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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE RESTRICTED REPORT

A METHOD FOR WELDING SHEET ALUMINUM TO
SAE 4140 STEEL

By W. F. Hess and E. F. Nippes, Jr.

SUMMARY

This investigation involves a study of a large variety of
different metals used as an intermediate metal between aluminum
and steel for the purpose of securing a good bond both from the
viewpoint of strength and thermal conductivity.

The principal result of this investigation was that it was
found possible to secure a satisfactory bond between aluminum and
steel by electroplating the steel with a layer of silver of proper
thickness. The welding equipment was then used to make a proper
bond between the aluminum and the silver plating. In 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 nroblem which was
properly solved by the method just mentioned was the effect of
the welding operation upon the properties of the steel. The steel
used in aircraft cylinder barrels, being of a very hardenable
variety, would be damaged severely in its physical properties if
it were necessary to make the bond between the aluminum and the
steel at a temperature above the austenitizing temperature of the
steel.

Another important part of the investigation includes the
study of the best 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 develoved for the plating of bonds of maximum strength
upon steel. The results of this phase of the investigation may
be of value in other problems. It should also be pointed out that
the method of joining aluminum to steel herein develoved, should
be of importance to the solution of any problem involving the weld-
ing of aluminum to steel where strength is the primary consideration,
whether or not thermal conductivity is important.




IITTRODUCTION

The possibility of increasing the horsepower outnut of
aircraft engines by improving the cylinder cooling, has raised
the problem of welding fins of material of high thermal con-
ductivity to steel cylinders for aircraft engines. The specific
problem herein studied involves the weldingz of half-hard 3S
2luminum fins to SAE 4140 steel cylinders.

The problem involved in this investigation involves not only
the bonding of aluminum to steel but also the problem of making
this bond at a temperature sufficiently low to avoid damage to
the heat-treated steel. The natural tendency of aluminum and
steel is to form very brittle 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 rapid quench following the welding operation will result
in extremely hard and brittle structures in the SAE 4140 steel.
Thus, the problem was complicated by two sources of embrittlement,
the formation of iron-~alumimum compounds and the formation of a
martensitic structure in the steel.

Early experiments by other investigators and confirmed in
thls laboratory, showed that the seam welding of aluminum fins
directly to SAE U140 steel cylinder barrels was unsuccessful
because of the difficulties mentioned above,

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 which would alloy sufficiently with steel
and aluminum to permit the production of a strong bond between
them but would orevent the combination directly of aluminum and
steel which would result in the formation of brittle compounds.
In a recent groun of experiments (reference 1) the insertion.of
a third metal in the form of a foil between the aluminum and the
steel was tried in the effort to prevent the formation of objec—
tionable iron-aluminum compounds. It was found that with certain
metals such as silver, morc ductile welds were obtained, but that
the conditions for obtaining such a bond were very critical, owing
to the difficulty of simultaneously welding aluminum to foil and
foil to steels In order to overcome this difficulty, it appeared
necessary to completely absorb the foil in the aluminum. To
accomplish this it was necessary to héat the aluminum above its




melting point for so long a time that it was almost impossible to
avoid melting the aluminum through to the outside surface. This
result pointed to the necessity for using thinner and thinner foil,
vhich became difficult to handle.

The difficulty of bonding aluminum to foil and simultaneously,
foil to steel, indicated the desirability of obtaining one of the
bonds outside of the welding machine. Since some companies were
already making aluminum coated steel, it was decided to try weld-
ing aluminum fins to aluminum coated stecl. It proved to be a
simple matter to weld the aluminum fin material to the aluminum
coated steel. However, the strength of the bond between the coat-
ing and the stecl was so low that the fin material pulled the coat-
ing away from the stecl in a brittle manner. As a result of the
expericnces described above, it was decided to undertake the present
investigation based on the oxpcrience gained in the previous tests,
namely that a third metal is necessary for the proper bonding of
aluminum to steel, and to make use of electroplating as a method
of bonding the third metal to the steel surface in preparation
for subsequont welding of the aluminum fins to this surface.

For the sake of simplicity this investigation was divided
into threc parts. The first of these was the gencral problem of
bonding aluminum to stecl through the usc of an intermediate
clectro-deposited metals, Thc next part of the problem involved
the study of the possibility of making a bond at a temperaturc
below the austenitizing temperature of the cylinder barrel stcel.
If this were possible, the bonding process could be accomplishced
without metallurgical damage to thc steel. The third phase of
the problem was considered to be the devclopment of a laboratory
sctup by which an actual cylinder barrel could be covered with
fins bonded in accordance with the orinciples and practices
developed in this investigation.

The rcoort has been divided in two sections! the first
discussing the bonding of aluminum to steel, and the sccond, the
welding of aluminum to chrome-molybdenum stecl which includes
both the avoidance of hardening and the seam welding problems,

This investigation, conducted at the Rensselaer Polytechnic
Institute, was sponsored by, and conducted with financial assist-
ance from, the National Advisory Committeec for Aeronauticse




L

ANATYSIS AND DISCUSSION OF PROBLEM

I. BONDING OF ALUMINUM TO STEEL

Metallurgical Considerations

Interference of the oxidc. = Duc to its high heat of oxide
formation, aluminum oxidc is always present to a greater or less
thickness on the surface of aluminume, This oxide would tend to
prevent the alloying action of aluminum with iron and would pro-
duce oxide inclusions in the weld. If the stecl werc hecated in
air to the melting temperaturc of aluminum, thc surface of the
steecl would become oxidized. This oxide would cling to the stecl
and would be difficult to flux and float off as the stecel would
remain solid during the welding operation. This oxide would thus
prevent completc and satisfactory alloying and as a result a bond
which has low strongth and low thermal conductivity would be pro-
duced., In order to prevent oxide formation on the steel, a proccss
such as scam or spot welding must be uscde A process such as this,
however, demands materials of consistent electrical surface contact
resistance, and thus the naturc and thickness of the aluminum~oxide
film must be carecfully controlled.

The nature of the alloys of iron and aluminum., =~ If the oxide
on the surface of the aluminum is adcquately absorbed in the molten
mass of aluminum during the welding operation, aluminum will alloy
with the surfacec layecrs of the solid iron. Owing to the fact that
the diffusion of aluminum into solid iron is relativecly slow com—
pared with the diffusion of iron into molten aluminum, a large
amount of high aluminum, low iron alloy will bc formed compared
to tho amount of low aluminum, high iron alloy. According to the
iron-aluminum equilibrium diagram (see fig. 1, also reference 2y
this will reosult in a large amount of compound formation as the
high aluminum, low iron alloys contain the compounds Fells,
FeAly, and Fe Alz. Since these commounds arc brittle in char-
acter, the resulting wolds arc likely to be brittle., Actual
tensile testing of the welds, however, is the only oractical way
of evaluating this brittleness. As only small amounts of aluminum
diffuse into the steel and since the aluminum is soluble in the
alpha solid solution up to 33-percent aluminum, there is likely
to be little danger of brittle alloy formation in this region dur-—
ing the welding operation. However, when the cylinder is placed
in operation, the ordered lattice FezAl, may form, The effect

of this formation would be to strengthen the metal and decrease




its ductility, but as far as this influence is concerned, it will
be negligible compared with the effect of the brittle ohase forma-
tions occurring in the high aluminum alloys.

The neced for a third metal. = As the difficulty with brittle-
ness occurs in the aluminum—-steel welds, the introduction of a third
netal between the iron and aluminum may be utilized to eliminate
this difficulty. Various types of alloy may be tried, Thesc typcs
nay be classified as mutually soluble in iron and aluminum, soluble
in either iron or aluminum, and insoluble in iron and aluminum.

The solubility of two componont alloys may be detcrmined from the
binary diagrams appearing in Hansen (reference 2), while the ter—
nary alloys on the wholec have not been investigated but may be
cstimated by considering the binary alloy diagrams. As solubility
is influenced by temperaturc and phase changes and since the
solubility at the welding tomperature, that is, the melting point

of aluminum is of greatest intcrest, the third metal will be classi-
ficd as to its solubility in the range of 1200° F as well as at

room temperaturc.

Tin. = Jo third metal shows completc solubility in both iron
and aluminum but tin is one of the closest approaches to this sit-—
uation, Although tin and aluminum arc completely insoluble in
cach other at room temperature, they are mutually soluble in the
molten state, that is, at 1200° F, About 19-percent tin is soluble
in alpha iron at 1200° F, This means that tin can diffuse into the
iron and a good bonding action can be expected without any det~
rimental effects being produced. About 2-percent iron is soluble
in tin at 1200° F while the structure from 2- to 19-pcrcent iron
consists of molten tin solution and solid TFeSnz. This means that
when some of the iron diffuses into the molten tin and rcaches the
saturation limit, FeSngy will form at the iron—aluminum interfacc.
This action will effectively prevent further iron diffusion into
the molten tin but may produce a brittle weld. As the tin layer
between the iron and aluminum is likely to be very thin, the iron
and aluminum will both dissolve in the molten tin and will come in
contact with cach other. This may lead to the formation of an
iron-aluminum compound and thus a brittle weld. However, if the
thickness of the tin is sufficient and the diffusion rates slow
enough, this action will not occur.

Zinc, =~ Zinc is similar to tin in many respects and, in
general, the diagrams show about the same structural features.
Zinc forms two compounds with iron., Both of thesc compounds are
known to be brittle and thus a brittle weld would be cxpected.




While both tin and zinc are mutually soluble in iron and aluminum,
they both tend to form brittle compounds and as a result the brit-
tleness of a weld may be due to the formation of these compounds
rather than the formation of an iron-aluminum commound in the

mass of the tin or zinc. In view of this fact, a mutually soluble
metal which is free from compound formation should be tried, but
none exist and thus tin and zinc are typical possibilitics.

Silver. - Silver is typical of alloys which arc soluble in
aluninum but not in iron, as is shown in the constitutional dia-
grams. (See figs. 2 and %.) At 1200° F silver is completely
insoluble in iron and vice versa, Also at this temporature,
aluninun and silver allovs from 20—~ to 100-percent aluminum are
in the molten gtate and comnletely soluble, On decreasing the
aluminum content bolow 20 percent, the melting point of the alloys
rapidly rises until the melting point of silver at 1761° F is
reached. On welding these alloys, no alloying action would occur
between the iron and silver, but the aluminum would be ecxpected
gradually to wash and diffuse silver into the molten aluminum. As
the pure silver will remain solid during the welding, only small
amounts of aluminum will be able to dissolve into the silver since
the diffusion rate through a solid state is extromely slow. As
a net result, if the welding time is extremely short and the silver
layer roasonably thick, the alunminum will not completely dissolve
the silver film nor recach the iron interface and thus there is no
danger of the formation of a brittle iron~-aluminum phasc. This
silver bond should have excellent thermal conductivity since
silver is a good thermal conductor. The strength of the bond
depends cntirely upon the bond botween the iron and silver. As
the bonding strength between two grains of the same vhase and
grains of different phases has not been definitely established,
the bond may be very strong and if so, this should be a very
satisfactory method of bonding steel to aluminum,

Copoer. ~ Coponer also lies in this same class with silver,
although there is somc solubility of iron in copper and vice versae
The range of solubility of copper in aluminum is more limited,
aluninum and copper alloys at 1200° F arc solublec in the liquid
state from 40O~ to 100-vercent aluminum. On decreasing the alu-
minum content below 40 percent, the melting point of the alloys
increases until the melting point of copper is reached at 1981°'7,
On welding these alloys, as with silver, no alloying action would
occur between the iron and the conper but the nolten aluninum
would dissolve the copper gradually., Since the copper romains
solid during welding, the formation of brittle iron—aluminum com-
vounds is avoided as was cxplained in the case of silver. However,
formation of the brittle theta phase Cully is likely to give
brittle welds.,




Nickel, = Although nickel and iron form either the face or
body centered solid solutions at 1200° F, since thec nickel remains
golid during the welding, its casc is similar to that of copper.
Tickel, however, is soluble in the liquid state only from 94— to
100-percent aluminum at 1200° F, As with copper, brittle phase
formations are likely to occur in the nickel-aluminum alloys.

Chromium, - Chromium at 1200° F forms a continuous solid
solution with iron, whilc it is practically insoluble with alu-
ninum. However, in the range from 79~ to 99.6-percent aluminunm,
two phasecs; melt and @ Al.,Cr exist above 1222° F, Here again,
the formation of brittlc iron—aluminum phascs is avoided since
the chromium docs not melt during thc welding. Howover, the forma-
tion of brittle chromium—aluminum phases is likely,

Cadmiun. - Mo motal is cormlotely insoluble in both iron and
aluminum. Cadmium, however, approaches this better than most
nctals and thus will be considered as typical of this class., At
1200° F molten cadnium has no solubility in iron and vice versa.

A compound CdzFe, however, is possible in this system. Cadmium

and aluminum are completcly insoluble with respect to cach other

up to 1200° F. Above this temperature, the alloys arc completely
molten but cxist as insoluble liguid phases of a H-pecrcent cadmium-—
95-percent 2luminum alloy and pure cadmium. As the tcmperaturec
riscs, thesc compositions remain more or less the same until well
above the temperaturc range of interest in this welding process.

On welding these alloys, cadmium and aluminum would both melt but
the diffusion of aluminum into cadmium will not take place. Molten
aluminum, however, will dissolve up to 5-percent cadmium. This
would aid in assuring a good bond as it would tend to move the
cadmium~aluminun interfacec away from its original position where

a thin layer of aluminum oxide ecxists as a diffusion barrier and

a plane of weakness:, If the cadmium plate is thin or the welding
cleetrode pressure cxcessive, the cadmiym may be completely dis-
solved in the aluminum or be pushed away from the weld region.

This thereforc would result in the alloying of iron and -aluninun
and thc production of a brittle wcld.

Experinental Procedure

General aspects. — Since an adequatc supply of SAE 4140 was
not readily available or absolutely necessary for a study of this
problem, a low carbon, rimning steel was sclected for the study of
the general problenm of bonding aluminum to stecl, As 3S half-hard




aluminum was to be used as the fin metal, this material was
selected as representative of aluminum and its alloys. The in-
creased strength of the half-hard material over the annealed 3S
stock insures amplc rigidity and resistance to deformation in
sorvicee.

The introduction of the third metal was accomplished by
clectroplating. The use of retal foils instcad of electroplating
vas tried previously (refercnce 1), but the possibility of oxides
on two interfaces and the difficulty of thin foil production and
handling, compared to plating, made the plating method scem much
more practical.

- Seam welding of the fins to the chrome molybdenum cylinders
is the ultimate goal of this process. However, many variables arc
difficult to control in a scam~welding operation and thus spot
welding was sclected for use in the study of the bonding problen.
Welding pressures, currents, and times were investigated for the
various metal plates and plate thicknesses. The character of the
resulting weclds was investigated by a tensile test and the amount
of fusion in the aluminum determined by a quick-section test.
Thermal conductivity tests have not been made up to the present
time, but it is felt that if the weld has good strength, an in-
timate netal contact must exist. This intimatec contact would thus
insurc a good thermal bond since the thickness of any alloy or
third metal which is used to aid bonding is practieally negligible.

Preparation of the steel for eloctroplating. - Steel specimens
of 0,037-inch automobile body stock were sheared into sections L
by 1 inches. ‘Thesc specimens were then straightened in a vise and
degreased by boiling in a saturated solution of trisodium phosphate
for 10 minutes, washing in boiling water, wiping with a clean towel,
rinsing for 5 minutes in carbon tetrachloride, and drying with a
clean towel, The specimens werc further prepared by pickling in
b0-percent concentrated hydrochloric acid for 1 minute, rinsing in
cold water, drying with a clean towel, flash pickling in 50-percent
concentrated hydrochloric acid, rinsing in cold water, and drying
with a clean towel. Thesc specimens were then immediately plated.
If the specimens could not be plated immediatcly, they were stored
in a desiccator and flash pickled in H0-percent concentrated hydro-
chloric acid prior to wlating, “

Electroplating techniques. — Methods for the production of
strongly adherent dcposits of tin, zinc, silver, copper, nickel,
chromiunm, and cadmium were studied. These are described in the
following paragraphs. Various thiclmesses of plates on the steel
were made by variation of the plating time.




(1) Tin plating. - A sodium stannate bath (reference 3) was
used to tin plate the steel. This bath consisted of¢

NagSnOz X 3H20 - 75 grams per liter
NaOH ‘ -~ 6 grams per liter
MaCoHz02 - 12 grans per litoer

1

E20z (3 percent) 4 milliliters per liter

This bath opecrates satisfactorily under the following conditions:?

Bath temperaturec - 165° F
Anode currcnt density - 25 amperes per squarc foot
Cathode current density - 25 to 30 amperes ver square foot

The control of the anode current density is quite important in
this bath., If the anode current density is too low, little or

no oxygen is vroduced at the anodc and an appreciable amount of
tin is dissolved in the stannous state. The prescnce of excessive
stannous ions in the bath produces unsatisfactory devosits. The
solution should possecss a light gray to light straw color. Stan-
nous ions readily turn the color of the bath to a brownish-black.
The addition of hydrogen peroxide will immediately correct this
difficulty by oxidation of the stannous tin to thc stannic forn.
If inadequate hydroxide is in the solution, the anodes coat over
with oxidc and the solution is depleted of stannic ions with the
resulting loss in plating efficiency. The proper hydroxide balance
is maintained by addition of sodium hydroxide or acetic acid. Too
high caustic content will promote unsatisfactory deposits by caus-
ing the stannous ion content to risc.

(2) Zinc plating. - The zinc plating bath (rcference U4) was
of the alkaline cyanide type and consisted of:

Zn0 - U5 grams per liter
NaCl - 74 grams per liter
NaOE - 15 grams per liter

The bath was operated under the following conditions:?

Cathode currcnt density - 15 amperes ver square foot
Bath temperature - 1150 F

In alkaline plating solutions, zinc may be found either as
sodium zincate NagZnO, or the double cyanide NaaZn(CN)4. For

best results a mixture of these two salts is desirable. Zinc
oxide and sodium cyanide react as follows:

2Zn0 + UNaCN --3NayZnO, + NagZn(ClN),
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The plating solution, which is a high alkali bath, contains
1.HN total cyanide, 1l.3N total alkali, and 1.0 zinc and hence
may be considered as containing 0.75N NaZn(CN),, 0,250 WagZnOa,
and 0.8N frec NaOH,

(3) Silver plating., - If a steel article is immersed in the
rcgular plating bath, a looscly adherent silver plate forms by
rcplacement, In order to avoid this difficulty, the stecl must
first be plated for a short time in a strike solution. The strike
solution hag such a low concentration of silver that no plate forms
upon simple immersion.. After striking, plating is continued in the
regular plating bath. (See references 5 and 6.)

In the regular plating bath the metal content is furnished
by the double cyanide XAg(CN)p. ZExcess frec cyanide is maintained
-and is helpful in increasing conductivity, throwing power, and
anode corrcsion. Potassium carbonatc also increcases the con-
ductivity of the solution.

Carbon disulphide is used in baths as a brightener and as such
only a trace is required. Nothing much is known of the action of
this addition agent except that its use results in finer graincd
and denser devosits.

The strike solution had the following composition!

AgCl - 1,5 grams per liter
NaClll - 110 grams per liter

It was opcrated under the following conditionss
Cathode currecnt density — 20 ampercs por square foot
Bath temperaturc = 70% to 80° F

Time of plate - 20 seconds

The plating bati which was used had the following composition:

AgCl - 39 grams per liter
XCWw - 70 grams per liter
KaCO3 - 38 grams per liter

- CS, ~ 0.9 nilligram per liter

It was operated under the following conditions:

Cathode current density - 6 armperes per square foot
Bath temperature - 709 to 80° F
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(4) Covpver plating. - The copoer plating bath (reference Y4)
was of the alkaline cyanide type and consisted of:

CuCll - 22.5 grams per liter
TaCN =~ 34  grams per liter
NagCOz - 15  grams per liter

The bath was operated under the following conditions

Cathode current density - 10 amperes per squarc foot
Bath terperature - 959 to 104° F

In the alkaline copper baths, the main constituent is sodium
cuprocyanide NagCu(Ol)s; containing copper in the cuprous state.
The bath previously described containg as active agents 0.2?N Cull
and 0.657 aCl and hence may be considercd 0,25H MasCu(CN); and
0.15 "free cyanide." The addition of sodium carbonate Na,CO.
decrcases the tendency for the cyanide to decomposee

(5) Nickel plating. - The nickel plating bath (refercnce 4)
was the "single salt solution" and consisted of:

'

iS04 X TH20 -~ 105 grems per liter
NH4C1 - 15 grams per liter
NiClp X 6Hx0 =~ 15 grams per liter
HzBOg ~ 15 grems per liter

his bath was opcrated under the following conditions:

Cathode current density - 15 amperes per squerc foot
Bath temperaturec - 68° to 85° F

pH ® Del

The iSO, X THRO provides the nickel ion, NH,C1l and
WiCly X 6H,0 inerense tho conductivity of the solution and promote
anode corrosion, while the H,BO, acts as a buffer., UWhen the pH

of the bath rises, say to 6, dcposits are dark and arc likely to
curl, On the other hand, if the pH drops, say to Y, the deposits
arc bright, pitted, and cracked.

(6) Chromium plating. - The bath used for chromium plating
(reference 4) consistod of:

CrOz -~ 250 grams per liter
HpS0, ~ 2.5 grams per liter
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The plating was donec at 125° F with the following procedurct

(1) Reverse plate (specimens anodic) for 10 scconds with
current density of 320 amperes per square foot

(2) Plate for 1 mimute at 200 amperes per square foot
(3) TFinish plating at 320 ampercs per square foot

The improvement in plating chromium on steel by making the
specinens first anodic has been cxplained in several ways. In
one explanation, its anodic action is thought to render the steel
surface passive, while in another explanation the surface impuri-
ties ‘such as carbon are thought to be removed by the oxidizing
action.

The use of low-current density for the first minute of plating
was found to improve the appcarance of the plate. Past experience
has shown that the character of a chromium platec is determined by
the first moments of plating.

(7) Cadmium plating. — The cadmium plating bath (reference U4)
was of the alkaline cyenide type and consisted of?

Cd0 - 32 grams per liter
TaCN < 75 grams per liter

Its operating conditions were:

Cathode current density - ULO amperes per square foot
Bath temperature -~ 709 to6 g0° P

In alkaline vlating solutions, cadmium is found as the double
cyanidc EaCd(CH)s. Baths usually contain appreciable amounts of
frec cyanide and alkali. Cadmium oxide and sodium cyanide react
as follows? :

CdO + 3NalN + Ho0-—laCa(CN), + 2NaOH

Cadmiun, unlike zinc, does not react with sddium hydroxide.
The plating solution previously described contains 0.5 cadmium
and 1.5 sodium cyanide and hence may be considered containing
0.HN NaCd(CN)s, 0,751 free NaCl, and 0.58 free NaOH,
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Preparation of the aluminum for welding. - 3S half-hard

specimens of 0,040-inch stock were sheared into 1- by 3-inch
scctions and straightened in a vise without marring the surface.
As stated before, aluminum oxide, owing to its high heat of forma-
tion, is always found to a greater or less extent on the surfacec
of aluminum. This oxide film, which would cause poor metallur-
gical bonding conditions, should be removed. Although this film
cannot be completely removed; its thickness was greatly reduced by
chenical methods.

In this chemical method (reference 7), the specimens arc
degreased by a b-minute treatment in a 180° T cleaning solution
containing 3 ounces of Oakite aviation cleaner per gallon of water.
After rinsing in hot water, a consistent oxide film is produced
by & b-minute treatment in a 180° F treating solution containing
0 ounces of Oakite 84-a cleaner per gallon of water. This treat-
ing bath contains sodium—-acid sulfate as an oxide~removing agent
and organic compounds as wetting agents. The effect of this bath
in producing an aluminum surface which will possess consistent
contact resistances was studied.

All contact-resistance measurements were made in a hydraulic
press equipped with U-inch-radius dome welding electrodes, as
illustrated in figure 4. Pressure, which was maintained at 1000
pounds, was measurcd by means of a calibrated spring. Resistance
neasurements were nmade with a Kelvin double bridge, as illustrated
in figure 5. It was found that consistent contact resistances of
aporoximately 100 microhms were obtained betwecn two 0,040-inch 3S
half-hard sheets treated for 5 minutes with Oakite 8lU-a., The
results of thesc tests are shown in table I and figure 6. It is
noticed that contact resistance falls during the first minute of
treatment as the original oxide layer is dissolved. Then, for
several ninutes, thec contact resistance remains constant and
finally rises again, owing to another film forming on the surfacc.

Spot weldingz. - The concentration of heat at the iron-aluninum
interface is a major problem in this spot-welding investigation,
Another problem of major importance when spot welding aluminum to
steel is the question of electrode indentation. In the region of
the melting point, aluminun is weak and thus, if flat tips are
used, severc indentation occurs on welding. In order to eliminatec
this effect and concentrate the development of heat in the alu-
ninum, 2 Y-inch-radius dome was used as the aluminum welding clec-
trode. In order to minimize heating of the steel, which for higher
carbon and a2lloy steels might result in objectionable hardening, a
flat electrode was used against the stecl to reducc the current
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density in the steel. One of the objectionablc features of wold-
ing aluminum is the pickup of aluminum which occurs on thec welding
clectrodes. Periodically, for example cvery 50 welds, this pickup
rust be removed. The use of No. 240 cmery cloth has been found

to be the most satisfactory method of clcaning the electrodes.
Wheon the pickup becomes scvercy the clectrodes must be remachined.

Welding was performed on a Federal 175-kilovolt-amperc spot
welder having a turns ratio of 80:1l. The primary voltage was
maintained at 350 volts, while the magnitude and length of current
flow was controlled by a thyratron control pancls Primary currents
weorc neasured by a pointer-stop ammeter. Electrode pressures. were
adjusted and controlled by pressure control of the air to the bel-
lows of the welding machine,

When a set of specimens was welded, a rough cvaluation of
the welding heat was made by investigating the amount of fusion
produced in the aluminum. After detoermining the range of currents
to be used, welds were made at various intormediatc currcents and
cach current was measurcd by the pointor-ston ammaeter, Two addi-
tional similar scts of welds werc made, giving threc specinens
made under identical conditions but not in immediatc succession.
This process tends to minimize the effect of a small amount of
pickup on the welding clectrode in contact with the aluninum and,
at the same time, provides thrce specimens for tensilec testing.

Tosting of welds. —= The welded strips of aluminum and iron
wore pulled in Templin grips on a 60,000-nound Southwarl=Encry
hydraulic testing machine using the 5000-pound testing dial. A
testing rate of 0.06 inch per ninute was used.. Vhen the ultimate
strength was observed, the load was rclcascd and the character of
the failure noted. Failurcs were classificd as "ductile toar,"
"ductile shear," or "brittlc sheoar." In a ductile-tecar failure,
the weld failed by pulling a plug out of the aluminum sheet, A
ductile~shear failurc occurrcd whon the weld interface failed butb
not until considerable bending of the aluminum sheet had taken
place. If the weld separated at the interface with 1little or no
bending of the aluminum sheect, the type of failure was termed
"brittlec shear."

The extent of fusion was then determined by the quick sce-
tion test. This test involves sectioning the weld with a saw,
filing a smooth surface, and ctching the surface from 1 to 3
ninutes in a solution of l.5-percent hydrofluoric acid. This
ctching roveals the outline of the fused aluminum nugget as is
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shown in figure 7, a photomacrograph at 12X, An evaluation of the
nugget size is made by estimating the percent penetration of the
fused recgion into the aluminum sheect, which has becn designatcd as
nugget penetration.

Discussion of Results

Welding variables. — Therc are five variables which must be
cstablished in this spot-welding investigation: electrode pres—
sure, welding time, welding current, the third metal, and the
thickness of the third metals,

Generally, it was found that clectrode pressures of over 1000
pounds resulted in too much indentation in the aluninum sheet.s On
the other hand, electrode pressures of less than 600 pounds gave
very erratic results as determined by tcnsile and quick—section
tests. For thesc reasons, the clectrode pressure was standardized
at 800 pounds.

Since scam welding would be the final application of this
investigation, the shortest satisfactory welding time would be of
the greatest intercest. On the othcr hand, very short welding
times would have more of a tendency to heat the stecl above its
critical tcmporature. This results from the fact that a large
portion of the heat is developed in the stecl and this heat must
be conducted to the aluminum. In order to obtain the same amount
of fusion in the aluminum in both a short and long time weld, ap-
proximately the same amount of heat must be developed. When this
heat 1s developed in a much shorter time, higher temperaturcs will
be reached in the steel, In order to strike a satisfactory balance,
10 cycles were chosen as the welding time,

The current uscd in the welding operation influences the
amount of fusion in the aluminum sheet, In all cases, current
was controlled between two critical values; a current which just
produced fusion in the aluminum and a higher current which pro-
duced 100-percent fusion, in which the aluninum was fused com—
vletely through from stecl to clectrode. In the final application,
as low a current as will produce satisfactory weclds should be em—
ployed since this will lessen the danger of heating the stecl
above its critical temperature and reduce the aluminum pickup
on the electrodes.

Weldinz of aluminum to tin—-plated steel. = In welding of tin-
plated steels to aluminum, four trends were disclosed:




(1) Tin plating does not increasc the strength and ductility
of the iron~aluminum bond.

(2) Only brittle shear typc failures occur,

(3) When shear type failures occur, consistent strengths
arc not obtained.

(4) For a given platc thickness, highor currents and thus
larger nuggzets nroduce greater strength.

For various tin-olate thicknesses, the ocffect of curront on
the spot shear strength, nugget venetration, and type of fallure
is shown in toble II and figure 8. The type of failurec designated
as BS indicates a brittle shear failure, and DS and DT, while
not cncountered in the testing of tin-plated spocimens, indicate
ductile shenr and ductile tear failures, respectively.,

Ag the nugget penctration increased, the spot shear strength
inercased as indicated in the datz of table III, for a 0.,125-mil
tin-platc thickness. The average values of the spot shear strength
at 20-, 40-, 60-, 80—, and 100-percent nugeet penctration were
obtained gravhically from these data as illustrated in figure 9.
This procedure, when repeated for the various plate thicknesscs,
corpiles the effeect of tin vlatc thickness on the shear strength

for various nugset penetrations as shown in table IV and figure 10.

The strength and ductility of the iron~aluminum bond arec not
increcased, owing possibly to the formation of a brittle compound.
Two possibilitics of this compound fornation arc likely. The tin
and iron may form the compound ZFoSn, which might produce this
cffect. However, sincc little difficulty is cncountercd in hot
dipped tin plate, this vossibility of brittleness 1s considerecd
highly unlikoely. The sccond possibility is the formation of a
brittle iron-aluninum compound. This compound might form at the
welding temperature if the pressurc forced the molten tin from
the welding interfacc or if the tin werc complectely absorbed in
the molten aluminum. Visual orgervation of the shear failurcs
and microscopic cxamination of the weld interface gave substantia—
tion to this sccond possibility since tin was not cvidont in the
bond.

In all cascs, in thec welding of tin-plated stecl to Oskite-
trcated aluminum, brittle shear type failures were found. This
type of failure is duc to a combination of low bond shear strength
and low ductility. DILow ductility materials will not yield when
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subjected to a concentrated stress and thus do not allow a rore
cven distribution of stress. As a result, thesc materials allow
high stresses and high stress gradients to occur and thus failure
occurs locally and progresses across the load-carrying arca., This
progressive failurc cffectively lowers the load-carrying capacity
of the stressed section and results in a shear type failure.

These progressive failures do not, in general, produce consistent
tensile results.

Higher currents produce greater strength for any plate thick-
ness. This improvement of strength is cxplained by the larger in-
terface arca and a better bonding per unit area, which results
from larger nuggets formed by higher currcnts. 4 larger nugget
produces better unit-arca bonding since a larger pool of molten
netal nay remove by turbulence more of the aluminum oxide fron
the planc of the aluninum interface.

Welding of aluminum to zine~plated steel. — The welding
investigation of zinc-plated stoel to aluminum discloscs the
same general trends os were noted in tin. (Sece tables V and VI
and figs. 11 and 12.) The relative strength and ductility was
less for the zinc-plated steels. This is possibly due to the
formation of nore brittle compounds in the iron-zinc systenm.

Welding of aluminum to silver-vlated stecl., - In the in-
vestigation of the welding of silver-nlated steel to Oakite—
treated aluminun, it was found that as the plate thickness
increcased, the type of failure became more ductile. Figure 45
shows the general effect of plate thickness on the relationship
between strength and welding currcnt. The heavy dashed line in
this figure represents the approxinate dividing line between
ductile tear failurc and ductile or brittle shear failure. It
will be noted that a plate thickness of above 0.05 mil produces
a ductile tear failurc if the curront is sufficient to produce
only a little fusion in the aluminum. Considering the welds nadc
using specimens with thinner silver plates, ductile tear failures
in the aluminum occur only if = higher current and greater nugget
penctration are employed. This is revealed by exomination of
table VII. The effect of silver plate thickness on the spot
shear strength for various nugget penetrations is shown in figure
14 and table VIII. Higher currents, which result in greater
nugget penetration and heat-affected areas, incroase the duc—
tility of the helf-hard aluninum sheet. As a less ductile
naterial does not have the ability to distribute the stress over
a larger area, high stross gradicnts will result at the bond
interface. The existence of hizh stress gradients 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 readily apparent.

As the thickness of the silver plate increases, 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 photomicrograph at 1000X of the weld inter-
face, confirms the presence of this thin silver film which insures
the absence of any brittle iron-aluminum compound formation. Hence,
the resultant weld exhibits a ductile tear failure, The slight
increase in weld strength as the current rises is 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 thickness produce con-—
sistent, tear type failures with a minimum amount of fusion occur-
ring in the aluminum. This results in stronger 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 aluminum to copper-plated steel, shown in tables IX
and X and figures 16 and 17, were somewhat similar to that of
silver., As the plate thickness increased, the type of failure
became more ductile. Microscopic investigation proved 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 failures and generally less consistent welds than did
the silver plates. This may be explained by the formation of the
brittle theta phase (CuAlp). Brittle shear and ductile shear
failures consistently occurred at the copper—aluminum interface
in the thicker plates. As the plate thickness increases, the
current necessary for welding increases much more rapidly 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 this anomaly.,

Welding of aluminum to nickel-plated steel. - The results

as shown in tables XI and XII and figures 18 and 19 indicate that
only shear type failures are obtained when welding aluminum to
nickel-plated steel, However, the shear type failures become
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more ductile as the nugget penetrations increase, undoubtedly Dbe-—
cause of the effect of the higher currents on the softening of

the alumiavm sheet. The heavy dashed lines in the figures indicate
the approximate dividing line between ductile and brittle shear
failures. Microscopic examination showed that nickel was only
slightly dissolved during welding even in the thinner plates.
Visval examination of the shear failures indicaled that fracture
occurred at the aluminum~nickel interface. This indicated the
presence of a somewhat brittle aluminum~nickel phase,

Welding of aluminum to chromium-plated steel, — Slight expul-
sion of aluminum from the weld interface was consistently observed
when welding aluminum to chromium~pliated steel, This expulsion is
due to the large amount of heat produced by the abnormally high
contact resistance of chromium,

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

Welding of aluminum to cadmium-plated steel, — With respect
to the tensile strength and character of fracture, cadmium plates
appear better than tin and zinc plates but not so satisfactory as
silver and copper plates. The strength and fracture characteristics
are given in table XV, while figure 22 shows the current—strength
relationships. Table XVI and figure 23 show the effect of plate
thickness on shear strength for various nugget penetrations. If
the cadmium interface had remained in place; the welds should have
possessed properties similar to the welds made with a silver inter-
face. However, owing to the low melting point of cadmium and the
welding pressurc used, it was found that the molten cadmium was
ejected from the 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

l. A third metal is necessary to effect a satisfactory bond
between aluminum and steel, since no satisfactory method of join-
ing these two metals has been found.
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2. ZElectroplating of the third metal to the steel is the
most satisfactory method of applying the interface metal.

3. The surface treatment of aluminum in preparation for
welding must receive the same careful attention as is required
for the spot welding of the structural aluminum alloys.

4, Tin and zinc when used as the third metal produce only
brittle weldse

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

6. Copper is morec satisfactory than the metals previously
mentioned but requires very high currents for welding. Further-
more, the consistency of strength and the range of plating thick-
ness and welding current in which ductile welds can be produced is
limited.

7. Silver is the most satisfactory third metal to accomplish
the bonding of aluminum to steel. High strength, ductile welds
can be produced over a wide range of welding current and plating
thickness,

II., WELDING OF ALUMINUM TO SAE 4140 STEEL

Introduction

The problem of spot welding aluminum to stecl was solved by
silver plating the steel. This section of the report considered
the further problems incident to the hardening of the SAE 4140
steel as a result of welding, and the actual seam welding of alu~-
minum fins to SAE 4140 cylinder barrels.

Metallurgical and Welding Considerations

At the present time, airplane cylinders arc made of SAE L4140
stecl which has been heat-treated to a hardness of about 320 Vickers
(Rockwell C-35). This hardness corresponds to a heat treatment of
0il quenching followed by a 1250° F draw and thus this steel can
be considered to be relatively soft and tough., If this steel were
to be welded by ordinary welding processes - that is, by fusion or
pressure-plastic processes - the steel would be raised above its
critical temperature (Aez-1445° F; Aey-1365° F) and the resulting
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cooling rate after welding would produce a weld martensitic in
character, While this might not be too detrimental in many appli-
cations where tempering treatments can be applied, it is highly
undesirable under the service conditions existing in an airplane
cylinder where fatigure and impact stresses are likely to be very
high and the drawing operations after welding likely to be diffi-
culte It is therefore obvious that a highly specialized method of
joining must be utilized.

It is readily apparent that if this silver-plated steel could
be joined to the aluminum at a temperature well below the critical
temperature, that is, 1365° F, the danger of the martensitic forma-
tion would never occur, as austenite would not be formed. As pure
aluminum melts at 1218~ F and a S-percent silicon alloy at a tem-
perature of approximately 1150° F, there exists the possibility of
a metallurgical bond being formed without actually heating the
steel to its critical temperature.

In the investigation of the bonding of aluminum to stecl, the
materials were of like thickness, 0.040-inch 3S half-hard aluminum
being welded to plated 0.037-inch rimming steel. Because of weight
considerations, the proposed aluminum fin thickness is 0.030 inch,
while the design thickness of the SAE L1L0 cylinder barrel avail-
able for use in this investigation from a previous investigation
for Pratt & Whitney Aircraft, was 0.090 inch., Since the resistiv-
ity of steel is greatcr than that of aluminum, as the ratio of
steel thickness to total thickness increases, the ratio of stcel
resistance to total resistance increases rapidly. This will causc
a major portion of the heat to be developed in the steel, and thus
vastly increase the possibility of heating the steel above its
critical temperature during weldinge

Experimental Procedurc

General aspects. - Even though seam welding of aluminum fins
to chrome molybdenum cylinders was the goal; spot welding was
selected for the study of the martensitic formation in the SAE
4140, This decision was made in order to eliminate as many var—
iables as possible, When the solution to this problem was found,
it would be a natural step to apply it to the seam~welding opera-
tion.

Preparation of the steel for electroplating. — In cleaning
BAE L4140 steel before plating, it was discovered that the surface
obtained by pickling with the usual commercial picklcs was
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unsatisfactory since well adherent silver plates were not obtained.
Two solutions to this problem were discovered. In one method, the
stecl was vapor degreased with trichloroethylene and then electrolyt-
ically polished and etched by means of the following bath:

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

Water

Aluminum

185 cubic centimeters
765 cubic centimeters
50 cubic centimeters
0,5 percent

!

This bath was operated under the following conditions:

Temperature -~ 700 to 800 F
Anode current density - U5 amperes ver square foot
Time of treatment - 5 minutes

This electrolytic polishing and etching was followed by water
ringsing and immediate plating. In the other method, which gave
equally satisfactory results, the surface was mechanically .cleaned
with emery papers down to grit No. O, vapor degreascd with tri-
chloroethylene, wiped clean, again vapor degreased, and finally
plated.

In commercial production, cleaning of the steel would be no
problem, since well adherent silver plates can be deposited on
freshly machined, greasc-free surfaces.

Silver was plated on the SAE 4140 stecl as described in part
I of this report. Thc best results in the welding of aluminum to
silver-plated rimming steel were obtained by using either 0.25- or
0.50-mil plate thickness. The 0,25-mil silver plate thickneas waz
chosen instead of 0.50-mil, since it was cheaper and quicker to
apply.

Preparation of the aluminum for welding. - During the funda-
nental investigation of the bonding of aluminum to steel, ncw baths
wore being discovered for the removal of the oxide film from the
surface of aluminum prior to welding.

Two surface treatments devcloped by the Aircraft Spot Welding
Rescarch at Rensselaer Polytechnic Institute were usecd?

Solution 5 (reference 8), which required f-nminmutes troating
tine at 180° F consisted of:

H2804(spe. gr. 1.84, 98 H,S04) - 10 cubic contimeters per liter
(active agont)
Nacconal NR - 2 grems per liter (wetting agent)
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Solution 14 (reference 9), which roquired f-nminutes treating
time at room temperature, consisted of:

HoSiFg (27 to 30 percent) - 3.0 percent by volume or 1.18 percent
by weight
Nacconal NR - 0.1 percent

With both of these solutions, consistont low contact resist-
ances from 2 to 5 microhms were obtained. Prior to surface treat-
ment, the aluminum was vapor degreased with trichlorocthylene,
wiped clean, and again vapor degreased. The results of a typical
contact resistance run with solution 5 are shown in table XVII and
figure 24, TFor these resistance measurcments 0,030~inch specimens
of Alcoa No. 1 Brazing shect were used, vhich consisted of 3S half-
hard composition clad on one surface with a 7-percent thickness of
a H-percont silicon alloy. Since thesc solutions gave very low
contact resistances over a wider range of treating time, they werec
used in prefcrence to Valkite 8l-a, used for the earlier work.

Detailed weldine procedurc. —~ In order to avoid hardening
and oven remelting of the SAE 41MO steel during welding, scveral
procedures were investigated, which are described in the following
paragraphs.

(1) Usc of longer welding times. — The first procedure in-
vestigated was the use of longer welding times, since it was
thought that the lower torperature gradients which result from
this method would lessen the possibility of heating the steel
above its critical transformation temperature.

(2) Use of prcheating and vostheating. - If the steel were
preheated in the range of 6500 to 750° F, and maintained at tem—
perature during the welding operation and shortly thereaftor, the
portions of the steel which had become austenitic during welding
could only transform to bainite upon cooling. According to the
S curve for SAE 4140, figure 25, the bainite, formed by isothernal
transformation in the temperature range from 650° to 750° F, would
have a Rockwell C hardness from 48 to 40 and would be tough. This
compares favorably with thc original hardness of the cylinder bar-
rel, Rockwell C-35, and is far superior to the brittle martengitic
zones of Rockwell C-60 hardness. The S curve indicates that a
holding time from 150 to 250 scconds is necessary for corplete
transformation.

To test this procedure, silver—-plated SAE U1UO stecl speci-
nens were prehecated to 700° F and rapidly weclded to aluminum, aftor
which the welds were immediately postheated at 700° F for 3 minutos.



(3) Use of a lowor melting point sluminum 2llov. - If a
lower melting point aluminum alloy were welded to the silver-—
plated steel, obviously lower temperatures would be attained in
the steel during the process. A lowering of 50° to 100° F in
the necessary bonding temperature might eliminate martensite forma~
tion in the stecl, The fins could be fabricated entirely from an
aluminunm brazing alloy or from 3S half-hard aluminum clad with the
brazing alloy. The latter is preferable for a fin material on the
basis of its higher thermal conductivity.

To test the effect of a lower nmelting point aluminum alloy,
0.030-inch specimens of Alcoa No. 1 Brazing shect (3S half-hard
clad on one side with a 7-percent cladding of a H=-percent silicon
alloy) werc welded to silver-plated 0.090-inch SAE 4140,

(4) Use of a stairless steel inscrt. - In order to supply
nore heat to the aluminum znd develop less heat in the steel; an
18 Cr & Ni stainless steel insert might be utilized as illustrated
in figure 26. Since austenitic stainless steel has a higher elec-
trical resistivity than plain carbon or SAE L4140 alloy steel, pas—
sage of current during welding would heat up the stainless steel
insert and supply extra heat for the fusion of the aluminum. The
difficulty of securing proper fusion at the aluninumesilver inter-
face is largely due to the ropid heat extraction from the high
conductivity aluminun through the copper electrode. Not only would
the low thermal conductivity stainless steel insert prevent this
heat extraction, but, in addition, it would tend to supply heat by
conduction to the aluminum, assisting in proper fusion of aluminun
at the silver interface., By assisting in supplying proper heat
for the fusion of aluminum, an insert of proper thickness might
be expected to produce the necessary heat by a current of such a
value that proper bonding of the aluminum could be obtained aand
nartensitic formations avoided in the stecl.

Discussion of Results

Avoidance of martensitic formations in SAE Y1U0. - In the
spot welding of 0,030-inch aluminum to silver-plated SAE 4140
steel, martensitic formations and even remelting were found in the
steel. A small martensitic zone is illustrated in figure 27 in a
photomacrograph at 12X. The indentations resulted from a Vickers
hardness survey, which is also shown in fisure 27, indicating a
maximum hardness of VPN 700 (Rockwell C=60).




The use of longer welding times did not solve the problem of
the avoidance of martensitic formations. It was found that even
with welding times as long as 25 cycles, martensite was obtained
almost to the same extent as with 5 cycle welds. ZEven though the
use of longer welding times resulted in shallow temperature gra-
dients; large portions of the steecl were still being heated above
the critical tenperature and thus hardened. Furthermore, longer
welding times are objectionable since they arec less adaptable to
seam welding,

When welds were nade with preheating and postheating at 700° F,
as indicated by the S curve, the heat affected zones of the SAE
4140 consisted of a bainitic structure with a Rockwell C hardness
of 47.5 (VPN 505). Although this procedurc avoids the formation
of martensite, it is objcctionable from the standpoint of ecasy fab-
rication. Although silver~plated surfaces arec not affeccted at .
these temperatures; the formation of oxides on the aluminum sur-
faces are detrimental to consistent welding.

The usc of a lower melting point aluminum alloy lowercd the
necessary bonding temperature and thereby lessencd the heating of
the SAE 4140 steel above the critical tomperature. As is shown
in table XVIII, at the maxirmm current which just avoided martcns-
ite in the SAE 4140, the welds made by use of the brazing clad
material are far superior to that made by use of unclad 3S half-
hard. However, this procedure cannot be considered the solution
to the problem, since the maximum weld properties could not be
attained without forming martensite in the steel.

Under proper conditions, the use of a stainless stecl insert,
to supply extra hcat for the fusion of the aluminun, recsulted in
the avoidance of martensitic formations in the SAE 4140 stecl.

The correct welding conditions reosulted when a proper balance was
obtained between two variables; the thickness of the stainless
stecl insert, and the welding timec. Three thicknesses of stainless
steel were examineds 0.006, 0.011, and 0.023 inch; while four
welding times were investigated: 3, 5, 10, and 23 cycles. The
results of these tests arc shown in table XIX, Because short
welding times rapidly develop a large amount of heat in the stain—
less steel, objectionable alloying action was noted at the aluminum-
stainless steecl interface. With long welding times, the tendency
for martensite to form in the SAE 4140 became evident. The long
welding time allowed the heat developed in the stainless steel to
flow through the aluninum and add to that developed in the SAE
4140, Since the minirmum bonding temperature of the aluminum~silver
interface is somewhat above 1220° F, the melting point of aluminum,
the possibility of martensitic formation is grcatly increased.
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With the 0.006-inch stainless steel insert, not quite enough hoat
was developed at the aluminum—silver interface for proper bonding.
However, this was not the case with the thicker inserts, and the
0.023-inch stainless insert develeped so ruch heat that aluminum—
stainless stecl alloying occurred. The best conditions, which
avoid both martensitic formations in the steel; and alloying of
of aluminuwa with the stainless steel, were found with S=-cycle
welds using an 0.01l-~inch stainless steel insert,

The seam welding of fins to the SAE 4140 cylinder barrels. -
In order to show that the results obtained from the investigations
previously described in this report could be applied to an actual
bonding of aluminum fins to an SAE 4140 cylinder barrel, an oxper-
imental arrangement was propared to meke these welds to a CJllnder
barrel in a seam~welding machine. The laboratory was fortunate in
having in ite possession a cylinder barrel and a number of fins
which had been supplied by the Pratt & Whitney Aircraft Corpora-
tion for some provious 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 brazing alloy
surface in contact with the cylinder. barrecl.

The results of the investigation for the avoidance of mar—
tonsitic formations in the SAE Y1LO stecl were applied to seam
welding. Tor this operaiion, which was carried out on a Federal
175~kilovolt—ampere sear-welding machine, it was decided to weld
brazing clad 3S half-hard fins to the barrels employing a stain-
less steel insert, as shown in figure 28, The 0.0ll=inch stain-
less steel insert had to be bent on an angle to avoid accidental
current flow from the side of the welding electrode to the adjacent
portion of the fin,  When this accidental short~circuiting oceccnzie

so much current was diverted that unsatisfactery welds werc oonalqed

Proper conditions were determined for this seam~welding opera-
tion. It was found that satisfactory overlapping spot welds could
be made at a whecl speed of 80 inches per minute using a seam~
welding sequence of 5 cycles on, 2 cycles off, the value of sec-
ondary current being 8600 amperes for an electrode pressure of
800 pounds. The clectrodes consisted of a f~inch diameter wheel
over which the barrel fitted and a 9-inch diameter seam—welding
wheel with 1/&-inch width of contact. No external water spray was
used.

Difficulty was exporienced with mechanical alinement of the
aluninum fin and the stainless stcel insert., Proper jigging would
overcome this difficulty for commercial adeptation. Possibly a
copper alloy scam-welding wheel with a stainless steel tire might
be substituted for the insort. '
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In figure 29, ohotographs of a seam-welded cylinder barrel
arc oxhibited. This cylinder barrel is being forwarded in a
separate enclosure with this report to the NACA, It is hoped
that a thermal efficiency test and such other tests as may be
desired by the NACA Power Plants Committec may be made on this
cylinder barrel, A probable criticism of the welded cylinder bar-
rel is that the fins are not sufficiently close together for maxi-
mun efficiency. With the fins and facilities available for this
investigation closer spacings were not feasible. In a cormercial
application of this method, closer spacing could be achieved., In
a commercial installation it might also be preferable to use the
fin material in the form of a contimuous length wound spirally
and welded without interruption.

Surmary and Conclusions of Part II
Welding of Aluminum to SAE U140 Steel

The following paragraphs summarize the accomplishments of
the second part of this investigation.

1. The avoidance of martensitic formations in the cylinder
barrel steel was accomplished by use of a sufficiently low weld~-
ing current to avoid the Adevoiopment of %too much hea® in the stecl.
This was mede possible by supplying a part of the heat for the
fusion of the aluminum by means of a high resistance insert between
the elecctrode and the aluminum surface.

2. A welding machine was adapled and used in welding alu-
minun fins to a cylinder barrel. Thie makes possible a study of
the cooling efficiency of such a combination, although the avail-
able fins were not properly designed to permit as closc a spacing
as night be desired.

CONCLUSIONS FOR COMPLETE REPORT

1, Silver is the most satisfactory metal for electroplating
steel cylinder barrels to permit the bonding of aluminum finse.
The optimum plating thickness is 0,25 mil.

2. Careful attention to the silver-plating technique, as
outlined in this report, must be given since the strength and
permenence of the bond depends to a large extent upon the perfec—
tion of the bond secured during the plating operation.




3. The bonding of aluminum to SAE 4140 steel may be accom-
plished below the criticel temperature for this steel., Thus,
objectionable rehardening during welding is avoided. An 0.0ll-
inch stainless steel strip between the electrode and the aluminum
vrovides a proper heat balance.

L, A sear~welding machine can be used for automatically
bonding a flanged continuous aluminum strip to a silver-plated
steel cylinder barrel during the winding of this strip in the fornm
of a close spiral over the surface of the cylinder,

Welding Laboratory,
Rensselacr Polytechnic Institute,
Troy, N. Y., August 1943,
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TABLE I

Contact Resistance Measurements

Stock - 0.040" 38 half hard
Treatment - Oakite 84a, 6 oz. / gal. 180°F.
4" rgdiva dome tips
1000 1bs. pressure
Contact Average
Time of Resistance Contact
Treatment Megsurements Resistance
Minutes ¥lorohms Microhms
0 over 1000 over 1000
2 95, 99, 103 99
3 98, 107, 101 102
4 109, 96, 98 101
5 los, 98, 102 102
8 108, 100, 110 1086
10 160, 146, 154 153
TABLE IV
Effect of Tin Plate Thickhess
on Spot Shear Strength
for Varlous Nugget Penetrations
Nugget
Penetration Average Spot Shear Strength in Pounds
Peroent for the following Plate Thicknesses in Mils
.000 .026 ,080 «126 .280 « 500
20 170 180 115 20 128 176
40 290 250 216 180 215 276
60 376 3256 300 270 306 375
80 430 400 3886 380 390 460
100 460 460 485 450 476 540

W-102

TABLE II
EFFECT OF TIN ON THE WELDING OF ALUMINUM TO STEEL

Welding Spot Shear Nugget
Ourrent Strength Type of Penetration
Amperes Pounds Fallure Pergent
Aluminum directly to Steel
15,200 310 BS 40
15,700 340 B3 50
1€,100 440 BS 60
16.8600 470 BS 75
Tin Plate Thickness-0.025 mil
15,800 150 BS 10
16,300 240 BS 15
16,700 380 ES 60
16,900 410 BS
Tin Plate Thiockness~0.05 mil
16,000 120 BS 15
16,300 140 BS 25
18,600 430 B8 90
16,800 460 BS 95
Tin Plate Thioknese-0.125 mil
16,800 70 BS 15
16,200 90 BS 20
16,600 290 BS 60
17,000 360 BS 20
Tin Plate Thicknesg-0.25 mil
15,800 60 BS 2
16,200 80 BS 10
16,600 220 BS 80
17,000 430 BS 76
Tin Plate Thickness-0.60 mil
16,000 40 B3 2
16,400 170 BS 30
18,800 340 BS 60
17,200 490 B3 95
Note: All values represent average of 3

specimens

VOV N
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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
Penatration
Percent

3 88 88

©
o

Spot Shear
8trength
Pounds

310
260

450

EFFECT OF ZINC ON THE WELDING OF ALUMINUM TO STEEL

Welding
Current

Ampereg

15,200
15,700
16,100
18, 600

16, 500
16,800
17,100
17,400

16, 600
17,000
17,200
17,400

17,200
17, 600
17,800
18,000

18,800
19,000
19,300
19, 400

TABLE V

ot Shear

Btrength

Aluminum directly to Steel

310
340
440
470

Zinec Plate Thickness-0.05 mil

430
430
470
430

Zino Plate Thickness-0.125 mil

310
370
420
480

Zine Plate Thickness-0.26 mil

170
230
190
320

Zino Plate Thiockness-0.50 mil

390
400
430
400

Type of
Failure

BB
BS
BS
BS

BS
BE
BS
BS

BS
BS
BS
BS

BS
BS
BS
BS

BS
BS
BS
Bs

ugget
Penetratio

Percent

3338

75

g8

75

a8

10
30

76
70

Ggltct so Qe VOVN
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TABLE VI TABLE VII
=
Effeot of Zinc Plate Thickness >
on Spot ShearaStrength EFFECT OF SILVER ON THE WELDING OF ALUMINUM TO STEEL O
for Various Nugget Penetrations
Welding Spot Shear Nugget
Current Strength gype of Pegetrat%on
Nugget Amperes Pounds Fallure —=8groent
Pe?etration Averagelgpot Sh;ia.r Stgength in Poundg
ercent for followin ate Thicknesgses ils
the o o Aluminum directly to Steel
.000 .050 .1256 .260 « 500
16,200 310 BS 40
15,700 340 BS 50
20 170 260 285 295 305 16,100 440 B3 80
16,600 470 BS 75
40 290 340 345 360 355
60 376 396 3956 400 400 Silver Plate Thickness-0.05 mil =
80 430 435 440 440 440 16,000 360 BS 30 =
18,400 490 D8 40 -
100 460 470 470 470 470 16,700 540 DT 50 ®
TABLE VIII 17,100 560 DT 70 L
(@)
Effect of Silver Plate Thiokness - -
on Spot Shear Strength Silver Plate Thickness-0.126 mil B
for Varlous Nugget Penetrations 16, 600 520 DT 40 @
17,000 520 g]l'." ;g
17,600 530
Nogaut 18,100 540 DT 80
Penetration Average Spot Shear Strength in Pounds
—Pergent for the following Plate Ihicknesses An Mils 8ilver Plate Thickness-0.260 mil
17,400 490 D
20 170 450 465 460 gss 300 220 - =
’
40 200 600 500 6356 655
80 376 B2s 525 570 580 Silver Plate Thickness~0.5 mil
18,400 570 DT 50
80 430 550 545 680 595 18:900 570 gg 28 2
19,400 580
100 460 550 655 590 600 19 : 800 590 DT 80 N




EFFECT OF COPPER ON THE WELDING OF ALUMINUM TO STEEL

Welding
Current

Ampereg

15,200
15 700
16 100
16 600

16,900
17,200
17, 800
18, 300

18,000
18,500
18,800
19,200

19,200
19,900
20, 600
21, 400

21,400
22 300
23 200
24 800

TABLE IX

8pot Shear Nugget
Strength Type of Penetration
Pounds Failure Percent

Aluminum directly to Steel

310 BS 40
340 BS 50
440 BS 60
470 BS 76

Copper Plate Thickness-0.050 mil

230 B8 25
240 BS 40
290 BS 60
480 BS 90

Coprer Plate Thickness-0.125 mil

180 BS 30
270 BS 20
320 BS 70
480 DT 80

Copper Plate Thickness-0.260 mil

420 BS 30
490 BS 40
630 DS 50
560 DT 70

Copper Plate Thickness-0.50 mil

450 BS 20
480 DS 25
540 DT 40

870 DT 50

EFFECT OF NICKEL OM THE WELDING OF ALUMINUM TO STEEL

Welding
Current

ﬂperes

16,200
16 700
16 100
16 600

14,900
15,300
15, 700
16,100

14,700
15 100
15 400
15 700

14,600
15 000
15 100
15 400

15,000
15 400
15 700
16 000

TABLE XI

Spot Shear

Strength

Pounde

Aluminum directly to Steel

310
340
440
470

Nickel Plate Thickness-0,050 mil

170
370
470
620

Nickel Plate Thickness-0.126 mil

200
320
360
430

Nickel Plate Thickness-0.250 mil

210
300
440
490

Nickel Plate Thickness-0,50 mil

150
320
480
470

Type of
ure

F

BS
BS
BSs
BS

BS
P3
D8
DS

BS
Bs
BS
DS

BS
B3
BS
Ds

BS
BS
Ds
DS

Nugget
Penetration

Porcent

40
60
80
76

36

76
98

356
66

70

50

90
90

VOV N
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TABLE X

Effect of Copper Plate Thickness
on Spot Shear Stre
for Various Nugget Penetrations

ngth

Nugget
Penetration Average Spot Shear Strength in Pounds
—Eergent ~  for the following Plate Thicknesses in Mils
.000 .050 .125 «250 » 600
20 170 160 190 280 450
40 290 275 300 490 580
60 375 360 380 540 575
80 430 430 440 575 580
100 460 475 480 690 530
TABLE XII
Effect of Nickel Plate Thickness
on Spot Shear Strength
for Various Nugget Penetrations
Nugget
Penetration Average Spot Shear Strength in Pounds
Percent for the following Plate Thicknesses in Mils
.000 .050 .125 .250 «500
| 20 170 120 120 120 120
40 290 240 240 240 240
60 375 365 365 365 360
80 430 475 475 470 470
100 470 530 530 530 530

EFFECT OF CHROMIUM ON THE WELDING OF ALUMINUM TO STEEL

Welding
Current

Ampereg

15,200
15 700
16 100
16 600

18, 600
19,300
201000
20, 700

18,600
19’ y 300
19 900
20 700

18,600
19 300
19 900
20 800

18,400
19,000
19,800
20 400

TABLE XIII

Penetration
P

Spot Shear Nugget

Strength Type of

Pounds Fallure

Aluminum directly to steel
310 B3 40
340 BS 80
440 BS 80
470 BS 75

Chromium Plate Thickness~0.050 mil

320
340
350
450

BS
BS
BS
BS

Chromium Plate Thickness-0,1256 mil

360
360
450
420

BS
BS
BS
DS

Chromium Plate Thickness-0.250 mil

370
440
460
470

BS
BS
BS
DS

Chromium Plate Thickness-0,.50 mil

430
470
470
600

BS
DS
DS
DS

=388

3358

8358

35
40

60

VOV N
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TABLE XV
TABLE XIV
Effect of Chromium Flate Thickness EFFECT OF CADMIUM ON THE WELDING OF ALUMINUM TO STEEL
on Spot Shear Strength

for Various Nugget Penetrations
Welding ot Shear Nugget
Current Strength Type of Penetration

Nugget Amperes Pounds Failure Percent

Penetration Average Spot Shear Strength in Pounds
Percent for the following Plate Thicknesses in Mils

Aluminum directly to Steel
.000 .050 «125 «250 . 500

15,200 310 BS 40
15,700 340 BS 60
20 170 175 175 240 275 16,100 440 BS 80
16,600 470 BS 75
40 290 290 300 370 460
60 375 375 390 450 530 Cadmium Plate Thicknese-0.05 mil
80 430 430 480 506 880 14,900 40 BS 10
15,400 190 BS 30
100 460 460 515 650 580 18,200 330 5 ;“;8
16,600 460
TABLE XVI 16,900 520 DS 95
Effect of Oadmium Plate Thickness
on Spot Shear Strength P =0.
for Various Nugget Penetrations Onliunsdate Thicesn.seall
156,400 120 gg ég
15,800 340
Nugget 16, 400 490 DS 70
Penetration Average Spot Sheer Strength in Pounds 16’ 700 540 D8 90
Percent for the following Plate Thickneasses in Mils f
.000 -050 125 .260 - 800 Cadmium Plate Thicknees-0.25 mil
3 BS 50
20 170 115 190 230 186 {2;%8 4068 BS 50
DS 80
40 290 285 335 345 340 {2;‘“ ﬁg DS 96
60 375 4156 435 410 440
Plat knesgs-0.60 mil
80 430 480 510 470 495 Tadmiyi tave, Sk
BS 40
100 480 625 550 525 525 ig;% 2% BS 50
16, 600 470 DS 60
17,000 500 DS 75

s38 |qe |
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TABLE XVII TABLE XVIII
Contaot Resistance Measurements Effeot of Brazing Alloy Cladding
Stook-0.030" 38 half-hard clad with on Spot Welding of 0.030" 35 half-hard to 0.090" SAE 4140
4%&&;1?‘32 ?{:zéggeﬁﬁ Eleotrodes-4" R dome in contact with aluminum
1
Treatment-Solution #6, Sulfuric Acid (cono.) - 10 ml./liter 1-1/4" flat in contact with steel |
Ol - 1 - © |
Nacconsl NR-2g./1iter, pH-1.06, temperature-150° F No Stainless Steel Insert Used |
L]
4" radius dome tipe Weld Pressure 800 lbs. |
\
190 Kbe:" preRinae Weld Time 23 cycles |
& |
sY
Welds made Welds made with o
T A C ist -M
Tx’:::tggnt verage Contact Resistance-Mlorohms with 38 33 half-hard olad =
Minutes 38 helf-hard surfage B 1 ¢ half-herd ~ with brazing alloy 2
3 Minimum Current for oA
.0
0 b er et producing fusion in 11,000 amps. 10,500 amps. ~
2 18 14 aluminum ‘_
4 3,7 3 a
- Maximum Current for
8 3.7 2 avoldance of martensite 11,800 amps. 11,800 amps.
in SAE 4140
8 4 3.7 i
2% 5 Properties of welds
i et made at 11,800 amps. ‘
Spot Shear Strength 3520 1bs. 475 1bs.
Nugget Penetration 3% 10%
Type of Failure B.S. D.s,

9¢
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3 cyecle
weld

5 cycle
weld

10 cycle

weld

TABLE XIX

on Spot Welding of

0.030"

0.090"

SAE 4140

3S half-hard to Silver Plated

Stainless Steel Insert Thickness

0,006"

Stainless
steel--aluminum
alloying

Martensite

forms in 4140
before maximum
bonding occurs

0,031

Stainless
steel-aluminum
alloying

Ok,

0. K, ., but cloee
to martensite
forming
conditions

Martensite

forms in 4140
before maximum
bonding occurs

0,023"

Stainless
steel-aluminum
alloying

Some stainless
steel-aluminum
alloying

0 K. ;. buat el ose
to stainless
steel-aluminum
alloying

37

Effect of Welding Time and Stainless Steel Insert Thickness
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CONTACT RESISTANCE MEASUREMENTS

VOVN
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NACA Plge. 7,15

~ Aluminum

3, e

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.1z 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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Fig. 28
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Figure 28.- Seam welding of fins to S.A.E. 4140
cylinder barrel.
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Figure 29.- Photographs of seam welded cylinder barrel.




