4140 steel ney bo accom-
plished below the critical temperature for this steel, Thus,
objectionable rehardening during welding is avoided. An 0.011-
inch stainless steel strip between the electrode and the aluminum
provides a proper heat balance.

4., A peanwolding machine can be used for automaticnlly
bonding a flanged contimuous aluminum strip to a silver-platod
steel cylinder barrel during the winding of this atrip in tho form
of a close gplral over the surface of the cylinder.

Welding Laboratory,
Ronaselaor Polytechnic Institute,

Troy, N. Y., August 1943,
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TABLE 1

Contact Reslgtance Measurements

Stock - 0.040" 38 half hard
Treatment - Oakite 84a, 6 oz. / gal. 1B80°F.
4" rgdius dome tips

1000 1ba, pressure

Contact Average
Time of Resistance Contact
Treatment Measurements Raesistance
Minutes Miorohms Microhms
S0 over 1000 over 1000
2 95, 99, 103 99
3 98, 107, 101 102
4 109, 98, 98 101
5 105, 98, 102 102
8 108, 100, 110 1086
10 160, 145, 154 153
TABLE IV
Effect of Tin Plate Thickness
on Spot Shear Strength
for Various Nugget Penetrations
Nugget
Penetration Average Spot Shear Strength in Pounds
Porqopt fox the following Plate Thicknepses in Mils
000 026 ,050 .125 ,2850 .500
20 170 150 118 20 128 176
40 200 250 215 180 218 276
60 375 3256 300 270 308 376
80 430 400 386 360 390 460
100 480 460 468 460 476 540

TABLE II

EFFECT OF TIN ON THE WELDING OF ALUMINUM TO STEEL

Welding
Current

@eres

15,200
16,700
16,100
16.8600

15,600
16,300
16,700
16,900

16,000
16,300

16,800

15,800
16,200
16,600
17,000

16,000
16,400
16,800
17,200

Note:

Spot Bhear
8trength Type of
Pounds Fallurae
Aluminum direotly to Steel
. 310 B8
340 B3
440 B3
470 BS
Tin Plate Thicknees~0.025 mil
150 BS
240 BS
380 ES
410 BS
Tin Plate Thickness~0.05 mil
120 BS
140 BS
430 BS
460 BS
Tin Plate Thicknese-0,125 mil
70 BS
90 BS
290 BS
360 BS
Tin Plate Thickness-0.25 mil
50 BS
80 BS
220 BS
430 BS
Tin Plate Thickness-0.60 mil
40 B3
170 BS
340 BS
490 B3

Nugget
Pegatration
~Zeroent

131

856

[

10

a8

888w

All values represent average of 3
specimens
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Effect of Nugget Penetration on Spot Shear Strength for

TABLE III

Aluminum Welded to Tin Plated Steel

0.125 mil Tin Plate Thickness

Nugget
Penetration
Pergent

83888 8

0 9
o O

Spot Shear
S8trength
Pounds-

10
260

450

TABLE V

EFFECT OF ZINC ON THE WELDING OF ALUMINUM TO STEEL

Welding
Current

Amperes

15,200
15 700
16 100
16,600

16,500
16 800
17 100
17 400

16, 600
17,000
17 200
17,400

17,200
17 500
17 800
18 000

18,600
19 000
19 300
19 400

ot Shear
Strength

Type of

Fallure Percent

Aluminum directly to Steel

310
340
440
470

BB
BS
BS
BS

Zinc Plate Thickness-0.05 mil

430
430
470
430

BS
BE
BS
BS

Zino Plate Thickness-0.125 mll

310
370
420
480

BS
BS
BS
BS

Zino Plate Thickness-0,25 mil

170
230
190
320

BS -
BS
B3
BS

Zino Plate Thickness-0.50 mil

390
400
430
400

BS
B3
BS
BS

Nugget
Penetratio

5888

75
80

75

a8

10
10
30
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TABLE VI TABLE VII

Effeot of Zino Plate Thickneas ;
on Spot Shearastrength EFFECT OF SILVER ON THE WELDING OF ALUMINUH TO STEEL

for Various Nugget Penetrations

Welding Spot Shear Nu got
Current Strength Type of Ponetration
Nugget Amperes -Pounds __ Fallure —Pergent
Penetration Average Spot Snear Strengt;h in Pounds
Perqent Lor the following Plate Thicknesses in Mils

Aluminum directly to Steel
000 . ,080 125 260 « 600

16,200 310 B8 40
15,700 340 B8 50
20 170 260 285 296 306 16,100 440 BS €0
16,600 470 BS 75
40 290 340 345 550 355
80 5 3958 395 400 400 Silver Plate Thickness-0,06 mil
80 430 435 440 440 440 16,000 360 B3 - 30
' 16 400 490 D8 40
100 460 470 470 470 470 16 700 540 8'£ 50
Effect of Silver Plate Thiokness
on Spot Shear Strength Silver Plate Thickness-0.125 mil
for Various Nugget Penetrationa 16, 600 520 pT 40
17 000 620 DT 40
1'? 500 530 DT 70
Nugget 18 100 540 DT 80
Penetration Average Spot Shear Strength in Founds ‘
~Poroent _  for ithe following Plate Ihioknosges in Milg Silver Plate Thickness-0.250 mil
1'7 400 420 gg gg
. 17 800 530
40 290 500 500 536 555
& 75 525 526 570 530 Silver Plate Thickness«0,5 mil
80 0 50 545 680 595 1oradd o o 2
200 460 550 555 90 600 %g a0o 590 o &

VOV N
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TABLE IX TABLE XI

EFFECT OF ‘COPPER ON THE WELDING OF ALUMINUM TO STEEL EFFECT OF NICKEL ON THE WELDING OF ALUHINUH:TO STEEL

Welding .  Spot Shear Nugget Weldl Sgot shear Rugget
Current -  Strength Type of Penetration Curren Strength e of Penetration
Amperes Pou; Fellure _ Pergept = Amperes ~founde K e
Aluminum dirsctly to Steel
Aluminum directly to Steel
16,200 310 BS 40
16,200 310 BS 40 15 700 340 BS 50
16 700 ) 340 B3 50 16 100 440 BS 80
16 100 440 BS 60 16,600 470 BS 75
16 6o 470 BS 76
Nickel Plate Thicknese-0.050 mil -
Copper Plate Thickness-0.050 mil
14,900 170 BS 35
16,900 230 BS 25 15,500 370 o2 ] 60
17,200 240 BS 40 15,700 470 D3 (]
17,600 290 B3 60 16 100 520 DS - 95
18 300 480 BS 90
Niokel Plate Thicknese-0.120 mil.
Copper Plate Thickness-0.125 mil
14,700 200 BS 35
18,000 180 BS 30 1s’ 100 320 C BS S .1 ]
18,500 _ 27 B3 20 15 400 360 BS . 40
18,800 - 320 BS 70 15, 430 D8 B 0]
19,200 480 T 80 :
Niokel Plate Thickness-0.250 mil:
Oopper Plate Thickness-0.260 mil
14,600 210 BS 36
19,200 420 BS 30 15,000 300 B3 485
19 900 490 BS 40 15,100 440 BS 70
20 600 830 D8 50 18,400 490 Ds
m.«m 560 DT 70
Nickel Plate Thickness-0.50 mil
Oopper Plate Thickness-0.50 mil
15,000 160 BS
21,400 480 BS 20 15 400 320 BS 70
22,800 480 D8 28 15,700 480 D8 90
23,200 540 DT 40 18,000 470 DS 90

24,800 870 T 60

VIOYN
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TABLE X

TABLE XIII
Effect ois'p c:pggr Plgte Thickness
on 8po ear Btrength .
for Various Nugget p,,,,%gmon, EFFECT OF CHROMIUM ON THE WELDING OF ALUMINUM TO STEEL
Weldin Spot Shear Nugget
Nugget Ourren% Strength Type of Pegotrauon

Penetration Average Spot Shear Strength in Pounds Agnereg founde fallyre
~Esrgent  for the followine Plate Thioknesses An Mils Aluminum directly to steel

.000 .060 .126 <2560 .600

15,200 310 B3 40
| i B :
16 100
40 290 275 300 490 680
60 375 360 380 540 575 Chromium Plate Thickness-0.050 mil
' 18,600 320 BS 40
80 430 430 440 575 680 19 200 gg gg %
201000
100 460 475 480 5390 530 20’700 430 BS o5
TABLE XIX _
Effect of Nickel Plate Thickness Chromium Plate Thicknees-0,1256 mil
: on Spot Shear Strength
Tor Various Nugget Penetrations 18,600 360 BS 40
19! 4000 360 BS 45
19 200 450 BS 70
20,700 420 DS 70
Nugget
Penetration Average Spot Shear S%rength in Pounds
Percent for the following Plate Thickpesses in Mils Chromium Plate Thickness-0.250 mil
.000 .050 .125 .260 .500 18,600 370 BS 40
19 300 440 BS 45
19 900 460 BS 70
20 170 120 120 120 120 20 800 470 DS 80
40 290 240 240 240 240
Chromium Plate Thickness-0.50 mil
€0 378 365 365 3685 360
18,400 430 B3 38
80 430 475 475 470 470 19,000 470 DS 40
19,800 470 D8 gg

100 470 530 530 530 530 20 400 500 D3
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TABLE XV
TABLE XIV

Effect of Chromium Plate Thickness EFFECT OF CADMIUM ON THE WELDING OF ALUNINUM TO STEEL
on Spot Shear Strength
for Varlous Nugget Penetrations

Welding ot Shear Nugget

Current Strength Type of Penetration
Nugget Agperes _Poupds e  _Pergent

Penetration. Average Spot Shear Strength in Pounds
Pepgent @  for the following Plgte Ihicknesses in Mile

Aluminum direcotly to Steel
.000 050 125 . .2%0 . 500

15,200 310 BS 40
16,700 340 BS B0
20 170 175 175 240 275 16,100 440 BS 60
18,600 470 BS %
40 290 290 300 370 460
60 376 375 390 450 530 Cadmium Plate Thicknese-0.05 mil
80 430 430 460 508 880 14,900 . 40 B3 10
15,400 190 BS 30
100 460 460 515 550 580 16,200 330 Bs 578
- 16,600 460
TABLE XVI 16,900 520 D8 98
Effeot ogp Oadgium Péate Thicknees -
on Spot Shear Strength -0.
"for Various Nugget Penetrations Cadmium Plate Thickness-0.125 mil
pe B Bk
7]
Nugget 16, 400 490 DS 70
Penetration Average Spot Sheer Strength in Pounds 16,700 540 D8 90
__Percent for the following Plate Thickneases in Milg !
000 .050 125 250 500 Cadnium Plate Thickness-0.25 mil
B8 0
20 170 115 190 230 186 {2;388 288 BS 50
Ds .
40 290 285 335 345 340 ig;% % ps 33
éo 376 416 435 410 440
P =0.60 mil
80 430 480 510 . 95 Oadmium Plate Thiockness mi
B3
100 460 525 550 526 525 {3;% 2%,8 B3 ;8
18, 600 470 DS 60
17,000 500 DS 75
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Treatment-Solution #6, Sulfurle Acld (conc.) = 10 ml./liter
Nacconel NR-2g./liter, pH-1.06, temperature-1g0e F

Time of
T;eatnent

® o » N O
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TABLE XVII

Contaot Reslstance Measurements

4" radius dome tips
1000 1bs. pressure

Stock-<0.030" 38 half-hard cled with
8llicon brazing allo
(aluminum fin material

Average Contact Resistance-Miorohms

&8 half-bard surface Braging glioyv surfage
over 1000 over 1000
18 14
3.7 S
3.7 2
4 3.7
7.7 5.3

TABLE XVIII

Effect of Brazing Alloy Cladding

on Spot Welding of 0.030" 3S half-hard to 0.090% SAE 4140

Eleotrodes-4® R dome in contact with aluminum

1-1/4" flat in contact with steel

No Stalnless Steel Insert Uged

Weld Pressure

Weld Time

Minimum Current for
producing fusion in
aluminum

Maximum Current for
avoidance of martensite
in SAE 4140

Properties of welds

made at 11,800 amps.
Spot Shear Strength
Nugget Penetration
Type of Failure

800 lbs.

23 cycles

Welds made
with 35

half-herd

11,000 amps.

11,800 amps.

520 lba.
3%
B.8.

Welds made with
38 half«hard clad
with bzazing alloy

10,500 emps.

11,800 amps.

475 lbs.

10%
D.S,

VIV N
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. TABLE XIX

37

- BEffect of Welding Time and Stainless Steel Insert Thickness

3 cycle
weld

S5 cycle
weld

10 cycle
weld

on Spot Welding of

0.030"

0.090"

SAE 4140

35S half-hard to Silver Plated

Stainless Steel Insert Thickness

0,006"

Stainless
steel--aluminum
alloying

- e e ar - n an e o - e

Martensite

forms in 4140
before maximum
bonding occurs

- e = e = me o am o = —

0,011"

Stainless
gsteel~aluminum

alloying
0.K.
O0.K., but close

to martensite
forming
conditions

Martensite
forms in 4140
before maximum
bonding occurs

0,023"

Stainless
steel-aluminum
alloying

Some stainless
gteel-aluminum
alloying

0.X., but close
to stainless
gsteel~aluminum
alloying
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NACA Figs. 7,15

__ - Aluminum

Figure 7.- Photomacrograph of aluminum welded to steel.
Etched with 1.5 percent HF. Black area in
aluminum sheet is the fused zone or weld nugget .12 x

— - - Aluminum
(relief polished)

Figure 15.- Photomicrograph of weld interface. Aluminum

. welded to 0.25 mil silver plated steel. 1000X
polished, unetched.
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NACA Fig. 28
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