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SYNOPSIS,

There is an increasing need - in various industries - for a
reliable joint between aluminium and steel, Part I of this report
is concerned with the development of a welding technique to
accomplish this, The effects of varying the practical conditions
of welding are discussed, The first part of the investigation
resulted in the conclusion that a tin, zinc or aluminium coating
on the steel provided suitable conditions for a satisfactory joint
to be made by means of an inert-gas welding technique. In Part II,
a study of the metallurgical considerations related to the use of
these metals as buffer coatings, is reviewed. In addition, a
section of the work has been directed towards establishing the

relationship between bead geometry and weld strength,
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1. INTRODUCTION,

There are increasing demands from all branches of the engineering
industry for reliable techniques which can be applied to the joining of

dissimilar metals and alloys, Applications are arising in the nuclear

field, refrigeration industry, rail transport, ship building, the motor
industry, and the electrical engineering industry. For example, in the
electrical field, aluminium bus bhars are used extensively and are
commected to copper by carefully designed bolted joints, However,
where elevated temperatures are encountered, a welded joint is needed to
provide good service, Bolted joints experiencing high temperatures or
thermal cycling are often found teo be unsatisfactory because of the
gradual deformation of the aluminium under compression, coupled with

oxidation of the contact surfaces, Copper and alwminium can be joined

satisfactorily by soldering, brazing, electric arc or pressure welding.
Considerable care must be exercised in the design of the joint, Copper
is also joined to aluminium, in the shape.of rod and tube, by flash
welding techniques and industry now makes full use of this process. As

a result of this welding operation, only the ejected flash material

contains the brittle constituents of low melting point, while the joints
are ductile, Similar success has not been obtained in joining

aluninium to steel in this way for the brittle iron-aluminium constituents

have high melting points and tend to be retained at the joint interface

rather than be ejected into the flash during the pressure cycle,

As an example of the joining of steel to aluminium on a commercial
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scale, evaporators for gas refrigerators are constructed from coils of
seamless mild steel tubes and joined to thick aluminium plates by brazing,
A suitable flux is of vital importance and a satisfactory furnace
atmosphere necessary, Aluminiun has been successfully brazed to
stainless steel to make cylinders from material of 0.030 in., thickness in
each case, when the two halves are jeined together by a lap type of
brazed joint, Rapid heating and cooling is required to obtain a sound
joint and there is danger of collapse of components at the joint if
cooling is not sufficiently fast,

Pressure welding requires the application of deforming pressure at
any temperature below the melting point of the components and solid
phase methods for bonding aluminium to steel have been investigated.

Resin bonding may be employed as a process of making metal-to-metal
or non-metal joints by means of organic or resinous cements, generally
with the application of heat and pressure. A large number of adhesives,
both cold and hot-setting, are commercially available in this country.
the strength developed depends markedly upon the adhesive but also on
the joint design, Aluminium has been joined to brass, stainless steel,
and to other metals and alloys in this way, but it is recommended that
thorough testing should be carried out, particularly if service at
elevated temperatures is contemplated. Aluminium has also been joined
to non-metallic materials such as rubber, plastics, plywood and glass by
the use of adhesives.

A dissimilar metal joint can be regarded as one in which the
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chemical composition of one parent material is quite different from the
other, ¥or the purpose of this report the joining of aluminium to
copper is regarded as an example of dissimilar metal joining, but not the
Jjoining of aluminium to Duralumin (Al~4% Cu alloy). The necessity to
use a dissimilar metal joint can arise from economic or technical
considerations, or a combination of both,

The purpose of this investigation is to determine the practical
conditions necessary for the production of a satisfactory weld between
mild steel and aluminium or aluminium alloy, and then to carry out
further work of a more fundamental nature on the microstructure and
geometry of the weld, The second part of the work should enable a
relationship to be established between the mechanical properties of the
weld, metallurgical structure, and weld bead geometry, Paxrt I of this
report is, therefore, concerned with the development of a welding
technique to achieve a reliable joint between mild steel and aluminium,
and deals mainly with practical aspects and test results. The more
fundamental work undertaken is described in Part II. There are two
separate literature surveys, the first dealing with published and
private information concerned directly with welding technigque, and that
in Part II with information relative to the physical metallurgy of the

welds,




PART 1,

2. LITERATURE SURVEY,

In the field of dissimilar metal joining, only a very limited amount
of work has been reported, The reason for this is thought to be due to
the difficulty of successfully joining dissimilar material, particularly
aluminium to steel, and that, up to the present time, there have been few
opportunities for industrial application,

The most interesting paper studied, concerned the joining of one
inch thick steel and aluminium plate} Gas and argon arc welding
equipment was used, and the mild steel was tinned with a 91% tin-9% zinc
coating, The majority of tests were made using the argon arc process
and it was found that during the welding operation, the tinned steel
surface required shielding from the arc by manipulation of the filler rod,
If this was not done, the tin coating was burnt and the molten filler
metal was therefore unable to wet the surface.

Filler materials, Alcan 56 (aluminium-5% magnesium) and Alcan 28
(pure aluminium) were found to be unsatisfactory. Alcan 358 {aluminium=
10% silicon) and Alcan 33S (aluminium-5% silicon) were compared.,

Although joint quality was equally good in both cases, the aluminium-10%
silicon material required a skill in excess of that obtainable from
welders under industrial conditions, The experiments showed that preheat

temperatures and welding current were criticals

e
Trade name - Aluminium Company of Canada.
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The following table indicates the procedure for a lap joint

between one inch thick tinned steel and one inch thick commercially pure

aluminium,
Table I,
Carrent Elec?rode Filler.rod Argon Preheat Temperature
dia, and dia, flow,
Al. Steel
360370 i in. Alcan 338 20 218°¢ 310°¢
amps, 1 in, fta/h

The use of electroplated tin coated steel was found to give satis-
factory joints with a similar technique., However, it was necessary to
increase the preheat temperature for the steel by‘SOOC to facilitate
wetting of the surface by the aluminium filler material.

Stainless steel was also coated with the tin-zinc alloy and welded
to an aluminium alloy, No difficulty in making such joints is reported.

Metallographic examination of an oxy-acetylene joint between mild
steel and aluminium, using the aluminium-5% silicon rod, revealed a
layer of brittle aluminium-iren compounds, the thickness varying between
0,00025 in, and 0,00065 in. Cracks in this layer were well defined but
there was no evidence of a tin rich zone, With an argon tungsten arc

weld, using the same filler material, a thin, even layer of brittle

compound was observed but, unlike that of the gas weld, this was smooth

and free from defects, having an average thickness of 0.00015 in,
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Acain, no positive evidence of a tin rich zone was detected, An
electroplated tin coated mild steel-aluminium bond, produced by argon
arc welding, alseo possessed a thin intermetallic layer.

Although some useful information has resulted from the above work,
no detailed investigation of any of the various aspects of steel-
aluminiuwm joining, is apparent. For example, a number of other metals,
in addition to the tin alloy or tin, could have been used to coat the
steel, The metallographic work might have been extended to investigate
more fully the intermetallic compounds produced, so that their effects
on weld structure and strength could have been determined, Again, the
type of crack observed in the joint produced by oxy-acetylene welding
is not mentioned, The author will demonstrate elsewhere (Section 4.2.2
Table V) that severe cracking occurred in welds when the 10% silicon rod
was used in the present investigation.

In a review of the methods available for joining aluminium to other
metals, Miller2 concludes that an aluminium coating on the steel is the
best surface preparation prior to actual joining of the dissimilar
materials, Fusion and non-fusion methods, including resin bonding are
briefly discussed, Hard,soldering with zinc or zinc-base aglloys is
particularly mentioned as showing considerable promise for joining
ferrous and copper alloys to aluminium, Flash welding aluminium to

ferrous alloys is not recommended., Only very general comments have

been made in this paper and there is little discussion of the many
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factors important in dissimilar metal joining, such as jeint strength,
ductility or corrosion resistance,

In patent specifications, Grenell® describes the coating of steel
tubes with aluminium, followed by use of the inert-gas process for
welding them to aluminium, Unfortunately, the available technical
details do not allow a full assessment of the work to be made, Another
patent descriptioé'is concerned with connections between aluminium and
copper or steel, where electrical conductivity and strength are important
factors. This would be the case for aluminium bus bar connections with
copper flex or steel connector bars on eleétric smelting furnaces, for
the reduction of aluminium, The technique described employs a buffer
metal layer on the copper or steel member and the tungsten arc inert-gas
welding process, Various silver alloys of the high temperature brazing
type were found to provide satisfactory results, Compositions of these
alloys are shown below,

Table II.

Composition (per cent, )

Ag Zn Cu cd Ni n
45 18 15 24 - -
50 15,5 15.5 16 3 -
75 25 - - - -
35 - - - - 15

It is indicated that it is extremely difficult to produce a satisfactory

bond between the aluminium and silver layer at a welding temperature
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satisfactory for the aluminium unless the copper or steel component is
preheated (400»5006F). The filler material for both the aluminium-steel
and aluminium-copper joints was aluminium,

& experimented with

In the resistance joining field, Hess and Nippes
sheet aluminium joined to S.A,E.4140 (an aircraft type steel - approx,
0.4%C, 1%Cr and 0.3%Mb), The investigation showed that it was possible
to secure a satisfactory bond between the two materials, by resistance
welding, if the steel was first coated with silver by an electroplating
process, Actual tensile testing of the welds was found to be the only
practical way of evaluating the brittleness of the iron-aluminium
compounds at the interfacs,

In both the above cases, silver or a silver rich alloy, was used as
a buffer layer on the steel, Although in this investigation the author
has demonstrated that aluminium-steel joints can be made if the steel is
coated with silver, the mechanical properties cannot be regarded as
satisfactory (Table V). Silver plating is alsoc expensive in comparison
with, for example, aluminising and, in this respect, it seems likely that
the joining of aluminiun to silver coated steel would be regarded
industrially as an uneconomic technique, This point has not been
argued by these workers, It would have been helpful if there had heen a

detailed discussion on the strength of the welds produced by the tungsten-

arc inert-gas process and resistance welding procedures,

Miller and M’ason6 have investigated tensile, shear, bursting and

fatigue strengths of argon shielded tungsten-arc welded joints between
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aluminium and aluminiwmn coated stainless steel tubes, They found that
an aluminium coating was the most satisfactory surface preparation for
steel prior to brazing or welding it to aluwminium, Joint preparation and
design, post heating, cyclic thermal shock and corrosion resistance, are
discussed, Aluminiun=steel joints of lap weld design were made and
tested; the average tensile strength compared favourably with the
typical tensile strength of the aluminium or aluminium alloy, Similarly,
the average bursting strength of tube joints approximated the bursting
strengths of the parent aluminiuwa tube, The present author will show in
Section 4.4.1 that butt welded tube joints are capable of much greater
strengths than lap welds, This is not apparent from study of the paper
by Miller and Mason and it is felt that the work could have been usefully
extended to cover other joint designs.

These investigators had no data available, at the time of writing,
on the effect of post heating the arc-welded aluminium-steel joints,
Data were available, however, in published literature on pressure welded
and cast-bonded joints, They have assembled some of this information
into new relationships that correlate the effect of postheating on all
tyves of aluminium-steel joints, This information indicates that the
shear strength of arc-welded material is unlikely to be impaired by

lengthy exposure to temperatures below approximately‘ﬁOOoF,

18
Other workers have examined the effect of subsequent heat treatment

upon bond strength during an investization of the solid phase bonding of

aluminium alloys to steel, They point out that post heating of welds
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between aluminiwn and steel would, under proper conditions, increase the
tensile strength of such joints. Too high a temperature or too long a
time at elevated temperature, however, would result in a decrease in
joint strength,

Tylecotégfound that heat treatment for thirty minutes at 40000 has
some beneficial effect on the strength of aluminium-steel pressure welds
made with low deformation, However, for a heat treatment period of
thirty minutes, embrittlement leading to loss of shear strength appears
at 500°C.

Very little seems to be known about the mechanism of this phenomenon

but it is thought that the decrease in shear strength is probably due to

diffusion, resulting in an increase in the thickness of the brittle

aluminium-iron compound,

Solid phase methods for joining or bonding aluminium to steel are
not so well known as methods involving a liquid phase in the aluminium,
Cooke and I_.evy7 bave investigated three procedures for joining, using
.twisting, hot pressand shear techniques, High mutual solubility between
two metals in the solid state is commonly desirable in solid-phase
bonding, for the formation of a satisfactory joint,

In the twisting procedure, ammealed specimens, 1 inch in diameter
and 6 inches in length, were placed in a press, end to end, Pressure
was maintained until the desired bonding temperature was attained, The
steel bar was then twisted through an arc of about 180O and some spiral

grain Tlow was formed in the light alloy. With the hot press procedure,
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specimens, 1 inch diameter by 1 inch long, were assembled in sleeve dies
and heated, while pressures of 2,000-3,000 p.s.i. were maintained and
then increased to actual bonding pressures, In the case of the shear
technigne, bars were machined with tapers varying from 20—100, and the
specimens inserted in sleeve dies after heating and pressed until bonded,

Although a number of variables were investigated, the only one
relevant to the present investigation was the effect of heat treatment
and no fundamental theory was produced to explain the observations,

The metal arc process has been used to join aluminium to steel,
A problem arises here from the fact that the fluxes which must be used
for aluminium welding are not good fluxes for steel. It is suggested
by van Someren9 that this difficulty can be overcome by aluminium
spraying the steel and then welding the dissimilar metals by means of
aluminium~-silicon electredes., He carried out a number of tests and
found that adequate joint strength could be obtained, The present
author, during this investigation, has not found that a coating of
alwuninium applied by metal spraying produces a satisfactory buffer film,
Satisfactory wetting and spreading of molten filler metal did not occur
with metal sprayed finishes although several different aluminiun alley
coatings were tried, It seems doubtfnl whether metal arc welding could
nroduce comparable results with argon arc welding, particularly for
material of §in. thickness, or less,

N . 10 .
In a purely descriptive article, Chase  describes how evaporators

for gas refrigerators, incorporating one or two serpentine coils of
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seamless steel tubing, are brazed to aluminium.pla%es. It was found
that the steel coils could be brazed to the light alloy sheets and also
clad with aluminium alloy during the process. To do this, the coils are
annealed and subsequently flattened to ensure that the flattened surface,
with the exception of the tube ends, will lie close to the plate. Gther
literature describes cold pressure welding, brazing and soldering
techniéﬁéé? or the use of resinous cements and pressure]:3 Casting-on
technicues have also been investigated and one descriptio%i4 describes how
a steel bolt was dipped into an alloy of 74,5% tin, 25% zinc, and 0,5% of
a rare earth metal mixture containing cerium, at 700°C. After three
hours, the steel part was removed, cooled, and aluminium cast around it.

A general survey of the whole field of dissimilar metal joining is

given in one paperls, where the importance of equilibrium diagram study

is emphasised in order to predict the formation of intermetallic compounds,
the formation of eutectics, the likelihood of alloying, and the freezing
range of weld metal, From both theoretical and practical points of

view, little information is contributed to the problem of joining
aluminium to steel,

2.1 Conclusions from literature survey.

Although a certain ampunt of work has been published, there is very
little information available of real use to the investigator confronted
with the problem of joining aluminium to steel by fusion welding., Few
workers have produced any fundamental theories to explain their observa-—

tions on this topic, Much of the information gives the impression that
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the experimental work was designed to obtain a quiék answer to a
particular problem, rather than a serious attempt to formulate general
rules for the fusion welding of aluminium to steel, There is certainly
a lack of appreciation of the many factors involved, such as steel
coating thickness and Eomplications arising from interdiffusion and
alloying,

As it is not possible to obtain from the literature any general
guide as to the conditions under which satisfactory welds can be made
between alwminium and steel by gas or electric arc processes, 1t is

evident that a detailed investigation, such as that which the present

author has carried out, is required,
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3e SCOPE OF THE INVESTIGATION,

The main difficulty in welding aluminium to steel is due to the

distinctly different metallurgical characteristics of the two materials,

such as their melting points, and thermal conductivities, To explore how
this difficulty could be overcome, some preliminary work was undertaken,
This involved butt-welding tests on sheet materials, and various dissimilar
metal combinations of mild steel and alwminium or aluminium allcy were
joined, using several types of filler rod, Both the gas and argon arc
welding processes were employed. The shielded metal arc process was not
used because it was considered that the lack of separate control over the
filler rod would make it difficult to bring about even flow of the molten
filler metal over the steel surface,

The argon arc process was selected for the main investigation because

the metal area affected by heat is much less than with gas welding and,
therefore, less opportunity exists for diffusion and brittle phase
formation, In addition, fluxes are required with gas welding to disperse
the oxide film and the presence of flux residues in the weld might cause
severe corrosion,

It was apparent from this preliminary work that little success could
be expected unless an intermediate layer was provided between the steel
and aluminium, Tin, zinc or aluminiwm appeared to be the most satisfac-
tory coating metals for the steel, Other coatings such as nickel, copper

and cadmium did not provide suitable welding conditions and the joints

were extremely weak,
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In the argon arc welding process (or tungsten inert-gas process) an
alternating current electric arc, with a superimposed high frequency
current, is struck between a non-consumable tungsten electrode and the
material to be welded, The filler wire is added separately, The
electrode is supnorted by the main part of the torch and is surrounded by
a ceramic, plastic or water-cooled cup through which the protective argon
flows, preventing both oxidation of the electrode and the weld pool.
Welds possess a better appearance than those produced by gas welding,

Although the manual argon arc process described above was generally
employed in this investigation, some work was done with consumable
electrode equipment, automatic argon arc non-consumable equipment, and a
friction welding machine, The consumable electrode process (or metal
inert—gas process) is a development of the tungsten inert gas equipment.
It employs an arc struck between the material to be joined and a wire
which acts as both filler and electrode, This wire is fed continuously
at a predetermined rate through the torch nozzle while protected by an
argon gas shroud, Direct current is used with reverse polarity
(electrode positive) and a practically constant arc length is maintained
since the arc is self-adjusting. Extremely high heat penetration is
obtained so that high quality welds can be made at speeds much greater
than are possible with the tungsten inert-gas process, The automatic
equipment was basically an argon arc torch with filler wire feed device,

Friction welding, on the other hand, is a method of joining bar to

bar by the friction created between the two component surfaces when one
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is rotated against the other,

As the joints obtained in this investisgation by use of the inert gas
non=consumable and conswmable electrode processes are very unusuasl, it is
desirable at this stage to illustrate a typical butt weld. Figure 1
shows mild steel joined to aluminium by use of the manual argon arc
process, It will be seen that the aluminium alloy filler metal fused
normally with the parent aluminium material, while at the same time
flowing around the steel surfaces and fusing with the steel coating.

Other arrangements, such as tube to sheet fillet welds, show a similar
stracture,

These unusual types of joints are difficult to describe within the
standard definitions for ‘welding®, 'brazing' or 'braze-welding'.

#hen two pieces of metal are joined together so that the original
interfacial division between them is no longer visible, they are considered
to be welded together, The essence of the process of brazing on the other
hand, is that the joint is produced by introducing a film of molten metal
between the parent materials at a temperature at which they are both
solid, There is a distinction between the brazing of aluwminium and other
metals in that, for aluminium, the brazing material is an aluminium alloy
possessing a melting point below that of the parent material, #ith most
other metals, for example mild steel, the brazing material is usually
entirely different in composition, Copper is widely used for ‘flux-free'

brazing of mild steel in a suitable atmosphere. Bronze welding or braze

welding is usually defined as a process in which the filler metal is
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basically a copper-zine alloy. The filler material is applied in such a
way that, although some penetration between the parts may be obtained,
the main objective is to acquire the maximum joint strength by building
up a fillet of the deposited metal.

In the case of the technidue developed during this investigation for

joining aluminium te steel, fusion welding has teken place on the
aluminium parent metal side with what may best be described as a brazed
joint on the steel side, Under these circumstances, it seems advisable
to describe the process simply as that of ‘welding',

pDifferent operators were employed from time to time and the degree
of skill required was found to be well within the capabilities of an
experienced welder,

The scope of the programme is shown in Table III.

Table ITIL.

Scope of Investigation.
! ] i i !
Bffect of Material Filler Examination and
Variations in Preparation Materials testing

practical conditions
of welding

f 1
Steel coated Steel uncosated

|

i i .
Complétely Coated only in
i coated region to be welded

I . 2.
an—gonsumable Consumable Friction
electrode process electrode welding
process
1 ; * bsi ~ Effoet of
Manual Antomatic Metallography Corrosion Mechanical Effect o

Resistance Properties heat treatment
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The investization to determine the practical conditions of welding
includes butt, lap and fillet welds in sheet and tube materials using
mainly aluminium-5% silicon and aluminium-5% magnesium filler metals,
The specifications and thickness of the aluminium materials were
selected on the basis of their relative importance to industry and the
future applications of aluminium-steel joints on a commercial scale,
Diie to the lack of success with uncoated steel and even with certain
tvpes of metal coating during the early part of the investigation, the
steel components were usually prepared by electroplating or hot-dipping
with tin or zine or aluminium,

Extensive examination and testing of the welds was necessary and
the tensile test for the sheet butt and fillet welds was found to be an
important guide to joint quality, Ixamination of the resulting
fractures also provided a good deal of useful information. For the
tube to tube butt, and lap joints, pressure testing was employed.

As shown in Table IXII, corrosion resistance was determined, This
was necessary becanse with dissimilar metal joints there is always the
possibility of severe corrosion of the less noble metal in certain
environments, Heat treatment experiments were necessary to study the
effect of elevated temperatures on the welded structures, particularly
with regard to growth of the brittle intermetallic compound layers.

The more fundamental approach to the problem of joining aluminium
to steel is made in Part II where the use of tin, zinc and aluminium
coatings on the steel and the metallurgical considerations involved

are studied, In addition, a study of weld bead geometry in relation




to strength, has been made,

4, EXPERIMENTAL WORK.

It is intended, in this vart of the ihesis, to describe the
develovnment of a weiding technique capable of producing a reliable joint
between mild steel and aluminium, Mainly the practical aspects of sheet
and tube, butt, fillet, and lap welding, will be considered,

The work will he divided into sections dealing with;-

Coating of the steel and the alloy laver,
Determination of the conditions needed to produce satisfactory
sheet butt and fillet welds; sheet to tube fillet welds and

tube butt and lap welds,

Investigation of the use of semi-automatic, automatic, and

friction welding equivment for dissimilar metal joining.
Post heat treatment, fatigue strength and corrosion resistance
of the welds,

As already mentioned in Section 3, preliminary investigation
indicated that the argon arc welding vprocess was most likely to lead to
satisfactory results.

Apart from the use of a small number of 16 gauge steel sheet
specimens, the material for sheet butt and fillet welds was of 10 gauge
thickness, Standard test nieces, six inches square, were prepared, the
welding edges being machined square. The one, and three inch diameter

tube material, was of 16 gauge thickness; again, square edge preparation
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was used, Particular attention was paid to cleaning the surfaces
prior to welding and degreasing was followed by careful wirebrushing,
In practically all cases, the steel was coated with another metal by
hot-dipping, electroplating or spraying. Metal coating considerations
are surveyed in the next section (4,1),

The thermal conductivity of an aluminium alloy is about three to
five times that of steel, hence it might be considered that preheating
is required with a steel to aluminiwm joint, However, with argon-arc
welding, preheating is seldom necessary except perhaps with thick plate
and it was apparent in this investigation that it was neither required,
because of the thickness of the sheet, nor indeed advisable, because of
possible damage to the steel coating.

Usually a commercial aluminium-5% silicon or aluminium-5% magnesium
filler vod was used, for joining the steel to the aluminium or
aluminium alloy, However, as various workers have shown that copper
reduces the intermetallic layer thickness of a hot-dipped aluminised
coating on steel (Section 4.1), some work was done with an aluninium-

silicon-~copper rod, This material was prepared in the laboratory,

. . 16 L. A
According to binary alloy cracking diagrams ~, an aluminium-silicon

alloy shows the greatest tendency to crack under restraint below 1%
silicon, With the aluminium—magnesium alloys for ring castings, the
cracking tendency is greatest below 2% magnesium but with restrained
welds the maximum is reached at about 4% magnesium,

Loss of alloying elements from the filler rod - especially loss of
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magnesium — may be very small in the case of argon-arc welding, It is
generally recommended that when welding aluminium-magnesium alloys a
filler rod should be selected with magnesium content slightly higher than
that of the parent metal, This rule has been followed with the work on
the aluminium-magnesium alloy (NS.S) but tests were also made using an
aluminium-5% silicon filler metal in order to obsexrve the effect on
mechanical strength,

AS experience was acquired, it was found that very high rates of
argon gas flow were unnecessary and some reduction was possible without
affecting welding conditions and joint quality (Tables V and VI).

As an alternative to a continuous underflow of inert-gas, purging
immediately before starting the weld run was considered. This technique
was employved in several instances but as a general practice it is not to
be recommended, as it was apparent that good underbead formation could
not be guaranteed,

The metallographic preparation of aluminium-steel interfaces is
difficult for a great difference in hardness exists between the aluminium,
steel, and intermetallic compounds, Different levels may therefore exist
due to the polishing removing metal at a greater rate from the softer
materials Etching is alse difficult and, in many cases; a double etch

had to be employed to reveal the structure in the parent and filler metals,

and the compounds,
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4.1 Coating of the Steel and the Allov Laver,

The ferrous components used in the early work were prepared by

| coating with 90/10 or 50/50 tin-zinc alloys, pure tin, spraying with
commercially pure aluminium or an aluminium alloy, silver plating and the
application of aluminium or aluminium-silicon, using a gas welding torch.

For variocus reasons, these techniques were not satisfactory, for
exsmple, under laboratory conditions it was found difficult to produce an
even tin-zinc coating,. Most of the steel components, therefore, were
sent to specialist firms for coating with tin, zinc and aluminium, In
the case of tin and zinc, both electroplated and hot-dipped finishes were
used.

A 0.001 in, thickness of electroplated tin was just sufficient to
provide the right conditions for welding to take place. The hot-dipped
tin coatings were approximately 0,002 in, thick and no difficulty in
maintaining the arc was experienced, A 0,001 - 0,002 in, thick electro-
plate of zinc resulted in unsatisfactory joints and frequently no adhesion
of the filler metal occurred; 0.0025 in, thickness must be regarded as
the minimum acceptable, The galvanised material was of 0,003 - 0.004 in.
coating thickness and proved satisfactory, The hot-dipped aluminium
coatings averaged about 0,003 in, and were also satisfactory.

A small quantity of aluminised steel was available from the U,S.A.
Only a few tests could be made but it was considered that the use of such

material provided all the necessary conditions for producing a sound

Jjoint,.
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Test plates were also prepared by electreplating the steel with
nickel, but the molten filler metal was unable to wet the steel coating
and the dissimilar materials could not be welded together,

Nearly all the steel coating techniques employed, resulted in
complete coverage of sheet and tube, It would be advantageous to be able
to use a technique for local coating of the steel as there might be
considerable difficulty in hot-dipping or electroplating large components,
With this point in mind, an ultrasonic process was considered, for ultra-
sonic technigues can be used for the coating of mild steel by tin, zinc,
and some other metals, The action of the ultrasonic energy is to break
down the surface films of the molten globule, allowing it to spread over
the surface, Unfortunately, however, in many instances there is no true
bond between the metal coating and the base metal, As weld strength is
very dependent on the metal coating-steel bond properties (Section 4,2.2)

the nse of an ultrasonic coating process is not advisable, Ul trasonic

processes would also be very much more expensive and probably slower than

conventional technigues, such as hot-dipping,

Study of metal coating is very important in the field of aluminium
to steel joints, as the welding operation and weld strength is greatly
dependent on the kind of metal coating used and its guality. Sometimes
difficulties were encountered at the start of the welding operation
because the mild steel coating was of insufficient thickness, at that
point, to permit easy striking of the arc between the electrode and

material, although the general thickaess was sufficient for welding to
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take place once the argon-arc torch comuenced movement., In the few
instances where this difficulty occurred, it was found that a hot-dip
coating was involved and some variation in coating thickness was apparent
across the steel surface, However, usually the operator was able to
deal with the situation by skilful manipulation of the welding torch,
and filler rod,

For the production of satisfactory welds between aluminiuwun and steel,
under industrial conditions, uneven coating thickness could not be tolera-
ted for it would demand a skill in excess of that which could reasonably
be expected, Some measure of quality control would therefore be
required,

Hot-dip aluminising is very similar in many respects to hot-dip
galvanising. Careful pretreatment of the ferrous material is essential
and it is necessary to protect the steel surface immediately prior to
immersion in the aluminium-silicon bath, The reason for the addition of
silicon to0 an aluminium bath for the hot—dipping of steel is explained in

17

18
the napers of Gittings, Rowland and Mack , Stroup and Purdy  and many

other workers,

The microstructure of a hot-dip coating reveals the presence of an

interfacial layer of iwn-aluminiwn compound and this layer often appears

as a series of laps, Such laps indicate that there has been preferential
diffusion at certain points along the steel surface, This alloy layer

occurs between the relatively pure aluminium on the surface and the base

metal.,
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Work has shown17’18

the effect that alloying elements have on this
compound layer thickness and the three most effective additions are
beryllium, copper and silicon, Berylliam produces the greatest decrease
and 0.5% reduces the layer approximately 75%, further additions up to some
24 yesult in only a further slight decrease; copper additions have to be
greater than this to show a similar reduction, Approximately 2% of
silicon nroduces a 50% reduction and this element appears to be the most
convenient choice for adding to the aluminium bath, as beryllium raises
difficulties from health considerations and copper has been found to

affect coating adherence, apart from the cbjection which might be raised

to the large addition required. Also, in the case of beryllium and

silicon, the alloy layer hardness is reduced, but with copper it is

increased unless silicon is also present,

Apart from bath composition, compound layer thickness is dependent
on temperature and immersion time. The thickness is very imnortant for
in many instances, a coating must be able to withstand considerable
deformation and like many interfacial compounds, this layer is very
brittle, In the preparation of mild steel for joining to aluminium,
therefore, it is necessary to ensure that the intermetallic compound
layer is as thin as possible,

Chemical analysis of a bath used for preparing one batch of

aluminised test plates for this programme was as follows:~




Copper 0.04 per cent
Nickel Trace
Magnesium 0,01

Silicon 6s1

Tin 0.02
Titanium 0,06

Iron 2.1

Lead Trace
Manganese Trace

Zinc Trace

Alnminiuwn Remainder
Microexamination revealed that the average thickness of the inter—
metallic compound layer was 0,008025 in,
The hardness of the alloy layer in silicon-free aluminised steel
coatings was given as 900 Knoop hardness number (obtained with a 25 gm

10ad) by Gittings and his colleagues, and at 3.75% silicon it was found

to be 339 and at 6.0% silicon, 340, Hughes and Moseslg reported that

hardness increased with distance from the steel/alloy layer interface
(the reverse is true of galvanised coatings), At 6.,0% silicon they
found a slightly softer alley than Gittings.

A microhardness survey of the alloy layer resulting from welding
with an aluminium-5% silicen rod, produced an average value of 345 V.P.N.
This figure is in good agreement, therefore, with those quoted in
published work on aluminising, A similar hardness survey of the alloy
layer produced when the 94.5/5.9/@.5 aluminium-silicon-copper rod was

used, showed that it was softer with an average value of 200 V,.P.N.
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This reduction in hardness should have a beneficial effect if it is
necessary to perform, for example, a sheet bending operation after
welding,

In the case of hot—dipped tin coatings, it is generally accepted
that the phase FeSn2 is hard and brittle hut there is far lessof it
present and, therefore, of less concern than the compounds formed during
galvanising and aluminising of steel, The thickness of the iron-tin
componnd is a matter of a few micro inches compared with ¢,0003 inch
or movre of iron—-zinc or iron-aluminium, This would tend to suggest that
greatey ductility of a tinned steel/&luminium joint could be expected,
compared with zinc or aluminium coatings on the steel. However, the
absence of a pronounced compound layer and the low melting peint of tin
may result in a very fluid coating during welding, and this may cause

difficulties,

4,2  Sheet Butt Welds,

This work is concerned with the joining and testing of welds between

aluminium or an aluminium alloy and mild steel sheet,

The nominal analyses of the sheet materials are given in Table IV,
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Table IV,

‘ Composition (per cent,)
(Single values ave maxima unless otherwise stated)

Al Cu Mg Si Fe | Mn Zn | Others

99 Oo1 0.1

0.1

NS5

Mild Steel

NS3
S1C

HS30-We (Solution treated and
precipitation treatment)

N§5-0 (Annealed condition)

Standard argon arc manual welding equipment was employed, The
early work was carried out using a grooved backing bar of mild steel,
cut to fit an existing Jjige The groove was necessary to control weld
bead penetration, This jig was replaced in later tests by that shown in
Figure 2 (indicated by * in Table V). The 1/16 inch diameter holes
permitted an underflow of inert-gas. This additional supply of
shielding gas prevented oxidation of the steel coating on the underside.

4,2,1 Material Testing,

Using six inch square test plates of both aluminium and steel, it

was possible to obtain three tensile specimens and one bend test




Figure 2

Butt welding jig for sheet material,

The groove indicated by the arrow was used in this investip

1/16" diameter holes for argon gas

/4
1 o .
It was g" deep,ﬁraqlus with

supplye
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specimen from each welded panel, If a gause difference existed, as in
the early tests, tensile strength was calculated on the cross-sectional
area of the thickest material. For mechanical testing it was general
practice to leave the weld bead in the undressed condition,

Bending properties were difficult to determine because of the
unusual nature of the joint,. With unsatisfactory welds fracture took
vlace along the boundary between the steel and intermetallic compound or
through the centre of the compound, With satisfactory joints the steel

or aluminiwn parent metal bent just cutside the welded area, If the

latter occurred under service conditions, adequate ductility could be
claimed for most purposes,
Inspection of the welds was carried out immediately at the conclusion

of the joining operation, and after machining of the mechanical test

specimense A low power binocular microscope was used to supplement the

normal visual examination, In this way it was possible te check on such
features as bead geometry, the presence of major cracks in weld and/br
parent material, and the effect of welding heat on the metal coating.
Txamination of the specimens after testing also revealed a great deal of
information, and many welds were subjected to metallographic examination.
Although radiography is a useful method of detecting weld defects, tests

indicated that, with these particalar weld stractures, X-ray examination

did not satisfactorily reveal lack of adhesion or penetration.




4,2,2 Summary of Results,

Test results for sheet butt welds are tabulated in Tables V and VI;
these results are separated into two main groups because certain
differences in welding conditions existed, For example, all the steel
test plates in Table V, excent the silver plated and aluminised specimens
were coated under laboratory conditions, whereas in Table VI the steel
was coated by various specialist firms, The experimental work shown in
Table V indicated that an improvement in coating quality was necessary
and that an underflow of shielding argon gas was essential,

The alnminiwn-manganese alloy (NS3) joined to aluminised steel and
electroplated zinc on mild steel resulted in satisfactory tensile strength
and good bending properties, failure occurring in the parent metal,

With a hot-—dipped zinc'coating, howvever, the tensile and bending proper=—
ties were sometimes abnormally low with failures occurring in hoth parent
metal and joint, The reason for this lower strength is discussed in
Part II of this report (Section @.2).

Hot-dipped tin, zinc or electroplated tin on mild steel welded to
the aluminiwu-magnesium alloy (NS3) with the aluminium=5% silicon filler
metal resulted in low tensile strength and with NS5 joined to aluminised
mild steel the weld was found to be extremely brittle on bending, No
necking of the aluminium occurred on tensile testing, failure always
taking place at the centre of the weld, Microexamination revealed a

structure of aluminium solid solution with fine eutectic but, in addition,

considerable quantities of mgzsi were present, thus accounting for the
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pronounced brittleness and very low tensile strength, With the
aluminium-magnesium alloy and the aluminium-5% magsnesiom filler rod,
satisfactory results were obtained with aluminised, galvanised and electro-
plated tin coated steel, but in the case of hot-dipned tin coatings, the
welds were severely cracked, Electroplated zinc coated specimens were
not tested due to difficulty in material supnly at that time, The cause
of cracking of these hot-tinned steel welds is discussed in Part II
(Section 8.2).

From examination of tensile and hend test specimens after fracture it
appeared that in wany cases it was the steel ceating which caused failure,
For example, in the case of the aluminised steel the adhesion or alloying
of the filler metal to the aluminium coating was stronger than the bond
between steel and coating,

The effect of a poor quality aluminium coating on the steel was
demonstrated in test 274, where a greater range of tensile strength was
obtained with a lower minimum value,

With electronlated nickel on steel it was immediately apparent that
no success could be expected from such a coating technique and further
tests were not made,

In order to demonstrate the importance of having the edge of the
steel coated with a buffer layer, a number of test panels were prepared
with the edge coating (hot-dipped tin) removed but left intact on top and

bottom surfaces, During welding uneven flow of the melten filler metal

was observed, the operator having great difficulty in controlling the




- 32
weld nool and the underbead did not form correctly, Very low mechanical
strength would be obtained from such a weld,

Figures 3, 4 and 5 illustrate failure of the weld by stripping of
the bead (often due to a weak bond between the coating and steel),
typical tensile fractures, and a bend test specimen,

Table V,

Sheet butt welds - mannal argon arc welding process.

Surmmary of Tests Nos, 1-83,

Blectrode diametey % i,
Welding current range 145165 Amps,
, Filler rod diameter £ in., except for laboratory
. ' rods 3/16 in,
| Argon flow 24 £t°
“Underflow 4 fta/h

Material combination

* (2) 16 gauge M/S
10 " Al-13% Mn (NS, 3)
(v) 10 % M/S
10 " AL-13% Mn (NS.3)
Bdge preparation - machined square (except where stated
otherwise)
Joint spacing - close contact,

* Strength calculated on the cross-sectional area of thickest material.
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Table VI.
Sheet butt welds - manual argon arc welding process,

Filler rod diameter - 4 in,

Tensile strength calculated on cross—sectional area of 10 gauge material

& in.)

Notes,
H/b - Hot dipped coating,
E/P - BElectroplated,
8 = Sprayed,

VG, G, ¥ or P - Bending properties very good, good, fair or poor,
FP — Pailure in parent aluwminium or transition zone,

FJ ~ Failure in weld,

R -~ EBetained for other tests,
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4.2.3. Discussion,

It is evident that the manual argon arc welding process enables
satisfactory welds to be made between aluminium or aluminium alloy and
mild steel sheet materials, The work has shown that the coating on the
steel has an important influence on weld strength, A sufficient thickness
is required to ensure ease of welding (Section 4,1.), edge coverage is
necessary, and the coating must be smooth, even, and free from non-
metallic inclusions,

The failure of metal sprayed coatings to form a suitable buffer layer
is mainly attributable to the high oxide content, This is unfortunate
since local coating problems could be overcome in many instances if the
use of metal spraying was feasible, It is known that rapid oxidation of
a sprayed coating takes place within say twenty-four hours and this oxide
in addition to that already present, prevents wetting of the surface,

For aluminium (S1.C), aluminius-manganese alloy (NS.3) and the
aluminium-magnes iun-silicon-manganese alloy (HS,30), an aluminium-5%
silicon filler metal can be recommended with electroplated or hot-~dipped
tin, zinc¢ or aluminium coated mild steel, For the aluminium-magnesium
alloy (NS.5), the aluminium-5% magnesium filler material can be used in
conjunction with all the steel treatments except that of the hot-tinned.
coating,

The Al-5%Si-4%Cu filler rod results in a softer compound layer
compared with the commercial filler examined (Section 4,1), while the

the Al-5%Si-1% Cu are inferior to the Al -5%8i-19Cu

mechanical properties of
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(Table V). + It might, therefore, be worthwhile in future work to
investigate more fully the use of the low copper material, such study to
include corrosion resistance tests to determine the effect of the copper
addition,

The tinned steel /aluminium-magnesium weld problem; and the lower weld

strength with hot-dipped zinc as the steel coating compared with aluminised
steel, for example, is discussed in Part II.

4,3, Fillet Welds,

Experimental work was carried out on 10 gauge sheet to sheet, and I8
gauge three inch diameter aluminium tube to 10 gauge mild steel sheet,

S1.C, NS.3 and HS,30 aluminium and aluminium alloy sheet material was
used (for composition see Table IV) in conjunction with the coated steel.

The aluminium alloy tube was of HT,10-WP specification,

Table VII.
Al Cu Mg Si Mn Others
HTLO rem, 0.1 0.4~ 0.6~ | 0.6 Fe 0.6
maX, 1.5 1.3 maAX, Cr 0,5
Ti 0.2
max,
i 3 i

For joining the aluminium tube to the steel plate a turntable jig
was designed and manufactured, This was of simple construction, being
rotated by belt drive with manual operation, The tube was held in place

while tack welds were made, the plate then being clipped to the turntable

for making the complete joint.

The mild steel was coated with aluminium, tin, zinc or tin/zinc alloy
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as discussed in Section 4,1, As in the case of material preparation for
sheet butt welding, degreasing was followed by wire brushing, varticular
attention being paid to the edge of the coated steel, Special care was
taken to make close contact between the components when setting up and
tackling the joint,

Four tensile test specimens were prepared from the welded components
selected for mechanical testingg each specimen being one inch wide.

4.3, 1, Welding Procedure,

Single fillet joints were made in the first instance followed by the
construction of test pieces in a cruciform design, In the case of the
latter, two sheets of light alloy were joined to a panel of coated steel.
Both aluminiwn—silicon and aluminium-silicon-~copper filler metals were
used and the welding sequence was varied for the four weld beads.

Following this group of tests, further specimens were manufactured
with the number of fillet welds reduced to two, forming a tee joint,

This enabled the steel to be cut back to almost the weld bead for tensile
testing so that the steel was gripped horizontally in one set of jaws
while the aluminium was held normally.

For the tube to sheet joints, the alloy tube being thinner (16 gauge)
than the steel (10 gauge), a lower amperage was used than that necessary
for sheet to sheet fillet welds, In the majority of cases, welding over
the tack welds did not cause any difficulty.

To increase the area of filler metal contact with the coated steel,

o modification of the welding technique was now developed and this

involved the laying down of two or three weld beads, slightly overlapping,




- 40 -
on the coated steel, followed by the welding of the aluminium to these
beads on the steel to form the tee joint,

For this experimental work, aluminised steel was used, as previous
investigation had shown that this material resulted in lower strength
fillet welds compared with tin and zinc coated steel, The non-ferrous
material selected was commercial purity aluwminium,

For the first group of tests, ¥ inch diameter filler wire of
commercial aluminium was used, Two or three weld beads were laid on the
aluminised steel, side by side with slight overlapping, the total width
being some 4 inch at maximum, TFor this surfacing a current of 129
amperes was satisfactory, The aluminium sheet was then joined to these
beads on the steel using a current of 139 amperes, |

In the second group of tests a similar procedure was followed except
that the aluminium-5% silicon filler rod was used, An argon flow of

3
18 ft°/h was maintained in all cases,

4,3.2, Swrmary of Results,

The single fillet joints (test nos, 94-96, Table VIII) were subjected

to microexamination only, This indicated that satisfactory welds had

been produced with sufficient penetration of the aluminiam, The;cruci—
form specimens (Table VIII) were prepared in order to provide means of
tensile testing, but the tests were not successful, Incomplete fusion
between the aluminium filler metal and the steel coating, oxide inclusions

in the weld metal, and the insufficient penetration of the aluminium all

contributed to the poor resultse The main difficulty, however, was the
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heat effect of more than two runs, as four welds in the restricted area
provided by a cruciform design and ten gauge material imposed too severe
conditions on the coated steel. FPor this reason, testing was continuedi
on single or double fillet joints, Figure 6 illustrates the typical
macrostructure of a double fillet weld.

With galvanised steel (group tests 111 and 112) an average strength
of over two tons per saquare inch was obtained. Only a little volatilisg-
tion of the zinc occurred but it was noticed that the second weld in each
case was less clean,

Panels of aluminised steel and commercially pure aluninium joined by
aluninium-5% silicon, aluminium-5% silicon-0,.5% copper, and commercial
aluminium filler metals were disappointing (tests 117-120), Prom examina-
tion of the microstructure it was apparent that the fractures mainly
oceurred at the mild steel-intermetallic compound interface, rather than
between weld metal and compound or through the centre of the compound,

By subjecting a specimen to some three-—quarters of the known load required
to nroduce failure and then examining the microstructure further evidence
of this type of failure was obtained (figure 7).

It is known that aluminised steel does not behave as well as galvanised

steel when shear stresses are involved, This has been demonstrated by ‘
deep drawing, for a comparison of deep~drawn cups in these two materials

. . 20 R . a . e
showed this difference very clearly . Similarly, the wire drawing o

hot-dipped aluminised steel is more difficult than with hot-dipped

galvanised materials, i
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With tube to sheet joints (test nos. 142 and 144, Table IX) ueing
aluminised steel there was very little discolouration of the coating on
the underside, This indicated that heat input was not excessive and that
under service conditions the protective value of the aluminium coating
would not be reduced, However, with the tin coated steel specimens
(e.g. test no, 135, Table IX), there was considerable discolouration of
the surface, particularly on the underside of the component, The
protective layer was now slightly porous due to a moderate amount of tin
flow having occurred during the welding process,

Microexamination showed that there was only a thin line of demarca-
tion between the steel and weld metal in the case of hot-dipped tin
coatings (Figues 9 and 10), There was far less of the compound FeSn2

present, compared with intermetallic compounds formed when hot-dipped

zinc and sluminium coatings protected the steel,

Su.[mn&lsf COIlt’lIl!lLd on g G

Fillet welds in sheet materials — manual argon arc welding process,

Tensile strength calculated on cross-sectional area of 10 gauge material

(3 in.», The actual load was divided by the number of welds involved,
Electrode diameter %4 in,
3
Argon flow torch 18 ft. /h

3
*underflow 2 ft, /h

in,

fes

Filler rod diameter

Abbreviations as for Table VI,

#%Tests 94 = 118, no underflow used.
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Plgure 9

Tinned mild steel - aluminium alloy tube.
Typical fillet weld obtained without preliminary surfacing.

Btch, 1% Wital x b

i
10 |
terface region of above specimen. Observe v
absence of pronounced intermetallic layer.
i
i

i
FEtch. 1% Nital x 500 %
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Table IX,

Tube to sheet fillet welds — manual argon arc welding process,

Aluminium tube (HT,10) .............Mild steel
16 G 10 G

Electrode diemeter

.
I S S Tt

3
Argon flow ...e.c.eiiiiiiieiiien.. . toreh 18 £, /b,
(no secondary supply used)

Filler rod diameter and
specification ..eieecceccocosencssd/16 in. aluminium-$% silicen

Abbreviations as given in Table VI.

Test Number, Steel Coating,  Amps, Remarks,
134 H/b Al 80 Weld gquality poor-current too low,
135 E/f sn 103 Discolouration of tin surface,
particularly on underside,
136 H/D Sn Weld satisfactory (Figures 9 and 10|
137 62 For Al tube to Al tube,
103 For Al tube to steel,
{component design as shown in
Figure 11)
139 103 Weld satisfactory.
140 : EVP Sn 103 Poor weld shape,
141 E/f 2Zn Welding over tack weld found more
difficult than with other coatings,
142 H/b Al Tixcellent appearance, very little
discolouration of surfaces,
143 E/? Sn Weld guality varied.
144 H/D AL As 142,
145 H/b Sn Satisfactory weld,
146 62 For Al tube to Al tube,
108 For Al tube to steel.

(component shown in Figure 11).
Slightly higher current compared
with 137 resulted in improved
weld quality,




Figurgmli

% in. diameter aluminium alloy tube welded
to tinned nild steel
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Lt was apparent, at this stage in the investigation, that the
mechanical properties of the fillet welds were not as good as obtained
for the butt welds (Section 4,2,2). Particularly with aluminised steel
specimens, the joint ductility was disappointing, The welding technique
was therefore modified to include the preliminary surfacing of the coated
steel as described in Section 4,3.1,

In the first group of tests using the aluminium filler wire,
investigation revealed that the compound layer, resulting from the weld
beads laid on the coated steel surface and the joining of the aluminium
to these beads, varied in thickness hetween 0.0008 and 0,002 inch, ..

No particular region showed prominence in width, The boundary between
alominiwa and intermetallic compound was fairly regular but very irregular
between mild steel and compound with a clearly defined tongue-shaped
confignration showing columnar growth, There was, therefore, considerable
variation in the amount of diffusion of aluminiuwm into the iron, Needles,
and occasionally plates, of aluminium=iron compound existed in the
aluminium weld metal adjacent to the nsual intermetallic layer, the

needles often approaching 0,005 inch in length. Sections cut from
these test specimens and subjected to tensile and impact tests showed that

the joints were stronger and more resistant to sudden shock than fillet

welds laid directly on coated steel.

In the second group of tests, utilising the commercially available

alwnininm-5% silicon filler wire, it was now found that the intermetallic

(generally between

layer thickness range was 0,00025 -~ 0,001 inch-
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9 : .
0.00025 and 0.0005 inch )° The layer was even, with complete absence

of an acicular constituent as noted in the first test group, Bend tests
showed that specimens of the second group (aluminiums&% silicon wire)
possessed greater ductility than the first group (commercial aluminium
wire), They were undoubtedly stronger than fillet welds produced witheut
preliminary surfacing of the coated steel, The tensile strength was now
equal to that obtained for butt welded joints between aluminised steel and
aluwninium (e,g, testes 85 and 80 Table VI). j
4,3.3. Discussion,

A number of important factors emerge from study of these test results.

For example, work on the cruciform specimens has clearly demonstrated that

joint design must be carefully studied, with the thickness of the material,
number of welds, and metal coating considerations, all being taken into
accomnt. Where possible an underflow of argon should be used, for there
was a considerable improvement in strength when a secondary inert gas
supnly was employed, This is shown by tests 126-133, Table VIII,

althbugh the aluminised steel coating produced variable results compared
with tin or zinc, Again, it is evident that an indifferent quality
coating, especially with regard to thickness, is likely to result in welds

having little strength.

For fillet welds, preliminary surfacing, by laying down a number of

weld beads on the coated steel, prior to joining the aluminium to the steel

component, is to be strongly recommended, The use of this technique

ngth, especially where resistance to shock

produces joints of maximum stre
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is required.,  This particularly applies to the use of a hot-dipped
aluminium coating as without such preliminary treatment tin or zinc coated

steel is preferable, at least as far as mechanical strength is concerned

4.4, Tube Butt and Lap Welds,

o . : e .
This section is concerned with butt and lap welds hetween 16 gauge,

cne inc iameter aluminiuwm or aluminium alloy, and mild steel tubing, i

TG B0 and NT v umini: i i {
e, HTO a T4 aluminiuwne material was employed, while the ferrous tube
was of the seamless type,

Table X,

Composition (per cent)
(Single values are maxima unless otherwise stated)

Al Cu Mg Si I Mn Fe Others
e 99 0,1 - 0.5 | 0,1 | 0.7 | Zn Qel
(min)
HTO | yem |o0.1| 0.4 0.3 | 0.5 | 0.6 Zn Q.1
0,9 | 0.7 Ti 0.2
NT4 rem, | 0.1 1.8 | 0.6 | 0.5 | 0.7| Zn 0.1
-27 Cr 0,5 N
Ti 0.2 3
Steel C - 0.15% approXe
TLC-0 and NT4-0 Annealed condition
HTO-WP Solution and precipitation treated.

The steel was coated with aluminiuwm, zinc oy tin by hot-dipping or

electroplating techniques (Section 4,1) and the tubes degreased and wire

brushed immediately prior to weldinge. The same welding jig was us ed for

The shaft of this jig was constructed

both butt and lap welds (Figure 12).




{
!
i

i

Figure 12

b
' Welding Jig for 1 in. diameter tubes.
é Groove measurements = %” radius and 3/32" deep with 1/16" diameter holes.
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in two halves which could be separated after the weld was completed and
it was machined so that during welding, argon gas could be supplied to the
underside of the joint, through 1/16 in, diameter holes,

A Tangye pressure pump was adapted for testing of the welds, This
was a two speed single-acting pump of simple rectangular form bolted to a
large base plate, Several tube fixtures werc tried before g satisfactory
testing technigue was obtained, Th;s comprised a gland union fitted =t
each end of a 4% in, length speciumen, The gland nut on the pump end was
attached by means of a % in., B.S.P, thread to the machine, The test tubes
were inserted through a clearance hole in the outer nut, the tightening of
which on the fixed gland nut, brought end pressure to bear on the taper
polythene seal, The same principle was employed on the outer end except
that the gland nut, outer nut and seal were entirely sevarate from the
machine and could therefore be assembled on the welded tube prior to making
the pump end connection, To prevent the end seals from parting under test
pressure, three tie bars encompassing the total length of the assembly were
incorporated but which, unless very high pressures were reached, did not

create compressional stresses within the test piece,

4,4.1, Swmmary of Results,

It was general practice to section the welded tubes after pressure

testing and examine the macrostructure,  Low pressure test results were

generally associated with incomplete penetration or the presence of an

underbead defect. For example, specimens 172 and 174 were compared

(Table XII), The underbead in specimen 172 had formed correctly and
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penetrétian was complete while that of specimen 174 was uneven with an
underbead defect (Figure 13).

Defective underbeads are sometimes observed in argon arc welds of
aluminium alloys, The defect is associated with a gap between the edges
of the parent materials, insufficient cleaning of the surfaces to be
joined; and inadequate protection by shielding gas of the undersurfaces
during weldinéZI,

Thorough cleaning was always undertaken in this investigation and
close contact maintained between the tubes, Where underbead defects
occurred, they were due to experimental difficulties, such as slight
interruption of the shielding’ gas supply. In other cases, test 195, for
example, good underbead shape was achieved but porosity caused failure at
a lower pressure than would otherwise have been obtained., In fact, welds
between the coated mild steel and the aluminium-magnesium-silicon alloy
(HT9) seemed more likely to contain pinholes than the aluminium {TLC) and
alwminium-magnesiom (NT4) materials, HT9 being a heat-treatable al uminium
alloy, some loss of properties was to be expected as a result of the
welding operation (compare pressure test figures in Tables XI and XIII},

For production of the lap welds, the aluninium tubes were expanded
sufficiently to enable a length of anproximately one inch of mild steel
tube to be fitted inside of thems Pressure test results for this design

of joint were much lower than recorded with tube butt welds (tests 177,

178 and 191-193, Table XII).

s for the aluminium tubes were as shown

Average pressure test result




Figure 13
Sectioned tube joints after dressure test.

Top - test 17k Botbon-Test 172
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in the following table;

Table XI,
Aluminium Manufacturers? Pressure Test
Tabe Figure Apparatus
. 2
TLC 2,000 1b/in 1, %0 lb/in2
. 2
HT9 4,90 1h/in” 5,500 1b/in2
.2
NT4 3,750 1b/in 4,100 1b/in” T
Table X1,

Tube butt and lap welds ~ mauual argen arc nrocess,

Tests up to (Electrode ¢vesascecsces & in, diameter
195 (Filler v0d cyevoceoess. & in, diameter
Al - 5% Si
Tests from (Flectrode oeesvvevsee.. 3/32 in, diameter
199 (Filler rod ¢v.c.0vev... 3/32 in, diameter
Al - 5% Si
Notes,
H/D - hot-dipped coatinga.
E/@ - electroplated,
7B - failure in parent material or transition zone,
F.J. - failure in weld, j
F.A. - test stopned at recorded figure due to fault

developing in test equipment,

R, - retained for various purposes.
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Table XTIT.

PRESSURE TEST ANALYSIS

~

1b/in”
TUBE EIECTRO- HOT-DIPPED EIECTRO-  HOT-DIPPED  HOT-DIFPED
PLATED ZTNG PLATED I ATUMINTUM
ZTIC TIN
o - ‘ -
™MC 2,400 I, 600% 2,250" 3,350° 2,200°
1,900P% 2,100° 2,700" 2,400%
2,300°
2,500 2,300"
AT9 3,400 s, 000 3,250 3,800" 5,200
ey 500° ey 3507 4, 000° 4,100° ;100"
Iy, 8007 1y 200" 4, 000° 3,500
29000*& by, 000™
b
WL 4, 100" 3,500 4, 000" 4, 250% 3,800
. r + >4
5,600% 5,000 3,4007 15500 2,5
45550" 152007 3,850"
| 2,300P%
NOTES.

Parent metal failure

Weld metal failure

Lap weld

Apparatus faillure (eoge seal) at this pressure




4.4, 2, Discussion,

Throughout the complete research programme welded test spec imens
were prepared in groups from time to time by different operators, It
was not always possible, therefore, for each technician to become fully
skilled and most weld defects could be traced to lack of experience,

This was particularly evident with the joining of the one inch diameter
tubes because the tube size made manipulation of torch and filler rod a
more difficult process.

With approximately half of the welded components, the underbead
penetration was not complete and, in fact, in some instances examination
showed that only some 50% of the bead foymed correctly, In such cases,
higher test figures could have been obtained with 100% correct underbead
formation, with the possibility of a greater proportion of failures
taking place in the parent aluminium material., It is considered that a
fault such as lack of penetration, or the presence of an underbead defect,
would rarely occur with fully skilled operators working under production
conditions,

The butt weld design is undouvbtedly superior to a lap weld as there
is insufficient area for adhesion in the latter case, and full mechanical

properties cannot be achieved. It would appear from study of the pressure

test analysis (Table XIII) that any one of the five steel coatings can be
considered suitable as a buffer layer for joining these dissimilar metal

tubes, but other factors must be taken into account, for exanmple,

corrosion resistance,




4.5. Other Techniques,

A wider range of welding processes is used for Joining aluminium and
its alloys than for almost any other commonly used material., In view of
this fact it was decided that useful knowledge might be acquired by
carrying out tests employing consumable electrode gas—-shielded arec welding
equipment, In addition, & number of tests were made using automatic none-
consumable electrode equipment, Experimental work on friction welding
has also been carried out to determine whether this technique could be
emnleyed to join aluminium to steel, and finally in this section are
included some notes on bead-on-plate tests using aluminium clad steel and

electrophoretically deposited aluminium on steel,

4,5.1. Lynx Welding Bgquipment,

This equipment is designed for consumable electrode gas shielded arc
welding, the bare wire being fed into the pool at constant speed whilst a
blanket of gas shields the weld zone from atmospheric contamination.

A current of 150 amperes was used in conjunction with a 3/64 inch
diameter wire, This wire was the smallest in the range normally employed

in industry,
A number of 10 gauge sheet butt, and three inch diameter tube to

sheet fillet welds were attempted but the tests were unsuccessful, it

was evident that a much lower current was required to avoid melting of the

steel edge, When the current was reduced, the mode of metal transfer from

the electrode abrupbtly changed from a rapid stream of small droplets,

o large intermittent globular transfer, Workers have

'spray transfer®, to
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shown that the critical current 1 i i
nt below which metal transfer is unsuitable

22

for welding is proportional to wire diameter and not cross-sectional area.

4,5.2. Sigmette Fine Wire Bquipment,

A design of gun which will take a wire smaller than the 1/15 inch
diameter, which is commonly used for self-adjusting arc welding of
aluminium, extends the use of this process into a lower current range
allowing the welding of thin gauge materials at increased speed,

Comparison with tungsten arc welding suggests the fine wire technique
is more suitable for fillet welds and less difficult for positional work,
but lacks the separate control over heat input and filler metal additions
where parent metal thickness varies along the joint,

The electrode available was 0,030 inch diameter alwninium-5% silicon
wire and tests were made using tin, zinc and aluminium coated steel in
combination with several aluminium.&lloys; A current of approximately 90
amperes and an arc voltage of 16 was used with an argon flow of 18 ft.g/hr.

Tests indicated that the square butt joint was not satisfactory even
though the effect of variables in the technique were fully investigatedza.
This confirmed the opinion held by the equipment menufacturers who prefer
the use of the torch on fillet and lap joints, A number of alumini om

. o
alloy plates were machined with approximately a 45 angle and no root face.

However, the penetration was not improved with this joint preparation and

sealing runs were necessary on the underside in each case.

The equipment was suitable for the production of fillet welds, and

The intermetallic layer was quite

satisfactory joints were obtained.
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thin but some porosity was evident, Hydration of the surface oxide film

on the aluminium does not normally cause trouble with the non-consumable

electrode process, but it can be a serious source of porosity in consumable

welding processes,  This is thought to be partly due to the very high

freezing rate of such welds not giving the hydrogen time to diffuse out

before the metal solidifies,  Another reason is that it may well be
necessary to clean the surfaces more adequately,

4.5,3, Auntomatic Welding,

Antomatic welding with a non-consumable electrode is particularly
suitable for straight butt and comner welds and has also been applied
successfully to circumferential joints, ¥hether the torch or the material
to be welded is moved, depends on several factors, In this investigation
the torch was moved, with the material to be joined clamped in a jig, and
these conditions allowed constant arc length to be maintained, thus
encouraging uniformity in weld quality and profile, The automatic welding
head comprised an argon-arc torch with filler wire feed device, The
equipment was fitted with controls which made possible & great variation
in experimental conditions such as carriage travel speed and filler wire
feed, The jig used was that shown in Figure 2 and edge preparation was

square, Correct alignment of abutting edges is important in welding

especially with thin material and usually the electrode is set immediately

above the edges, but in these tests such a setting produced an irregular

% inch on the

weld bead, the electrode was therefore offset about
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aluminium alloy side and this produced a distinct

improvement in weld

quality. It is possible that overheating of the steel coating was avoided

‘n this wave Experimental work i i i
i 3 work involved the use of tin, zinc and

aluminium coated steel in combination with aluminium or aluminium alloy,

Many difficulties were encountered such as undercutting of the
aluniniwnm, and wire speed increase alone did not overcome this; cracking
was aften associated with the undercutting, Tilting the material and
backing plate very slightly in order to assist flow of molten metal did not
improve weld quality. It is suggested that nerhaps an oscillating head
might possess advantages in laying down a bead, in order to obtain in
automatic work, rather similar conditions to those prevailing in manual
tungsten-arc welding where the operator encourages the filler metal to wet
the steel evenly, Using such equipment, any local variation in coating
thickness or oxide inclusions, might have little effect in preventing even
wetting of the coated steel,

After investigating a wide range of welding conditions, it was found

that the aluminised steel resulted in the most satisfactory joint,

Details are given in Table XIV.
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Table Xiv,

Automatic Welding Techniaque,

Steel coating H/D Al - HS30 (10 s.w.g.)
< e e 4

flectrode diameter % inch,

Filler wire (Al-5%Si) 3/32 inch diamater

\ 3
Argon flow 18 ft /h - electrode
2 £t."/h - backing plate

Current 170 amperes

Wire speed , 40 inches/minute !
Carriage speed 4 inches/minute |
Arc length % inch. ‘

4,5.4, PFriction Welding,

This section describes the practical approach made to joining
aluminium and steel by a friction technique, The theoretical aspect
with particular reference to interface structure is discussed in Part Il

Basically friction welding is a method of joining bar to bar or bar
£o flat parts in which the heat for welding is supplied by the friction
created between the two surfaces when one is revolved against the other,

Experimental work was intended to explore whether aluminium could be
joined to mild steel but the tests were also of value from the fundamental
point of view in permitting examination of the joint interface without the
introduction of another element like silicon, as occurs in the inert-gas
Process,

Welds were produced on a machine developed by the British Welding

Research Association. Within certain limits it was possible to vary

e rotation speed and the rate at which the stock

interface pressure, relativ
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shortened during welding.  Three quarter inch diameter bars were employed

for both components of the weld and the combinations were either mild steel
with commercially pure aluminium (ELC), or aluminium-magnesinm alloy (NE5),

Welding Procedure,

(a) Mild steel to commercially pure aluminium,

Unsatisfactory joints were obtained when rough finished or machined
surfaces of aluminium and steel were presented to each other at variocus
machine settings, The aluminiuwm deformed to form a flange around the
steel but bonding was almost non-existent, Preheating the steel at
temperatures up to approximately BQOOC and / or the use of flux was also
unsuccessful,

Various joint designs were éonsidered, for example, the diameter of
the mild steel bar might have been reduced compared with the aluninium or
the joint area contained within a short length of lecosely fitting tube to
force the aluminium between the walls of the solid rod and tube, The
most successful joint was obtained when a disc of 2 inch diameter mild
steel bar was in contact with the aluminium surface, the disc being joined
to the main mass of steel by a spigot of approximately 5/16 inch diameter
and about 3/32 inch width,

Microexamination showed that the original fine grain size of the steel

was retained, The spigot was forced into the metal disc and at the

comers was senarated from this disc by an oxide film, This might lead to

early failure in a weld should it otherwise have been satisfactorily mades

ed 0,0001 inch  without any

Thickness of the intermetallic layer averag
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-rpoat varistion ut a ¥ ™ ;
great variation; but a few short lengths seemed almost free of this

rom such evidence it isg reasonable to assume that bonding

did not exist at these are
as.,

(b) Mild steel to aluminiwa-magnesium g&lloy,

With the spigot design

fuh

escribed above the spigot ares rapidly

Y - e 1y 1 o : .
reached about 830 €, which was considerably higher than the case with
comercially pure alwninium, An attempt was made to join directly the
% inch diameter bar without machining the spigot, Successful joints were
obtained asg shown by free bend tests, the plastic deforwation being
confined to zones on either side of the dissimilar metal joint which did
not fracture,

The most satisfactory joint was obtained using approximately a half
ton friction load and two ton forging pressure, a relative rotation speed
of 1400 r.p.m, and 0,25 inch of bar stock was burnt away,

Metallographic investigation showed that in one or two cases there
wes evidence of cold working effects in the steel at the interface and of

he ferrous material being folded back te give a structure
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Discussion,

. 3 s . - c o1 o ition nlavy an
It is apparent that joint design and material composition play an
4 e diffe oo
important part in deterwining the type of bond cbhtained, The difference

. s « o -
n thermal condnctivity between comuercial aluminium (0,54 €.G.5. units)

ot
bl

" : : 3: ; +.S, units) probably
and the alwminium-magnesium alley (0.32-0,34 C.G.S. units) probably

- : at machining Srioo
explains why the alloy was welded to the steel without machining the spigot

1ded with the spigot.

while the aluminium could only beé we
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If the thermal diffusivity is determined, using the formula:

Thermal diffusivity = the@itcondg“i"ity
8p.ht. x density

the figures for aluminium and the alloy are 0,8 and 0,54 respectively,
With a material of high thermal diffusivity there will be rapid heat
dissipation away from the metal surface to be welded, making it very
difficult to attain the required temperature for welding the steel to the
alvminiuwn, The effect of the rapid heat transfer was overcome in this
work by presenting a disc of steel to the aluminium, thus reducing the
msss of metal to be heated, With the lower thermal diffusivity of the
alloy, heat was not transferred from the end of the bar to the main mass
of metal so readily, and therefore the required surface temperature was
reached without the necessity of machining a spigot behind a thin disec,
Uxide film composition should also be considered, as according to

©

v 24 L. .
Brouckere ~, alloys containing up to 8 per cent, mapnesium, heated to

temperatures bhetween 120° and 350°C are covered with crystalline E;m AL O,

23

On heating above this temperature the surface of the film consists of Mg0.
Progressive heating up to 4@000 can cause a duplex film of magnesisa
superimposed on alumina, It is unlikely that a difference in oxide
structure between the aluminium and aluminium-magnesium alloy affects
weldability because it is considered that the oxide film will be shattered
during plastic deformation, The film will therefore be dispersed,
metallic combact will take place and welding will occur at a suitable

temperature and pressure, " The oxide film is assumed to be "balled-up" by

& mechanical process,
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The cold worked areas in the steel at the interface indicate that the

temperature of the steel bar did not rise to any great extent, as even

incipient recrystallisation was not apparent, Therefore, a joint between
steel and aluminium produced hy the friction welding technique described

might be regarded as a variant of cold pressure welding,

4,5,5. Bead—-on-Plate Tesis,

{&) Aluminium Clad Steel,

Welding tests were made to determine whether aluminium clad steel
counld be employed as a suitable material for joiuning to aluminiwm,
Unfortunately, the material available at the time of the investigation was

much thinner (6.023 inch} than that used in the main programme (0

<
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and the coating thickness was not sufficient to give the technique a fair
trial.. The intermetallic layer thickness of the clad material was much
3

less than that of aluminised steel,

For welding, an air-cooled torch was used at a current of 30 amperes

He

93
o . o . .y o
ith argon flow of 14 I3 /Er and 1/16 inch diameter aluminium=5% silicon

wire,

Micrcexamination indicsted that the compound layer was thicker in the
region sf the welding bead but at no point was it more than 0.0001 inch,
The steel grain size was small and unaffected by heat from the electric
arc, while at the bead edge the cladding was alwmost undisturbed., On the

. o ; he o h had oceurred
underside, immediately oppos te the bead, considerable growth had o

s . : . s ohi in and
of the intermetallic compound, its thickness approaching 0,0003 inch ar
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It is suggested that the Joining of clad steel to aluminium or its
alloys is possible but a heavier gauge material would be advisable and this
should minimize growth of the underside intermetallic layer, Chemical

analysis showed that only & small percentage of silicon existed in the

cladding so that the beneficial effects of that element were not available,

(b) Aluminium Deposited Blectrophoretically,

The steel was coated with alvminium by electrophoretic deposition of
aluminium powder followed by rolling and heat treatment.

tests proved unsatisfactory in every instance, The heat from the
electric arc destroyed the continuity of the aluminium coating and small
nodules of the metal formed around the edge of the bead. Invariably,
slight bending of the »nlate resulted in the bead being stripped from the
parent metal and it was evident that there was no adhesion of filler metal
to the coated steel,

4.6, Fatigue Strength,

A dynamic fatigne testing machine was used to apply reversed bending
stresses without any initial static load, Dimensions of the welded
specimens used and an operating diagram are given in Figure 14.

A fatisue programmue éhould normally involve the testing of a large
nuber of specimens in order to ohtain conclusive results, It was not

possible to do this dnring the investigation but it was hoped that scme

indication might be given of where failure could be expected.




< 1Y —% Y >
Dimensions of Speoimen for Futigus Test,
®oasurin, arm
Joint
specimen
dial gauges
fMxing studs
9
_ D E T TRERORRS tc
e P - P
e oA S e e
s
/ 4
e
driving motor — ~——fm——y
with double ecoentric

Operating alagrem,

Figure 14




4,8,1, Results,
Group 184,

Alominium joined to aluminised mild steel using the aluminium-5%
silicon filler rod,

Specimen A, < 3 tons 38,600 cycles,

Fracture occurred in the transition zone of the aluwminiam and there
was no sign of failure at the steel/hluminium.junctianj Porosity in the
underbead had no effect on the test result,

Specimen B, = 3 tons 36,500 cycles,

Specimen C. —~ 5 tons 26,700 cycles.

In both cases failure occurred in the transition zone on the aluminium
side, with the dissimilar metal junction remaining intact,

Group 186,
Al yminium~magnesium alloy joined to hot-—dipped tin coated steel with

the aluminium-5% silicon filler rod,

i+

Specimen A, 5 tons 689,000 cycles.

]
R

Specimen B, tons 1,534,500 cycles, ‘

tons 574,90 cycles,

¥4

. +
Svecimen C, =~

Specimen D, 1 5 tons 663,100 cycles,

Failure took place in each case on the alloy side of the joint, the
dissimilar metal junction remaining intact.
Groun 183,

Al wminiwn-rmagnesium alloy joined to galvanised mild steel by means of

the aluminium-5% silicon rod.
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This test panel was selected because the top bead was very flat and

although the penetration was adequate, in other respects the weld quality

appeared to be poor,

b+

Specimen A 5 tons 102,100 cycles,

i+

Specimen B 5 tons 174,400 cycles,

Specimen C 25 tons 124,400 cycles,

Specimen D ~ 5 tons 156,300 cycles,

Failures occurred at the interface with fracture starting at the top
surface where reinforcement was lacking and the bead surface was very
irregular.

There appeared to be a relationshin between the number of cycles to
failure and the condition of the top bead.

4,6,2. Discussion,

Although investigation has been somewhat limited, there is sufficient
evidence to show that these dissimilar metal welds are capable of fatigue
strengths at least equal to the parent aluminium material. As complete
removal of the bead reinforcement is not possible (Section 11), the weld
bead, and the junction of the bead and the surface of the parent metal,

should be smooth in order to improve fatigue performance. If the welding

averation does not achieve this smoothness, and argon-arc welding does

tend to produce a steep sided bead, then it might be advisable to polish

the weld bead surface.

4,7. TEffect of Heat Treatment,

f the effect of post-heating, thermal cyecling orxr of

Little is known o
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1

thermal shock on aluminium-steel Joints, although steel backed aluwminium

T ings and aluminium f£i i I .
rearing inned cylinders for aero-engines have operated
successfully for years,

Miller”, and Cook 7

pilex , and Cooke and Levy , have pointed out that post-heating of
pressure welds between aluminium and steel would, under praper conditions,
5 e) ] ¢ § S T S .
increase the tensile strength of such Joints, Too high a temperature or
too long a time at elevated temperatures, however, decreases joint strength,
Host workers consider that the reduction in strength is due to diffusion
resulting in an increase in the thickness of the iron-aluminiuwm compound
layer at elevated temperatures,

A cownon vroblem to many of the alwminium coating processes is control
of the compound layer both during application of the coating and during
subsequent thermal treatments, Therefore, some preliminary investigation
of the effect of heat-treatment on the welded joints seewed vital,
particularly as parts in service might be subjected to prolonged heating

o
at temperatures un to 400 C or so.
Investigation comprised (1) fairly long periods of exposure at
o N . . .
temperatures ranging from 350 C - 560 C, followed by micro-examination of

] S m 3 4 4 1:-3(-'0
the interfacial layer, (2) similar periods at temperatures of 330 C,

40000 and 4500C followed by tensile testing and (3) thermal cycling between
o . ; ;

0 - 200°C every two hours, for a prolonged period followed by a streching

test,

4,7,1, Testing Procedure and Results.

recially pure aluminium

l. A test panel of aluminised steel joined to comme
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v was selected, The welded nanel was cut to dimensions 5" long by 14w
g ‘

v (&) 1 .
wide so that adequate metal was retained on either side of the joint,

A small lahoratory t

ype resistance wound tube furnace was employed for

the heating,

E . . . .
? The procedure adopted was to subject the specimen to increasing
temperature over a fairly long period of time, cutting off sections at

the end of each step in the investigation,

For the purpose of comwparison, a number of similar welds which

had not been heat~treated were examined and compound thickness measured,
This varied between a minimum of 0,0002" and a maximum of 0,0004%.

Specimen 165 (a)

0

Treatment consisted of two weeks' exposure at 350 - 400 C. The
average thickness of the alloy layer after this heat-treatment was
0,0008 inche .

Specimen 1685 (5)

This specimen was subjected to the same treatment as 165 (a)
with, in addition, two weeks' at 425 — 450°C.

The average thickness of the alloy layer was now 0.,0009 inche .
The microstructure is shown in Figure 15.

Snecimen 165 (c)

In addition to that of (&) and (b) this specimen received two i

)
weeks' heat—treatment at 500 C.

As will be noted in Figure 16, in addition to the intermetallic

onstituent, probably of similar

layer there now occurred a farther ¢




Figure 15
H/T specimen - test 165b
Btch 0.5% HF x 1000

Figure ;é
H/T specimen - test 165¢

Etch 0.5%HF x 1000




- T1 -

chemical commosition ick i i
T s which was aclcular in nature, The average

alloy layer thickn 3 06069 i ; "

y mess was 0,0009 inch, while the depth of penetration
of the acicular constituent was 0.001", thus the total thickness of
brittle coupound approached §,002",

Specimen 165 (d)

reatment of 165 a, b and ¢ with, in addition, two weeks at
54€}GCa The usual layer of intermetallic compound occurred and its
thickness was similar to that of 165 (c¢), however, the acicular
constituent extended approximately 0,002 inch, into the filler metal
zone, It should be noted that although the length of the acicular

compound had increased, the width remained similar to that of 165 (e).

Specimern: 165 (e)

Treatment of 165 a, b, ¢ and d with, in addition, four weeks at
560°C,

A very wide band of compound was now evident, showing distinct
signs of disintegration, Figure 17 is a plot of total intermetallic
compound thickness vs temperature, the total thickness comprising the
width of the normal alwninium~iron layer and the extent of penetra-
tion of the acicular constituent into the filler metal.  The

constitution of these phases is discussed in Part II.

Snecimen 167,

&
Aluminium joined to hot-dipped tin coated steel using the

aluminium-5% silicon filler rod.

67 a, b and ¢ were heated for 15 days at

Thyee test pieces 1
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temperatures of 3507, 400" and 450°%¢ respectively,  The control

specimen, nwmber 125, which had not been heat-treated gave a tensile

: 2
strength range of 4.8 - 5,0 ton/in” with failure in the parent metal,

Tensile strenoth after heat-treatment,

167a - 0,76 ton/ing
1670 - 0.76 ton/ﬁn“
167¢ - 0,81 ’ton/in~

The aluminium failed by necking in each case well away from the joint
area; there was no indication of failure in the bond,

Specimen 273,

Aluminium-magnesium alloy joined to aluminised steel using the
aluminiun-53% magnesium filler rod,
. 0
The test pieces were heated at 350 C for a period of three weeks,
The contrel specimens tested in the as-welded condition gave a range
. 2
of 11,2 - 12,2 ton/in®,

Tensile strength after heat-treatment,

213a -  10.4 tonfin.
273 - 10,1 ton/in”

Failure in this case took place at the interface.
The weld selected for this part of the investigation was between

an alumininm-mascnesium-silicon-manganese alloy (A4S 30) and steel

. : The na ut i r that the
electroplated with tin, The panel was cut in such a manne

. i 4 +
whole lenzth of the joint with approximately i inch of parent metal

each side, could be placed in a small electrically heated tube furnace.

o : o
The treatment consisted of a two-hourly 0 - 300 C cycle maintained for

twenty weeks,

s
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After hea‘tmtreatmen‘t, the weld was stretched using a load of

approximately 30 ton/in?‘

8

4,7.2. Discussion,
The results of the diffusion experiment indicate that co

nsiderable

growth of the alloy layer must be expected when welded components are
subjected tc elevated temperatures for prolonged periods, Perhaps the
most important observation is that, between approximately 450 and 5@60(},
the diffusion mechanism changes so that this layer does not show & further
increase in width but compound growth continues in the form of an acicular
constituent which increases in length rather than width until a very high
temperature is reached, The low ultimate tensile strengths of the
specimens taken from panel 187 are accounted for by the effect of the heat
treatment on the parent aluminium material rather than weskness in the
intermetallic layer where fracture might reasonably have been expected to
occur, The prolenged period of exposure to an elevated temperature
resulted in a very large crystal size in the aluminium and, under tensile
loading conditions, the material deformed plastically at a low stress.

As fracture at the interface had occurred in the control specimens
for panel 273, it was to be expected that the heat treated components
would fail in g similar manner. The reduction in strength was not as
great as anticipated and the results can be considered satisfactory.

Testing a weld longtitudinally produced no sign of weakness in

adhesion of the filler metal to the parent metals.

&} .
temperature above 450 ¢ will

Figure 17 shows that exposure to any '
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rapid incre i N , .
lJead to a rag loerease 1n the amount of britile aluminium-iron compound

present at the weld interface. Even below this temperature, the increase
is marked and it is considered that 3000C is the maximum temperature of

exposure that can be tolerated over a long period,

4,8, Corrosion Aspects,

Several specimens have been exposed to an industrial or marine
atmosvhere for approximately three vears, Sheet butt, and tube to sheet
fillet welds, were selected for testing, and those in the industrial
atmosphere were examined fairly frequently, while those exposed to coastal
conditions were inspected at about six monthly intervals,

In each case the aluminium parent metal and joint area is satisfactory,
in fact in one or two cases, the joint condition can be described as perfect.
fhere the steel component is coated with tin, however, considerable attack
has occurred, and with the marine atmosphere, rusting is evident over some
80% of the surface through pores and particularly at the heat-affected zone
on the underside of the sheet, The galvanised steel, whether subjected to
industrial or marine conditions, does not show the same general attack, but
there is more corrosion on the underside heat-affected zone than is the
case with tin, and rather more rusting on the cut edge. with aluminised
steel, very slight rust spotting is apparent and on the cut edge rusting

is similar to tin and zinc coatings. Signs of weathering are mainly

confined to the more protected side of the panel.

LRSS
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5., CO-ORDINATING DISCUSSION,

The results of the various groups of tests have been reviewed
separately but it is useful, at this stage, to examine the common facts
which have emerged as a consequence of Part Y of this investigation,

Before commencing this work, consideration was given to the possible
use of oxy-acetylene welding equipment, It is now clearly evident that
many reasons can be found for rejecting this nrocess in favour of imert
gas techniques, It would, for example, be extremely difficult to control
intermetallic compound thickness using the gas welding nrocess. A major
difference hetween flame and electric arc welding is the shorter time at
temperature for the latter process and this limits the amount of diffusion

taking place and therefore minimizes brittle phase formation. Brittleness

can he reduced by the operator keeping the flame of the gas welding torch

well directed toward the aluminiuwm, and by very careful manipulation of the

filler rod to protect the steel coating from excessive heat. Even 89,
the amount of compound will be greater than with arc welding and cracking
within the layer is a distinct possibility. Control of oxidation of the

buffer coating on the steel will also be very difficult during gas welding

. . . .
and the presence of flux residues 1in the weld bead is likely to aggravate

corrosion problems,

It is necessary to use a buffer coatinz on the steel since all

attempts to join aluminium to steel without preliminary coating of the

steel nroved unsuccessful,

utilising hot-dip coatings on the

For aluminium to steel joints,
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ferrous material, there are three ways in which compound lsyer thickness

can be restricted, In the first nlace, additions can be made to the

molten metal bath, such as silicon to aluminium or a smell percentage
addition of aluminium to zinc in the case of aluminizing and galvanizing
respectively. The effect seems to be one of slowing down the reaction
rate between the molten metal and the ferrous metal surface, Secondly,
the welding process employed will have an important influence,and thirdly,
many of the test panels were prepared with an aluminium-5% silicon filler
materiale This silicon content undoubtedly assists in minimizing the
alloy layer thickness at the joint interface. With electrodeposited
coatings, only the second and third considerations apply,

The weld strength depends a great deal on the mechanical properties
of the intermetallic compound and thickness is a most important factor in
controlling the strength of the layer, As growth rate determines its
thickness, it is an advantage to be able to control reaction rate between
the liquid metal and steel surface. A thick layer is weak and very
brittle and unable to deform plastically as in the case of a thin layer,
With sufficient strength in the intermetallic layer, fracture will occur
in the parent aluminiuwm material, or at the steel-steel coating interface,
Therefore, the weld can be stronger than the aluminium or aluniniuwm alloy
or weaker if an interface of low strength exists in the joint area.

Most of the investigation has been carried out using either aluminium,

tin or zinc as the coating metal on the farous material. It is not

in fact, this was

difficult to coat the steel with any of these metals;

rveny

T A
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one of the basic reasons for their selection, However, the coating

quality may vary considerably between one supplier and another, so that
surface condition should be carefully studied, particularly as weld repair,
whilst not impossible, is a difficult process and requires considerable
glgill on the part of the operator, The quality of the coating must be
assessed hy examination of the microstructure (particularly to determine
the thickness of intermetallic compound in the case of hot-dipped coatings),
coating thickness measurement and general visual examination, The work
has shown the need for a smooth, even coating, free from both oxide and
fyrom pronounced metal build-up at the edges and corners of the steel,

A simple adhesion test will often reveal any weakness in the bond between
steel and metal coating. Generally, a thickness of 0,002" - 0.004"
aluminium, tin or zinc metal coating on " thick steel is adequate to
provide suitable conditions for welding these dissimilar materials,

In addition to intermetallic layer strength and steel-steel coating
bond, the properties of the weld will alsc depend on the adhesion or
alloying of filler metal to the coating and on the area of filler metal
contact with this coating.  Increased contact area can be brought about
by the preliminary surfacing technique described in Section 4,3.,1.  The
use of this technique facilitates the welding of the aluminiwn component

to the steel because the fillet weld is made between the aluminium

. ) lati
component and a layer of alwninimm filler metal rather than a re atively

= = [=7) i YIOW
t1 in llet:! { g K8 he e 181091' efEQCbl@e WC‘},d area Wl].l a
coatl 16 Ot t’.llu Stevl ® A. =%

F Y 111
exist and the stress on the weakest part of the welded assembly will be




much less, Increased contact ares should only be required with
components where there is insufficient strenzth to meet design requirements,
Such a sitnuation might arise when a fillet weld is necessary between, for
examnle, aluminised steel and a high strength aluminium alloy and it is
desirable that the mechanical pronerties of the joint are at least equal

to the parent aluminiam material.

On very large steel components the difficulty of local coating of the
area reguired for joining will have teo be overcome, as neither electro-
plating nor hot-dipnping techniques can be applied very easily, In
addition, a difference in potential will exist between the locally coated
or protected steel and the uncoated areas, so that corrosion méy be severe
on the steel surface under certain circumstances.

Pressure test results for the butt and lap joints in the small
diameter tube investigation (Section 4,4,) indicate that the filler metal
should be in contact with the top, bottom and edge surfaces of the steel.
This is considered to result in maxirum strength being obtained, but
additional experimental work reported and discussed in Part II, Section 11,

enables a clearer picture to be obtained of the effect of bead geometry on

<

weld strength,

. Lo
In each joint design, excep? perhaps that of the three inch diameter

¥ 7 I 7 i o oras N
alloy tube to steel sheet fillet weld, a secondary supply of argon gas was

found to be necessary. Oxidation of the steel coating on the underside of

a butt weld, or on the other cide of a fillet weld, proceeds rapidly

e of argon is supplied.

during welding unless a protective atmospher

e
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s thot ch prot i inti
yithout such protection, intimste contact between molten metal and coating

cannot result and the spreading power of the filler metal is very much
reduced, It must be remembered that these metal coatings are relatively
thin, and‘liable te heavy oxidation under these conditions of welding,
Such oxidation might well result in little or no metallic coating being
left on the steel, The molten filler metal will then flow unevenly and
the arc may be interrupted, causing a defect in the joint, The operator
will alsc have some difficulty in restriking the arc where the coating is
thin &nd/br covered with an oxide film, Consuuption of argen gas during
welding was gradually reduced as experience was acquired, and later tests
in the investigation were made with a flow through the torch of 14 ft,a/h
and an underflow of 2 ft.3/h, It is possible that the rate of primary
flow could be reduced further under production conditions, and tests would

very quickly establish a safe minimuwu,

No special difficulty was encountered with the 5% silicon filler rod

until work on the aluminiuwn-masnesium material comnenced. It soon became
apparent that this material caunsed embrittlement with the parent aluminium

material so that joints failed directly across the line where the steel

i

edge was in contact with the aluninium. On changing to the alwninium-5%

. . . o i it} inised asnd
maznesium filler, satisfactory results were obtained with alumini ed an

zalvaniced steel but the hot-dipned tin coatings vesulted in severe

cracking in the weld and this is the subject of further work in Part II.

. i inium-silicon filler
In spite of the general practice of using an aluminium-silic

. . - 4 i ¥ not be used
rod, because of its attractive welding properties, it should
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when special corresion resistance to some particular environment is

3 v + v . < 3 - " -; . .
required.  For instance, heavy attack of aluminium-5% silicon welds on

nitric acid storage vessels has been ochserved,




6. LITERATURE SURVEY,

Censideration of the results obtained from the work described in
part I indicated that sound, reliable joints couald be nroduced under
suitahly controlled conditions, It was evident, however, that a more
fundamental approach was desirable from the point of view of the use of
tin, zinc and aluminium coatings on the steel, the metallurgical
considerations involved, and the effect of head geometry on strength,

A number of problems needed investization, for example, the reason
for eracking occurring in welds produced under certain conditions when
tin was the buffer coating, A study of solute element diffusion in the
weld zone was also necessary, particularly in comnection with zinc coated
mild steel.

Before commencing this part of the research programme a survey of
related literature was undertaken,

6.1, Tin Coatings,

The equilibrium_diagr&m.for-the binary system, aluminiam-tin,
R S th
contains a simple eutectic at about 0.5% aluminiun and 3.6 C below the
melting noint of tin (Figure 18},  As might be expected, the eutectic

material is much harder than pure tine with chill cast alloys up to

o 43 ; ; i luminium with inter-
99% tin, the microstructure consists of primary aluminiuil wit

. : - 5 A, d
dentritic areas of tin-rich material. —The examination of data an

equilibrium diagrams shows that the solubility limit of tin in aluminiam

' . B : o }
is econsidered to be as shown 1n Table XV,
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Table XV,

Temperature Weight % Sn
650°¢ 0,05
620°cC 0.09
590°¢ 0,08!
560°¢C 0,06
530°¢ 0.04
IGOOC extremely small

Sully, Hardy and Heal% observed g more or less continuous network of
tin-rich eutectic in the cast condition which had little effect at room
temperature, but exerted considerable influence on the properties at higher
temperatures,

Additions of silicon, zinc, magunesium and manganese were found to have
no substantial effect on dendrite size nor on the tin distribution in
either sand or chill cast aluminium-10% tin alloys. Only nickel or

perhaons nickel combined with copper tended to reduce the film forming

tendency of the tin,

0f considerable interest to this dissimilar metals welding investiga~

. . : T wmind it
in duetility in binary alaminins-tin alloys. Conmercial aluninlun-tin

. P B : 1g {11 ine
alloys and an aluminium alloy containing 5% tin with 23% silicon retained

. L . . ~ +y o
their ductility to a greater extent at higher temperatures.

. - mal 4 =11ocv has been
The room temnerature strength of an aluminium-5% V10 alloy ha

o
. PR ] 2 S, 1Ml at 00 C
reported as 4,2 tons/sf—:a in, and approximately one ton per sq. N ’

i - ; i 5 and 2,25 tons/sq.in,
With a 5% tin - oly gilicon material it was 7.5 and 2. / qe

4y
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regpectivel From these i i 1
s Ve e published figures for tensile strength and

elongation 1t would appear that silicon has a beneficial effect,
Therefore the use of an aluminium-5% silicon filler rod might be
gdvantageous particularly at elevated temperatures,

At roowm temperature the aluminium~tin eutectic has a similar
strength to the aluminium matrixz, At higher temperatures, strength and
ductility of the hinary alley is mainly determined by the rupture of the
entectic films and although these may have a high ductility, they are
gerzera;,}_’;y so thin that little deformation of the specimen occurs hefore

actual fracture takes place,

6.2, Zinc Coatings,

1t was considered that, because a weld between aluminiws and coated
steel is unusual, a study of solute element diffusion, for instance
zinc thronsh the weld metal, should be made,

From various investigators'results, at the approximate temperature
of 500 C, the relative diffusion rates of solute atoms in gluminium in

ascending order appear to he, manganese, copper, silver, silicon,

26

magnesium and zinc, Very little work has been published dealing with

the influence of one solute element on the movement of another when

eluwninium ie the solvent metal,  However, it seems reasonably agreed

N . 1 V)
that the diffusion of zinc in glumuiniam 18 relatively high compared with

other metals.

This high diffusion rate must be considered when zinc coated steel

. L. . ‘o ax) using the aluminium-5%
is welded to aluwninium-magnesium material (NW) g 7
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pe i ille etal : .
mgonesium filler metal, as the age~hardening of aluninium-zing

-Hagnesium
) o v s . .
alloys camn occur, Early investigations showed that these allovs possessed
relatively high strength preperties but unfortunately seemed verv nrone to
. 3 J &

stress—corrosion, It was found later that the addition of elements such
as copner, manganese and chromium reduced the stress-corrosion tendency.
27
Polmear  has shown that the most important effect of magnesium appears to
be one of modifying the ageing process in the aluminiun-zinc binary system,
28

gther workers  have reported that high purity base alloys of aluminium-
zinc-magnes ium when quenched from 465°¢C and naturally aged, improved in
certain mechanical properties but decreased in ductility as the alloying
content and ageing time were increased, Artificial ageing also gave an
increase in proof stress and tensile strength with increasing alloy
addition, but it was found that above about 9% total zinc and magnesium,
the material became very brittle, With an alloy of 12,5% zinc plus
magnesimm, a short period of natural areing was sufficient to produce
intercrystalline fracture.

The observations on the effect of air-cooling these ternary alloys
are important in that proof and tensile figures were only slightly reduced.
Ductility, as measured by elonzation and izod values, was reduced

especially in the more dilute alloys. Electron micrographs have shown

1 i 7 normal ageing
the existence of denuded grain-boundary zZones, even under nor S

. 1
conditions, resulting in intercrystalline weakness.,

Polmear and ScottnYmmggg have investijated the effects of small

m on the ageing characteristics of

amounts of manganese, copper and chromit
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arancse had little e . N
o te effect, chromiwn accelerated high temperature ageing
ol ad A & (‘3

vut had the reverse effect at low temperatures,

Referring to practical welding considerations, it has recently been

%

renorted by Bel'chuk, Gluskin and Fedorov™ that they obtained a lower
weld strenglth with zinc as the steel coating comnared with aluminium on
the steel, but no explanation was sugiested, This confirms results
obtained by the present author (Section 4.2.2, and Table VI) where reduced
strensth was obtained when galvanised steel was welded to the aluminium-
manganese alloy (:‘;\ISS),

Reduced strength was not obtained for any of the galvanised steel-
gluminiwn alloy specimens used in the bead geometry investigation
(Section 11). This is because the strictest control was exercised over
the galvanising operation so that the coating quality was superior to that
obtained for test plates used in Part I of the investigation.

31 .

In further discussion, Bel'chuk = considers that in the case of

galvanised steel, the melted aluminium drives back the zinc (which is

burnt out) and enters into direct contact with the solid, warmed steel

pursued further in the discussion (Section 9. 2. )

surface, This argument is
6.3, Aluminium Coatings,

32 .
The author has discussed el sewhere the coating of steel by

. . : 2 3 9 ‘1 't...-
aluminium using spraying, calorizing, cladding, electroplating or =0

S s 2y i with the metal by
dipping methods., In addition, strip can he coated t N

.. . wo ing and
electrophoretic dencsition of g} uminiu powder followed by rolling a
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33
cat treatment whereby the o .
he ’ y coating thickness can be controlled to fine

1imits and very little intermetallic forms,

Alnminiam coated steel is firmly established in many fields where
superior heat and corrosion resistance is demanded and the hot-dipped
material is manufactured in two grades of costing analysis, One type has
an aluminiun=silicon cnating and the other a commercially pure aluminium,
gilicon alters the surface oxide characteristics of the bath and the
viscosity of the aluminium,

In this welding investigation, a constant problem has heen the
contrel of compound layer thickness, This was worthy of attention because
the mechanical properties, particularly ductility, elongation and Izod
values, are very denendent on the interfacial zone condition, The
guestion of intermediate layer composition as determined by the reaction
between solid steel and molten aluminium (or alloy) during welding is
similar to that when solid iron or steel is immersed in an aluminium melt,

& process which has been the subject of numerous investigations,

However, with the joining of steel to aluminium, apart from a small

number of tests made with commercially pure aluminiwn or other filler

metals, an alumlnlumé% silicon filler meterial has been employed, Thus

research results concerned with iron immersion 1in molten aluminium are

cs are of value, On the other hand,

not strictly comparable but neverthele

i i 5 bond
with friction weld specimens, 0o filler rod was necessary and hence &

N Y " .‘ ™ e
was made directly between the low carbon steel and comnercially pur

information is of direct interests

aluminium bar, In this case; published
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34

Gebhardt and Chrowski dan .
& Jwski o demenstrated that when iron is nlaced in
8 3 iy

. : 1Tminiam, the eta -hag
11'10]_‘* e at i z [, LNe ety }ha’s,r_\ o - 0y - .
N : e - Fe _Al,_ predominates in the intermediate

5
laver. Theta has been widelv accen ] in i
5 y accepted as the intermediate phase richest
3 . K
in aluninium, Bradley and Taylors“

claimed that X-ray evidence strongly

. . +hat thet — T AY R )
indicated that theta — FeAl, decommosed o
Gl g nosed into a mixture of Fe Al _ and

o
v ~ hnl - o -
Fe Al.? below 600 C, reg_l,? being stable between approximately 77,5 and

differed fyrom that of theta, the difference bheing defined as second-order

36
[
effects. In more recent work, Black = reported that these results could

. 37
pot be reproduced and Raynor and co-workers also reached the conclusion

that Fedl, does not decompose,
A=)

In examination of both types of aluminium and gluminium silicon

. . 38 . .
coatings on steel, it has been reported  that the intermediate layer for
both coatings contained FeAl as one of the main constituents with Fe Al

w

also present but in smaller quantity. Neither FeAiS nor F82A}.,7 were

fonnd with either of the coatingse

The diffusion of aluminium in iron is considered to be almpst

' 39 . .
. . : £
entirely determined by the Fe9Al5 phase o, The preferential formation

i i ) serv high rate of diffusion
of this phase, Feo_ﬁy is brought about by a very [ igh r ’

i i luminiun-iron phases.
many times areater than that of other possible aluminiwn-iron T

Zxal

In a study of the structural constitution of the F92A15 phase,

it ssed an orthorhombic unit
Schubert and fellow workers showed that it possesse

061140. The dimensions are a = 7,68, b = 6,39 and ¢ = 4,195 KX for an

ted that the

gchubert alsc demonstra

alloy containing 72 at % alyminium.




ttice points of the ¢ - axi cupi
la P 23 8X1s are occupied only by aluminiwsz atoms and

t the ARCp YL l&,tthL ultev are U@x}‘ mumereus v ay Pe aen “)xl&t
! A ] l p ars t 3

the opp@l"tuﬂlt" exists for preferential mobility of the aluminium stoms
1 i T
in the ¢ - axis direction, These obgervations help to provide a sound
reason for the directional dependence of the diffusion rate and the high
= <23
locity reaction rate in i ng he o
velocity t forming FegA}‘g" The growth rate of the phase

is shown to be so grealt compared with other possible phases that no other

intermetallic phases can, in this respect, reglly assume similar
importance in the alumininm-iron system,
. . . .39 .

In the experiments of Heumann and Dittrich =, test specimens which
had been subjected to deformation were intended to achieve a wore uniform
boundary develonment for the intermetallic compound by assisting nucleus
formation, It was found that a tongue-shaped structure indicating
pronounced directionality still existed, They then devised test
conditions employing smoothly ground, completely recrystallised iron

snecimens which were immersed in an aluninium bath with air excluded,

.

The exvected columnar structure was clearly revealed. The possibility

exists of course, even with careful experimental work, that nucleation

can arise at so many centres that the crystals growing from them would,

. : ;. t1 cture
at an early stage, begin 1o interfere with each other. The stru

. o ity of
would therefore soon be modified and probably 1in the great majority ol

. . They also found
the welded specimens, this 1s, 17 fact, what occurred.  They -

o
rmed at temperatures above 1000 C, the

that when the Fe ph ig f
at wl h Algphase is fo
2

} structure
compound no longer possesse§ & tongue-shaped structure.
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snother important consideration relative to this welding investigation
© & & -

. PR : +he - - s .
jc the discugsion in the same paper on aluminium clad lron or steel sheets,

sing anneal of

®
=
s}
(¢
5!
“
0
(-+
9
jord
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clad sheets which is zenerally undertaken
after febrication would be thought to cause disintegration within a short
period, of the non-ferrous metal coating, In fact, in practice, annealing
does not bring this about and the reaction phase only makes its appearance
at annealing temperatures of about 500°C under exceptional circumstances
such as the use of thin metal coatings, it is suggested that with an
andeformed surface on the ferrous metal, nucleus formation is very
restricted, so that the reaction can only be initiated at temperatures
above approximately 600°C. If the metal has been severely deformed, the
reaction takes place below this temperature but is gradually arrested as
o result of increasingly poor contact between the aluminium and the FeaA};5
boundary.

Referring now to the aluminium—iron-silicon system, which is of
intevrest to this research orogramme, a considerable number of ternary

) . iscussed in various paperss
phases, as listed in Table XVI, have been discussed in
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?ibruc bure. Composition,
A - Al - Fe - Si cubic unit cell 31.% iron (41)
e Qs . - . .
(Allz_gbqal) isomorphous with 5,6% silicon

o~ Al - Mn - Si
a = 12,523 kx

o — Al ~ Fe - Si cubic unit cell 27.3 wt % Fe (42)
gAilZE'e?}Sl) 7.0 wt % Si

oL’ - Al -~ Fe - 8i hexagonal structure 32,1 wt % Fe (43)
8.7 wt % Si

-
Ni

=
{

Fe - 8i hexagonal structure 29.2% Fe (42)
11.3% si

ol ,-AL - Fe - Si cubic 35.3% Fe (42)
12.8% Si
9 - Al _~ Fe_- Si monoclinic unit cell 27,2 wt % Fe (41)
= 0 9 9 -
v = = 13,5 wt % Si
t - Al - Fe - Si tetragonal unit cell - (41)

. 3 H 2 . P . ”: . . + . R ’
Compositions efOAl,b)\q and>, are indicated by ringed points in Figure 19,
Solid alaminiwm is able to hold in solid solution fairly large amounts

it

i.d 44,45 d argo ¢ welding
s are very rapidly quenched and argon-arc welding

@
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:
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o
jou)
M
n
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Fandd
Iy
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il

’ imilar litions wi rapid
mizht veasonably be thought to produce similar conditions with rap

C { +3 e easurements indicated hish
ooline of the weld pocle. Lattice parameter measu ements indicated & z
= - (i i

% mgnganese in
degree of supersaturation with ss much as 9.2 wt (4.7 at) % of manganes

P

i ilibri ability of about
i i i wilibrium solubrlity
solid solution compared with the maximum equ 1

1 ¥
7 at) % ran Th ool m n 1t s been
. s ~gn-~-manganese systen hg
1.4 wt (G. ad) % manga ese, The aluminiun-Lroi ga v

o d ¥ hase MnAl, is
i7fivestigated4'6 hut no ternary phases were found, The p 5

= o o2 X < Z 2 L &lS
]‘ 8] (il RSO LVIN 1 ) ‘l b e Pitent, Pl‘lr&b‘ nen Llals o
DLe 1 Aimy i1yon t(} a

aluminium-iron-mnanganese~-

i s spem
examined crystals in the quaternary system,
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[¢] 5 10 15 20 25 30 35 40 45 50 55
SILICON, PER CENT.
Al-Fe-Si H., W. Phillips = Inst. of Metals,
System No. 25, Monograph and Report Series

Page 57.

Pull line boundaries between the various primary fields are

taken from an early paper by Gwyer and Fhillips.
of ol L, oL andol . are indicated by ringed pointse
13 2 0\5 & R
2

of the new fields are shown as dotted linese.

Figure 19
fAgure o2

The compositions

The boundaries
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7, EXPERIMENTAL PROCEDURE (SECTIONS 8-10)

Using the dissimilar met 1 ino 1
D etal welds prepared during Part I of the

research prograimme, metal lographie examinations, hardness surveys and
diffnsion studies were undertaken, In addition to the optical microscope,
the clectron microscope was used to study weld interface structures., For
the latter instrument specimens were etched by a 0,5% hydroflucric acid
solution followed hy use of a 1% nital solution and carbon replicas were
then prepared.

Diffusion studies involved the use of the electron probe migroanalyser
and chemical analysis. Specimens for the micrcanalyser were prepared
from welded joints of hot-tinned steel and commerc ially pure aluminium
(S’iC}, calvanised steel and aluminium-manganese alloy (NSB) and aluminised
steel and aluminian (SIC). The filler metal in each case was the
aluminiun=-5% silicon alley.

Samples for chewmical analysis were taken at approximate distances of

1/16, % and % inch from the interface of a welded panel of galvanised

joined by means of the

steel and alnminium-magnesium alloy (NSE’)),

aluninium-5% magnesium filler rod,

7




g, TL¥ COATINGS,

E.

8, 1. mxnerimental Besults,

Cracking was observed in welds between mild steel and aluminium

.

magnes iun alloy (NS5)3 prepared by means of the aluminium-5% magnesium
filler rod and hot-dipped tin as a buffer coating,

In most cases; the cracks appeared to originate from the mild steelw
gluminium interface, » Generally, the intermetallic compound thickness
was approximately 0,0005 inch  in the top bead and the edge of the
steel compared with 0,0002 inch  for the underbead,

At the edge of the steel and varticularly in the underbead regions
of various panels, an almost continuous film of tin-rich alloy existed
and its general microstructure was that of primary aluminium with inter-
grannlar films or peols of tin-rich meterial (Figure 20}, Using an
etching technique of 0,5% hydrofluoric acid followed by 1% nital solution,
the tin-rich zones were half-tene in colour with occasional dark regions
indicating a certain amount of porosity. The porosity was evident in
the unetched condition, The structure indicated that the molten filler
metal had been in intimate contact with the steel for a very short time

ici 15 1 : o form Buring
but sufficient for scme diffusion to occur and compound b . g

. . : he bineri aterial was taking
this nrocess some gravity separation of the tin-rich mater g

i i v vident in
s e . o P nerich allovy were evigen
nlace, Interdendritie films and pools of tin-ric 3

iti vere obsexved
other regions but mainly in the underbead zone,  Cavities wer

The hardness of these regions was

in these nonls in several instances.

approximately 40 V.P.N.




Figure 20

M s K LR
Tinned mild steel - aluminiun magnesium alloy (Al—;%
/l/

L 3 JURI - ] o
Solla.solut¢on w1bh\1ntergranuLar f£41lms and pools of
material (half tone ) and porosity (dark regions
R -7 11 o s
Etch 0.5% HF and 1% Nital x 500

Figure 21
ol - aluminium (AL - 5% si filler)

Tirmmed mild ste
in underbead.

Tin rich alloy concentration

Ttch 005% HE and L% N

5% Mg filler).

tin rich
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some instances, int .
In SO tances, intergranular penetration of tin-rich material
T materia

anding fro .

was noted extending from the Steel/&lwnmi .
. nium interface to - .

- ¢ the outside of

e of

the weld bead,

Where o similar combination of materials was employed except that
an electroplated tin coating instead of hot-dip on the steel was used,
quite reasonable tensile strength was recorded {Section 4,2.2, Table Vi),
Metallographic examination shoved that the resulting fractures folliowed an
intergranular path away from the alwninimm-iren compound layer and
through the aluminium-magnesium filler metal zone, Varying amcunts of
£ilms and pools of tin-rich material were present but usually considerably
less than observed with hoi-dipped coated steel, These regions were
frequently well away fyrom the fracture region and could hardly have

contributed to failure,

As might be expected, in the absence of the controlling influence of

silicon in the filler rod, there was considerable variation in thickness

of the intermetallic layer but this did not appear to have any effect on

the fracture origin, ¥or example, in several specimens the thickness

ranged from 0,0007" - 0,0015", the chanre being gradnal from the centre

to the edge of the bead.

o ; i t 80 per
From appearance of the fracture after tensile testing, about j

cent, of the bonding failed, the rest remining intact with filler metal

adhering to it.
: i0i tween
For comparison, microsections were examined of joints be

ated by hot-dipping in

4 to mild steel co

commerci&]_ly pure almninium joine
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tin and utilising the commercial alumininn-5% silicon filler rog
r rod,

The mechanical properties of such n
i b sucn panels .
k were already regarded as

generaxl ly satisfactory (T&ble W} but there remained some doubt as to +}
' ¢ the

resence of films or areas of tin-rich materi ; ic i
) terial, Metallographic investiga-

tion confirmed that occasionally tin-rich liquid penetration had taken
place under these circumstances but its presence did not apparently affect
the extent or course of fracture under tensile or bending stresses,
Apart from a few heavier zones of perhaps 0,0003", the aluminium-iron
compound thickness averaged 0.00015",

further compariscon with welds between aluninium-magnesium sheet
material (NS5) and aluminised mild steel, (aluminium-5% magnesium rod)
revealed no cracks, Examination after tensile or bend testing showed that
fracture had occurved mainly through the centre of the intermetallic
compound, but sometimes at the steel-compound interface,

Hardness determination (including microhardness) for welds between

hot-tinned steel and aluminium-magnesium alloy using the aluminium=5%

macnesium filler rod produced average values of 73 V.P.N. for the filler

metal zone, 540 V.P.N, at the centre of the intermetallic compound and

119 V,P,N, for the mild steel, The zone between the weld metal and

: - hi 1 d centre
compound centre was approximately 300 V,P.N, while between compoun b

and steel it was slightly harder hefore rapidly falling to the mild steel

steel than

. he
value, In other words, peak hardness occurred nearer to b

at the intermetallic layer was not

the aluminiuwn alloy and indicated th
und hardness

s softening agent on € ONIpo

unifo rum, The absence of silicon as
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obtained and reported under the section 10,1, dealing with aluminium as a
coating material.

Microanalyser study of iren and tin diffusion indicated that the
concentration of iron changed sharply at the boundary zone as the
alllmjniLHIlms% silicon filler metal was entered in contrast to observations
on similar systems but with other coatings, For example, with hot-tinned
steel it reduced from approximately 924 to 387 over a distance of 0,0001"
whereas with an aluminised steel it dropoed from 7% to 42% over the same
distance. On reaching the 38% iron content region further fall in iren
content was much more gradual, Over a total length of 0.0004" from the
steel interface the iron reduction was from 100% to 6%

The iron did not penetrate uniformly  very far into the aluminium
but tended to foym isolated particles in addition to the intermetallic at
the interface, the tin did not penetrate into the steel, neither did it
migrate through the aluminium=silicon weld metal except to form isclated

particles or areas of tin-iron and tin-aluminium,

The filler metal-steel boundary with tin coated speclmens Was much

sharper, as shown by electron and X-ray scans, than with zinc or aluminiwi.

Interpretation of the micregraphs also resulied in the conclusion that the

| . i f hen zinc coabings
iron-rich particles were not so coarse as, 10¥ example, when g

+the weld interface

were uscd on the steel, A slow scan for iron aCYoss

. ‘ i ] Jiatinet pealks corresponding to
of a zinc coated steel specimen showed distinct pealis i

milar scan acrosSs a

ich compounds whereas a S1

toarse particles of ivon-r




¢in coated sample nroduced hardly any peaks at all
11,

8,2, Discussions
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that of the clectroplated material {Section 4,1) and ohservations during
the actual welding operation revealed that the hot-dip coating was
f as more

fluid than that of the alternative treatment, Liquid tin tended to drsin
towards the underbead region and through the underbead metals this
observation was associated with the evidence of intergranular penetration
in this zone (Figure 217,

with the aluminium-magnesium alloy (NSS), using the aluminiou-5%
magnesiuwm filler rod, the hot-tinned steel welds were severely cracked but
electroplated specimens welded under similar conditions produced satis-
factory mechanical properties (Table VI) and cracks were not observed,
Metallogranhic examination showed that the tin-rich areas were considerably
less in evidence with electroplated specimens, compared with hot-tinned
steel, and that these arsas were frequently well away from the fracture
region snd could hardly have contributed to failure, Again, with hot-
tinned steel welded to aluminium (S1C) using the aluminiun-5% silicon
filler rod, failure during mechanical testing could not be attributed to
fracture taking place through the tin-rich zones, )

i inis reat deal
With the greater thickness of the hot-dipped finish, a great cea

ing it i gested
more tin was available than with the plated coating, and it is sugg

i i short period
that a considerable proportion of this hecane molten for a p

nation with the

—arc and in combi

under the influence of the electric
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In the absence of published information on the ternary system
e

it ame—tin-masnes iwn, it 3 ) X . . . .
glupiniuvm-tin-magnes iun, it was necessary to examine the bhinary equilibrium

diagrams and make an assumption on the extent of the freezing range, as a
wide range might well be responsible for the severe cracking which
occurred,

In the binary system, aluminiun-tin (Figure 18), the lowest

temperature at which liguid may exist under equilibrium conditions is

22800, whereas at the tin-rich end of the magnesium~tin system (Figare 22},
liquid can exist down to 2@000. With the limited range of primary soglid
solution in both systems, it is very likely that the ternary system,

certainly at the tin-rich end, will exhibit some form of isothermal

. . . . : +1
reaction at temperatures below cither of the two binary eutectic reaciicn

G ) . ] 1
temperatures, i.e, below 200 C. Consequently, it wonld be expected that

. . 3 . o s v
the addition of small amounts of magnesium (from the glumininm-magnesiul

. : - > o luminium-tin alloys
filler rod) would further extend the freezing range of aluminium-tin ailoyS.

. o 1 i ¥ ict d
It is likely that the wide freezing range of the liquid, predicte

3t mi < vel bhe
above, and the extensive intersranuley penetration, might well

The presence of

ing which occurred.

responsible for the severe crack




s &;‘d/gr pools of tin-rich material does not scem to promote cracking
nce negligible amunts were present in the weld metal zone
4t the point of fracture, At elevated temperatures, however, the force
needed to produce fracture micht be quite small (Section 631),

Finally in this section, it wonld seem appropriate to comwment on the
influence of ocroove geemetry, as consideration shows that unsatisfactory
dimensions might induce or increase hot-cracking tendencies during
colidification of the more difficult material combinations, In many

g

tests where cracking was exnerienced using hot-tinned steel and the

laminium-magnesium alloy sheet, the underbead was of %—“ radius and about
iv geep. It is suggested that for material of about §" thickness, the

=

groove depth should be less than that used in this investigation,
therefore redncing the mass of metal solidifying during the metal joining

r overcoming hot-cracking difficulties, This 1s
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ed further in Section 11, where the affect of bead geometry on

strength is examined,
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9. ZINC COATINGS,

Exnerimental Results,

<
@
lm—‘l
v

,"‘*""ﬁ ," . 3 . . " . .
During general examination of sheet bubt Jjoints hetween aluminium and

) 3 ke .
hot-dipped zinc coated steel, it became apparent that sometimes the

<3 o h 5] ey, 3 ]
tensile and bending properties were abnormally low, Metallographic 1

examination of a typical section taken from a panel of alwninium-manganese |

T T : . . . . . .o s

alloy (NS3) welded to galvanised mild steel using the aluminium-5% silicon P
showed that almost complete separation of weld metal and steel
had occurred as a result of tensile loading, Fracture had also talken

place through the weld meta , indicating that little difference existed

between its strength and that of the interface between the steel and

al weinivm, Lavers of compound existed cutside of the normal region of
the joint, often distributed in the top bead zone and one particular layer
was just over 0,08 inch in length, and its width ranged from ¢,0008 —
0,002 inch, It seemed that this layer, considered to be mainly composed

of iron-zinc compounds, had been detached from the edge of the coated

steel, almost intact, by the molten metal in the weld pool and swept
upwards, to be trapped by the solidifying mass of metal at some distance I
from its original site,

this was an unusual microstructure and originally thought to be a
phencmenon confined to steel coated by hot-dipping but subsequent
investigation revealed its occasional appearance with electrodepesited

zinc coatings, the affected regions were small compared with galvanised ﬁ

e

. . ~ £ +
steel panels and the mechanical properties were apparently fected,

BT
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)

This feature has not been ohserved in welds where tin or aluminium
coatings have bheen invelved,
Again, in a section taken from a joint between the aluminium-

sgnesium alloy (NS5) and galvanised mild steel wnsing the aluminiuwn-5%

magnesium filler rod, the tensile test resulted in fracture at the

:

interface and through part of the top bead, The amount of compound i
3.

= . . 1, 3 . E : !
distributed in the weld metal was considerable but particularly concen- }

trated towards the upper section of the weld; the thickest section was

almost 0.003 inch  but geneyally the layers were less than 0.002 inch.

tion showed that in the weld hetween galvanised steel and the aluminium-

manganese alloy (NS3) using the aluniniuwn-3% silicon filler rod, iron

/

diffused unevenly intc the aluminiuw weld metal fowming discrete particles

of compound in the process, These narticles were identified as iron-—
aluminium and iron-aluminiwi-silicon, A slow scan across the weld

interface indicated these particles by distinet peaks in the iron l
concentration, fvidence of zinc diffusion was found right up to the

specimen edze and it was also detected in some of the binary and ternary
particles, The concentration of zinc in the particles was no greater |
than that in the matrix, The particles were coarser than those

observed in joints where tin or aluminium had been employed as a coating

on the steel,

. e Pr s oalvaniced steel had diffused |
It is appsrent that the zinc fyom the galvanised steel had diffus
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to a considerable extent throurh the weld metal, Because of these
observations and because of the importance of total zinc and magnesium

content in the ternary aluminium-magnesium -zinc system (Section 8,2.),

fts
=]

it was necessary to determine the amount of zinc by chemical analysis,
different regions, of the weld metal,

Table XVIX,

Approx, distance from interface zone Zinc content
1/16 inch 8,7% by weight
‘é # D 4% it
_}; 9 0.0 21% W
Averaze Masnesium content 4.8% "

As shown in Table XVIL, the weld metal region surrounding the steel at a
distance of apnroximately 1/16 inch from the compound layer contained
at least 14% total zinc and magnesium, and closer to the interface the
content must have heen very much higher, Probably, similar amounts of
diffusion would bhe revealed in welds produced from steel which had been
coated with zinc by electrodeposition,
8. 2. Discussion,

0f the elements normally present in steel sheet, silicon has the
mest pronounced effect on galvanising practice, Al loy growth rate is
increased and the structure modified by silicon and this effect is clearly
apparent when more than about 0,2% silicon is present. The effect of
aluminiuwm is to reduce the thickness of the alloy layer between the steel

and the zinc coating. If silicon and aluminium are present in the steel,

then the effect of silicon is reversed, in that less aluminium is requiregd

B




to reduce the thickness of
These facts are relevant to
aluniniwe in view of the substanti

take place,

0,008 -~ 0,004 inch, whereas the heaviest

welding, only just approac

tests, for all the different cecat

The thickness of the or

hed C‘@GG

el

the welding of galvanised steel 1o
ial remelting of the zinc which does

<

iginal zine coating ranged bhetween

compound layer observed after
3 inch and over the whole rvange of
ings, the average thickness of the

inteymetallic layer was only 0.0005 inch,

fan

edge

1

Ea

meta

Iy

effectively to the uncoated steel

regions then lower strength would
measurement showed that the effec
. , . 31
by as much as 30%. Belfchuck

was driven back from the surface

of molten aluminium filler metal

When the mechanical test

for aluminium-magnesium alloy and zinc coate

no real evidence of br le failn

compared rather anfavourably with

of the weld was aluminised or tin

he iron-zinc compound lay

results of butt joints in sheet

he

SN S
Y

from t

if this is removed hy the

molten metal will be unable toc bond

b

If adhesion is lacking in such

@
be expected in certain instances;

tive area of adhesion was often reduced

also observed that at least the zinc

of the steel allowing direct contact

with the steel surface,
meterials

- e

are studied, there is
re although the bending properties
those obtained when the steel component

electroplated,

It will be recalled that conditions arise for an age-hardening system,

aluminiun-zinc-magnesium,

to occur near to the

S

interface in these welds




{Table XVII), If solution freatment was carried out followed by natural
ageing or artificial ageing, then no doubt, although the tensile strength

and proof might be increased, ductility would decrease, with the possi-
bility of intercrystalline and brittle fracture,

It is apparent that the removal of the iron-zine compound laver from
the steel edge, resulting in the absence of an effective buffer coating

7

necessary to provide the right conditicns for adhesion or alleying of

filler metal to the steel, offers a possible reason for the chserved
lower strength of calvanised steel = alwminiuwm welds, compared with, for
examnle, gluminised steel, In addition, the high rate of zinc diffuasion
and the importance of total zinc and magnesiwm content in the system,
alunminimum-zinc-mggnesivum, indicates that there is a possibility of brittle

fracture when an aluminium alloy is welded to a zinc coated steel using

the aluminium-5% magnesium filler rod,

N




10,  ALUMINIUM COATINGS,

10,1, Exnerimental Results,

Meny of the interface structures in gluminium welded to aluminised
steel exhibited columnar-shaped crystals, which were clearly defined when
suitably etched by means of a 0,5% hydrofluoric acid solution followed by
immersion in a 1% nital solution., Presamably, in other cases a relatively
fine-grained structure existed but no direct evidence was obtainable,

The boundary line between steel and compound aLd/ér compound and filler
metal was often irregular., Photomicrographs of sections taken through
aluminised steel commonents frequently show a tongue-shaped configuration,
the length of tongue varying considerably due to the aluminium diffusing
rapidly inte the steel on an irregular front, This irregularity indicates
preferential diffusion along a certain crystallographic direction in the
aluminised component, Although such irregularities existed at the inter-

face of the dissimilar metal joints, no pronounced tongue-—shaped crystals

were observed, TFor example, with an aluninised mild steel welded to
commercially pure aluminium (SIC), using the aluminiwm-5% silicon rod, the
compound generally varied between 0,0004 - 0,0006 inch .. In the main,
the uneven boundary was on the steel side but occasionally it made an
appearance on the light alloy side, Most of these obhservations compared
o . . . ., 39
favourably with the experimental results of Heumann and Dittrich ~,

Where an aluminium-silicon filler rod is used, the silicon atoms would

be thought to modify the composition of the aluminiwe-iron compound layer,

With aluminised steel of the aluminium-silicon coating type, dari grey




acicular constituents are detected in the outer coating layer in a
typical microstructure, Such needles are often considered to be rich
in silicon with a small addition of aluminium and iron, The remsinder of
the outer layer amnears to contain small zones of an aluminiuau-iron
constituent in aluminium solid solution, Similar needles may cccur in
aluminiva-steel welds, Usually they are found adjacent to the inter-
face (Figure 23), From metallographic evidence it appeared that the
aluwniniuwm-iron compound had been modified by the presence of silicon from
the filler rod, The aluminiwn-silicon eutectic was absent from these
areas immediately surrounding the needles,

Diffraction studies were therelore undertaken on a specimen from the

compound layer adjacent to the weld metal, and a specimen from the

.
acicular constituent, in a weld between aluminised steel and aluminium
joined by means of the aluminiuwn- 5% silicon filler rod, The pattern in
. . o
esch case was indicative of a cubic structure with a parameter of 12,4 A,

which suzgests that the phase was probably o~ AllOFGSSi, which has a

narameter of 12,523kX, (Table XVI).

sectional specimen of hot-dipped aluminium coated steel welded

aluminiwm using the aluminium-5% silicon filler material, showed that
there was no significant diffusion gradient of iron near the joint inter-
face. Iron was present in the aluminium-silicon alloy as discrete

narticles of aluwminium-iron and/bv aluw1nxvm«Lron’Q11xcow. Iron had
particles of alumini .

therefore diffused into the aluminium as well as aluwniniuwn into the steel




ADuearanca of acicular constituent
extending into £iller metal from normal
compound layer

Tteh 0.5% HF x 1000

e
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but, in the former case the iron did not venetrate evenly into the

aluminium but rather formed discrete intermetallic compeunds,

Microhardness determinations were carried out using two different

d azgreement was

<

types of apparatus for all the specimens examined, Go

obtained from both series of resulis, Apart from the known effect of
silicon in reducing the thickness of the alley layer, it was shown also 1

to reduce the hardness, Microhardness tests confirmed this during

investigation of commercially pure aluminium welded to aluminiwm, tin or

- ! -
zinc coated steel. These results {Table XVIII)} can be compared with

aluminised steel welded to aluminium-magnesium alloy (NS5) using the

aluniniun-5% magnesium filler metal. in contrast to that obtained with
the silicon rod, the greatest hardness cccurred in the zone intermediate
between mild steel and the compound layer centre, Fracture rarely

occurred, as a result of mechanical testing, in the softer region between

weld metal and compound layer centre.

Table XVIII,
|
Metal combination Average values - V. PN,
Weld | Compound Between -
M,S. | metal layer | M.S. and Weld metal
centre | compound and compound
layer layer centre
centre
H,D, Sn steel /Al-5% Mg
filler rod 118 73 540 310 300
Steel coated with 1
Sn, Zn, or Al /Al-5% Si 3
filler vod 72 400 243 245
o
H,D. Al steel /A1-5% Mg s
filler rod P73 535 09 255 g
i i
Further information on the actual hardness values is given in the Appendix,’ f




Joints between aluminium and mild steel produced by Friction
Welding (Section 4s534a), provided an opportunity to examine agn interface
formed in the absence of silicon.

Comparison of the friction welded aluminiuwm to steel interface, with

interfaces produced using the aluminiun-8% silicon rod, revealed no

+
U

difference in the unetched state, However, using a double etch of 0,53%
hydrcfluoric acid followed by 1% nital, two constituent layers were

visible in the weld prepared by means of the filler metal, That on the

weld metal side was dark grey changing to a lighter grey layer towards the

D

steel, Evidence of a columnar structure, as discussed by Heumann and
Pittrich existed, Some greas in the adjacent weld metal contained the

acicular constituent Al-Fe-Si and these needles were also dark grey in
cclour,

The friction weld specimens, on the other hand, showed a fairly
uniform weld structure at low magnification. High magnification revealed
that there were two constituents — a dark grey one dispersed in a light
grey nmatrix, It is considered that the background constituent was the
F82A15 phase with particles of FeAl and/br FeBAl distributed within it,

Tt seems unlikely that either FeAl, or Fe_Al, existed (Section 6.,3).

3 21
Some confirmatory evidence was obtained using the electron micro—
scope, Commercially pure aluminium welded to aluminised steel by means

of the aluminium-5% silicon filler rod, was selected for investigation.

The sections were etched with the hydrofluoric acid and nital solutions,

and carbon extraction replicas prepared from them,
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Scanning the interface from the mild steel to the weld metal, showed
that two distinct bands existed in the microstructure; thus confirming
ohservations made using the optical microscope. The band existing on the
steel side seemed to be smoother than that towards the weld metal whexe a
large number of high spots appeared to occur, This might well be
connected with the formation of an Al-Fe-~Si compound near the weld metal
but which is less in evidence adjacent to the mild steel.

It was also evident that in the case of aluminised steel, some of the

original coating remained in contact with the parent metal, apparentl

Cu

undisturbed by the process of argen-arc welding (Figure 24). For example,
in a specimen having a total width of compound between steel and weld
metal of some 00,0006 inch: ., the suspected original layer of aluminiuam
still intact, almost approached §.0002 inch  in width, From surface
marking indications it was of much lower hardncss than the centre region
of intermetallic compound and those areas immediately on either side of
this,

Other regions examined showed columnar structures but these mainly
occcurred at the centre of the interface.
10.2. Discuassion.

The results of the diffraction study on the gryon-are welds where
aluminium-5% silicon filler rod had been used in conjunction with
aluminiun pavent metal (SLC), susgested that the scicular constituent and

that part of the interface layer existing on the aluniniun side of the

oint was an aluminim-iron-silicon compound with a composition




Figure 24
Aluninised mild steel -~ aluminium weld
(A1 - 5% Si filler) .

Tnterface region and mild steel (Bottom half of
illustration)

Etch 0.5% H.F. and 1% Nital x 5,000
Carbon extraction replica x 2 enlarcement.
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G AD
. . . . . G, 41
corresponding th{méi,nF6381e From various workers® results 7 and
b A

o+

cbservations made during this research programme, the interface structure

ot

adjoining

& the mild steel is considered to be mainly composed of Fe_4Al

: 275"
Figure 23 illustrates the colwmnar or tongue-shaped structure, indicating

proncunced directionality, associated with this phase, The structure at

o

the bhottom of the illustration is that of the mild steel. Between the

v
L

" .

steel and the c¢clumnar structure is a hand of the original aluminised

]

coating, It is thought that in the case of the friction welded spscimens

o
&
s
e
f
[¢]
ot
[
w
=]

of FeAl and/or Fe Al

the background constituent is Fe Al_ with 3
£t o

distributed within it,

Although detailed electron microscone work has not been carried ocut
on the alwninium-manganese (NS3) and aluminium-magnesium-silicon-manganese
(HS30) alloys, it seems reasonable to assume that the type of structure
described in comnnection with aluminium {818}, would be substantially
reproduced with NS3 and HS30 welded to alumigised steel by means of the
aluminium-5% silicon rod, There is no evidence to suggest that a phase
containing manganese occurs at the interface of welds invelving NS3 or HS30,

On the other hand, where the aluminiwm-magnesium alloy (NS5) has been
employed in conjunction with an aluwminiwn-5% magnesium filler rod, the
phase structure might well be quite different from that where commercially
pure aluwninium is involved. The absence of silicon in the filler rod

. . 47 .
eliminates thed{_ ~Al, Fe,Si phase, and Barnick and Hanemann  did not

12773

discover any ternary phases in the aluminium-iron-magnesium system,

Microhardness tests indicated that when any filler rod material other




than the aluminium-silicon is used, particular attention must be paid to
the combination of metals to avoeid, if possible; high hardness regions
between compound centre and steel which may well lead to serious cracking
problemns,

It is apparent that the aluminium-53% silicon welding rod produced a
superio¥ joint compared with that cbtained with a pure aluminium filler
material. t is also important to note the considerable difference in
intermetsllic constituent layer thickness when comparing the two filler

rods,




Aluminised mild steel - aluminium weld.
(A1 -~ 5% 8i filler)
Tllustrating typical colummar structure occurring
at centre of interface.

< 7 .
Etch. 0,5% H.F. and 1% Nital x 5000 '
*Carbon extraction replica X 2 enlargement
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11, BEAD GEQMETHY AND WELD STRENGTH,

In the previous sections, the investigation has been concerned with
the development of a welding technique to cnable aluminium to be satise-
factorily joined to mild steel, and the metallurgy of the resultant joint.
No data has been obtained, however, on the influence of weld reinforcement,
or bond area, on joint strength. The scope of the work in this section
is, therefore, directed towards establishing the relationship between bead
geometry and the mechanical properties of the weld,

11.1, Bxperimental Technigues,

3 £

A series of butt welded test panels was prepared by means of manual

respectively,
As aluminised mild steel has proved to he the most satisfactory

o

of %+ inch thickness, nfortunately, the original supplier had ceased
operating the batch plant in faveur of a continuous unit producing 20
geuze aluminised steel, and an alternative supply was not available in
this Country. It was considered that the 20 gauge coated steel did not
lend itself to the type of experimental worlk envisaged, as the edge
coating was of poor quality with rust spots being present, It was

decided, therefore, to use galvanised % inch steel sheet as the previous

work had shown that a zinc coating was the best alternative to aluminium

coated steel. Specimens having & coating thickness of ¢,003-0.004 inch




were aobtained, During

was paid to obtaining a
gual ity was much higher
this investization,

alloy

The aluminium

galvanised steel on the

that the aluminium-5% sil

mgximys controel of the

ontent,

Y

to aluminimm (S1C)

intermetallic

In addition, a test

by means of the silicon filler metal
o ?

113

the

galvanising operation, particular attention

¥

smooth and dross free coating, and the resulting

qo

than that obtained for samples used in Part I of

NS2 was selected for butt welding to the

basis of the test results of Part I and the fact

icon filler metal could be used, thus ensuring

ki
ES

ayer thickness by virtue of the

te

plate of aluminised steel joined

and aluminitm

alloy NS5 joined to aluminised steel by means of the aluminium-5%

mggnesium filler metal,
also butt

Sufficient test

tests could be made in duplicate,

shown in Figure 26, the

area,

pieces of

and ¢ and & the amount of face reinforcement,

was utilised for the investigation, These were

welded test plates,

inch width were prepared so that tensile

1
2
The weld bead dimensions measursed are

lengths & and b being used to calculate face bond

A gauge length of

twe inches was chosen for the determination of elongatien and measurement

was made between the steel/éluminium interface and a mark on the parent

aluminium material,

BExcept for control

test pieces were machined sc that between 25 and 100 per cent,

weld reinforcement thickness was removed,

specimens left in the ‘as-welded' condition, the

of the

Alternatively, similar

percentage reductions in bond area were made by machining away the




4« b Elongation Measurement.

Figure 26, VWeld Bead Dimensions.




aluwminium filler metal from the top and bottom steel surfaces, leaving
the edge bond intact.

With other specimens, the welded edge was carefully bored out by
spark erosion equipment using copper or brass electrodes. This allowed
the determinstion of strength due to the welding of alwuinium filler metal
to the top and bottom steel surfaces only, The remnval of this inter-—
face was not an easy task, especially as dissimilar metals were invelvedg
and it was necessary to prepare s number of specimens before three could
be selected for testing, Qelection was made on the basis of the lengths

of g and b before and after spark ercsion treatment,

11.2, Fxperimental Resultls,

Galvanised steel ~ Aluminiuwa alloy NS3
(aluninium-5% silicon filler metal)

The breaking load was determined for the tensile test specimens and
plotted against total bond area (using dimensions a and b - Figure 28)
and total reinforcement (using dimensions ¢ and d - Figure 26). The
#est results sre shown in Figures 27 and 28 respectively, The effective
bond bearing area, in this case, includes the bond between the aluminium
and steel sheet edge in addition to the sheet face bonds, The reduction
in bond area and reinforcement for the purposes of Figures 27 and 28
refers only to the top and hottom steel surfaces, so that with complete

removal of the weld bead from these surfaces, the strength of the edge

bond alone is determined,
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of those where the top and bottom beads were completely or nearly
completely machined away, failed in the parent aluminium at between 6.0
a N . 2 ) L :
and 7,0 uon/in and 12-15 per cent. elongation. Steel edge bonding
1 ; : . .2 .
alone resulted in a tensile strength of 3.4 and 4.0 ton/in” with an
elongation (measured as shown in Figure 26) of 1,5 per cent,, failure

taking place at the steel-aluminium interface,

o

Similar resulis were obtained for the weld reinforcement tests
at 759 reduction of the bead, one specimen failed in the

narent aluminium and the duplicate at the steel-aluminiwm interface.

d

"
)
-

In an attempt to determine the maximum load which the jeint co

w
s
C+'
e
[v]
ot
[
ol
1631
et
ot
®

withstand, test pieces were inserted into the wedge grips
testing machine so that, although the steel was held normally, the

aluminium was gripped at the weld zone, A bresking load of 0.56 and

vy

0.57 ton (2.0 and 8,1 ton/inz) was recoxded,

The specimens from which the edge—edge interface had been removed
by spark ercsion were tensile tested with &} top and underbead intact,
b} B¢ ner cent, of the bond area removed, and ¢) after heat treatment at

twenty-four hours. The results are shown in Table XIX.

For these specimens, the bead dimensions given in the table indicate

that the spark erosion operation did not maritedly reduce the lengths of

&. 8l




.
Dimensions
inches ;
- Breaking | T.S. Elong.
before boring| after horing Condition load |ton/in” |per cent,
-+

: tons

* g b a b v

404 | L350 «400 | .3 fas-welded' - 0.39 6,2 12
total bond area|Failure in parent

0.37 s, ine metdl,

408 £ 0306 2402 | 321 5@% reducticn g.18 2:3 1.5
of bond area Failure in joint
(0,18 sq, in,)

O .

«355 | 2367 ~340 | .360 (H,T, 400 € 8,15 2:5 1.5
24 hrs., {bead Failure in joint,
dimensions as

welded)
% Pimensions a and b as in Figure 206,




to heat treatment, The specimen preparation and results are given in

| Table XX,

9
Bffect of heat treatment at 400 C for 24 hrs,

Brealking load ToSe Elong. Position
Preparation - tons ton/in“ per cent, of failure
Complete removal
of reinforcement 0.04 0.64 1.5 Joint
- " 0.075 1.2 1.6 B
0,08 inches total €.225 3,6 1.5 "
reinforcement
. 0,09 sq. inches
total bond area 0,38 8,0 15 P.M,
Parent nmetal
- NS3 0,38 6.0 20 -




Aluminised steel -~ Aluminium S1C
(alumininm-5% silicen filler metal)

This test plate was welded under the conditions given for test
number 166, Table VI ~ Section 4.2.2.

Figure 29 is a plot of breaking load against total weld reinforcement,
The curve shows the decline in strength after the reinforcement had been
reduced below 0,09 inches. 1+ is shown that even with complete removal
of the reinforcement, the weld streugth is equral to half that of the
parent aluminiu,

ised steel — Alumininm alloy NS3.
uminium=5% magnesiwn filler metal)

}-J p:h

This test weld was prepared under the conditions given for test

fed

With complete removal of the bead from the top and bottom surfaces of the

eel, two of the four specimens broke without ziving any measurable

n

strength, indicating a weale edge hond. As shown in Figure 38, there was

w

L)

7

snsiderable scatter in the results and all the specimens failed at the

B ) j¢

[{

11,3 Discussion,
& %

Most of the experimental work was concer ed with the galvanised

steel, and there is no doubt that the superior surface coating on the

stenl, particularly with regard to adherence at the steel edge, was

responsible for the absence of the low tensi

s;n this system, described in Part I, The

C)

&
w
S?

ohgserved in the previcus w
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buoffer layer was not swept away by the flow of melten metal in the weld
pool as had occurred in other cases (Section 9,1.).

The welded specimens for tensile testing were taken at random fyom a
nunber of panels, and, as shown in Figures 27 and 28, the results were
very consistent, The flat portion of the curve in Figare 27 {(boud area
vs breaking load) and in Figure 28 (reinforcement vs breaking lead) does
not indicate the maximun strength of the joint, as ffilure occcurved in the

parent aluminium alloy in all but one of the specimen The only

(r)
@

specimen which failed in the joint at this load is indicated by an open

o3
Te

[\

circle in i

%

re
The fact that, with deplicate specimens, one failed in the parent
metal and the other in the joint, clearly shows that the total weld
reinforcement should not be less than about 0,06 in, for material of % in.
thickness as, otherwise, the weld strength will be less than that of the

alvminium alloy, Again, if the total bond area (excluding the edge bond

i

and bearing in mind that a % inch wide test specimen was used for these
calculations) is less than about 0.12 sq. in,, weld strength will be
decreased, On the other hand, there is no advantage in having an
excessive amount of reinforcement or bond area and, in fact; as already
mentioned in Section 8,2, bead geometry, which results in a relatively
large mass of metal bhaving to solidify, may increase hot-cracking
tendencies,

On the basis of these results, it is suggested that for material up

- in thickness, a groove of % in, radius and 1/16 in, deep, in the

to

ol
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backing bar, is most suitable. Ideally, there should be similar
dimensions for the top bead as well,

If the metal to be joined is correctly centred over this groove,
these dimensions will produce a total bond area of at least 0,16 sq. in,
(again excluding the edge bond) and a total reinforcement of 0,09 in,
Should the operator not centre the material reasonably accurately, for
example, if a greater smount of aluminium extends over the groove compared
with the steel, then sufficiént margin has been allowed to provide
adequate bond and reinforcement metal to avoid weld strength falling below
the parent sluminium material,

It will be obscrved from Figures 27 and 28 that even with complete

i

at

2
removal of the weld bead a strength of at least 0,15 tons (2,4 tan/in )
was obtained,  This figure can be added to that obtained after coring

the 'as-welded? condition -

jll
e
b

out the edge interface, (specimen teste

, 2
Table XIX). Thus a total bresking load of at least 0,54 tons (8.6 ton/iﬁ )
is obtained, This figure compares reasonably well with the breaking load

of 0,56 and 0,37 tontobtained for specimens tested with the aluminiunm

retal held in the wedge grips of the tensile testing machine.

ey

filler
As shown in Table XIX, the removal of the steel edge-aluuinium inter-
face by spark erosion, leaving the reinforcement intact, made no difference

to the test result as failure still occurred in the alwninium, A fifty

in bond area, with the edge bond intact, was not sufficient to reduce the
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strength of the weld below that of the aluwminium, These facts indicate
the importance of obtaining a sound bond at the steel edge to counteract
the effects of any defective areas in the bond on the top or bottom steel
surfaces,

The heat treatment results (Tables XIX and XX) confirm the undesira—
bility of exposing a welded structure to temperatures of 406°¢ ana above,

Al though the specimen having a total bond area of 0,08 sq. in, possessed
S e =3 k

adeguate strength, in the light of the other resulis; it is considered

o

that any further slight reduction in bond area would cause a marked

decrease in streangth,
With sluninised steel joined to alumninium, the plot of total
reinforcement vs breaking load (Figure 29) showed a similar trend to that

obtained for the galvanised steel welds, In this case, weld strength

falls helow that of the alwninium when the reinforcement is less than
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the flat part of the curve (Figure 30) indicate actual joint strength
since, in this instance, a much stronger aluminium alloy material was
used and prewature failure in the aluminium alloy was prevented, The

. .. ; . 2 ,
maximum joint strength recorded was 0,7 tons (11.2 tons/in }. There was
considerable variation in the breaking load results as the bead was

machined away. A progressive decline in strength occurred untill, with

complete reinforcement removal, little or no measurable strength was

recorded,
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The edge bond with this combination of material is undoubtedly wesk
and this weakness is thought to be due to the increased hardness, brittle-—

k]
L

ness and thickness of the intermetallic layer compared with the layer

properties obtained when an aluminiwn-silicon filler rod is used,

Havinge to use an aluminiumrmagnesium filler material is, therefore, a

definite disadvantaze because, unlike the element silicon, magnesium does

not have a controlling influence on compound thickness and hardness,
Coapled with the weaker intermetallic layer there is the fact that

the edge bond was tested under tensile loading conditions, whereas the bond

between filler metal and top and hottom steel surfaces was tested under

shear loading conditions with a certain amount of stress being carried by

the reinforcement,

Graphs such as Figures 27 and 28 are useful for the guidance of the

designer, technologist and cperator in indicating the necessary bead
dimensions to produce maximum strenzth, and assist in determining suitable

bar groove,

Due to the musual nature of the weld, it would seem inadvisable to
araphs to predi;% corrvect head geometry for material

much thicker than ¥ inch, With thicker material an increase in reinforce-—
ment and bond area would be unlikely to nroduce a proportionate increase !
in strength, An increase in bead height would not contribute any

additional strength as the author has shown in this investigation that the

load bearing capacity of the bead is mainly limited to the lower portion

of the reinforcement, In fact, a steep sided bead introduces a stress
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tration at the tee of the weld.

A nuwunber of factors mast be conside

t=l

welding procedure for heavier gauge metals,

case of the tungsten inert-gas welding process, the welding
be decreased while the current and argon flow will have to be

ressed as the arc power in

travel sneed of the electrode, will be but the h

3

will be determined by the mass of metal surrcunding the weld,

towards & corner where seve intersect, the chilling

will Ye substantial compared with the start of the weld,
tenance of an even balance between heat input and cutp

: .

especially from the point of view of the steel coating, as over

of the steel will encourage growth of the intermetallic layer,

red bhefore deciding on

watts divided by the

eat ou

The main—

ut ie important,

the

Certainly in the
speed will

increased,

tpu

heating

On the

cther hand; a pronounced chilling sction will have the opposite effect,
If the material thickness is such that the bevelling of the edge is

necessary, then this would have to be carried out before coating the

steel, as the necessity for edge coatin

this investigation,

ng has been demcnstrated during
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12, CONCLUSIONS,

It has been shown that an inert-gas welding technique can be
employed to join aluminium and its alloys to mild steel, A satisfactory
weld cannot he produced, however, unless the following conditions are
complied withs-

a) The steel must be coated, and alwminium is considered to be

the most satisfactory metal for this purpese,
b} The aluminium must be applied by hot-dipping or cladding,
¢} The coating should be 0.002-0.004 inch thick, smooth and '
free from inclusions, The surface coating process should
also snsure that the intermetallic layer thickness is not
allowed to exceed 00,0005 inchs

d) A secondary flow of inert-gas along the backing-bar groove
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lap weld,

bty
S

With fillet welds; preliminary surfacing of the coated

followed by the welding of the gluminium component

at the joint equal to the parent metals because a certain minimum

+

strength, When thisg

¢

equirement is met, for aluminium and the lower

strength aluminium alloys, the joint strength is in excess of that of the
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parent aluminium metal, Witk these materials, even the edge to edge
bond between the coated mild steel and aluminium is capable of a strength

egeal to half that of the aluminium or aluwniniwu alloy,

Considerable differences in weld structure and strength exist when

joints produced by means of either tin, zinc cor aluminium coatings on the

Pt
es]

steel are compared, It apparent thait the fluidity of the tin coating :

needs very careful control during the welding process, alsc the degree of
zinc diffusion through the weld metal may considerably alter the metal
composition adjacent to the interface; a factor of some importance when
joining an alwtiniuwm-magnesium alley to steel, Attenticon must be drawn
to the lower strength of galvanised steel welds compared with the use of,
for example, aluminised steel, which has been observed during this
research work and also recently reported by Bel'chuk and coclleagues,

Such difficulties do not appear to be associated with the use of
aluminium or aluminiwn-silicon alloy processed by hot—dipping or cladding,
although in the latter case investigation has been scmewhat limited.

T

It is clear, however, that if the hot-dipping procedure is very carefally

controlled so as to produce a zinec coating on the steel of a higher

quality than generally available commercially, then galvanised steel is an
excellent alternative to aluminised steel,

Basically, the joining of these dissimilar metals has been
accomplished by, (a) the formation of binary and ternary intermetallic

compounds, depending on the system, and (b) diffusion without compcund

formation; the diffusion processes being induced by heat from the
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electric~arc except in the case of the friction welds,
It has been shown that the interface structure is not uniform and,
for example, with aluminised steel joined to aluminiwn using the aluminiwn.
5% silicon filler material, the structure adjacent to the mild steel is

mainly conmposed of the FeZAlp phase, wheress adjacent to the weld metal
3

it is mainly the ternary phase D<m Alle 5i. In those cases where an

®3

acicular constituent has been observed extending into the weld metal, the

compound is also considered te be C<wa119F@qSi, The ocubtstanding example
Py L

diffusion without compound formation is that of the high rate of zinc

diffusion through the sluminiun-5% silicon and aluwmniniuwm-5% magnesiuwm weld

P

metals, when zinc coated steel is joined to aluminium or i

megns of the argon-arc welding process,

All the work in this investigation has been carried ocut with mild

F

steel, but fature work might be directed towards determining the effect o

increased carbon on the steel—aluminiuvwm joint and how it affects, for

ingtance, the ampunt and constitution of the intermetallic phase. Again, i
the elfect of alloying slementls such as mighl be expected when using
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HARDNESS

VALUES,

Vickers Pyramid Hardness
Testing Machine,

Steel — kg load - 127 126
118 108
1068 125

lverage 118 V. P.N.

Al-5% Si § 10 kg load ~ 77 79

Vickers Microhardness
Testing Apparatus

Steel - 100 gm load - 163 125

66 128
127 128
Average 120 V.P.N,

Al ~ 5% si) 100 gm load - 76 74

Weld Metal 74 13 Weld Metal) 67 67
36
hverage 75 V.B.N. Average T0 TePeNs
- - Al-5% Mg ) 100 gm load - 74 73
Weld Metal) 75 69
hverage 73 V.PeNo
Metal combination, - Vickers and Kentron Microhardness

~5% Mg filler rod

H.D.Sn steel/Al

Compound 1
centre

layer

I00gm load
S0gm " 575,

485, 599, 450, 585
500, 571, 561
Between M,8. and compound centre,

312, 330, 288, 316
304, 314, 306

100gm load

Testing Apparatus,

Between weld metal and compound centre

100gm load

270, 290, 345, 295

Average 540 VPN,
Averase 310 VPN
A.Vergﬁe &)0 V&i @w«s




Steel coated with
Sa, Zn or AL/M-5%8i filler rod,
Compound layer
centre
50 gm lecad 390, 412, 433,
380, 303, 390 Averapge 400 V.P.N.
Retween M,S. and compound centre
S0zm load 249, 203, 249, 237
100zm load 218, 287, 261, 28695 Average 243 V,P.N,
Between weld metal and compound tre
50 gm load 254, 250, 243, 212
10C gm load 257, 252, 230 Average 245 V. PN,
¥,D. Al steel/Al-5% Mg filler rod
Compound layer centre
50gm load 483, 498, 832, 530
25gm load 629, 460, 561, 542, 381 Average
Between M,8, and compound centre

780, 6

Between weld metal
50 gm lead 230, 3

42, 648, %22, 703, 660

and compound centre

320, 202, 180, 270

00&00086&

Average

Av

o
exrs,

ﬂn/

535 V.F.N.

79 V.PuN,
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