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& The mcﬁograph'discusses questions of the
theory and practice of making welded joints of
aluminum and ites alloys with steel of various
classes, ‘

~Thermody.:amic calculations are used as a
basis for substantiating the selection of
elements for alloyling the molten pool during
welding of aluminum to steel. Thermal cycles,
welding procedures, and methods of testing the
steel/aluminum Joints are described. Examples
of production application of such joints are
given.i{

The book 1s intended for speclalists in
sclentific research and design Institutes and
also for engineering and technical workers
occupied with welding probleus.

Responsible Editor:
Dr. of Technical Sciences
D. M. Rabkin
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FOREWORD

In the aeronautical and chemical industries, machine tuilding,
rocket engineering, shipbuilding, and other fields light alloys -
especially aluminum-based alloys such as AMts, AMgS5V, AMgé, ATsM,
etc., = are finaing ever wider application. The broad utilization
of these alloys irn all branches of the national economy lis
facilitated by the fact that in addition to low specific weight
they possess good thermal and electrical conductivity in combination
with relatively high specific strength. In terms of specific
strength aluminum alloys suJrpass copper=based alloys and approaczh
the best types of steels.

However, owing to the farct that as compared with structural
steels aluminum alloys have lower strength, lower melting tempera-
ture, low hardness, "nd comparatively ponor wear resistance their
application is connected with an increase in the thickness of a
number of structural units. Along with this it is a well-known
fact that during operation any structure experiences stresses
which are different in mcgniltude at different peoints: at certain
" places the maximum permissible value of stresses 1is achieved,
while in other points stresses are virtually absent. Therefore
a combination of greatest effectiveness in the operation of
structures witlh a simultaneous reduction in weight cz 1t : achileved
by using unlike metals in different sectlons of the structure

FTD-MT-24-111-73 ix
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in accordance with the stresses which arise during operation. In
this respect the production of welded steel/aluminum combined
structures is especially suitable. 1Ii this case the greatest
possible use is made of the properties inherent to each metal.

The use of comblined welded units made from steel and aluminum
would also make it possible to create types of structures which
are fundamentally new and have never before been utilized. For
example, in building oxygen equipment it 1s necessary to provide
fixed and portable vessels for liquified gases consisting of two
vessels - an outer one of steel Khl8N1OT and an inner vessel of
the aluminum-manganese alloy AMts. The use of sucn vessels would
sharply reduce the volatility of the liquifled gases and conse-.
quently would reduce 1lnsses both during storage and during
transportation. In thils connection the need arises to obtain
strong, tight jolnts which will ensure retention cof a vacuum in
the interwall space.

However, the prcduction of welded steel/aluminum joints is
connected with major difflculties. As yet we have no industrlally
subsfantiated method of welding aluminum and alumimui alleys to
steels of different types. Existing methods of welding alumlnum
to steel provide strength or the combination Joint whilech is no
higher than the strength of pure aluminum. At the same time a
number of steel/aluminum structures can be sensibly utilized only
if the strength indices are at the level of strength of aluminum
alloys of the AMts, AMg6, etc. type.

The goal of thi:s work 1s as follows:

1. Study of the special features of tii2 interaction of
aluminum with steel under variable temperature and time factors,
as well &s the composltion of the interacting metal; investigation
of the nature of the phases arising durinz welding of aluminum to
steel and a search for a method of alloying and for other conditions
under which these phases will not be formed.

FTD-MT-24-111-73




2. Using results of research to develop a technology for
welding aluminum alloys of the AMts, AMgb, etc. types to the
steels St. 3 and 1Kh1l8NI9T to ensure production of effective walded
units; investigation of the properties of steel/aluminum joints
under static loads, at low temperatures, under conditions of hard
vacuum, etc.

3. Investigation of the corrosion resistance of welded joints
and methods of increasing it.

The production of steel/aluminum welded joints is a relatively
new technological process and is accompanied by complex and varied
phencmena along the transition line. Therefore in selecting
research methods we attempted to carry out complex evaluation of
the nature of the occurring processes and to clarify the properties
of the combined joints which are obtalned. The following were
selected as the principal methods: metallographic, electron-
microscope, and measurement of miecrochardness. X-ray studies and
mechanical tests were also carried out; the distribution of
elemcnts in the fusion zone was studlied by means of a microprobe,
the nature of destructlon was investigated on the MKU-1 microcinema
projector, etc.

The author considers it his pleasant duty to express his

gratitude to Doctor of Technical Sciences D. M. Rabkin, Candidate
g of Technical Sciences I. Ya. Dzykovich, and Engineers A. V. Lozov-
: skly, V. I. Yumatova, and L. M. Onopriyenko for assistance in the
5? L . work and for preparing the materials for this monograph.
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CHAPTER I

PRESENT STATE OF THE ART IN
WELDING ALUMINUM AND ITS ALLOYS
TO STEEL

1. Aluminum, Iron, and Their
Propertiles

Fuslion welding of aluminum to steel 1s accompanled by
substantlal difficulties caused primarlily by the difference in the

physicochemlical properties of the welded metals.

Table 1 [9L, 201]

presents the most characteristic physical properties of aluminum

and iron.

Table 1. Physical properties of aluminum and iron.

Parameter Aluminum Iron
Atomic weight 26.97 55.85
Atomic volume at 293°K, cm3/g-atom 10.09 7.19
Crystal lattice at 293°K fee bre
Atomic radius, A 1.43 1.26
Density, kg/m? 2.699 7.876
Coefficlent of 1inear.expansion a-lD—s,
1/dag 23.5 11.9
Melting temperature, °C 660.2 1539
Specific heat, J/(kg-deg) 894,52 451, 4Y
Thermal conductivity, W/(m-deg) 238.64 71.17
Tenslile strength, da.N/mm2 7.0-10.0 25

FTD~-MI'-24~111-~73




Table 1 (Cont'd).

2 =
Yield point, daN/mm 3.0 20
Relative elongation, % 50 30
Modulus of normal elasticity, daN/mm2 6960-7220|20000-~21550

Shear modulus, dsN/mm° 2600-2730{ 7800-8000

Brinell hardness, daN/mm® 18 60

As is evident from the data in the table, aluminum has a
lower density, comparatively low melting temperature, and satis-
factory thermal and electrical conductivity. An outstanding
feature of aluminum 1s its ability to reast intensively with
oxygen. The reducing czpacity of aluminum is extremely high [156].
Aluminum is easily oxidized in air even at room temperature.
Despite its great density as compared with aluminum {(2.85-3.95
kg/m3} the oxide film on aluminum is easily maintained on the
surface of the liquild metal by the force of surface tension; this
is one of the major obstacles during welding of aluminum ‘o steel
and to other metals [119]. Aluminuir Is a typical electronegative
element: in ordinary conditions it does not form continuous solid
solutions with any other element (Fig. 1).

Limited solid solutions based on aluminum (with lZthium,
magnesium, copper, zinc, etc.) consist, as a rule, of small or
mcderate concentrations. In high concentrations aluminum is
dissolved in other metals, especlally in the transition metals
£72].

As the most electronegative metal, aluminum can form compounds
with many electropositive metals; these are called aluminides.
Aluminum will form with a given element a number of compounds of
different stolchiometrlic composition; the latter is frequently

complex - e.g., V”A123, M0A112, ReAllg, ete.
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no




e v e

‘patpusnz

usaq Jou IABY YOTUM sSquawsTa - ¢ 1Y YITM 940BSJL 40U CP YDTUM SJUSWSTS
- § {ATaa13oadsaa ‘saJangxiw 013023ne pur ‘spunodwoo ‘SUOCTQNTOS PITOS
PR3TWLT ‘SUOTINTOS PITOS SNONUTZUOD WJIOJ YOTUYM SquUawsTa - ‘€ ‘2 ‘T
1wa3sLs OoTpoTJdad syl JO S3jUSWLTL UITM WNUTUNTR JO UOT3ORJISIUTI I "JTd

® S » ‘N ‘@7
N

| N ed NI}V o2 |44
ull av |od| g ad|i 11/BHinvEId] 1 |sOfuEMEELFIH T 1¥eE]sD -
aXINFN\\2 L\GSYUS 7 Ul 1p) 18V Pdiua{nd > L OWSaNT I Z
NHiIFRISIS VY20 7RD U IN$OOEOJIUWEIDE A 11408
Iy NIONSNAY 1S 1V

TERTTTE | STy et e s
LLRLLE //AW////J../&V/# A.A

INNINORNN O

ey St

Lipuiel oy

LAELAY | S ™
HY o
St &
[ ] a -] o " =] -1 i o a U] [ ¢ g ] 4 4 i —
~
WA | oua | oA | wA | sal | e | @ | @ VIA vita | via [ va | var [ v [ wn | W -+
[9Y]
=
|
[an]
E
o
- « L L
- . o it iy S w




r 3 3 a S Y s 4 ;: i =
a T R e WA B G i
i B AT

§

i G o = gy - s S B SO e

luminum is used in industry both in pure form {in chemical
machine building, electrical engineering, the food industry) and
in the form of alloys. Aluminum-based allcrs are findlng ever
wider application. This 1s explained by the lact that aluminum
alloys, like aluminum, are low in weight and possess satisfactory
thermalconductivityand strength [34].

The chemical compsosition and mechanlicz2l properties of
aluminum alloys which are typical of a number of the most widely
used Al alloys in the manufacture »r a wlde varlety of welded
structures are given in Table 2.

Iron is an element of group VIIIA of the periodic system; it
is a transition metal with an incomplete d-shell and it has several
crystal modifications. The latter fact determines particular
features of its interaction with other eliements.

a-Iron with a body-~centered cuktle lattice and y-iron with a
face-centered cubic lattice are considered to be the basic modifi-
cations of iron. The high-temperature modification é-iron has a
structure which is similar tc that of a-iron. a-Iron forms
continuous so0lid solutions with only two lsomorphic elements
(V and Cr). a-Iron forms limited solid solutions of various
concentrations and also comrpounds with many elements (Fig. 2).

The y-modification will form continuous solid solutions with a

famil- of elements (Mn, Co, Rh, Ir, Ni, Pd, Pt) located cliose to

it in the periodic system and which are isomorphic in structure.

A large number of elements form limited solid solutions wich .
Y-iron. These include elements which are somewhat removed firom
iron in the periodic system and which have different crystal
structure and differences In atomic radii as 2ompared with iron.
Gamma-1iron forms compounds with the majority of elements. Trere

are many elements with which iron does not interact. These include
elements of group IA (Li, Na, K, Cs, Rb, Fr), group IIA (Mg, Ca, Sr,
Ba) and certain elements in groups IB, IIB, IIIL, IVB and VB (Ag,
Hg, T1l, Pb, Bi).
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While 1ron is used in technically pure form, it is applied
especially broadly ia various allcys with other elements. It is
easily oxidized, forming a number of oxides with different
valences. The intensity of iron orxidation in alr increases sharply
when it is heated above 140-150°C. In the presence of moisture
iron becomes covered with corrosion products consisting of iron
oxides and water. Numerous types of steel with different properties

. are formed on the basis of iron. The chemlcal conpesition and
mechanical properties of cerlaln of these steels are given in
- Table 3.

Steels of two types - 8t. 3 and 1Khl8N9T - were selected from
the great number of contemporary steels; these are felt to be
typlecal representatives of two classes of steels. Armco iron
{0.u3% C), steel 08 kp (up to 0.1% C) and certaln other steels
were nsed In the experiments to clarify the role of carbon.

In comparison with low-carbon and austenitic steels, aluminum
has higher thermalconductivity (5-8 times) and about half the
volume heat capacity. Therefore the effectiveness of heating and
melting by local heat sources depends essentially on the regime
parameters,

As 1s known, the coefficient of thermal conductivityof a metal
depends on its chemical composition, structure, and temperature.
The value of this coeffiiecient for iron and for carbon and low-alloy
steels 1s reduced with an increase in temperature, while for
stainless steels of the austenite class 1t is inereased. At room
temperature the coefficlents of thermalconductivity for steels of
various types will differ significantly, but as temperature

Increases the differences between them are smoothed.

Values of crefflclients of thermal conductivity for aluminum AD1,
the aluminum-manganese alloy AMts, aad the aluminum-magnesium alloys
AMg3, AMgS5V, and AMg6 differ more sharply from one another. Alloying

B
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Figure 5 shows a graph of the coefficient of linear expansion for
AD1 aluminum, alloy AMts, and steels of types 08kp and 1Kh18N9T as
functions of temperature; this difference is clear from the figure
[150, 201]. If we trace the changes in thre magnitudes of the
coefficlent of linear expansion in the low-temperature region -
e.g., 0-196°C - 1t is possible to note a greater "shortening" of
aluminum as compared with steel 1Khl8N9T; in the case of certain
types of welded joints, for example tubular telescoping Jolnts,
this can be a favorable factor.
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Fig. 4. Heat capacilty of aluminum alloys and steels as a
function of temperature.

Fig. 5. Coefflcient of linear expansion for aluminum, the
alloy AMts, and steels as a function of temperature.
XEY: (1) Pure aluminum (99.996%); 2 - Alloy AMts.

2. Some Data on the Fusion Welding
of Unlike Metals

When metals with different physicochemical properties are
welded the properties of the welded metal will, as a rule, be
lower than the properties of the metals belng Jjolned. Therefore
tune prinecipal goal in welding unlike metals 1s directlonal control
of diffusion, thermal and other physicochenilcal processes which

ensure the required properties of the weld and of the welded
Joints.




At present no generally accepted positions have been developed
concerning the conditions which determine the possibillity of welding
unlike metals.

A number of studies have been concerned with the processes
of the formation of strong bonds between unlike metals [116, 174].
These processes can tentatively be dlvided into two stages:

1) preparatory, when the substances to be Joineu are brought
together at the distance required for interatomic interaction
and the surfaces are prepared for the interaction. The surfaces
can be brought together 1n various ways: in the wetting process,
when there is a llquid phase which wets the surface of the solid
material; in the process of comblned plastic deformation of two
solid substances or of one of them, and 2l1lso as a result of surface
diffusion transfer of atoms between these solids;

2) the final stage, leading to the formation of a strong
Joint. 1In the case of joining pure metals or solld solutlons the
processes of forming strong bonds reduces to collectivization
(collecting) of valence electrons by positive ions, which results
in the appearance of a strong metallic bond between systems of
atoms ferming the crystal lattice.

The types of bonds between unlike materials vary widely.
Considerinz the special features of joining aluminum to steel which
will be described below, one should assume the possibility of the
formatlion of a stroné metalliec bond and zlso partial formation of
& bond of the covaient type, sincs in a number of cases the metals
react with intermetallides (with chemizally bonued metals).

The occurrence of processes of electron interaction in the regicn
of contact of the metals to be Joined requires determination of the
magnitude of the energy required ©v activate the state of the
surfaces [95, 127]. This may be er. r~gy imparted in the form of
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~ heat, mechanical energy of elastoplastic deformation, etc. Its
selection i1s determined by the technologleal parameters.

It is noted in the literature [105, 130, 173] that the
possibility of the formation of a metallic bond between particles
of metals to be joined - 1.e., the ability of the metals to be
welded to one another - is determined by the structure of thelr
atoms, the types and parameters of their crystal latticez, and
also by other factors which determine the chemical affinity between
the metals being joined. Welded joints are formed mcst easily
between metals and alloys whose composition includes elements which
possess unlimited mutual solubiliity in both the ligquid and solid

states - 1.e., which form continucus series of solid soc utlons
[160].

Unlimited mutual solubility ¢f the metals requires the
following basic conditions [46, 111]: the metals should have
identical crystal lattices; if the metals are polymorphous unlimited
solubility will bhe observed only between their isomorphic modifi-
cations - e.g., y-Fe and B8-Co with a face-ventere” cublc lattice.
It follows that one should strive toward the maximum possible
simiiarity in the tyr< and parameters ¢f the crystal lattices, and
toward the appropriate reflection of angles of lattice discrientaticn
of the phases relative to the interface [98].

Experiments have shown that during direct welding of metals
which have the same crystal structure with similar lattice param-
eters and similar electrochemlcal properties 1t is possible to
obtain welded Joints with mechanical properties which are similar
to those of the metals belng welded. As a characteristic example
we can cite the welding of metals basad on copper (copper M2,
chrome bronze BrKh05) and nickel, which form a series of solid
solutions.

11




In works by N. V. Ageyev [1], I. I. Kornilov [72], and
other investigators [42] it 1is noted that one of the mos: important
conditions for the formation of solid sclutions oy elements is a
difference in their atomic diamet- s of no more than 15-16%. 1In
thls case the c¢rystal lattlice of iron has maximum deformztion.
During diffusion into lron of elements for which the difference 1in
atomic diameters exceeds 15-16% the distortions in the ecrystal
lattice of the solvent metal are excessively great and lead to
strains which cause rupture of its atomic bonds and, consequently,
destruction of a solid body.

Analyzing results from research on the pairs of metals which
we selected, one can note that the difference in parameters of the
crystal lattice for aluminum and a-iron comprises about 22%, while
that between aluminum and y-iron 1s about 12%. Besides this, during
interaction of aluminum with y-iron under conditions of elevated
temperatures the crystal lattice is of id=zntical type in the two
metals. One should theref{ore expect that welding of aluminum to
stainless steel will occur under more favorable cconditicons than
welding ot alumlnum to low-carbon steel.

Nickel, manganese, molybdenum, chromium, tantalum, niobium,
vanadium, germanium, and gallium show differences in atomic
dlameters of less than 15%; copper, zinc, titanium, silicon,
germanium, tin, tantalum, chrcmium, and nickel moreover possess a
certaln solubility in both aluminum and iron.

From analysis of Figs. 1 and 2 lt foll.ows that only a limited
guantity of elements (23-25) can be regarded as "plasticizers" for
the iron-aluminum system and for iron/aluminum compounds (this
number does not irnclude the lanthanide group).!

!The introduction of other elements is either inadvisable
(gases, salts, artificlally prepared elements), difficult due to
their toxicity (Po, Hg, etec.), or economically unsound (Au, Pt, Ge,
etc.}). Certain elements (W, Ge, etc.) rcpresent analogs of those
studied (Mo, S1, 2te.).
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The particular features noted above serve as the basis for
selecting the alloying systems for the welding pool and the types
of ¢cnatings on the steel.

Attenticn should be directed toward the fact that the relative
dimensions of atomic diameters and the solubility of different
elements in iron will vary as a function of temperature [42].

We will list the basie factors which determine the temperature
dependence or the sclubility of elements in iron.

1. Relative change in the dimensions of the atomic diameters.

2. Change in coefficients of linear expansion. If the
difference between atomic diameters and the difference between the
coefficients of linear exnansion grows, solubllity remains virtually
unchanged. The aluminum-iron (steel) pair is extremely indicative
in this respect: the coefficient of linear expansion for aluminum
amounts to 23.‘5-10"6 and that for iron is 11.9-10"6 at room tempera-
ture; the values at 500°C are 3]..1-10'"6 and 1&.3-10"6. There is a
corresponding growth in the difference of atomic diameters [at
higher temperaturel}, and as a resmlt there is no essential change
in the sclubility of aluminum in iron. Thus, for example, at
room temperature the solubility of aluminum in iron comprises 327%,
while at 1232°C the value is 35%. This can apparently explain the
absence of any positive effect from preheating of the steel when
aluminum and stezl are welded.

The electrochemical properties (electron affinity) must not
differ strongly, since if they do the formation of intermetallic
compounds is possible; as a rule these embrittle the metal in the
weld zone, This condition is usually observed with metals which
fall in the same group or in contiguous related groups in the
pericdic system cf eloments.




Correct selection of the means, conditions, and technology of
welding In combination with metallurglical operating means will in
the majority of cases make 1t possible to elther eliminate
completely or reduce to a minimum the harmful consequences of
limited solubility [79, 80, 108].

Thus, complex processes occur on the fuslon boundary between
unlike metals and the study of these processes both experimentally
and theoretically [98, 109, 122, 1747 1s fraught with difficulty.

At present two basic directions have been marked in the
solution of the problem of joining metals with differing properties:
1) welding with predominant melting of one metal; 2) the application
of intermedlate metals.

Jolining of aluminum to steel 1s a characteristlc example of
the first direction. Here the basic problem consists in reaucing
to a minimum or completely eliminating tne formation of brittle
compounds in the weld metal. We.dlng without melting of the
refractory metal 1s the most promising from thils point of view;
this involves meirlng only the metal with the lower melting
temperature when ftwo metals with different melting polnts are
fused. Sometimes such melting 1s called braze-welding [581. During |
braze-welding liquid metal 1lnteracts with solld metal. The major
physicochemical processes occurring during the interaction of
the materials to be welded are as fcllows: wetting of the solid
surface of unfused metal bty the liquii metal (adheslion); flow of
the liquid metal over the surface of the solid, during which
surface diffusion occurs (establishment of physilcal contact) [174];
dissolution of the refractory metal in the liguid metal. The
first two processes are necessary for the formation of a weld,
while the last one determlnes the quality of the welded jolrt and
its propertles.
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While the possibility of separate regulation of temperature
and time parameters exists during calorizing, zinc coating, andé
immersion brazing, during welding these parameters are mutually
connected and are determined primarily by the welding conditions.

The second method is used, for example, In joining titanium
to steels: welding is accomplished through an intermediate metal
{vanadium) or through two layers in the form of tantalum (on the
titanium side) and nickel (on the steel side) [51]; copper alloys
can be joined with titanium through tantalum [1531].

Generalized data on the weldability of a number of unlike
metals have been published by M. V. Poplavko [113], A. 3. Mikhaylov,
L. G. Strizhevskaya, D. Young and A. Smith [247] and by other
investigators [190]. Of particular interest is one of the new
methods of jJoining unllke metals, prcposed by F. Zimmer [2481].

Considering the available data on welding of aluminum to steel,
one can draw a preliminary concluslon regarding the difflculties
of jolning these metals due to the following factors:

a) the great difference in melting temperatures of aluminum
and steels;

b) the great difference in the coefficlents of linear
expansion of the metals to be jolned, which leads to the appearance
of substantial thermal stresses along the line of transition from
steel to aluminum;

¢) the significant difference between the thermal conductivity
and heat capacity of the joined metals, which also gives rise to

the appearance of thermal stresses;

d) the presence of the refractory oxide film of A1203,
creating 1ncluslons 1n the weld itself. Special fluxes are used
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to dissolve them. The fluxes used during welding of aluminunr are
low-melting, highly fluld, and do a poor job of wetting the weld
surface on the steel; because of this they are unsuitable for
welding the given metal. Corraspondingly, the standard fluxes
used to weld steel will react with liquid aluminum, sharply
disturbing its composition. Therefore these too cannot be used
directly during the welding of steel to aluminum. However, the
major obstacle is the chemleal interaction of these metals, leading
to irreversible formation of intermetallic compounds along the
transition line. W2 will pause to consider this matter in more
detall.

Aluminum-iron phase diagrams and éertain other diagrams can
be used as the basils for a preliminary Judgement concerning the
structures formed during fusion welding in steel/aluminum Joints,
the properties of steels containing aluminum, and the propertles
of aluminum alloys containing iron.

As is evident from the Fe-Al phase diagram [33] (Fig. 6a),
aluminum forms solild solutions, Intermetallic compounds, and a
eutectic with iron. The solubllity of iron in sclid aluminum is
extremely 1insignificant; the boundary of the solld soluticn of
iron in aluminum at 225-600°C is found at an iron content cf
0.01-0.022%. The solubility of iron in aluminum at the eutectic
temperature (654°C) amounts to 0.053% [231], and according to data
in work [46] at 450°C it 1s about 0.002%. 1Iron does not dlssolve
at all in aluminum at room temperature [68].

Even with insignificant quantities of introduced iron, crystals
of the compound FeAl3 (59.18% Al) will appear 1in the structure
of alloys of aluminum with 1ron in the case of hardening. With an
iron content up to 1.8%7 and temperature of 654°C the eutectlc
A1+F_eA13 is formed. With a further increase in the iron content in
the alloys chemical compounds willl appear: Fe2A17 (62.93% Al),
Fe2A15 (54.71% AL), FeAl2 (49.13% Al), FeAl (32.57% Al), etec. OF
these compounds, only Fe2A15 melts at a definite temperature.
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Fig. 6. Phase dlagram of aluminum-iron alloys
(a); change in mechanical properties of
aluminum-iron alloys as a function of iron
content (b) (per A. Ye. Vol); and the change in
mechanical properties of iron-aluminum alloys
as a function of aluminum content (e¢) (per

S. Keys and X. Van Horn).

KEY: (1) Liquid.

Iron in aluminum alloys is always present in the form of
chemical compounds; this determines the mechanical properties and
workability of the alloys. The introduction of iron causes an
increase in ultimate strength and hardness and a sharp drop in
ductility of aluminum (Fig. 6b). Iron-aluminum alloys containing
8-10% Fe possess insignificant ductillty and those even richer in
iron are very brittle; beccause of this they have not found practical
application at present [70, 71, 141, 152, 1861.
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In connection with the contradictory literature data on the
compounds forming in the system Fe-Al {13, 185], we carried out a
prelininary investigation of this system in order to obtain
stardard Debye powder diagrams of the system phases, data on the
lattice constants of the a-phase as a function of the quantitative
content of aluminum in it, and to refine the degree of solubility
of aluminum and iron in welds. For this purpose we used the
classical method of physlicochemical analysis connected with the
construction of diagrams of phases vs. properties in the section
corresponding to a high concentration of iron in aluminum. The
method of X-ray phase analysis (powder method) was used [172]. The
X-ray patterns were photographed on the URS-55 apparatus in a
Debye chamber (diameter 57.3 :m) in chromium radiation (CrK). This
chamber was used to carry out phase analysis and determination of
erystal structures and to perform preci<lon measurements of the
lattice constant.

The lattice constants were calculated according to Y-ray
diagrams with asymmetric backing of the film (per Straumanis [22,
50]. For thils purpose a number of alloys were prepared In an arc
furnace from pressed briquettes of high-purity carbonyl iron
(99.98% Fe, remainder C, Ni) with small pieces of AV0O00 aluminum
(aluminum content no less than 99.990%) in an atmosphere of
technical helium. For better mixing of the liquid components,
smelting in the arc furnace was carried out at temperatures close
to the boillng point of aluminum. Total miscibllity of the
components was achleved by double remelting. During cooling the
alloys underwent cracking [splitting] in the interval of concen-
and Fell

5 3
(especially Fe2A15). The remalning alicys were not destroyed.

trations corresponding to the presence of Fe2A1

Both cast and annealed specimens of iron-aluminum alloys were
subjected to X-ray analysis. In crder to achleve phase and also
concentration equiliibrium it was necessary to use heat treatment:
specimens of alloys with a polished surface were placed 1n
evacuated quartz ampules and annealed at 500 and 800°C for 1500 and
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700 h, respectively. The quantitative composition of the speci-
mens was monitored by chemical analysis [5].

X..ray phase analysis of alloys of the Fe-Al system (Table 4)
confirms the existence in this system of the intermetallic compounds
FeA13, Fe2A15, FeA12, FeAl and also the presence of a wide region
of so0lid solution based on a-Fe {(a-phase) [168]. X-ray patterns

- of these phases are shown on Fig. 7.

. Table 4. Data from X-ray and chemical analysis of iron-aluminum

alloys.
Content of Fe Anneali Content Phase composi Lattice con-
in the alloy [coroo=~l8 lof Pe in| 72°€ SOMPOS2= lstant, A
emperature, tion of the
per charge, op the s
. pecimens
wt.? atloy, Fe Al
chemlcal ,
analysis o-RbEss gggi
wt.% .
94,91 Cast 95,10 i 2.880 -
500 94,23 a - -
809 05.02 a -
91.19 Cast 90.87 o 2.893 -
i 86.18 a 2.904 -
86.14 500 85.94 o - -
800 86.28 o - B
Cast 82.98 a 2.911 -
82.85 500 82.94 a - -
800 82.67 a - -
75.64 Cast 75.59 o + Fefl 2.923 2.6058
" 67.33 FeAl + o + FeA12 2.925 2.906
(traces)
67.44 500 67.20 FeAl + FeAl - -
(traces)”
800 67.18 FeAl + FeAl - -
(traces)
57.96 Cast 57.90 PelAl + FeAl2 - -
S 500 58.41  |FeAl + PeAl, - -
é 800 58.02 FelAl + FeAl2 - -
f 50.86 Cast 50.93 | FeAl, - -
| 500 51.07  |Peal, - -
§ 800 50.67 FeA12 - -
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Table 4 (Cont'd).

47.91 Cast 47.60 Fe2A15 + FehAl, - -
500 48.23 F82A15 + FeAl2 - -
800 48.11 Fe2A15 + Fedl, - -
45.29 Cast 45.28 Fe,Al, = g
500 45,20 Fe2A15 = =
800 45,16 FeEAl5 - -
45,95 Cast 42.79 F62A15 + FeAl3 - -
500 43,03 Fe2A15 + FeAl3 - -
8o¢ 42.65 Fe,Al; + Fehl, - -
Cast hi.o7 FeAl3 + Fe2A15 - -
50 40.50 beAl3 + Fe2A15 - -
(traces)
40.83 800 40.68 FeAl3 - -
Cast 29.64 FeAl3 + Al - -
29.27 500 30.14 FeAl3 + Al - -

Information on ternary phase diagrams Fe-Al-x 1iIs extremely
scarce [195, 247]. K. Leberg and V. Shmidt carried out a study of
the ternary system iron-aluminum-carbon using procedures 2" thermal,
microscople, and X-ray analysis [228]. They studied systems
containing up to 20% aluminum and up to 3% carbon. The authors
demonstrated that the nature of equilibrium in the iron corner of
the ternary system iron-aluminum-carbon is determined by separation
of the ternary carbide K, whose composition was not definitively
clarified. .The phase diagram for aluminum-iron-silicon is complex
and has not been adequately studied [87]. The region of the
ternary solid solution a of the aluminum corner is extremely
insignificant.

Durling diffusion of iron in aluminum contalning sil:con the

formation of the following phases in a diffusion layer 1s possible,
depending on the concentration of the indicated component: a sclid
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Flg. 7. X-ray patterns of aluminum and binary lron-aluminum

alloys: a) Al on Cr; b) FeBAl; ¢) FeAl; 4) FeAl,; e) Fe2A15;

£) FeAl,.

solution of a-(AlFeS1) on an aluminum base, o + FeA13, a + Fe2A17,
o + FeSiA].5 and o + FeSiAl5 + 51,

Study of a system of three components, aluminum-iron-zinc,
was carried out by E. Gebhardt [195]. 1Initial materials for
preparing the alloy were zinc (99.99%), aluminum (99.99%), and
armco iron (99.95%).

Alloys contalning less than 10% iron can be obtained by

smelting pure metals under a layer of flux in unglazed porcelailn
cruclbles. It was substantially more difficult to prepare alloys
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containing more than 10% iron, since the higher temperatures of the
liguidus for these alloys lead to the beginning of evaporation

of the zinc. Preparation of alloyz 1n closed crucibles led to
explosion.

3. Properties of Intermetallic
Compounds of the Aluminum-Iron
System and Certaln Laws Governing
Thelr Formation

As has been noted, the major.obstacle in joining aluminum to
steel (besides the substantial differences in the physicochemical
properties of the joined metals) is the formation of intermediate
compounds - Iintermetallic phases of the FenAlm type - during
contact heating ahove certain temperatures [229, 2457, Depending
upon composition, these intermediate compounds possess ordered or
unordered crystal structures; certain of them have definite
chemical compositions and others dissolve a substantlal quantity
of thelr own components, as a result of.which they form homogeneous
regions (in a certain interval cf concentrations).

Intermetalliic compounds possess the following physical
properties: brittleness and high hardness with respect to the
hardness of thelr constituent components. Although many inter-
metallic phases are known in aluminum, there are few data on thelr
properties. In certaln cases the crystal structure 1s known, bhut
infcrmation on it is frequently contradictory. Study of mechanical
properties is, as a rule, limited to measurement of microhardness
of these compounds in the aluminum matrix.

The strength propertles of intermetallic iron-aluminum phases
in pure form have not been studied, owing to the difficulty of
obtaining these substances. Only limited information 1s available
[27, 29] on the properties of the transiticn layers obtalned during
casting of bimetalllc compounds; rupture strength on the order of
2-4 daN/mmg; shear strength up to 7 daN/mmg; impact toughness of
0.008-0.01 MJ/mg,and other characterlsties, given in Table 5.
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Table 5,

Certain properties of Intermediate compounds FenAlm.

Microhardness Density Linear
coefficient
1litera-{ of thermal
Alloy ﬁingon; measured |ture measured éizeratvre expansion,
’ data e -6
a-10 , 1/deg
Fe3A1 13.9 250-350 | 340 6.67 - 14.6
Fell 32.6 400-520 |650 5.37 - 18.9
FeAl2 9.1 1000-105011090 b.36 - 17.9
Fe2A15 55.0 1000-1100}|1050 h.11 h.,ob-4.,05 |15
FeAl3 59.0 820-980 | 770 3.95 3.77-3.81 -
Fe2A17 63.0 650-680 - - - 19.35

Deepite the brittleness of intermetallic compounds at low

temperatures, at high temperatures they become ductlle to a

certaln degree [229].

perfected or close to 1deal crystal structure [62].

The intermetallic compounds rarely possess

Alloylng of solid solutlons based on Intermetalllic compounds

would permit substantial alterations in their properties,

especially mechanical propertiles.
is not altogether c¢lear; in work [245] it 1s indicated that in
thls case the creation of substitution solld solutions is possible.

The mechanism for such alloying

In the multiphase alloy formed durlng such allcylng the determining

Influence of the second phase 1s reduced to an incrcase in

mechanlcal properties at the expense of its inherent

especlally at high teumperaturcs.

strength,

Here the dependence of strength

(hardness) of the intermetallic phase on temperature 1s expressed

by a straight line with a deflection (Fig. 8a).

The pelint of

inflectlon for these compounds does not egual half the value of the

melting temperature, as holds true for pure metals, but 1s normally

located in the 0.5-0.75 t

F92A15

melt

this comprises about Y460 and 450°C, respectively.

region; for the cempcunds FeAlq and

On-the

basis of this fact the hypothesis was put forward [229] that
different mechanlsms exlst for the deformation of intermetallic
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phases, acting on both sides of the temperature point of inflection
tH: below point tH a slipping process predominates, while above

it determined diffusion processes of dislocation displacement and
shifting of grain boundaries occur.

At low temperatures the
complexity of the crystal

tattice structure of inter-

metallic compounds hampers

slipping processes and 1t is
possible to assume that theilr
atoms d4re Jjoined by strong

localized bonds. Slipping or

displacement of atoms
Fig. 8.

Temperature dependence
of hardness and heat conductlvity

relative to cne another

occurs extremely easily at of intermetallic phases: a) for

FenAlm% b) for FeAlq (AB corre-

sponds to the steel portion of
the specimen and BC, to the

elevated temperatures,
owlng to weakening of the

interatomic bonds in the
region above the temperature
point tu'

compound FeAlB, and CD to the

aluminum portion of the specimen
[1917]). The average thickness of
the FeAl layer is ~0.12 mm.

KEY: (1) Steel; (2) Aluminum.

In work [191] by
I. Garcia the coefficient of
thermal conductivity 1is determined for the intermetallic compound
FeAlB. Thermal conductivity was measured on an installation
whose baslic elements were a small resistance furnace, a wattmeter,
and two thermocouples. One thermocouple was fastened rigidly
inside the furnace and the other, moving inside a hollow bimetallic
specimen, was used to measure the thermal conductivity of the
latter and for automatic recording of thermal conductivity in the
form of a curve on a graph.

Comparison of the microstructure cn different segments of this
specimen in the zone of contuct between aluminum and steel with
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the curve of the change in thermal conductivity made 1t possible
to detect a small segment with a low value of the coefficient of
thermal conductivity - 7.94 W/(m.deg) (Fig. 8b).

For a correct understanding of the processes occurring during
calorization of iron and also during welding of iron to aluminum,
it is necessary to have available sufficiently reliable data
concerning the mobility of atoms in the diffusion interlayers
which arise in the zone of contact of the two metals and especially
in the intermediate intermetalile phases. Intermetallic compounds
are usually obtained by smelting in an are furnace on a copper
water-cooled bottom, by the method of replacement of the eutectie,
or by ordinary smelting under a layer of flux. In this case the
intermetallic compounds are obtained in the form of ingots weighing
20-30 g or in the form of a crucible. As a rule, after such
smelting it is necessary to carry out mechanical treatment of the .
extremely hard intermetallic alloy; however, this is not always
possible. Alloys obtained by these methods are porous and are
broken up during the cooling process; this is due to contamination
of the boundaries of the intermetallic compounds and by the
presence of oxide films, oxygen, etc. In order to determine the
characteristics of the individual phases, a method was proposed
and realized in practice for obtaining intermetallic cempounds of
the iron-aluminum system in the form of rods 3-10 mm in diameter
and up to 200-250 mm in length [132].

Smelting of an intermetallic compound of definite stoichio-
metric composition was accomplished in a vacuum furnace by the firm
"Gereus" [exact spelling not determined - Translator]. A magneslte
crucible was used to avoid enriching the Intermetallic compound
with carbon during smelting. After the melting chamber was
vacuum~treated, it was filled with argon or helium. 1In order to
ensure that the intermetallic specimen would have a cylindrical
shape of the required diameter a special devlce was used to pump
the molten metal into a quartz tube up to 10 mm in diameter; one
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end of the tube was dipped in the melt and the other was connected
with the evacuation (vacuum) device.

To avoid contamination of grain boundaries of the intermetallic
specimen with oxide films and inclusions, the pulling (suction)
of the sample into the guartz tube was carried out from the middle
portion of the molten metal in the crucible; the high rate of
cooling of the metal in the quartz tube helped to ensure that the
obtalned Intermetallic compounds would have pure boundaries,
without inclusions, porosity, or any type of defect.

Mark AV00O Al and iron (Fe 99.97%) were used as the initial
materials during smelting. The composition of the charge corre-
sponded to the phase composition on the phase diagiam. Ciemlecal
(Table 6) and X-ray analvses were carris’ cuit to establish
correspondence of the ccomposition of the obtained alloys to the
composition of the zhemical compounds on the phase diagram.

Table 6. Data from chemical analysis of alloys.

Composition|Al content
per the according
dlagram, to chemi-
Alloy {wt.% cal ?:EE;Ezral type of
analysis, -
Fe Al wt.%
F62A17 37.07]62.93F 63.32 Monoclinic
FeA13 40,82159.18 59.40 "
FeEAl5 h5,29{54.71 54,92 Ehombice
FeAl, 50.87{49.13] 49.27 Rhombohedral
Feal ([67.43{32.57][ 33.64 isostructural;
Fe3A1 86.13{13.87} 14.04 structure of C<27 type

As an example, Fig. 9 gives the external appearance (a) and
nature of fracture (b) of the intermetalliccompoundFeAlz. As is
clear from the figure, specimens of intermetallic compounds have
a clean smooth surface (making it possible to avoid subjJecting them
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to mechanical working) and a fine-crystal fracture in which there
are no visible defects. Analysis of the microstructure indicates
the presence of nadequately clean graln boundaries. Data from
X-ray structural analysis confirmed the fact that the given phase
is inherent to FeAl2 in strict correspondence to the stoichiometric
compcsition.
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Flg. 9. External appearance
{(a) and nature of fracture
(b) for the intermetallic
compound ?eAlZ.

Analogous data were obtained for all phases 1n accordance
with the iron-aluminum phase diagram. The suitable quality of the
intermetallic compounds enabled us to use them as standards in
determining miecrohardness, electrical resistivity, diffusion
coefficients, and mechanical characteristics.

From tha microstructures shown on Fig. 10 it is clear that
the obtailned alloys are sufficiently uniform, with the exception

of the alloy corresponding to the phase Fe2A1 Photographs of

7
the microstructure of the latter show segments of a second phase,
insignificant 1n size, between the grains of the intermetallic

compound.

: Flgure 11 glves data on the properties of intermetallic
; compounds in cast (unmarked cclumns) and annealed (shaded columns)

states.

: ) The microhardness of the phases FezAls, Fe2A17, FeA13, and

] FeAl, varies within the interval 960-1150 daN/mm?; with an increase
é in iron content the micrchardness 1s reduced to 660 daN/mm2 (phase
FeAl) and 270 daN/mm2 (Fe3A1). To determine electrical conductivity
of the intermetallic phases specimens 8-10 mm in diameter and

120 mm 1n length were manufactured. The specimens were clamped in
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. Fig. 10 (Continued).

a speclal attachment with
movable contacts, from
which the voltage drop was
taken. The measurement

base comprised 60 mm.
Resistance was measured over
a double-bridge d-c circuit
with internal and external
standard resistors (a type
R-329 bridge was used).

The magnitude of electrical
resistance in each case was
determined as the average

of three to five measure-
Electrical resis-
tivity of intermetallic
phases of the 1ron-aluminum
éystem differs 1little in

the cast and annealed states.
The phase Fe2A15 i
distinguished by anomolously

ments.

S

high electrical resistance
(3.3 Q-mn°/m).

The diffusion mobility
of iron in the phases

indicated above was investigated [88] by means of radiocactive

tracers in the temperature interval $00-1150°C.

Before the

diffusion research, the intermetallic phases of the iron-aluminum

system were subjected toprolonged homogenlzing annealing at 1100°C
in a medium of argon for several days; this led to the formation
of a coarse-gralred structure, which remains stable through the

duraticn of all diffuslon annealings.
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Parallel shape of the faces was ensured by grinding. A
thin layer (about 1 um) of iron containing Fe55 was applied to one
of the faces by means of an electrolyte consisting of a mixture of
six parts of ammonium oxalate (saturated solution) and one part
saturated ferrlic chloride (solution with a palc-green color). The
specimens had an activity on the order of (5-6) 103 pulse/min.
Diffusicn annealinpg was carried out in the 600-1100°C interval,
with the temperature malntalned to an accuracy of +10 degrees.
iffusion coefficients were determined by removing layers aecording




to the known formula D = -0.1086/t tg a, where 1T is annealing

time and tg o is determined from the graph of the experimentally
determined relaticnship 1lg ¢ (¢ 1s the concentration of radloactive
atoms) from the square of the depth of the diffuslion layer. Values
of the coefficients of self-diffusion for lron and its alloys with
aluminum in the investligated temperature interval are glven 1n
Table 7 and on a dlagram (Fig. 11).

The obtalned values for coefficlients of self-diffusicn for
iron and 1ts alloys with alumlnum, corresponding in composition to
certain lntermetallic phases, 1In the investlgated temperature
interval attest to the fact that an lnecrease in the concentration
of the low-melting metal does not lead to a monotonic change 1n
the wvalues of the diffusion coefflcient. This 1s apparently
connected with particular features of the struecture of the corre-
sponding Intermetallic phases. The Fe2A.l5 has the highest value
of diffusion coefflcient. Tensile testing established the fact

that the phases Fe2A17, FeA13 and Fe2Al5 pessess lowest strength
(1.8, 1.5, and 1.7 daN/mmz, respectively). These data attest to
the fact that there 1s a measurable reserwve of strength In the
investigated compounds. Strength of the compound FeAl3 turned out
to be least (1.5 daN/mmz) under compression. As is evident from
the diagram, a deviation In compressive strength is observed in

the Fe2A17 phase (10 daN/mm2).

The presence of intermeftallic compounds in the form of
individual inclusions and, especlally, as continuous interlayers
also has ar. escential influence on the corrosion resistance of
welded Joints.

Studies were made of the chemlecal propertles of the metals to
be joined and of the intermetallic phases in certain solutions,
and evaluations were made of diffusicn processes between unlike
metals on the basis of layer-by-layer phase nnalysis; thls made it
pessible to study diffusion layers which are nonuniform in compo-
gition and structure.
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¥Coefficient of self-diffusion of Fe55 in y-Fe was determined at 920°C.

Alloys

Table 7.

Studies were made of specimens of
the aluminum-steel bimetal preliminarily
annealed at temperatures of 200, 300,
400, 500°C for 10 hours and at
temperatures of 300, 400, 500, and 600°C
for 20 min. Also studied were the
3 Feeﬁls,
FeA12, and FelAl! of the 1lron-aluminum
system, obtained artificially in the

form of cylindrical rods 8-10 mm in

intermetallic phases FeAl

diameter. Intermetallile compounds in
the transitlon layer of the alumirum-
steel bimetal were revealed by the
method of anode dissolutlon of the
specimen from the aluminum side.

In the course of electrochemical
dissolution of the sreclmen-anode the
emf was measured and the potential
vs. time relationship was constructed.

Bimetallie specimens of AD1
aluminum and steel Kh18N10T 25 x 25 x 10
mm in size with holders attached to
them were plaeced in a bath to measure
potential. The bath contained dilute
hydrochloric acid (1:3). Then the
specimens were remcved and placed in
another bath, containing a 1l:1 solution
0f hydrochlorlc acld; there they were
subjected to etching for 1-3 min to

remove a layer of metal. After a quick
’ wash In water the specimens were oncc
again placed in the bath designed to
determine the solution potentlzl. As
layer after layer was removed by




etching the solution potential was determined in each of them;

measurements were carried out more freguently close to the

transition line.

Figure 12 shows results from measurement of solutlon potential
for the aluminum-steel Kh1BN2OT bimetal and also for intermetallic

phases of the Fe-Al system.

indicated above.

4}, Present Methods of
Joining Aluminum and Its
Alloys to Steels

Few data are avail-
able on Joining aluminum
alloys to steels {91, 112,
148, 159, 215, 225, 241,
249]. fThere is interest
in the method of Joining
aluminum and aluminum
alloys to steel by welding
with the use of one or
several intermediate
metals, analogous to the
method of welding titanium
to steel [51, 153]1. How-
ever, analysis or the
binary phase diagram of
aluminum with wvarious

Measurements were made in the solutilon
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Fig. 12. Change in the soluticn
potential mV as a function of
dissolution time t for intermetallic
phases of the Fe-Al system and tor
puce aluminum (a) and for the
bimetal aluminum-steel Kh18N10T (b).
KEY: (1) Initial.

elements indicates that there is no one such metal or pair of

metais. Elements which permit alloying of aluminum (Mg, Si, Cu,

etc.) either have negligible
one or several intermetallic

The formation of phases
aluminum Joints 1s extremely

solubility in iron or they form
(intermediate) phases with it.

of intermediate composition in steel/
undesirable, and their elimination
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(or reduction) can, as will be shown below, substantially improve
the mechanical properties of combined Joints.

The periodical technical literature contains a few Journal
articles and short reports on experimental work. The most essential
of these data are given below.

Existing methods of Joining aluminum to steel can be
tentatively broken down into the following basic types: 1) Joining
with the application of external pressure; 2) brazing of aluminum
to steel; 3) the process connected with melting one of the metals
(aluminum) - the so-called braze welding. The first two Joining
methods were studied in survey articles [133, 134, 187, 200,
202-206, 216, 217, 245].

The first information on practical methods of Joinirg aluminum
to steel by fusion was published as early as 1935 f208]. The..
materials indicated that direct Joining of aluminum and its allays
with steel by fusion welding was difficult.

All methods of fusion welding are based on the creation of a
reliable Zransition layver between aluminum and steel. H. Holler
and A. Maier studied the process of gas welding of aluminum I1n
the form of wire and sheet iron, precoated with tin solder. Pure
aluminum was used as the filler material. The ultimate strength
of the obtained Joints reached 6-7 daN/mmz.

With application of 2 zinc coating on the steel A, Muller
2187 obtained a joint with a strength reaching 7.4 daN/mme. He
also attempted to coat steel with aluminum for subsequent welding.

A number of works indicate the possibility of satisfactory
welding of aluminum to steel with the application of a zine coating
on one metal or the other [176, 177, 223].




Numerous methods which have found development from the process
"al'-fin" [alpha-deposition] are used 1o create a transition layer;
the "al'-fin" is one method of Jjolning aluminum and aluminum alloys
to steel by teeming. For example, steel articles are calorized by
immersing them in molten aluminum. After calorizing and before
teeming the surface of the article may be covered with tin or
copper [447. 1In other cases [59, 82] the surface of the iron or
steel is coated with a solution of ammonium chloride and dried at
150°C before immersion in the molten aluminum.

Grenell [45] presents information on the possibility of welding
pipeli-es from unlike metals. A layer of aluminum is applied on
steel tubes at the points tc be welded, after which they are
lap-welded with aluminum tubes.

The American investigators M., Miller and E. Mason [224]
developed a method of welding aluminum to steel by means of
tungsten and consumahle electrodes in a medium of iInert gases.
Satlsfactory results were obtained during welding of thin-walled
tubes. Telescoping joints were destroyed at the weld under loads
of 44,2 daN/mmz. The average shearing force amounted to 7 daN/mmz.
Similar data {7-8 daN/mmZ) in shear tests were obtained by
Van Sommeren [238] with welding by an analogous method. He also
conductea experiments on the application cf a high-quality film of
aluminum on steel by metal spraying [238]. A film thickness of
0.0002 mm is sufficient to obtain a joint. However, the obtained
layer of metal is jolned weakly fo the steel, since during
application on steel the drops of metal are oxidized and the bond
obtained between the coating layer and the steel is basically

purely mechanicel.
The literature also contains data on metnods of joining
aluminum and steel using tin and nickel coatings on the steel [9].

The positive influence of silver as a metal to be used for a
transition layer is especially emphasized. Examples are glven
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of jolning tubes of stainless steel with aluminum with an inter-
mediate silver layer [7-11] and welding the cylinder of a piston
engine, made of steel of the martensite class, to aluminum cooling
fins {207]). It is indicated in the last work that the optimum
magnitude of the galvanically applied layer of silver 1s 0.25 mm.
The welds possess adequate'strength and ductllity.

As data from the various investigations indicate [12, 114],
an Intermetellic layer almost always arises along the steel/aluminum
boundary during calorizing of steel by immersion and by the
chemicothermal method. In particular, its appearance 1s unavoidable
under the calorizing conditions recommended by M., Miller and
E. Mason in their experiments (calorizing at temperatures of
700-800°C).

Interesting studies concerned with welding aluminum alloys to
steels and with investigation of the properties of the obtained
joints were carried out by G. A. Bel'chuk and co-workers [14-17].
They developed two types of techiology for argecn-arc welding of
aluminum to steel.

Azcording to the flrst variant, a layer of aluminum 0.1 mm
thick 1s first applied to shipbuilding steel SKhL-4 and St. 4S by
calorizing (at 700-T740°C with a hold of 10 min). Argon-arc
welding is used to lay pure aluminum in three layers on the surface
of the initial layer under the following conditions: welding
current 110-130 A, welding speed 0.12-0.24 m/min. A tungsten
electrode 2 mm in diameter and an aluminum filler {AD1) 2 mm in
diameter were uced. Jolning of the obtained aluminum facing to
the steel occurs in the presence of an intermetallic layer up to
J.1«0.12 mm thick. Elements of aluminum or its alloys were then
welded to the facing. The ultimate strength of the obtained butt
joint reaches the value of the ultimate strength of pure aluminum -
i.e., on the order of 8§-10 daN/mmz; strength values are somewhat
lower for T-specimens.
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In the second variant, the steel (after cleaning) 1is subjected
to hot or galvanic zinc coating (zinc layer thickness 0.02~0.04 mm),
after which three layers of pure aluminum are also built up on it f
by argon-arc welding under the same conditions.

A distinguishing feature of the technology develeped by
G, A. Bel'chuk for argon-arc welding of aluminum and its alloys to
¢ steel 1s the application of pure aluminum of brand AD1 (Si < 0.2%)
for a faclng on calorized or zinc-coated steel. The use of wire
. with an increased magnesium content - e.g., brand AMgb - did not
give satisfactory results in terms of strength [18]. For this
procedure for arc-welding of the indicated materials joints of
limited strength were obtained. However, in the particular case

when the joint .must have a strength which is not equal to the
strength of the aluminum alloy but only adequate, the developed
technology c¢an be recommended.

In the work by D. R, Andrews [183]; concerned mainlv with
technological questions, a study was made of the welding of low~-
carbon steel to aluminum and its alloys. Sheet steel with a
content ¢ ' 0.08% C, steel tubes (0.15% C), pure aluminum, and
three aluminum alloys (Al-Mn, Al-Mg, and Al-Mn-Mgz) were used in
the experiments. The steel was covered completely with a layer
of aluminum, tin, or zine, aluminum with 0.75% cadmium, and

aluminum with 5% silicon by hot immersion, electrodeposition, and
metal spraying. The ultrasonir method was used for local coating
with tin and tin-zinc. During subsequent welding an intermetallic

transition layer was formed over the coatings in all cases.

During coating with a layer of tin by hot immersion a solid and
brittle FeSn2
insignificant and consequently the plastic properties of the

phase 1s also formed; however, its quantity is

welded Joints are higher than, for example, Joints of alumlinum

with zinc-costed or calorized steel. The average value of ultimate
strength did not exceed 12 daN/mm2 for all types of tested coatings.
With a zinc coating the ultimate strength amounted to 10 daN/mm2;
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with tin it was 7.8 daN/mmg. Owing to the poor quality of the
coatings a large scatter in test data was observed. While he
carried out a limited number of experiments, the author nonetheless
draws a conclusion concerning preferred application of tin and

zinc coatings obtalined by electrodeposition before coating with
aluminum. On the basis of this work refinements were made in the
weldling technology: for protection of the back side of the weld

it is necessary to tlast 1t with argon; the most suitable filler
material is aluminum with 5% silicon. 1In one of the last studies
Andrews [184] considers the formation of intermetallic layers during
hot immersion. The author notes that during welding the thickness
of these layers 1s lncreased and the plastic properties of the
Joints are impaired. He also studled the effect of heat treatment
on the propercies of welded joints; heat treatment was carried ouf
with prolonged holds and at temperatures of 350-550°C., The rupture
strength of steels coated with tin Joined by the method of hot
Immersion to technically pure aluminum comprised the following
values after holding for 15 days at 350, 400, and 450°C: 1.18,
1.18, and 1.26 daN/mm2. Weld streng‘n prior to heat treatment was
7.5-7.8 daN/mm°.

According to data from Y. Sugiyama [237], prolonged ftemperature
treatment of welds does not glve the desired results (Fig. 13).

&y, 0ansrm? _ Fig. 13. Graph characterizing the effect of

s ] heat treatment on ultimate tensile strength
. ! for a weld between pure aluminum and steel

2 o 2 with a zinc coating (filler material U4043).
. 2 | 1 - base metal; 2 - destruction of weld on

! case metal; 3 - destruction of weld on the
4 interface.

‘ ! Thus, analysis of different methcds of

J02350 150380 2505360 ¢Trta

Joining alumlnum to steel shows that the
selectlion of the weldlhg method must be

gulded by specific requirements imposed on the unit or the article
as a whole. For a number of parts of limited shape 1t 1is possible
to weld steel to aluminum by the cpplication of pressure [175, 1941,
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Welding of all possible types of fittings (brackets, lugs,
etc.) to, for example, the walls of vessels can be accomplished
by means of an industrially produced insert of bimetal [125].
Vacuum-tube parts can be soldered [99, 100, 131]. Finally, to
join large-dimension units of aluminum alloys to steel items 1t is
necessary to develop methods of direct automatic welding of
aluminum to steel.

Results obtalned from tests differ and, owing to the different
. conditions under which the tests were carried out, they cannot be
compared directly. At the same time analysis of iiteraturc data
shows that, as a rule, the strength of combined steel/aluminum
unlts does not exceed the strength of the pure aluminum - 1.e.,

it reaches 8-12 daN/mmz. Fast research is of a tentative, laboratory
nature. No description of 1lndustrially developed technology or
testing of unit properties is given. At the same time the
advisability of using a number of steel/aluminum structures can be
valid-r.ted only 1f the strength indices will be on a level with the
strength of the aluminum alloys of the type AMts, AMg6, 2tc. Here
i1t should bec noted that 1n addition to Jolning aluminum-manganese,
aluminum-magnesium, and other alloys with low-carbon steel for
equipment of the most advanced tcchnology operating under specific
conditions, a primary problem 1s that of obtalning high-quality
welds between stalnless steel and these aluminum alloys.

Thanks to the rational use of aluminum units in combination

| with steel 1t 1s possible tc lower substantially the weight of

! flight vehicles - 1.e., to increase their range, create new types
P of structures and units for portable and statlonary vessels, etc.
Thus, we see it as necessary in our werk to carry out a set of
studies which will, on the one hand, make 1t possible to refine
the rature of the interaction of molten aluminum with solld steel
and to clarify the laws governing ... formation and composltion of
intermetallic phases forming under various cecnditions and to plan
for their regulation and, on the other hand, to use these studles
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as the basis for the development and testing on specific

industrial objects of the technology of Jolning aluminum alloys to
steel so as to obtain strength indices of the steel/aluminum joints
which are comparable to the strength of the aluminum alloys.

5. Search for Methods of Joining
Aluminum to Steel by Fusion

Realization of the welding of aluminum to steel requires first
of all correct selection of the type and indices of the heat *
source,

During the »reliminary search for and selection of _he welding
methcd we tested methods which differ in the nature of the action
on the base metal: welding with heat sources dependent upon and
independent of the article and also welding with an independent
double are [74, 75].

A number of methods (welding with an aluminum strip electrode
over the surface of the steel, welding with a steel wire over the
aluminum surface, welding over liquid zinc, welding through an
Intermediate insert of copper and brass, etc.) were eliminated
during subsequent examination; however, the appllcation of certaln
methods creates definite possibilities for Jjoining the metal pair
which we selected, in particular during automatic welding under
flux. Nevertheless, as will be shown below, this method has more
1imited application.

During manual argecn-arc welding with a nonconsumable tungsten
electrode over a plate of steel St. 3 using a filler wire of
aluminum or its alloys, flowing of the molten aluminum is
observed ahead of the pool on che steel; as a result the arc
burns between the tungsten electrode and a thin layer of aluminum.
The filler material, upon arriving in the pool on the steel, is
spattered intensively and spreads cover the surface ¢f the heated
steel, Therefore 1t would be more correct to call this process
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soldering of steel with aluminum, If, however, continuous
formation of a pool on the steel is achieved (for example by
tilting the plate), as a result of interaction of the molten metals
a bead 1s formed; immedliately after termination of welding this
bead begins to crack up intensively. During subsequent cooling
the bead fiakes off spontaneously.

The microstructure of the deposited metal is shown on Fig. 14,
Large needles of the intermetallic phase predominate against a
. background of a solid solution of aluminum; the quantity of these
needles grows with approach to the fusion line, with a solid layer
of Intermetallic compounds being formed on the fusion line itself.
In connection with this, "cleavage" of the bead occurs, as a rule,
close to the brittle intermetallic layer. Clearly, its elimination
or reduction to the minimum possible thickness will faclilitate an
increase in strength of the bond between the two metals.

Fig. 14. Microstructure of weld metal
2 during facing with a filler of aluminum
AD1 on steel St. 3 (x300).

Strength can be increased by depositing zinc on the surface

of the steel [15]. During subsequent facing the aluminum, pushing
aside the zine, interacts with the steel and forms a compound.
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Owing to the fact that the reactivity of zinc with respect to

the surface of the steel is higher than that of aluminum, during
interaction the aluminum enters into contact with a purified steel
surface, facilitating the production of an adequately strong bongd.
However, the formation of an intermetallic layer is inevitable in
this case. Therefore the basic problem 1in developing a technology
for welding aluminum to steel should include the elimination or

reduction to the minimum pessible thickness of this intermetallie
layer.

The most widely varied methods were used to obtain minimum
depth of fusion of the steel surface: argon-arc welding with a
nonconsumable electrode at minimum possible currents, facing with
aluminum strip 25-40 mm wide and 1 mm thick. The major drawbacks
of the indicated methods reduce to impermissibly great degree of

depth of fusion of the surface layers of the steel - the appearance
of brittle phases.

During both automatlic and manual welding with an independent
arc it was not possible to achieve total removal of the oxide
film from the aluminum surface; as a result, as a rule, there was
no jolning. The use of fluxes to deoxidize the aluminum surface
complicated the process and did not lead to the decired results.

We tried preliminary metal spraying with zinc and aluminum
on a surface of etched steel in a mediv 1 of argon with subseguent
welding of the aluminum part to the steel. However, due to the
faect that Joining of the coatirg to the steel occurs as the result
of mechanical adhesion the cozting peels off during welding.
Virtually no joint is formed.

In the course of the work we tested different designs of the
welding head for welding with a double independent arc, electrical
circults, and also a wlde variety of technological methods in
order to ensure reliable quality of the joint. However, it 1s




clear that even those methods which ensure a minimum degree of
depth of fusion and small duration of contact between the liquid
and solid phases for aluminum-steel pairs do not completely
eliminate the formation of brittle intermetallic compounds along
the transition line.

Thus, not a single one of the tested methods of welding with
the introduction of heat by direct, indirect, or combined methods
makes 1t possible to avoid the formation of intermetallic compounds
along the line of transition from steel to aluminum.

It was established that by prelliminary coating of the surface
of the steel part with a layer of aluminum (calorizing in a bath
with molten alumiium or by means of hf currents) or with a layer
of zinc (hot or galvanic zinc coating) with subsequent deposition
on such surfaces of beads of aluminum 21loys make 1t possible to
Join steel fo aluminum alliocys by welding.

However, when any of the described methods for jolning steel to
aluminum are used, when the liquid molten aluminum interacts with
the surface of steel an Interliayer with a greater or lesser
quantity of solid and brittle chemical compounds of the type FenAlm
is inevitably formed in the joint. Tt should be noted that the
thickness of the intermediate layer is small, in contrast with that
obtained when steel 1s jolned tc aluminum by the fusion of both
metals, Therefore in this work during the study of the properties
of the layer and of steel/aluminum Joints major attention was paid
to the process of the preparation of the surface of the steel for
welding, arl for welding to aluminum we applied the most widespread
in industry method of argon-are welding with a nonconsumable
tungsten electrode with certain characteristic features in the
technology of producing composlte joints. There 1s another
possible methed - welding under flux; however, 1ts applicatlon is
extremely limited.
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CHAPTER I1

STUDY OF THE INTERACTION OF ALUMINUM
WITH IRON AND STEEL DURING HEATING

In order Lo study the kinetics of the interaction of aluminum
with iron and steel in a solid state two bimetal compositions were
obtained by rolling: 1} aiuminum/armco iron; 2) steel Khl8N10T/alloy
AMg6 with a sublayer of mark ADl aluminum,

The bimetals of aluminum and armco iron were obtained by single-

component c¢old rolling. Here diffusion processes, which occur in

the bimetal in hot rolling, were eliminated. The degree of
compression during rolling was 54%. The thickness of the obtained
bimetal was 5-6 mm. The bimetal of steel Khl8N10T and alloy AMgb
with an intermedlate layer of aluminum was obtained by a multipass
rolling method. Thus, the study of such a material is essentially
reduced to studying the reation between aluminum and steel [3, 84].

Specimens measuring 20 x 20 x 5 mm were cut from bimetal
sheets of aluminum APl and armco iron. The specimens were placed
in vacuum quartz ampoules and annealed in muffle furnaces with the
temperature regulated at *5 deg. The annealing temperature (300,
400, 500, 540, 570, 600 630, 650°C) was selected such that it was
possible tc follow and study the change in structure in the
concacet zone of the studied metals in a solid state and in a state
¢close to the melting temperature of aluminum. Annealing time varied
from 15 min to 8-10 h. The specimens were air ccolcd together with
the quartz ampoules. After cooling a layer of metal 1.5-2 mm thick
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was removed from the surface of the specimens in order to eliminate
the effect of surface hardening on the diffusion process. On one of
the specimen surfaces a microscopic section was prepared, which was
treated according to the method described thoroughly in [104, 120].
By means of the microscopic section the structure and nature of

the forming intermetallic layer were studled, its thickness and
microhardness measured, its phase composition and distribution of
elements examined, and the nature and law of its growth determined.

1. Structure of Transition Zone

The microstructure was studied by means of a microscope set
at different magnifications.

Table 8 presents data on the change in thickness of the
intermetallic layer as a function of heating temperature and time.
(The layer thickness is given in the tables and growth diagrams are
mean arithmetic values of 20-40 measurings.) As follows from both
the table and the data on metallographic analysis of Lhe structure
of the bimetal, which was heated according to the indicated regimes,
the holding time required for the development of intermetallides
in the welding zone depends basically .n temperature. Thus, for
example, at a temperature of 540°C the formation of the inter-
metallic layer occurred over 2 h, at 570°C this time was 0.5 h,
and at a temperature of 600°C - 5 min.

At first the intermetallic layer consists of individual,
seemingly disconnected pileces of intermetallides. In the individual
sectlions it cannot be seen at all under a microscope with a
magnification of 1000x.




Table 8. Thickness of intermetallic layer as. a function of
temperature and time of heating.

Annealing Thickness of intermetallic layer, um,
tempera- during holding, h
ture, °C
0.25 0.5 1 2 b 6 8
54G Not found |[Not found |Not found 6 8 9 i0
570 The same |The same 5.1 8.5 (10.2 (12 14 .
600 5.7 - 8.5 14 - 15.8 16
10.7 14 30.7 151 56.6 |85.8 | - .

(on the part of alumirum)
650 |Not found |Not found | 148 f199 |310 |420 |

(on the part of iron)
| 10.7 | 14 | 168 246 | 384 |u77 |
(overall thickness)

In examining the structure of the aluminum/armco iron bimetal
by means of electrclytic and chemical etching in the state after
rolling, it was possible to detect on the contact horder oxide
inclusions of an oblong shape on the iron base as vwell as segments
of the accumulating aluminum oxide film. The oxide inclusions were
encountered relatively infrequently aiong the contact bord-r, so
that henceforth their influence on the growth kinetics of the layer
will not be considered. However, they serve as a kind of
indicator by which it is possible to determine the current direction
of diffusion processes in the bimetal.

With an increase 1in holding time at each of the studied
temperatures the thickness cf the intermetallic layer increases.

In Fig. 15 we see that thickness of the layer along the
contact line is not uniform, and that in certain sections thick
and thin areas in the layer appear. However, despite such
nonuniformity in the thickness of the layer, it does grow under
diffusion conditions and depends on the temperature and time

conditions of heating.
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Fig. 15. Microstructure of

transition zone at different
temperatures, °C (x3000):

a) - 500, b) - 540, ¢) 570.

All of the above is also true of a temperature range right up
to 600°C. As the heating temperature of the armco iron/aluminum
bimetal increases up to 630 and 650°C sharp changes occur in the
transition zone of the studied compounds.

In the case of heating up to a temperature of 650°C for 15
and 30 min an intermetallic layer of nonuniform thilckness forms
in the contact zone. The structure of this layer is s'milar to
that of the layer formed at a temperature of 600°C. Layer thicknesses
at these holding times are 10 and 14 um, respectively. As holding
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time is Increased up t¢ 1 h and beyond the intermetallic layer
acquires a characteristic shape: the interface boundary between
the intermetallic laver and the iron has the shape of "tongues™ or
"teeth," deeply penetrating into the iron (Fig. 16). As we see in
the microstructure, the individual fongues of the layer cut deeply
into the iron, whereas the others fall behind in their growth.
With an increase in holding time up to 1 h and abtove the thickness
of the layer increasss by ten times. Thus, after a holding time
of 1 h the thickness of the intermetallic layer is 160 um; with an
increase in holding time up to 2 h it is 240 pm.

Fig. 16. Columnar orientation of
structure of infermetallic phase.
Heating to a temperature of £50°C
for 4 h (x300).




In order to explain the nature of growth in the layer the
dependences of layer thickness were plotted as a function of heating
time for each of the studied temperatures (Fig. 17).! We are
struck by the fact that at temperatures of 813 and B43°K the growth
curves for intermetallic layers do not pass through the origin of
the coordinates. Heating up to a temperature of 923°K causes
intensive growth in the intermetallic layer, as already pointed out
above., However, on the curve (Pig. 17) corresponding to a tempera-
ture of 923°K only the total thickness of the layer 1s noted.

* Moreover, heating up to a temperature of 923°K causes a change in
chape and intensive growth in the forming intermetallide.

§, um Fig. 17. Thickness of
488 ] intermstallic layer in
:3ﬁ4 armco iron/aluminum
] bimetal as a function
48 |aepig - : of holding time during

heatings.
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Detalled study of the structure of the layer forming in this
case and measuring the thickness of the phases constituting the

layer, diffusing in both aluminum and in iron, made 1t possible to
plot a diagram (Fig. 18), from which we learn that as holding time
increases at a temperature of 923°K the overall thickness of the

'In thermodynamic calculatiors the tempcrature 1is given in
Kelvin degrees, in other cases - centigrade.
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intermetallic layer increases, generally because of the thickness
of phase Fe2A15 (the growth of "tongu.s"). The growth of the
layer, which consist of phase FeA13, toward the zluminv © less
intense than that consisting of phase Fe2A15.

&, um | = Fig. 18. Thickness of inter-
metallic layer in armco iron/
aluminum bimetal as a function
of holding time at a tempera-
ture of 650°C: ¥ - thickness
of overall intermetallic

layer, x - thickness of Fe2A1

layer, O - thickness of FeAl3
layer.
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2. Intermetallic Layer and the Law
cf Its Growth

Studying the rate of growth of intermetallic phases in the
presence of diffusion of the different metals has significant
value. The intermediate layers, which are formed in the application
of coatings and in the heating of the bimetallic compounds (in
thermal processing, welding) usually consist of one or several
phases. The properties of these compounds are determined by the
structure and thickness of the individual phases. If during the
diffusion process several intermetallic phases develop in the
form of strictly delineatea layers, then each of the layers will
grow at a certain rate with the passage of time or with a change
in temperature. The rate of growth of the intermetallic layer is
usually measured by one of two methods: either the total amount
of the diffusing element 1s determined through the interface or
the thickness of the intermetallic layer is measured [36].
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Most researchers who are studying the law of growth in the
interretalllic layer measure its thickness and find the diffusion
coefficient from equation y2 = 2pt, assuming in advance that the
law of growth is parabolic in nature [28, 811. In addition,
otatistical processing of the results of a large number of measurings
of the thickness of the intermetallic layer indicates that in not
all cases by far can the law of growth be expressed uniguely in
all stages of the process. Actually, in plotting a graph with
respect to all experimental data for layer thickness in relation
to holding time and in subsequent processing of these data by
the method of least squares 1t is not possible to cbtain a unigue
dependence for layer growth. Apparently this regularity is
paralinear [77]. Similar data were obtained in studying the
oxidation of a number of metals: the curve feor the thickness of
the oxide film versus time can include two or several dependences.
The metal or the alloy begins to oxidlze according to the parabolic
law, and then there 1s a transition to 1;near oxlaation.

Ae will attempt, based on the experimental data which we have
obtalned, to determine through calculation the law of growth in
the layer [23, 92].

If we deslignate the thickness of the layer as x and the heating
time as 1, then 1in the general case the relationship between them
can be expressed as:

A"=kx, (1)

where n is the exponent, k¥ - the coefficient proporticnal to the
diffusion coefficlent.

Ir we-take the 1ogaf1thm of eguation n iln x = In k + 1n 1,
in X = % 1n k + % In T and replace % In k by quantity c¢ and
= by guantity b, then we get an eguation for the stralght line
which does not pass through the origin of‘&he coordinates:
In x = ¢ + b 1In t, where b is the tangent of the slope of the line
toward axis 1n t, and ¢ 1s the segment which is intersected by the

straight line on axis 1ln x.
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The dependence of 1n x on 1ln T is illustrated in Fig. 19.

If" we determine the coefficient n with respect to the ratio of
In T to In x for the calculation lines obtained at temperatures of
540, 570, and 600°C, we will get a value which is close to two.

The dependence of 1In x on 1ln 1 for a temperature of 650°C is
of considerable interest. As already mentioned, at this tempera-
ture we observe a rapid growth in the intermetallic layer. The
dependence of 1ln x on 1ln 1T for this temperature can be expressed
as a straight line having a break, 1.e., consisting of two parts
(I and II).

The diagram in Fig. 19 reflects the growth of the overall
layer, including the layer on the iron side and the layer on the
aluminum side.

Segment I describes the growth of the layer on the aluminum
side, which 1s caused by diffusion of the iron into the aluminum '
at holding times of 15 and 30 min while the alumirum is still in
a solid state. Thus, this segment of the straight line 1s closer
to the lines corresponding to temperatures of 813, 843, and 873°K.




Segment II describes the growth kinetics of the intermetallic
layer toward the ircil. The layer on the aluminum side has only a
fraction of the thickness of that on the iron side. Segment II
of the line describes the change iIn layer thickness which cccurs
in the solid state. Aluminum at 650°C and '.0léing times of 15 and
30 min is already partially fused.

The intermetallic layer in cegment I of the straight line
resembles the layers which develop at temperatures of 813, 843,
and 873°X, while the intermetallic layer correspending tc segment
IT is characterized by the "tongues."

If we determine exponent n in equation (1), we get a value
close to two.

In order to explain the regularity of the growth in the
intermetallic layer in the presence of interaction between the
iron and the aluminum in a solid state, we will 1imit ourselves
teo segment I. In this case the growth law is parabolic in nature
and can be expressed by the eguation

x1=Al. (2)

The established parabolic dependence of grosia in the new
phase on time lets us calculate activation energy Q of the diffusion
process. According to the Arrhenius fc-mula [25, 210]

K=K, exp (-— EQ?) . (3)

where KO Is a constant quantity, R - the gas constant, T - absclute

temperature, °K.

Eoration (3) shows that between K and % there should be a
linear relationship under the cconditicon of a process activated cne
time. Quantities Q and KO
straight line and the point of its intersection with the axis of

are deternined by the slcpe of the

the crdinate, since
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The experimental values obtained by us for these quantities
are shown in Fig. 20.

tgn Fig. 20. Dependence

of 1n k = f(%) for

armco iron/aluminum
bimetal. )

Thus, the law of growth in the intermetallic layer when iron
interacts with aluminum in the solid state at temperatures of
540-650°C can be written in the form of equation

.. ‘?5”(-41’
x-:.},.ja 1O~ expf - ST500 I 3
i ( RT ) (5
The law of growth in the intermetallic layer in a temperature

range of 605-655°C, obiained in [143], has the form of
1
2

A 3.5'103t exp(—gliggg).
RT
Thus, the data obtained by us are extremely close to those of
Sibata, Mcrodzumi, and Koda [143], despite the different method

of nrocessing the experimental data.

According to the data of [144] the law of growth in the
Intermetallic layer in the case of an interaction between liquid .
aluminum and solid iron, which forms primarily because of the
diffusion of aluminum inte iron, in the temperature range of 700~
960°C has the form of

===Oﬂmacxp(~-iR-)=. (6)

x . L e Pl S
e o Sastoudeindon Vua: i st AT / » ok, M 2 N : REFR N GRS L T



As we learn from the equation, the activation energy when iron
and aluminum interact in solld-liquid states is less by a factor
of two than the activation energy calculated in our experiments
and in [210]. For this reason it is obvious that in the solid state,
where we obcerve primarily the diffusion of iron into aluminum,
the growth of the intermetallic layer is slowed (Q = 25,000
cal/g-atom), whereas in the transition to the solid-liquid state,
where diffusion of the aluminum into the iron predominates, there
is an intensive growth in the layer (Q = 13,100 cal/g-atom).
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The structure of the transition zone of bimetalllic sheets of
steel Khl8BN10T and the alloy AMg6 (aluminum clad) immediately
after rolling and after various heat treatment regimes was also
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studied. In studying the structure an electron microscope method
was used along with metallographic, X-ray crystallographic, and
X-ray spectral methods, and miecrohardness was also measured.

TRy

Results of microscopic and eleCtPOHImiCPOSCOpic analyses
showed that in bimetal specimens in the state after rolling
intermetallic phases are not formed in fthe transition zcne. The
; transition line in the bimetal is not uniform. Because of the

different degrees of ccmpression during rclling, the texture and
structure of th2: steel are different in different sections.

In electrolytic polishing the basic ccmponents of the aluminum
! part of the section were very apparent. This part might consist
! of two to three reglons, which could be distinguished from the
basic mass of the metal by the nature of their eteching (Fig. 21la).

ey

The study of specimens under the optical microscope in the

4 state following roliing showed that in the contact area between
aluminum and steel there was a bright strip on the aluminum, which
could be distinguizhed by 1its etchability from the basic aluminum; its
microhardness was higher than that of the aluminum. 1In the annealing
process, until the formation of the intermetalliic compound takes

o

place, there 1is a certain increase in the thickness of this strip
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(Fig. 21b). After the advent of the intermetallic layer growth of
the bright strip practically ceases, and it is gradually displaced
by the intermetallic layer (Fig. 2lc). We might assume that the
increased microhardness of this strip, and its different reaction
to the effect of the etching agents in comparison to the original
metals could he explained by the formation of a solid solution
zone of the diffusing element in the aluminum.

Fig. 21. Microstructure of
transition zone of bimetal
of steel Khl8N1OT and alloy
AMg6 (x300): a) - original
state; b) - heating tempera-
ture of 400°C, holding time
of 6 h; e¢) - 520°C, 2 h.
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Fig. 22. Distribution of iron across
zcne of bimetal compound of steel
Kh18N10T/aluminum ADl: a) - original
state; b) - after heat treatment of
bimetal (heating temperature of 550°C,
holding time 4 h).

In microscopic X~ray spectral analysis of the bimetal in the
original state intermetallic phases were not detected on the Joint
boundary (Fig. 22a). Furthermore, on the steel side a decrease in
the concentration of iron in the border area is observed, which can
apparently be explained by the influence of the previous heat
treatment of steel KhlBN10T on the surface layers as well as by
the diffusicn of the iron into the aluminum under rolling conditions.
The boundary of the contact metals is characterized by a bright
strip on the aluminum and inclusions on the aluminum and steel sides.

The sections were subject to heating at temperatures of 300,
boo, 450, 460, 500, 520, 550 and 600°C for various holding times.
Figure 23 shows the microstructures of the transition line of the
bimetal after heating. Heating up to temperatures of 450-460°C and
nholding for 12 h did not cause visible changes in structure.

During heating for 10 min to a temperature cf 520°C a thin inter-
layer of metallides 3-3.8 um thlek was detected. The formation of
the intermetallic phase in the contact zones of the two specimens
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dild not occur simultaneously. An electron microscope study
confirmed their uneven development. In one part we see pieces of
the developed layer, in others this layer has significant dimensions,
and in a few places it is absent all together. When holding time

1s increased up to 30 min the increase in width of the intermetallic
layer up to 7.5 um is already noticeable. The time of development
of the intermetallide along the transition line is different at the
same temperature in different batches of bimetal. This scatter in
the data on the time of development for intermetallides on the

weld boundary during heating to a temperature of 520°C is caused
apparently by nonuniform cohesion in the different parts of the
bimetal, which is caused by rolling, and by the nonuniformity of
diffusion processes during heating. In heating up to a temperature
of 550°C an intermetallic layer can be detected in all specimens
approximately 2-2.5 uym wide as soon as 10 minutes. As heating time
is increased up to 20-30 min the width of this layer constantly
increases to 6-8 um. It should be mentioned that a longer holding
time does not result in as drastic an increase in the intermetallic
layer as the first 30-40 min.

Figure 24 shows curves representing the relationship between

layer thickness and holding time In k - %,
data. This dependence is expressed sufficiently well by a straight

pletted from experimental

line, thus indicating satisfacvory agreement with the basic law of
diffusion reaction for a bimeta, ~onsisting of steel Khl8N10T and
alloy AMg6. The activation energy of the diffusion process in the
combination of metals selected is 26,300 cal/mole.

Through microscopic X-ray analysis in the bimetal consisting
of steel Xh18N10T, aluminum AD1, and alloy AMg6 it was found that
the transition layer consists of 30-33% iron (Fig. 22b). On the two
sides of the boundary the naturc of diffusion was different:
closer to the layer there was a decline in the iron concentration
at a distance greater than 3-5 um; no diffusion of iron was observed
in the aluminum. It should be mentioned that the transition layer
is distinguished by an uneven concentration of iron with respect to
width.



" % . Microstruzture of
transition zone of bimetal
conslsting of steel Kh18N1OQT
and alloy AMgh after heating
(x300)}: a) - 450°C, 8 h;

b) - 480°C, % h; c¢) - 600°C,
2 h.

3. Latent Period

The erperiments performed on heating bimetal specimens of the
aluminum-armco iron combination indicate that at each temperature
there is a time 1nterval 1in which 1Intermetallides are not formed
in the contact zone. This 1s the so-called latent pericd or the
inductlon perlod. This period corresponds to the time during which
the reaction does not develop noticeably.
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Fig. 24. Thickness of intermetallic layer
as«. a functiun of holding time.

The slow development of intermetalllides in the contact zone
of bimetalllc junctions has been pointed out irn [174, 210]. For
! example, T. Heuman and S. Dittrich, studying the interaction

between solld specimens of iron and aluminum, have shown that as a
rule the reaction begins at a temperature ahove a certain critical
temperature, between 590° &nd 600°C. The fact that new phases are
not formed below this c¢ritical temperature cannot be explained by
the proposal that the reaction l.teraction under these conditions
has a slow rate. On the contrary, the reacticn rate, despite sharp
changes in the kinetic¢ parameters observed over a longer period,

is so high during this initial period that the intermetalllic layer
may even be lormed at lower femperatures. The pattern which is
actually observed can under the studied conditions be explalned

by the considerable slowing in the process of nucleus formation

in the new phase, whose activation energy is apparently much .
greater in magnitude than the actlivation energy of the proceszs of
nucleus generation and growth, and results in noticeable nucleus
generation only at a temperature of B73°K. 1If, however, part of
this missing energy is supplied to the iron artifieially, for

example, by deformation, then this will cause a reduction in the
critical temperature of nucleus formation. Thus, it was shown that
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in forming iron/aluminum specimens of up to 50% it is possible
to reduce the temperature at the beginning of the mutual reaction
to 833°K.

T, %K ing ;r
] I Fig. 25. Temperature
' and time cornditions
A —1r—1 ! T s Experiment of intermetallide
& .2/l scaleuration data  formation in armco
S TR ¥ iron/aluminum
S I
3 'Tl Intermetallides combination.
IntermetallidesN~Present
HJI absent — —

¢ ¢T, um

In our studies the latent period was determined experimentalily
for each of the studled temperatures. Figure 25 1s & graph showing
the dependence of intermetallide development time on temperature
As the heating temperature is increased fhe length of the latent
period decreases. Thus, at a temperature of 813°K this pericd is
2 h, at BU43°K - 0.5 h, and at a temperature of 873°K this period is
less than % min. Let us attempt, based on experimental data obtained,
to ealculate the 1§tent period for each temperature.

The growth of the layer of the new phase, with the latent
period ¢ considered, can be expressed by the eguation

x=hk{t—c), {(17)

where ¢ is the latent periocd. The other symbols are the same as in
formula (1).

Let us find the coefflcients of eguation (7).

If we solve the equation for 1, we get

fmpate (8)
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Let us replace % by quantity a:

T=0Xx"f1.

If we take the logarithm of this expression, then we get
In (1 - ¢) = In a + n 1n X,

If we assume in {1 - ¢) = y and Ir x = X, then we get the
linear dependence
y=bX+ne. (5) .

In order to determine ¢ let us compose the average geometric
X, = Vxlxm, where Xy ang x o are the limiting values of variable x.

If we use the gragh which represents layer thickness as a
function of heating time for each temperature (see Fig. 17), we
wiill find the appropriate values of Igr

If we assume that points Ml(xlyl)’ Ms(xsys), Mm(xmym) lie onn

a curve, then we get three equalities: y = ¢ + ax?; yg = ¢ + ax_;
- n
ym c + axm.

If we raise X, = /xlxn to the power of n and multiple by a,
then we get

uxy ==} uxy axl or g, -c=V(y, —¢)(vy—c).

After solving the last eguality for c, we find

v oyt
= __2.'.}_’."_....).‘.._.. . ( i 0)
Wl ya— 2y

The values of y in our experimental data correspond to holding
time 1, whereas X corresponds to layer thickness Xx.




Now we can find the diffusion equations for each case, if we
plot dependence 1n x on 1n (T - ¢) and filnd exponents n and k
graphlcally. These dependences were plotted in coordinates 1n x -
In 1. In the case of the dependence ln x - 1n (1 - ¢) the curves

in coordinates x - (v - ¢) pass through the origin of the coordinates.

In general thils does not influence the value of n and k.

For each temperature we determlne values of ¢ (Table 9). The
calculated values of ¢ were close to the experimental.

Table 9. Values of latent perilcd for different temperatures.

Coefficient Time during Time during
proportional |which inter- |which inter-
Tempera- Value of n to diffusion |metallides metallides
ture, °C coefficient, jare absent are absent
cmafs (according tol(calculation),
experimental lh
data)
11 ’
540 2.1 4,5-10 2.0 1.5
570 2.0 9.1-107 %1 0.5 0.484
600 2.1 1.5-107 10 0.08 0.161
650 ng = 2.7 7.5-1071° . B}
(Section I) -9
n, = 2.0 b-10 1.0 im5
(Section 1I)
|

The authors of [36] indicate that the activation energy of
nucleus depositiocn in the intermetallide phases should be somewhat
greater than the activation energy of the growth of the phases
depcsited. Let us attempt to calculate this value approximately.
As we see from Fig. 25, the curve repregsenting the development of
inte metallides has an exponential nature. In this case the time
lag can be d-termined very well by equation (3), which describes
the transition time of the system from a nconequilibrium to an
equilibrium state:
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C=C,ex (jl) 1
* p_RT' (11)
where C0 is the material constant and the remalning designations
are the same as in formula (3).

After plotting the curves representing the dependence of 1n ¢
on % from available experimental and calculation data for ¢
(Fig. 25), we determine the activation energy of the intermetallide
deposition process and the pre-exponential factor.

For the aluminum/armco iron palr, in direct contact with the
studied bimetal, the temperature-time dependence for the development
of intermetallides acquires the following form:

a) for the values obtained experimentally

o). 12)

C=0,18-16-%exp (-7?-—7-_-—

b) for values obtalned through calculation,

CmO,G-IO"'-'exp(mmO). (13)

RT

If we compare the activatlion energy values obtalned for the
latent period (the activation energy of intermetallic phase
deposition in the contact zcne) with the values of the activation
energy which determines the growth of the intermetallic layer,
we find that the former 1s almost two times greater than the latter

(Qdeposition = 192.6 k/mole; Qgrowth
This confirms earlier proposals.

= 104.6 kJ/mole, respectively).

Metallographlic analysls of the structure of the blmetal
consisting of steel Kh18N10T and aluminum ADl/alloy AMg6 subjected
to heating according to the indicated regimes, and processing of
the experimental data made 1t possible to establish the following
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temperature/time dependence, which resulted in the development of
the intermetallides [232]:

C:FA-[O""exp( 25;50). (14)

The data of the experimental studies and the calculation curve
describing the temperature/time conditions for the development of
the intermetallides are shown in Fig. 26.

i T, °Kf" P A ——
“3L and time conditions
823 i, of formation of inter-

\‘ Intermetaliides present metallides in the
| 728 combination of steel
- L Kh18N10T and aluminum
Ig

%8 Intermetallides absent AD1.

0 6 & T, um

4, Phase Composition of Transition Layers

We know from studies [195, 210] that when solid iron interacts
with liquid aluminum alloy layers are formed, which are distinguished
by their chemical and physical propertiss. Their formation and
shape depend to a great extent on the temperature and length of the

reacticn. However, test results are different, and because of
different conditions during testing it is not possible to compare
them directly. Thus, this problem should receive additional study.

Figure 16 shows the microstructure of the bimetal consisting
of armco iron and aluminum after heating. Aluminum rich layers

stand out quite distinctly on the surface of the iron. These layers
cut characteristically into the iron. The outer zone, which forms
the predomirant part of the alloy layer, consist of a brittle
compound of iron and aluminum, which penetrates into the body of

the iron specimen like tongues. Evidence of its britileness are

é the cracks, which can be distinguished on the individual "tongues."

;% The tongues are separated from the iron core by a narrow border of
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the alloy of the other concentration. The proposal that the layers
consist of several zones of different concentrations 1s also
confirmed by the data of microscopic X-ray spectral analysis.

The study was made on a micrcanalyzer with an electron probe,
produced by the "Samesa" firm. The probe diameter in all cases was

1-2 pm. The work regime: energy of electrons 29 kV, take-off
angle 30°.
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Fig. 27. Distribution of iron across weld jolint of
bimetal aluminum ADl/armco iron: a) - 480°C, 10 h;
b) - 650°C, 6 h.
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The distribution of the iron in the junction zone of the
bimetal consisting of ADl aluminum and armco iron after heating
at a temperature of 550°C for 6 h is shown in Fig. 27. Section I
shows inclusions of phase FeAl3 in the aluminum. This is followed
bv section II, which bordcrs the aluminum, where there is a zone
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50-60 um wide corresponding to phase FeAl3. The bssic section III,
5 On the boundary of this
phase we have the section IV «~ the zone of the solid solution of

100-140 ym wide, belongs to phase Fe Al
ag-iron; V - iron.

Thus, the data of the microscopic X-ray spectral analysis
confirmed the preseiice of a complex structure in the transition
zone of the bimetal after prolonged heating.

From the data of microscopic X-ray spectral analysis we can
also follow the kinetic growth of the intermetallic layers in the
various bimetal ~ombinations.

Figure 28 shows a diagram describing the distribution of iron
across the weld zone in the bimetal consisting of steel KhlBN1oT
and alloy AMgb6 during heating. In thils state after rolling (curve
1), and also after heating to a temperature of 480°C for 10 h, we
do not observe a formation of new phases'along the transiticn 1line.
In such heating the first nonuniform sections appear: 1in the
specimen we observe both "pure" sections {curve 2) and sections
with individual inclusions of the new phases (ecurve 3). A further
increase in holding time at 480°C up to 30 h results in the
appearance of a developed intermetallic layer consisting of 28-31%
iron {curve 4)., The same holding time increases the thickness of
the intermetallic layer in several places up to 15-20 um without
noticeably changing its phase composition (curve 5). At the same
time, there are areas along a transition line during holding of
60 h in which only new centers of intermetallic phases are
generated (ecurve 6), and in several places these are absent
{(curve 7). At higher temperatures - 550°C - a holding time of
4 h results in the formation of a developned intermetallic layer
(curve 8).

67




Fe, wt. %] }

won | 4uav41¥~#wwu W héﬂﬂuhﬂ

I | AN AN A

80 2 ] 20 00 J60 0 & L, um

o

“Aluhinum

Fig. 28. Nature of distributicn of iron acrcss joint zone in
bimetal of steel Khl8N10T/alloy AMg6 during heating: 1 - original
state; 2 -~ 480°C, 10 h; 3 - 480°C, 10 h (intermetallide present);
- 480°C, 30 h; 5 - 480°C, 30 h; 6 -~ 480°C, 6C hy T - 4B0°C, 60 h;
8 - 550°C, 4 h.
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Fig. 29. Nature of distribution of

nickel in himetal of steel Kh1l3N1QT/

alloy AMg6 during heating: 1 - 480°C,
10 h; 2 - 480°C, 30 h (intermetallides

gresent); 3 - 480°C, 30 h; 4 - 48o°cC,
0 h.

The basic components of steel XKhl8BN10OT - nickel and chromium -
participate in forming the transition zone.
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The nature of the distribution of nickel across the Joint zone
of the same specimens is illustrated in Fig. 29. The nickel
participates in the formation of the intermetallic layer at
practically the same temperatures as iron (curve 1). At a
temperature of 480°C and a heating time of 30 h we observe segments
with intermetallic phases being deposited (curve 2) and phases
without them (curve 3). At a holding time of 60 h nickel has
increased its participation in the formation cf the intermetallic
layer {(curve 4).
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Fig. 30. istribution of chromium
across Jjoint zone of bimetal
consisting of steel Khl8N10T and
alloy AMg6: a) - 480°C, 30 hy

b) - 480°C, 60 h.

The distribution of chromium across the joint zone of the
bimetal, as shown in Fig. 30, indicates that chromium at a
temperature of 480°C and a holding time of 30 h is intensively
diffused along the grain boundaries of the aluminum (Fig. 30a).
Its magnitude reaches 4-4.5%. Ornly at considerable holding times
{60 h) does the chromium begin to participate in the intermetalliece
interlayer, forming the compound CrAlg (Fie. 30b).

The data ohtained are in apreement with the diffusion

coefficients of the indicated elemerts in aluminum.




The diffusion coefficients for iron and nickel in aluminum
were determined in a temperature range of 350-630°C by means of
lsotopic tracers [181, 209]:

=4 13900

Drow = 41-10*exp(—20); (15)
15700

DNI.rm =2,9.lo-—3exp(.—. T7,:,). (16)

The diffusion coefficlient for chromium in aluminum was
determined in a temperature range of 250-605°C and was [62, 196]
154
D = 3,01-107 exp ( _ T;’?). (17)
Thus, the data obtained made it possible to establiish the
following:

1. The diffusion transition zone in bimetal specimens 1is
formed in two stages. In the first stage a solid solution zone
forms in the aluminum. Metallographically this appears as a bright
strip. “he formation of the zone begins in the process of preparing
the bim:tal sheets. In the second stage the layer of the inter-
metallic joint is formed.

2. The intermetallic Joint contains, in addition to aluminum,
the main alloy elements of the steel ~ Cr and Ni. The concentrations
of these elements are uneven with respect to thickness - they

decrease in the direction from the steel toward the aluminum.
5. Contact of Hard Steel with Aluminum Melt
When aluminum interacts with steel physicochemical processes

occur which result in the formation of a transition diffusion zone

along the transition line.
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In [76, 126, 137, 174] an attempt has been made to explain
the nature of the delay in diffusion processes and the chemical
interaction in the light of modern concepts of the formation
mechanism of a weld joint in a solid-liquid phase. The interaction
between the liquid metal and the solld occurs in several stages
[25, 1701, mainly adsorption and heterodiffusion (chemical reactions).

When a molten metal interacts with a solid metal chemisorption
processes (of the preliminary interaction stage) play a leading
role in the formatlon of durable bonds. As a result of chemisorption
the adsorbed particle (molecule, atom) and the lattice of the
adsorbent form a single quantum-mechanical system. The formation
of durable bonds occurs (according to Pauling) during the process
of so-called weak chemisorption, described by the fact that the
electron cloud of the adsorbed atom penetrates into the electron
cloud of the metal, while the metal and the adsorbed atom each
give up one electron with an unpailred spin to the "binding" orbit.
Consequently, the process of heterodiffﬁsion can occur only after
the process of chemisorption, i.e., after the atoms of the inter-

acting metals form a single quantum-mechanical systen.

The time of chemisorption, or the time of delay in the diffusilon

3

5

processes, can be determlned by the eguation T = Toe , where q 1s

the heat of chemisorption; Ea 1s the activation energy of

=

chemisorption.

The results of quantity t for the interaction Fe + Al [126]

are given below {(where D 1s the binding energy of the

Te-Al
adsorbed atom on the surface of the metal):

Variant 1 2 3 4
Dy ar Keal/mole 405 195 495 495
q . 495 329 310 20,4
E, . e 124 124 124 124
o+E - . 61,9 453 H4 0 3238
"t et K 10703 3030 o290 jo-54

T=1123° K 10-% 104 jomM  o¥
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According to the reduced data, the delay period in the
dlffusion processes can vary by several orders. When free bonds
are present on the surface (variant 1) the heat of chemisorption
q is close in magnitude to the activation energy of the diffusion
of the adsorbed atom into the solid metal. If free bonds are
absent on the surface (variant 4), then obviously the interaction
is closer to the process of physlcal adsorption, as indiczted by
the small amount of adsorption heat.

The acvivation energy for the diffusion of atoms of a solid
metal into a liquid is less than the activation energy in
diffusing the liquilid metal into the solid, and thus diffusion
into the liquid metal may be more desirable. Assuming that the
diffusion processes begin when, during energy exchange, the atoms
of the solid body acquire an energy which is equal to the actlvation
energy of the diffusion of the atoms of the solid metal into the
liquid, then the delay period of the diffusion processes can be
eRT.

calculated according .o the equation 1 = Ty

The calculation results 1ndicate that when a molten metal
interacts with a =solid metal quantity t 1s by several orders lower
than the contact time of the solid metal with the liquid under
braze-welding conditions. This means that it is difficult
to suppress diffusion processes under actual welding ccnditions.
However, the beginning ol diffusion does not mean the beginning
of the formation of intermetallie compounds. 1In practice the
length of the delay in forming intermetallic compounds 1s many
times greater than the length of the delay pericd in diffusion

pirocesses.

After chemisorption a further interaction between the atoms
of the contact metals is possible. The delay period in the
formation of intermetallic compounds 1s determined by the magnitude
of activation energy in the reaction. Thus the delay period in
diffusion processes colncides with the deluy period in the formatlon




of the intermetallic compound only when q + Ea > Ea , where Eap is
the activatlion energy of the chemical reaction. If, however,

q + Ea < Eap’ then after chemisorption the heterodiffusion process
oceurs, which can lead to the formation of intermetallides, although
under these conditions the chemieal interaction is not very
probable. In this case a certain time is required in order to
obtain the limiting concentration above which the intermetallic
compound is formed. We can assume that this time is also the
period of delay in the formation of intermctallic compounds.

The authors of [115, 126] estimated through calculation the
amount of activation energy in the reaction which forms the
compound FeAlB, and compared it with gquantity g + Ea' For the
case of the interaction of so0lid iron with liguid aluminum we have
Eap = 62 kcal/mole and g + E, = 49.4 kecal/mole. Prom the data
which we have obtained we should not expect the delay periods of
diffusion and the formation of the intermetallic compound to

correspond.

Now let us estimate the length of the delay period in the
formation of intermetallides for the reaction Fe + 34l = FeA13:
—AH298 = 26.8 kcal/mole, AS = -30.8 cal/mole-deg. The delay period
in the formation of intermetallic compounds depends on temperature:
at T = 973°K it is 1.98-10'l s; at T = 1073°K, n.55-10”2; at

T = 1123°K, 2.86-107° and at T = 1223°K, 3.60°1073 s.

Under braze~solder conditions the temnerature of the interaction
depends on the melting temperature of the low-melting metal, and
thus its lower 1limi% is limited. If at this temperature quantity T
is small, we should tnen seek another method {other than reducing
the temperature of interaction) to slow down the reaction. One
such method is that of introducling an additional element into the
molften metal.
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It has been established (considering the relatively high rate
of cooling of the metal during welding) that temperatures below
520-505°C are safe in forming interlayers between steel and aluminum.

6. Intermetallic Compound Zone in Contact
Between Liquid Aluminum and Solid Steel

From the preceding material it follows that if we increase
the temperature of metals above 600°C the latent period quickly
tends toward zeroc. If we extrapolate the straight line (see Fig.
25) to the melting point of aluminum (660°C), then we will be
convinced that the latent period at this temperature wlll be almost
equal to zero. This extrapolation from solid fto liquid aluminum
can be based cn the data of V. Z. Bugakov [25], who demonstrated
that the curve for the temperature dependence of the diffusion
coefficient 1n the formation of reactive phases between zinc and
copper, as well as between iron and zinc, shows no inflections
whatsoever in the transition of zinc from the solid to the liguid
state. This indicates that the activation energy of the process
is practically independent of the state of matter of the low-
melting metal. Nevertheless, the formetion of a reactive phase
during contact with the molten aluminum and the propagation of
this phase can differ in scme aspects, which are related to the
intensive dlssolution of the iron and the transfer of the reactive
phase from the surface of the steel into the melt.

In order to test these proposals and their applicability for
cur case, steel specimens were immersed 1n an aluminum melt. They
were calorized with a flux (Tatle 23) in graphlte crucibles, which
had an inner diameter of 80 mm in a high-frequency laboratory
furnace. The temperature of the bath during the process was
measured by a chromel-alumel thermocouple. The effect of the bath
temperature of the aluminum and the holding time of the specimens
at a given temperature on the depth of the diffusion zone was
determined by measuring its thickness on the IMT-=3 unit. Speclmens
measuring 26 x 20 x 3 mm were used. The thickness of the inter-

metalllc compound zone was measured on a microscope with an accuracy
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to within approximately 1 um. In the case of 2 jagged layer, 3-5
series of measurements were taken from different parts of each
section. First, the calorizing capacity was tested on steels of
different compositions: KhlBN1QT, 28Kh3SNMVFA, and St. 3. Clean
steel specimens were heated for two minutes iIn a layer of molten
flux before being submerged in an aluminum bath. The specimen was
in motion in both the flux and the molten aluminum bath, which
provided for better cleansing of its surface and more durable
cohesion between the aluminum and the tase metal.

The effect of heating on the depth of the diffusion layer was
studied up to the following temperatures: 900, 850, 800 and 700-¢
and holding times of 15, 30, and 45 s and 1, 6, 10, 15, and 30 min.
As follows from the diagram representing the dependence of the
depth of the diffusion layer on the time that the specimen remained
in the molten aluminum and on the temperature of the batﬁ, the depth
of the diffusion layer increases as temperature rises and as the
time that the specimen remains in the bath increases. These data
indicate that the thickness of the intermetallic layer 1lncreacses
parabolically in time.

It was discovered in studyling mfbroscopic sections of calorized
speclmens that the nature of the intermetallic layer on low-carbon
steel is drastically different from this same strip on high-carbon
steel 28Kh3SNMFVA and steel Kh18N10T (Fig. 31a, b).

As we see in a comparison of the characteristic microstructures
of calorized layers of the three brands of steel, the thinnest
layers with well defined even boundaries on the steel side were
obtained from stainless steel Khl8N1OT (Fig. 31d). The micro-
structure of calorized steel of brand St. 3 is characterized by
tongue-like projections and by 1ts unevenness, which, as we will
show below, results in low-strength indicators in welded joints.

On multialloy steel 28Kh3SNMVFA the layers occupy an Iintermediate
position with respect to the thickness (Fig. 31lc).




Fig. 31. Microstructure of calorized surface on low-
carpon steel St. 3 (a, b), steels 28Kh3S8L""VA (c¢) and
KhI3N10T (d) (x300).

A detailed description of the formation mechinism ¢ the
structures in the diffusion layer has been given by S. Koda and
others [67, 143]. Based on thelr studies they made the following
proposal on the mechanism of formation and growth of the diffusion
layers.
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When the solid iron comes into contact

%'égxi.?gcl:econtact with the molten aluminum (Fig. 32a) mutual
; } diffusion occcurs on the surface, and thus

a o |~ P a diffusion layer is formed in each metal.

Felly F-Al : When the concentration of iron is E
) E?- AEé e increased in the aluminum, FeAl3 ~ the

_feAly Foi; intermetalliic compound with the least
e | 123 P concentration of iron - is formed, which

_ r ] corresponds to the phase diagram (Fig. 32b). |

In this initial submersion period there
Fig. 32. Mutual
reaction of molten
aluminum and solid ture near the specimen, and as a result
iron.

is a local short-term decline in tempera-

the compound which is being formed ceases

to grow into the melt and to some extent
is delayed on the specimen surface. At the same time there is a
significant formation of the solid aluminum solution in the iron.

As the reciprocal diffusion of the metals progresses the
thickness of the layer reaches a certain magnitude and the compound

Fe2A15 is formed (Fig. 32¢). Here the orientation of the crystals

of FeAl3 and Fe2Al5 are not necessarily ordered, but, as mentioned

by Heuman and Dittrich [210],due to the specific nature of the

struzture the Fe2A15 crystals begin to grow along axis C at a

very fast rate, forming a zone of columnar crystals. Here the

columnar crystals (Fe2A1 ) grow toward the iron base, while the

5
iron, which is diffused through the¢ neighbcring FeAl3 layer,
penetrates the aluminum. Wicth further diffusion of the ircn

compound Fe2A1 is transformed into the compound FeAl3 (Fig. 324}.

5

As a result of the growth of phase Fe2A15 and the increased
diffusion rate of iron into the aluminum the region of the solid

solution of aluminum in iron disappears (Fig. 32e).

Thus, the process of the diffusion of aluminum into iron has
been determined almost comprehensively by the behavior of the
n-phase (F62A15>’ which in the interaction of these two metals
develops almost alone, and is not accompanied by any cother phases
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significant enough to be detected (Fig. 32f). Only after many
attempts was it possible sometimes and with the aid of prints to
detect over the tips of the individual "tongues" of the intermediate
phase the extremely narrow disseminatio.s of another phase, by all
indications belonging to the a-s0lid solution of aluminum in iron

The reasons for the existence of the experimentally confirmed
crystallographic anisotropy of the growth of the intermetallic
phase have a unique interpretation in the crystallographic
structure of the n-phase, which K. Schubert and his colleagues
were able to decipher [210].

Fig. 33. Model of three
elementary cells of the
n-phase (Fe2A15) in a

stacked position (dark
dots are aiuminum atoms,
light dots are iron
atoms ).

Vacancies

2
has an elementary cell of the orthorhonic type and two C-axes

The Fe,Al_ phase, according to the data of these studles,
-
directed vertically upward, one on top of the other (Fig. 33).

The nodes cof the cascade along the C-axes are occupled
exclusively by aluminum atoms. The other aluminum atems and all
of the 1ron atoms are found inside the elementary cell or on Its
lateral faces. At a distance of % they form a ring around the
individual structural chains of aztoms along axis C. Consequently,
In the crystals of the n-phase thore shouvlid also be chain elements,
relatively thickly populated by aluminum atoms, having the
structure (% = 2.10 kilo-X), within which, inszide the limits of
the surrocunding guasi-circular formation of aluminum and iron
atoms it 1s possible to assume an increased deformability and

mebility of the atoms along axis C.
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Most significant in this connection is the statement by
K. Schubert, confirmed by calculating the intensity of X-ray
reflections from corresponding structural elements, that the
atom population density of the above-~mentioned chain structural
lattice elements in some cases reaches .~ly 70%. This high
concentration of "holes" in the individual parallel chain elements
of the structure explains the increased selective mobility of the
aluminum atoms in certain preferred crystalleographic directions.
The area of the basal plane of the crystal lattice coincides with
the base area of the columnar crystals of the inte._metallic
n-phase, whereas axis C corresponds to the longitudinal axis of
the cclumnar single crystals of this phase.

Thus, on the basis of these ideas we can find a simpler
explanation for both the crystallegraphic anisotropy of the
diffusicn rate and for the relatively great integral rate of the
mutual reaction between the ftwe metals and the gubseguent formation
of the n-phase. At the same time it isipossible to answer the
guestion of why, besides the F82A15 phase, we do not detect with
sufficient accuracy the other intermetallic phases, which should,
according to the aluminum-iron equilibrium diagram, be present
in the studied range of concentrations and temperatures.

It should be mentioned that the data on the phase composition
of the diffusion zones c¢an refer to analogous zones in joints
obtalned by braze-welding, since the thermal cycle in this case
does not intreoduce change in the width of the phase filelds.

Thus, since at temperatures of 750-800°C intermetallides have
the form of columnar formatiocns which grow from the boundary into
the steel, we can assume that the diffusion rate for aluminum in
steel is higher than the rate of solution of the intermetallides
in the aluminum. It is also poessible that the aluminum melt is
"sucked" into the steel by capillarv forces through microscopic
pores [16¢5]1 and by the melting of the eutectic along the grain
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boundaries [98]. The width of the interlayer in this case increases
with an increase in the contact length. During crystallization in
the aluminum melt it Is also distinguished by a certaln quantity of
intermetallides. )

Increase in the temperature up to 900-980°C apparently results
in a more significant increase in the diffusion rate through an
intermetallic layer of 1ron atoms than of aluminum atoms. The
solution rate of the intermetallides also increases. 1In the
Zeneral case layer thickness may not increase (and may even
decrease) with an increase in the length of contact. This is due
to its intensive dissolution 1n aluminum. The total amount of
Intermetallides increases, yet a significant part of them will be

deposited from the volume of the aluminum melt as it crystallizes.

7. Kinetics of Iron Dissolution
in Liquid Aluminum Under
Mixing Condltions

The kinetics of dissoluftion of a solld metal in a liquid 1s
one sign.ficant factor in the process of welding different types
of metals, in particular, steels with aluminum melts [138]. The
solution rate depends not only on the nature of the diffusing
and base metals and the temperature of the processes, but also on
the relationship of the area of the dissolving surface, the volume
of the melt, and the mixing regime {106, 107J. Hence it is pcssible
to regulate the relationship of the rates of growth and dissolution
of the intermetallic layer, which is of interest from the
technological stancdpoint.

The kinetics of the dissolution of iron in liquid aluminum in
a temperature range of 720-820°C and specimen revolution rates of
20-35 r/min were studied by Darby and others [188]. They arrived
at tha cenclusion that the dissolution of iron in liquid aluminum
occurs under diffusion conditions. FKosaka and others [219, 220]
studied the rate of dissolution of steel containing 1.8% chromium
in liquid aluminum in a temperature range of 750-900°C under static
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conditions, mixing the melt with an argon jet at a regulated rate.
The dissclution of chromium steel in liquid aluminum is also a
diffusion process, although the small values »f the solution rate
constants (0.4-2-10"5 cm/s) and the high activation energy (greater
than 30 kc’al/mole-“deg) indicate the possibility of damping the
solution process on the contact interface between the solid iron
and the liquid aluminum.

In [55, 56] regularities were established for the rate of
solutiocn of armco iron in liquid aluminum. The specimen used - a
revolving disk 11 mm in diameter - provided a uniformly excessible
surface, and the formation of the intermetallic layer on the
solution surface was considered. The materials used were aluminum
of high purity (mark AV000), containing 99.99% Al, and armco iron
in the form of bars with the following composition (in wt. %):
0.06 ¢, 0.15 Mn, 0.14 Si, 0.012 S, 0.05 Cr, 0.12 Ni, 0.07 Mo,

0.24 ¢n, 0.04 P.

The solution kiretics of armco iron in liquid aluminum were
studied at temperatures of 700, 750, 800, and 850°C and at four
rates of rotation in a range of 63.1-351.6 r/min. The experiment
was long enough to assure calculation of coefficient K (K is the
solution rate constant) in the Nernst~-Shchukarev equation with
an error of less than 10% according to the formula

g ¢/ {e—c)
K= o318t (18)

where c, is equilibrium solubility; ¢ - the concentration of the
admixture in the melt; S - the surface area of the solid specimen;
t - solution time; p - density of melt; P - welght of melt.

In the Nernst-Shchukarev equation [55]

de S,
= (19)
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coefficient K does not dep:nd on time in kinetic or diffusion
solution. However, in certaln cases a deviation from equation
(19) was noted, apparently associated with the formation of an
additional "barrier" in the solid phase in the region adjacent to
the liquid.

0t ' '
e /sy nﬁu#a R Fig. 34. Coefficient
K as a function of
g2} A - reduced solutlon time
at a temperature of
¢ p 700°C (a) and 750°C
40 20 (b): 1 - 63.1 r/min;
2 2 2 - 159.3 r/min;
a4 I 28 I 3 - 239.0 r/min.
22 o4

20
a) b)

St/Y, s/em

Since in system Al-Fe there are a number of intermetallic
compounds which can serve as additional "barriers" during solution
(besides the diffusion boundary layer), deviations from equation
(19) would also be admissible in this case. In order to test the
applicability of equation (19) dependences were plotted for K on t
for temperatures of 700, 750, 800, and 850°C and rotation veloclties
of 63.1 r/min, 159.3 r/min, 239.0 r/min, and 351.6 r/min. At
temperatures of 700 and 750°C all cof the diagrams show a minimum
in values of K, whose magnitude decreases as the rate of rotation
of the disk increases (Fig. 34). At temperatures of 800 and 850°C
there is a time 1ncrease 1In K values in all cases. We can assume
that the nature of the change in K in the Nerst-Shchukarev equation
is related to the sequence of development and tc the growth
characterlstics ol the intermetalllc phases which are formed on
the boundary between the solid and liquld metals.
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In order to understand the results which we have obtained
we can use the well zstablished experimental fact that when the
armco iron 1s submerged in the molten aluminum only two of the five
intermetallic compounds which are formed in the Al-Pe system are
observed on the boundary. Since the values for tue heat of formatlon
of intermetallides FeAl3 and Fe2.ﬂ.l5 are extreme close, we can assume
that of the two intermetallides the one richer in aluminum FeAl
should develop first. The growth of layer thickness in this
intermetallide (6-phase) should result in a decrease in coefficient
K if the 6-phase has protective properties. The Tormation and the

solution of the O-phase occur simultaneously.

3

Thus, the concentration of iron in the melt corresponding to
minimum X values on the diagrams is obtained as a result of the
influence of two factors - the solution of the O-phase and the
diffusion of the iron through this phase layer. Since minimum
values of K are obtained faster at a greater disk rotation rate,
while diffusion of the iron in the @—phése should not depend on
the rotation rate, then the relatlonships which we can observe
are the result of a change in the solution rate of FeAl3 from the
rotation rate of the specimen, i.e., the @-phase layer dissolves
according to a diffusion or combined mechanism. Upon reaching a
certain critical thickness in the O-phase layer the diffusion
flux of iron 1s so diminished that the solution rate of the specim:n
becomes equal to the solution rate of phase FeAl3. There 1s a
slmultaneous decrease in the amount of aluminum which is diffused
in the opposite direction toward the boundary between Fe and FeA13,
which causes intensive growth in the less aluminum rich phase
FezAls (n-phase}.

The Fe2A15 phase layer which is formed during the sclution
process is characterized by very developed porosity. Thus, it is
now pussible for fragments of crystals of the n-phase to be
transferred into the melt and subsequently dissolve in the liquid
aluminum. As a result the actual rate of solution is greater than
that obtained from the Nernst-Shchukarev equation. This treatment
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agrees with the results obtained from studying

anf
“1 the ccmposition of the intermetallic layer
e "“”“‘1 which develops when armco iron 1is submerged
_i in liquid aluminum and aluminum with 3.3%
: i silicon added. When armco iron dissolves
- ‘\: | in melts of aluminum and aluminum with 3%
[ ——
ﬁ; g 1“ silicon added (700°C and 159.3 r/min) in the
& r =

. _ first stage the dependence of K on t is
Fig. 35. Depen-
dence of coeffi- identical in both cases (Fig. 35). 1In the

cient K on reduced second stage of solution the rates of
dissolution time:
O - solution in

puire aluminum; become almost equal for aluminum with
X - solution in .
Al with silicon added. The solution rate constant
3 wt. % silicon of phase FeAl3 is about 0.001% cm/s, il.e.,
added. is about one third of that in the solution

of iron.

formation ané dissolution of the FeAl3 phase

Thus, In the first solutlon stage (descending branches on
diagrams in Fig. 34) the process is slowed by the increased thickness
of the intermetallic phase FeA13; in the second stage (ascending
hranches in Fig. 3Y4) the process is accelerated by the breaking
away of Fe2A15 crystal fragments. The second stage of the solution
process 1s not very suitable even for semiquantitative evaluatlon,
despite the fact that the reason for tiie mechanical breakdown
is in this case diffusion porosity, caused by the different
diffusion concentrations of iron and aluminum in phase Fe2Al5 [E8,
199]. The first stage of the process can obvicusly be estimated
quantitatlvely by a combinatilon solution of the main solutlion
equation (19) and expression (2), which relates diffusion layer

thickness and time.

In the first stage of the solution process ¢ << C.» and thus i

equation (19) can be written as:

EE-:S—KC‘. (20)
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After transformations Ya. V. Natanzon [55] proposed an equation
which would describe the time change in the concentration of the
dissolving material when soclution was complicated by the growth
of the intermetallic layer on the external boundary of the dissolving
materlal, functioning in a protective role:

caSad. (21)
['4

The values for coefficients A calculated from the results of
experiments on dissolving armco iron in a melt of pure aluminum
and in aluminum with 3% silicon added are the same (0.057). This
is one assurance that the described sclution mechanism is correct.

Expression (21) is distinguished from the usual concentration/
time dependence (without considering the effect of the intermetallic
layer ¢ = %kt) merely by the exponent for t.

Thus, in the case of the formation of an additional "barrier®
during solution the transfer rate of the material from the rotating
disk depends less on the rate of rotation than we might believe
from the theory of V. G. Levich [90].

Let us use the expression x2 = klt to estimate the =ize of

kl in the case where the rate of formation (growth of thickness)
of th2 intermetallic layer and its rate of solution in the melt

are the same,

The rate of growth of the thickness of the layer

dx &
at 2’ (22)
From equation (20) we get
S
¢ == Ked. (23)
1’4
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Since ¢ = % (m is the weilght of the dissolving intermetallide)

and m = SdHHT (dHHT i1s the density of the studied 1ntermetallic

compound), then

Ked dx _ Ke,
= and X0 24
. T w" a,, ek
If we use (22) and (24), then we get

WKeus (25)

Ry =
yoer
The last expression enables us to calculate the constant for
the rate of growth in the thickness of the intermetallic layer
when the formation rate of the layer 1is equal to 1lts solution rate,
i.e., when the thicknesc of the intermetallic layer remalns
constant durlng the solution process.

The rate of growth in the thicknesg of the layer in phase
Fe2A15 was obtained at a temperature of 800°C and rotgtion rates
of 159.3 and 615.4 r/min and under nominally static conditions.
In experiments wit! specimens in the form of rotating disks the
surface solutlon area was 1 cm2, and the volume of the melt was

3

5 em”, 1l.e., ratio % was 0.2 cm. The thickness of the n-phase
layer was determined by the average distance of the displacement
front of the n-phase of the Al/Fe2A15 boundary. This type ol error
in measuring was determined primarily by error in estirating the
pusition of the Al/Fe2Al5 boundary, whicr was usually unclear as

a result of the section heing "buried."

Fig 'me 36 shows the change in layer thickness of the n-phase
as a funectlon of time as the armco lron specimens are dissolved
under noininally static and dynamic conditions at rotatiorn rates of
159.3 and 615.4 r/min and a temperature of 800°C. Characteristic
of the curves in Fig. 36 is the fact that the thickress of the
intermetallic layer is independent of solution time at the ivitial
moment in time. This time interval in experiments conducted under
nominally static conditions corresponds to 30 s, whereas for
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experiments under dynamic conditions 1t rises to 10 min (159.3
r/min). This feature in curves representing the thickness of the
n-phase layer in relation to time had not previously been observed
in experiments with solld specimens submerged in a melt for the
purpose of obtaining intermetallic iron/aluminum layers.

/) Fig. 36. Thickness of
] g —— intermetalllic layer of
A// I‘e2A15 (§, cm) as a

2 / function of solution
L/ / time at 800°C:

B e I + - static conditions;

| O - dynamic conditions
(160 and 615 r/min).

20 40 60 %%

Thus, the indicated deviations from the parabolic law of the
growth in thickness of the intermetallic layer are apparently
related to the accelerated dissolution of the intermetallic layer
at the initial moment. It is characteristic that a layer thickness
of approxlmately 0.1 mm 1Is observed after a minimal sdlution time,
equal in the experiments to 1 s. We can assume that a layer of
minimal thickness develops when specimens are cocliel in a vacuum
from the experimental temperature (800°C) 5 4uy-600°C for 1-3 min.

Expression (25) lets us calculate the constant of the rate cf
growth in the G-phase in the followlng case:

b, - 2Kex [ 2:00015:00620:0002 05107 em?/s.

duur - 3-45

If we compare this value with that obtained in [219] for the
i‘rowth rate gonqtant of the Fe A’S phase at a temperature of 715°C
Kl = 2.2:10 ~ em“/s, we find that the 9O-phase layer ilncreases 20
times as fast as the n-phase layer. Numerically this conflrms the
fact, observed by various authors [220] that the n-phase has a rapid
growth rate in comparison to the other intermetallic phases in the
aluminum-iron system.
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If the bond between the iron and the aluminum is to have
sufficient strength, then the Intermetallic layer which forms cn
tre boundary (of the n-phase primarily) should not have cracks or
large pores. In order to estimate the effect of the solution rate
on the porosity of the intermetallic layer a series of experiments
was performed at a temperature of 850°C and rotation rates of 63.1,

159.3, 239, and 527 r/min. From the data of these experiments

it follows that the rate of rotation of a specimen considerably
influences the porosity of the intermetallic layer.

The experiments indicated that the thlckness of the inter-
metallic layer can be regulated as follows: 1) by selecting an
optimal temperature for the welding process, which will provide
an optimal ratio between the formation rate of the intermetalllc
layer and its solution rate; 2) selecting an optimal ratio of
% (the area of the solid surface and the volume of the liquid bath);
3) by selecting alloys (for example, containing silicon) which have
a substantlal effect on the composition énd growth rate of the
intermetallic layer.

If this 1Is considered, then, as we will show below, we will
first obtain steel~aluminum compounds which do not havs an inter-
metallic layer (or a significant intermetallic layer) along their
transition lines.

The nature of the behavior of the processes on the aluminum/
steel boundary is caused by a drastic temperature change in the
welding process, and thus as a rule we do not observe either an
Intensive develop.tent in the diffucion zone or a significant

dissolution of the base metal in the metal of the Joint (aluminum).

The thermal weldlng regime from the standpoint of the formation
of intermetallic phases was estimated according to a method proposed
by L. A. Fridlyand [165}, who considered the characteristic features
of heat propagation in the combination steel-aluminum weld. The
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heating and cooling curve for a point on the contact surface
between the metals during welding (Fig. 37) is divided into a
certain number of equal and rather small temperature intervals

tys t2, cees oo within the limits of each of which the latent
period (of induction) is conslidered constant. The ratio of the
length of time that t remains at a glven temperature interval to

¢ expresses the unused part of the aeriod of induction. The
condition of the absence of Intermetallic phases in the combinatilon
is in this case expressed as:

ya<L. (26)
1

Fig. 37. Diagram
liiustrating the

5 method of using

14 the data on

) isothermic holdlng
J for constant

/ . heating and cooling

coriditions.

On the basls of the above it can be assumed that preventing
the formation of brittle Intermetallle phases 1s related to
control over the rate of formation of thils layer. However, to
obtain specific data for caliculating according to formula (26) we
must flrst of ail study the actual thermal cycle of the points on
the transition line of the aluminum/steel joint.
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CHAPYER III

INVESTIGATING THE HEAT PROPAGATION
PROCESS IN AN ALUMINUM/STEEL JOINT

The interface between the aluminum and the steel in a
composite welded joint i1s a very Important zone, in which processes
(reactions) arise, which determine technological and operational
strength, seam tightness, and also its corrosion resistance. The
ntensity of the ocecurrence of these processes and the degree of
their completeness depend primarily on the thermal effect during
welding.

The number of intermetallic iron-aluminum phases, formed on
an interface, is determined by the hlghest temperature of the
thermal cyele and by the length of time the interface remains at
high temperatures. To accurately designate the technological
regime, which excludes or inhibits the appearance of intermetallic
phases, it i1s necessary to study the laws governing the formation
and the development of these phases. The first stage in the study
of the indicated regularities is the investigation of the processes
of heat propagation in steel/aluminum welded products. Such
composite jolnts, as a consequence of the considerable difference
in the thermophysical properties of the components, have character-
isti~ pecularities in thelir heat propagation. There 1s a dearth
of data in literature [6, 30, 238] on the unique nature of heat
propagation in scteel/aluminum jJoints. Thus, the problem of the
author in this section was to determine and to calculate the maximum
temperatures at the interface between the aluminum and the steel
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in bimetallic models. In order to do this, it was necessary to
experimentally obtain basic inltial data for the calculation.
Calculation vtas carried out on the basis of the theory of heat
propagation during welding, developed by Rykalin, an academician
of the AS USSR.

During the course of the investigations 1t was necessary to
resolve the following problems: a) to select a calculational
scheme for determining the maximum temperatures and the éemperature
bound for the application of the accepted calculational system;

b) the heaf input values during the welding of a composite joint;

c) to select the constant coefficients, characterizing the thermo-
physical properties of the aluminum alloys being welded and of the
steels, which are components of the bimetal, which would satisfy

the calculational equation; d) to determine for various combinations
of components of bimetals the t (.e that the Interface between the
aluminum and the steel is higher than the specific "eritical"
temperatures.

1. The Erfficiency of the Process of Heating
a Steel/Aluminum Joint with an Arc

In connection with the absence of data on the effectiveness
of heating a steel/aluminum Jjoint with an arc, burning in an argon
medium, it was expedient to carry out experiments to clarify the
effect of the parameters of the argon-arc welding regime on the
jegree of heating of this type of joint hoth in the case of the
welding of the aluminum cladding, as well as of the steel base.

In this case, 08kp steel-AMg3 aluminum alloy bimetallic
satterns with dimensions of 75 x 200 mm were employed {or the
axperiments; the total thickneecs of the bimetal was 3.5, 4.2, 5.8,
and 10 mm. The patterns simulated lap welded joints.
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First, a bead was deposited on a clad layer of aluminum alloy
on a ADSV-2 automatic machine by argon-arc welding (the ac was from
a IPK-350 power supply). The welding regimes were: welding rate -
12.5-16.8 m/h, the wire feed rate - 2.2 m/min, the argon flow rate -
up to 16 I/min. To gvoid significant heat transfer into the backing
before depositing thi'bead the sample was placed on the two v-shaped
guldes of the jig. The beaded sample immediately after depositing

of the bead was placed in a calorimetric vessel (a water calorimeter

T Ty g

with a capacity of 12 1). The temperature was measured with a
i standard thermometer with a scale graduation of 0.2°C. The arcing

time and the time that the sample remained in the calorimeter was
neasured by a stopwatch, and the electrical parameters - voltage
and current magnitude - visually on panel measuring Instruments.

Each experiment was repeated not less than three times under
ldentical concitions. Efficlency was determined for three values
i of welding current - 120, 150, and 170 A; the voltage in thils case
was very stable - 12-13.% V. After the palorimetric measurement
the samples were welghed to within an accuracy of up to 0.1 g.

The efficlency of the heating of the bimetallic model by the
arc n, - was computed as a ratio of the heat input by the arc,
including the heat, golng to the heating of the base metal and the
welding (filler) rod, to the toctal heat input, considered to be
equal to the thermal equivalent of the electrical energy:

T ™

q
0.017n (27)

(q was determined from the data of the calorimetric experiments).

The total quantity of heat, introduced into the sample, was

determined from equality

i e L

_ Quo =g =10y (Ta— T)Fmncu (T~ T)+
: +Mosyosp (Tm—T 11,02, (28)
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where m, - the mass of the water in the calorimeter, in our
experiments rnb =12 1; Cg ~ the speclific heat of water - equal to
§.1868 x 10° J/(kg-deg); T, - the maximum established water tempera-
ture in the calorimeter (final water temperature); T0 - the initial
water temperature; m - the mass of the calorimeter with the
agitator, in our experiments m, = 3850 g3 Cms the specifie heat

of the calorimeter of mild steel, ¢ = 669.8 J(kg-deg); T, - the
temperature of the amblent alir; c - the specific heat of the

obp
sample.

The speclfic heat of the bimetallic sample was

Coun. otp = mts € + (1"'2)

100 Tﬁ." Cors (29)

where x - the weight percents of the aluminum content in the
bimetallic sample.

The coefficient 1.02 (2%) considered the losses from water
evaporation, heat losses during weldlng and during the transfer of
the sample, and also the heat losses due to the difference in
enthalpies.

The calculated heat input was determined from 2Xpression
CQpoee=0,24704,,,

whence the effliclency of the process of the heating of the bimetal
oy thes arc was
0519

Ty = -

B
Qpacu

The results of the measurements of the parameters for determinaticn
of Mg e during bead forming with respect to the aluminum cladding
and the steel base and the nature of the varlation in the heating
efficiency of the bimetallic jJjoint by the arc are illustrated

in Fig. 38. An analysis of the graph makes 1t possible to draw

the following conclusions.
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& —1 — 1. With identical electrical arc
;. 00 .1 F i i power its heat input, received by the
: — = S|
k N i gy i

o L ;itk:\g‘i bimetal, is greater in the case of
3 ; -1 . \;3‘ bead forming on the steel base
b 24 i
E & 8 w0 16 W0 160 I, (ncp er = 0.82), than for the aluminum
i Fig. 38. Average value cladding (ncp.an = 0.62).
k of the effisiency Ngum
E cf the heating of a 2, The increased value of the
j manuractured article by . . 0
: an arc: O - beal efficiency ncp.CT as compared wilt:y the
P forming on the aluminum efficiency ncp an Con be explained,
cladding; @ - bead . oy
E forming on the steel apparently, by the distinctive
: ! base. supplemental heating by the thermal
3 {
j wave, passing through the aluminum
4 cladding, situated under the steel base.
4 3. The presence in the bimetal of the steel base, "ideally"
2 adJoining the aluminum cladding, intensifies the heat crnsfer
1 from the latter as compared with a plate, cooled in air. This
i corresponds to the data obtalned by A. A. Kazimirov =nd

A. Ya. Nedoseka [63, 6L] for the case of the welding ¢ aluminum

! on steel backing. Actualily, a comparison of the values ICB and Q
for the aluminum and the bimetal shows, .hat if for welding of
AMgb alloy with a thickness of 1.5 mm I, = 105-115 A, then in the
forming of a bead on a bimefal, having a clad layer of 1.5 mm
150~160 4 are required, i.e., 1.3~1.4 times greater current
magnitudes.

T T TR

For checking the convergence of the results obtalned during
calorimetric measurement, calorimetrlic measurement of samples of
the following exporimental bimetals was carried out: St. 3 steel-
AMg5V alloy, 1Kh1d4W9T steel-AMg6 alloy and 28Kh3SNMFVA steel-

AMg6 alloy. The ootained values fell within the range, indicated
on the graph (Fig. 38).
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2. Calculating the Thermal Cycle
of Argon-Arc Welding of an
Aluminum-Steel Bimetal

A bimetallic sheet is a composition of two metals, "ideally"
adjoining each other, which is brought about by the technologlcal
process of rolling, in which an 80% reduction of area of the
aluminum alloy occurs. The ciznciderable increase in the contact
surface during reduction of arec contributes to the dislntegration
of the oxide film. In this case, there is no impalrment of contact,
ne gaps, etc., thus, from the point of view of the study of heat
transfer there is no necessity to take the low thermal conductivity !
of the oxide film (3.3% W/(m*deg)) on the aluminum alloy [63]
into account. However, in the heating of the interface between the
wluminum and the steel above 520-535°C an Intermetallic iayer can be
formed, the presence of which changes the nature of heat propagation
in the bimetalllc model, since the thermophysical pr .erties of
the intermetalllic phases, of steels and alumlnum, are different.

The data on the effect of an interlayer of intermetallic phases
on heat propagation are contradictory. Work [182] indicates, ithat
in producing bimetallic castings by the al-fin process there is a
continuous metallic transition between t..e aluminum and its alloys,
on the one hand, and the steel, on the other hand, which ensures
a strong joint and good thermal conductivity of the transition
lgyer.

Throttling of the heat flow is not observed at the site where
the two metals come into contact due fo the presence of the metallic
transition layer [198].

As will be shown below, during optimum welding regimes the
thickness of the intermetallic layer does not exr =221 1-2 um, whi:h
practically does not introduce any variations into the nature of
heat propagation. Thus, we did not take the discontintity in the
thermal conductivity -zurve into account in the subsequent calculat!ons.
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The generally accepted arrangements of the theory of concentrated
sources can be employed for calculating the thermal processes of

argon-arc welding of a steel/aluminum joint [128, 129]. Howeve=,

| in this case it 1s necessary to take into account the pecularities
f of the removal of heat from the welding site by the steel base of

the bimetal [69, 173].

We took the equation of the limiting state as the basie
calculaticnal formula in welding with a concentrated linear heat
source, travelling at a constant rate in an unlimited plate with
heat transfer:

T{x.r)= 2ncxp( ) (1/40' ) (30)

In analyzing this equation, 1t is necessary to conclude, that
to employ it, it is necessary to know the magnitude of heat 1nput
by the arc, determining the quantity of heat, introcduced into the
timetallic plate during welding: .

g=024 lu,

where I - current, #; u - voltage, V.

TR

The remaining designations in the formula (30): & - the
thickness of the sheets being welded, c¢m; A - the ccocefficient of
thermal conductivity of the aluminum alloy, which is the clad layer
in the bimetal, W/(m'deg). Satisfactory convergence in the
calculations was obtalned by substituting in the formula not the
total values of A, i.:2., the values for tne bimetal, but only the
values for the aluminum alloy; v - the mean velocity of motion of

the are, cem/s; r = /x2 + y2, em (x, y - <he moving coordinates of

the point in question, the center of which we will consider an
arc with radius r); a - the coefficient of thermal diffusivity, cmz/s
for the aluminum alloy, which is the clad layer in the bimetal,

3

aQes -,

oy
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where ¢ - the specific heat of the aluminum alloy, J/(kg-deg).

The values of the thermophnysical properties of the metals A and ¢,
which we applied in the calculations, are cited on the graphs of
Figs. 3 and 4 for the temperature range 300-400°C; b = 2Y  _ the

cyd
coefficient of heat triznsfer for a homogeneous plate, 1/s (a - .he
coefficlent of total surface heat transfer: for aluminum
a,, = 0.000715; for steel a__ = 0.00709).

As A. A. Kazimirov and A. Ya. Nedoseka [64] demonstrated,
cn the basis of the processing of experlimental data, the value of
the coefficlent of heat transfer of aluminum with a thickness of
2 mm on a steel plate trasferring heat is 0.0280 1/s.

Figure 39 presents the thermal cycles of three points of the
St. 3 steel-AMg3 alloy bimetal, obtained by calculation.

200

Fig. 39. Experimental (solid curves) and
calculational (broken curves) thermal
cycles of a steel/aluminum jolint.

4. EZxXperimental Determination of Heat
rropagation in Bimetallic Metals
Durling Welding

To obtain the initial calculational data, and alsc to compare
the experimental thermal cycles with the calculational cycle
composlte samples (bimetallic models) were manufactured; St. 3-AMgR;
St. 3-AMg6; 1Kh18N9T steel-AMgb6; 28Kh3SNMVFA steel-AMg3 alloy;
28Kh3SNMVFA steel-AMgb alloy. The effect of various parameters of
the welding regime was studied on these models.
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The thermal cycles were recorded on a N-700 loop oscillograph
with the paper moving at a rate of approximately 0.25 cm/s, and
measure& with copper-constantan thermocouples with a dlameter of
0.4 + 0.4 mm. These cycles were determined for points, lying on
the transition line from the steel to the aluminum c¢lad layer, and
for points, situated on the surface of the para-seam zone. During

the time the osclllograms were being made the sample was situated
on angle brackets.

t, °C

{1

&0

2007

7] 120 160 T, S

Pilg. 40. Thermal cycles of three points
of a bimetazl with a thickness of 3.8 mm,

Figure b0 presents the thermal cycles of three points of a
bimetal with a thickness of 3.8 mm with a clad layer of aluminum
alloy wish a thickness of 0.8 mm and with a base of armco iron.
The welding regimes are Ica = 105-110 A; J'u = 12 V; Vg = 6.5 m/h.
As follewes from the figure point 1 situated on the line of

transition of the bimetallic model (tmax = 775°C). The points

1
situated at a distance of 10 and 20 mm from the axis are subjected
to a lesser thermal effect (respectively tmax = 450°C and
£ = 175°¢C). 2

max
3
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With an almost twofold increase in heat input (from 1090 cal/cm
to 1983 cal/cm) due to an increase in current the aluminum clad
layer is completely fused.

A comparison of the thermal cycles of the transition zone of
armco iron-AMg3 alloy bimetal during the welding at various heat
inputs shows, that the most =iy fiuni varlation in temperatures
is observed at points 1 and 2.

The degree of similarity of the curves on the cooling branch
increases in proportion to the distance from the seam axis. Here
in the case of welding at low values of heat input the cooling of
point 1 takes place more intensely: the effect of the armco iron
backing 1s expressed. In the case of complete fusion penetration
(the broken lines) the bimetallic sample cools more slowly. The
noted peculairity has significance in determining the parameters of
the welding regime of a bimetallic Joint: experiments have shown
the posslibility of narrowing the zone of high heating temperatures
and consequentliy, of the possiblility of decreasing the time that
the interface betwesen the steel and the aluminum remains in the
region, where the temperature is higher than the forustion
temperature of the intermetallic layer.

In view of the fact. that in measuring thermal cycles of
bimetallic models with a thin clad layer thickness no sharp difference
was observed in the thermal cycles; models ware manufactured with
3 thickness of 10-12 mm, in which the thickness of the cladding was
1alf the thickness of the bimetal. In this case It was established,
that:

1) an increase in the thickness of the steel base increases
hezt transfer, as a consequence of which the maximum temperatures
at all points are reduced; 2) the drop in maximum temperatures is
proportional to the increas< in the thickness of the steel base;
3) for all points the curves of a thermal cycle are similar; 4) with
an increase in the thickness of the steel base the time for the
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attainment of the maxlimum temperatures is increased, i.e., the
maxima cn the thermal cycle curves are displaced in the direction
of lower temperatures, which is attained as a result of a decrease
In the time that the interface between the steel and the aluminum
remains 1ri the reglon of dangerous temperatures, for example, by
supplemental cooling of the al.. “num clad layer of the bimetallic
metal.

For comparing the nature of the variation in welding thermal
cycles employing a bimetal, experiments were carried out on samples
with dimensions of 150 x 200 mm with a total thickness of 6-10 mm.
Seams were imposed wlth a ADSV-2 automatic welding machine; a welding
rod was not employed. The thermocouples were tentatively positicned
at an angle of #45° to the seam being imposel to avoid distortion
of the thermal field.

The maximum temperature values 2re attained during the welding
of the aluminum clad layer; the steel base seemingly plays the role
of a heat-insulating backing. In the welding of the steel base of
the bimetal the degree of cooling is greater (the values of maximum
temperatures at the same points are lower), but the rate of neat
propagation in this case 1s also greater: the maximum values of
temperatures at the same poirnis are obtained 2-4 s earlier. This
can possibly be explained by the facts, that during the welding of
the .ceel base of the blmetallic model the aluminum clad layer,
playing the role of the backling, due to its high thermal conductivity
and limited ecross section promotes more rapid heat propagation along
the backing. Thus, the temperature gradient between the steel and
the aluminum and the 1lntensity of heat transfer to the backing are
reduced (at slow welding rates).

Figure 39, besldes the curves of the calculaed thermal cycles,
also presents the curves of experimental thermal cycles. The
calculated temperatures are higher than the temperatures of the
experimental ther-1ul cycles for like pcinte of the curves of a
welded Jolnt and for the same time of reacding. Certsin characteristic

100




regularities are observed in the variation in the differences
between the calculated and the experimental values of temperatures.
On the section of the curve, corresponding to heating, the
calculated and experimental curves, as a rule, coinclde, in the
temperature range above 200-250°C the nature of t'+. calculated
thermal cycles is similar to the nature of the ~xperimental cycles
and only in the ccoling stagze below 230°C 15 a significant
divergence observed 1n the nature of the curves.

A correction coefflcient, which takes into account the effect
of the steel base of the bimelal on the heat propagation process
in a bimetallic plate, was determined by dividing the values of
the temperatures of the thermal cycle curves, obtained by
calculation, by the values of fthe temperatures of like points of
the curves, obtalned experimentally. The results of a comparison
of the calculated and experimental valuez of the temperatures of
points lying on the transition line of the bimetal, showed, that
the magnitude cf the correction coefficiént on the average was
equal to 0.8.
The necessity for employing correction coerficlents complicates !
the procedure of obtalining values of the necessary temperatures g
oy calculation. In this case, it 1s difficult to obtain coefflcients,

whieh are suitable for various combinations of welded thicknesses
and types of metal joints.

4. Employing the Modeling Method
for Investigating the Thermal
Welds of a 3teel/Aluninum
Joint

Az wa3 indicated in the preceding sectlnms, determination of
the nature of heat propagation at variocus polints of a steel/
aiuminum Joint is complicated, theoretically, as well as
eiperimentally. In practice, the determinatlion of the time that
2 point remains, lying on a transition line above the temperature
cf' the formation of the intermeftallic phase, [or numerous existing
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bimetallic compositions of steel with aluminum, is impracticable,
since it depends on the compositioi. of the metals going into the
bimetal, the relationship of the thicknesses of the thermophysical
properties of the components [sic] and other factors. In connection
with this, it was necessary to attempt to find general dependences,
vhich would establish a connection between the cited parameters.

For this purpose, to investigate an unsteady thermal fileld the
w2ithod of mathematical modelingz or the method of analogies,
developed at tne Laboratory of Electrical Modeling of the Institute
of Mathematics of the AS UKSSR [166, 167], was employed.

To determine optimum welding conditions it is necessary, first
of all, to determine the unsteady tempeyature field within the
two-layer plate, having a certain initial temperature tO end the

temperature at the boundary of the weld pool tnn. The solution of
this problem makes it necessary to solve a boundary value problem
for the equation of thermal conductivity

-
o)

[Mx.y 214 -—[M 5y) ] Gt (6 9) 3

where t{x, y, 1) - temperature, °C; A {(x, y) - thermal conductivity,
W/(m-deg); cp(x, y) - specific volumetric heat, J/(m3'deg); X, y -
current coordinates, cm.

It has not as yet been possible to develop sufficiently
effective analytical methods for solving equation (31), with the
exception orf the simplest particular cases. For solving this
equation, <% was indicated, the analogy method was employed. The
essence of eslectrothermal analcgy consists 1n replacing the
terperciure fleld, which is sublect to study, by an electrical
pctential field. The equations, defining both fields in dimension-
less representation, are identical, the dimensionless boundary
conditions are 2lso identical, il the ficld of the unknown magnitude
at the uoundaries of the system 1s directly defined by them, i.e.,
if the thermal problem 1s posed under boundary conditions of the
first or second iype [49].
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In the course of the work we employed the method of modeling
of equation (31) on electrical conducting paper with distributed
capacitance [166].

The potentlal distributlon equatlion In the electrical model,
made from the paper, has the following form

a el , @ "leq’}'—c(r el
Late, T+ - |oln 3= b=ela )=,
ax[p(r ))‘}'\_l ‘_:.y (x ) a}l 6'. (32)
where @(x, y, 1) - potential, rel. units; p(x, y) -~ average
specific conducti /ity, 2/Q; c(x, y) - average specific capacitance,

F/cm2.

From the joint solutlon of the full-scale equation (31) and
the model equation (32) we obtaln the similarity number for the
corresponding zones:
ol e i
YL (33)
f‘u'u ‘HTA

where Cy = the specific capaclty of the model; ZM - unlt length of

the models; Py = %~ - the conductlvity of the electrical conducting
paper (Rm - resist:nce of the square of the electrical conducting
paper); T, - unit time durlng modeling; RH - coefficlent of thermal
conductivity of the corresponding full-scale zone; c, = cY -
volumetric speclflec heat of the corresponding full-scale zone;

ZH - unit length of the modeling object (full-scale); T, real

unlt time of the modeling process.

Parameters lq, c , IH are given. Parameters RM, C,s i are

iefined by the model.H The ratio of the corresponding time Tn
expression (33) is characterlzed by dimensionless values: by the
length scale ay s by the time scale a by the capacity scale a,
and by the reslstance scale Op*

: (34)

]
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The selection of these similarity factors is restricted only
by the following condition

i I (38)

%

and, consequently, it is possible within broad limits to select
convenlent rarameteis of the model.

Proceeding from the formulated problem the mocdel length scale
Ay and the scale of the type of electrical conducting paper are
selected for 1ts manufacture so that the ratios of the average
specific resistances of the model zones are equal to the given
ratios of the corresponding full-scale coefficients.

A square of necessary dimensions is cut from electrical
conducting paper to determine RM. Then the resistance of the
square wi“h respe:t to the two mutually perpendicular directlons
is measured. The arithmetical mean of these measurements is found,
whizch is also taken as the specific resistance of the corresponding
zone of the model. As a dielectric for the manufacture of the models
polyethylene or other nonpolar films with a thickness of 0.005-0.2 mm
are employed. In the manufacture of a model the ratio between %he
averag: speclfic capacities should be equal to the glven ratlos of
the corresponding coefficients of full-scale capacities.

For modeiing two-dimensional unsteady flelds, described by the
equation of thermal conductivity, a speclal integrator has been
developed based on {he electrical conducting ~aper with distributed
capacitance [167]. It consists of a rack of power supply and
measuring devices and a stand for the electrica’ model (Fig. 41).

104




Z For realizing boundary conditions

m C* of the first type ¢ = const a wire with

a dlameter of 0.1-0.2 mm is attached to
| : : the model with a given contour of the

&
% weld pool with an electrical conducting

supplied ‘o 1if.

; ) glue and the required potential is

, WrEsE
gigérzé.ofsgge?izif In modeling based on an integrator
« grater in the measuring dimensionless, or, as they are frequently
ge%itgitaée-diizgéiier; called, reduced magnitudes are employed.
% i 3 - comparicon element. The reduced unit of potential is
g considered to be the difference of the

potentlals at the output of the integrator power supply (the
minimum value of voltage is taken to be equal to zero, and the
maximum - to unity). All measurements are carried out in fractions
or in percents of the maximum operating voltage.

Between electrical potential ¢ and temperature t which
corresponds to it the following dependence exists:

t ~tuia
F- (pz-——-—-——i 1 (39)

lmn o ’mla

min
of the temperature of the process belng modeled, °C.

where t and tmax - respectively, the minimum and maximum values

The temperature of the bimetallic plate at an initial moment
of time was 20°C. The following boundarw conditions were accepted:
on the boundary cof the weld pocl the temperature is instantaneously
increased to 660°C, if the aluminum is fused, cr to 1539°C, if the
steel is fused (boundary conditions of the first type). The
contour or the weld pool was predetermined on real bimetals,
especially manufactured for this purpose.

TR T TS

L BT o Siicry il

105

i TS Ty — -




ke b e L

‘v

rrilaiios

In accordance with formula (39), employing the given boundary
values t at full-scale, all of the necessary boundary values of the
reduced potentials are computed, and then the electrical model is
structured in accordance with these values. Takliag into account,
that the ratio of the specific resistances of the model zones
should be equal to the ratio of the specific resistances of the
full-scale zones, 1t was assumed, for example, for the zone
simulating the AMgb alloy, the resistance of the paper szs 80 kQ/cmg,
and for the zone simulating St. 3, the resistance of the paper was
150 kQ/cm2. They were cut from corresponding sieets of paper at a
scale (for our problem the scale is equal to 1/15) of the zone and
they were attached by electrical conducting glue. On the boundary
of the weld pool a conducting bus was attached, to which a
potential of @ = 1 was supplied.

Since the ratio of specific capacities of the model zones
should be equal to the ratio of the specific capacities of the
full-scale zones, for the 2zone, simulatihg the AMgé alloy a
specific capaclity of ¢ = 6.5'10"12 F/cm2 (two layers of polyethylene
film of appropriate thickness), and for the zone, simulating the
St. 3, - ¢ = 13'10-12 F/cm2 (one layer of the same film).

Fotential @ = 0 was supplied to the conducting plate. After
measuring the values of potertial @ on the model at the points
which were of interest to us, the unknown value of temperature t
was computed by formula (39) at these same full-scale points at
moments of time which were of interest to us (the time scale was
o, = 12.9-1¢3).

An unsteady temperature field for various bimetallic plates
was set up in 50 variants, 1In which both the raclo of the thicknesses
of the plates of bimetal were taken into account, as well ac fer
thermophysical properties.
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Fig. 42. The na‘ture of 1sotherm motion
when t = 520°C with time.

I Figure 42 shows one of the varlants of the motion of critical
I isotherm 520°C for the 1Kh18NQT steel-AMgb zlloy bimetal at a layer

ratio of 1:1.

Calculation of the time of attainment of critical temperature
Toox FOT @ large number of different bimetals (AD1-1Kh18NQT,
AMg6-1Kh18N9T, AD1-St. 3, AMg5-St. 3, etc.) made it possible to
construct the nomograms, presented in ¥ig. 43, The time of
attalnment of critical temperature at a point, located under the
we:id pool at the line of transition from one metal to another, was
deteririned depending on the ratio of thermal conductivitles
(Al/kz) of the component metals, the ratio of the thicknesses
% (8,/8,), whiah were varied sequentially from 3/1 to 1/3, and the
; ratio of the specific heat of a unit volume (clyl/cgyg) {(the metal,
3 on which the heating was carried out, is indicated 1in the numerator).

The estimation of the stay time of the transition line of a
steel/aluminum jJoint in the reglon above critical temperature with
E respect to the data of the dvaft for various actual combinaticns
1 ~f gluminum alloys with steels and a comparison of this time with
the magnitude of the latent perlcd, obtained experimentally by the
method described in the preceding chapter (formula (26)) is

Illustrated by the data presented in Table 10.
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Fig. 43. Nomograms for calculating
the stay time . f the Joint transition
line above the critical temperature.

Table 10. Data, obtained in determining LI

T _ at a thieck- Average

n values

i A ness ratio of t, 7,

: ol L I c . Y
4 L7 2 1.3 for a combina-

tion of me*als

057 [ 0,12 [ 4753220 0,8 | 3-4 | 05-—07 |FF @ convinas
033 012 | 3,16 |65/26| 085 | 3—4 | 0.6--054]°",
[0.7-0.9
032 €12 266 (90(3 |09 | 3—4/078—1,0 |For a combina-
07| 006 95 |1,3/07} 04 |1,5-2{0,35--046 g;;;;*a;;fgﬂ
038 | 006} 63 20/08] 06 | 1.5—2| 04—053| "¢ o"2
i 0321 006 53 |29]1,5] 0,65 1,5-2} 07—075| "

Thus, the temperature-time factor is important for estimating
the possibility of obtaining a combined [composite] joint. However,
based only on this factor, it is not possible to completely
eliminate the formation of hrittle phasez. As will be shown below,
the alloying of the weld pool has a sigrificant effect.

3 108




5. Investigating the Direct Welding
of Alumiiuix with Steel

The data obtalned 1rn the preceding sectlons made it possible
to establish, that the ratlo of stay duration in a region of higher
temperatures 520-535°C to the latent period for a steel/aluminum
St. 3-/D1 aluminum joint is 0.7-0.9, and for a 1Khl8N9T steel-AD1
aluminum joint - 0.6-C.7. At such 2 ratic, in a narrow range of
weldlng regimes it 1is possible to accomplish direct welding of
aluminum with steel and to obtain a Joint with limited strength
{on the level of the strength of pure aluminum). Actually, from
the practice of the welding of aluminum and 1ts alloys, it is known,
that when carbon or stainless steel are erployed as removable
backings, cases of the strong welding of aluminuin edges to steel
backing occur. The checking of thls phenomenon during the argon-arc
welding of aluminum/steel lap joints showed, that an extremely
narrow range of values of the magnitude of welding current exist,
during the employment of which the obtaining of a Joint with the
strength, equal to the strength of pure aluminum (Fig. 44) is
possible., In this case, the plasticity of the welded Joints 1s
low as a consequence of the great fusion of the metals belng Joined,
as a result of which the content of the elements in the seam exceeds
thelr mutual soluability and brittle intermetallic Joints of iron
with 2luminum form in the seam metal.

& daN/mm°

L~
o Fig. b4, The dependence
i of the strength of a lap
i Joint on the magnitude
Y i W A of welding current.
/’ / 5
’ \Eteel Aluminum
¥ i
2
0 |
40 a0 a0 0o 01 A
cB
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The results of the determinations are very unstable, and
welding under the indicated conditions cannot be recommended as
one of the technological procedures for obtaining a steel/aluminum
Joint.

Argon-arc welding of aluminum with steel on a ADSP-2 automatic
welding machine was carried out employing a ADl welding rod and a
sv. 10GS steel wire. The welding regimes of AD1 brand aluminum
with St. 3 steel with aluminum wire are the following: u = 28 v;
arc voltage u, = 25-28 v, I = 290-310 A; electrode diameter is 2 mm;
electrode wire feed ratc 1s v, _ = 400 m/h; the welding rate is

Veg = 30 m/h., The regimes for welding aluminum with steel employing
a steel wire are: u -~ 28 v; u, = 26-28 V; Iog ™ 120-180 A;
dsn =lmmy v, _ = 230 m/h; Yoo = 24 m/h.

To reduce the gquantity of fused iron going into a seam,bevelling
of the steel samples was carried out at an angle of 30°, and the
bluntness was 2 mm (Fig. 45a), or with respect to the pool profile
(Fig. 45b), aluminum samples were employed without bevelling.

)

|
—

“ (a) ()

T

Fig. 45. Diagram (a) and type
of bevelling (b) in the direct
welding of aluminum with steel.

Automatic welding with flux was carried out on a A = 862
device especially designed for this purpose. The welding regimes
were: I = 4oo a, Ve, = 21.5 m/h; Ve m S 290 m/h, u = 4o v.
Wire of brands AD1 and AK, and flux AN-Al were employed. In
beading ADl wire based on St. 3 steel with AN-Al flux it is possible

to obtain a seam of good form, but with transverse cracks. On an
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unplckled microsection the fusion zone has a characteristic brownish-
yellowlish hue. The hardness of the beaded metal exceeds the hardness
of the base metal by 2-3 times.

To obtaln a relative plastic layer in the seam elements are
introduced (for example, zinc), which give a low-melting eutectic
at ieast wlth one of the metals leing jelned., The zinc was
introduced into the seam by several methods: wvia the flux by
adding ZnCl2 and ZnFE, by adding a specifiec quantity of zine to the
compositio. of the rod mec2l, by pulling in the fuse metal or by
obtaining fuslon of a zinec plate during welding. Seams were
obtained by the indicated methods either with the presence of a
small ftransition layer from the steel {o the aluminum, or joints -
without 2 transition layer (Fig. 46).

Fig. 46, The nature of the transition
layer in beading on St. 3 steel under a
layer of zinc and AN-Al flux with a AD1
wire. i

From the hardness graph (Fig. 47, the broken line) it is
evident, that the hardness of the beaded meftal ir. this case is
lower than the hardness of the base metal - steel. The beaded
metal possesses satisfactory plasticity, permitting bending without
failure up to 90°, which makes it possible {o accomplish subsequent
welding of elements of aluminum alloys employing, for example,
argon-arc welding.
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Fig. 47. Hardness distribution
over the cross sectlion of a seam
during beading based on St. 3
steel (so0lid curve) with-'ADl
wire and AN-Al flux and with a
AD1 wire under binary flux-zinc
shielding (broken curve).

Besldes tae works on beading, experiments were also carried
out on the direct welding of aluminum with St. 3 steel and ADl
aluminum (the thickness of the metals being joined was 10 mm)}.
The character of seam forming was satisfactory; during tensile
testing the ultimate strength was the same, as the ultimate strength
of pure aluminum (up to 10 daN/mmg). Fallure of the jolint occurred

along the transition zone or in the base metal-aluminum.

Thus, by the glven welding method the obtalning of the ultimate
i strength of a steel/aluminum jolnt not lower than the ultimate .
streagth of pure aluminum iIs possible, which 1s attalined as a result

P e
e

of welding technology and complex alloying of the seam metal {zinc,

aluminum wire, flux). However, thils welding method is extremely

complex, applicable only for a metal of specific thickness and a g
limited number of joint types. The possibllity of obtaining jolnts :
without intermetallic layers regqulires accurate observance of the J
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positioning of the electrode and the introduction of a sufficient
quantity of zinc, which 1is extremely difficult in practice.
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CHAPTER IV

THE FORMATION OF INTERMETALLIC
PHASES DURING WELDING AND THEIR
EFFECT ON THE PROPERTIES OF
STEEL/ALUMINUM WELDED JNINTS

1. Kineties of the Wetting of
Iron with Aluminum

Let us examine the first stage of the contact intveraction of

aluminum with steel - the wetting process. Consideration of this,
and alsc of the data on dissolving makes it possible to a certaln
degree to regulate the Jormation of intermetallic joints for the

purpose of finding the op“imum conditions for fusion welding.

Since the published data on the flow of liquld metals over
the surface of solid metals are limited, and are completely

i absent for the iron-aluminum system, special experiments were
g conducted [54].

Contact angleson the interface of phases (6) were taken as :
the basic c¢riterion ¢f wetting and flow. Contact angle was
determined by the qulescent drop method. The vacuum in the chamber .
5

at the maximum temperature of the experiment was 1-3-10 - mm Hg.

1 In the method which was developed for Investigating the

f kinetic dependences of 6 on various factors the active interaction
of aluminum and iron was taken into account at elevated temperatures
and the dissociation pressure of the aluminum oxides was low.
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As follows from the kinetic dependences of the contact angle
(Fig. 48), the iron-aluminum system is characterized by satisfactory
wetting and by a high rate of flow. An increase in temperature
leads to a decrease in wetting angle.

Qesid [ Fig. 48. Time dependence of
I-‘t--.._...._____ | | the contact angle of aluminum
1 E]
80 :T__‘“-ﬁin-_.,. e, B ! 700 cr: iron (data of N. D. Lesnlk,
- . i‘""l':“-- #00 and others).
o I v
2 P £ 15 20 25 i

The computed energy of adhesion even for the first moments of
contact is rather great and constitutes 0.65-0.7=1.03 MJ/m2 at
temperatures of 700-800-900°C. The molar energy of adhesion in
the temperature range 700-900°C is 28.47-44.8 kJ/mole.

When there are low-melting galvanized coatings on a steel
surface the wetting of the iron by the aluminum is noticeably
improved. 1In the case of argon-arc deposition of aluminum on iron,
of all the tested galvanized coatings (zine, silver, tin, nickel,
copper-zinec, nickel-zine, and others) the zinc and the combined
(zinc-copper, zinc-nickel) coatings ensure the best technological
properties. Alloying additives 1in an aluminum alloy considerably
affect wetting. This 1s connected with the variation in the
surface tensio: of aluminum and with the nonuniform distribution
of additives in the melt due to their diverse nature (surface-active,
inactive). The effect of alloying additives on the surface
tension of the melt depends on the relationship of the atomic
volumes of the dissolved element and the solvent: the greater is
the atomic volume of the introduced element, the greater is the
reduction in the surface tension of the metal-solvent. It was
established [28], that the surface tension of a melt is sharply
reduced upon the introduction of small additions of surface-active
elements. Improvement of aluminum flow over the steel 1z attained
upcon the addition to th2 melt of strcng reducing agents (Mg, Na,

K, and others), since they reduce the oxide film,
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To determine the flowability Japanese investigators [169]
investigated alloy samples with the following additives: Ag, Be,
Bi, Ca, Cd4, Co, Cr, Cu, In, X, Li, Mg, Mn, Mo, Na, Ni, Pb, Sb,
S5e, 31, Sn, Te, Ti, Tl, and Zr. The specimens had the following
dimensions: a diameter of 3 mm, a height of 5 mm; they were
mounted on iron backlngs and were placed in an electric furnace at
a temperature of 680°C, where they were held for 2 min. In all
cases KF-54 flux was empioyed. It was established, that bismuth
most effectively increases the flowabillty of aluminum alloys.

The investligations show that the effect of alloying components
s on the flow of liquid aluminum i- intimately connected with their
effect on surface tenslon. In thls case, the additives, which
ralse the surface tension or dec not affect it, worsen the wetting
of steel by the aluminum. Those additives, which reduce the
surface tension ¢f a melt improve its flowability. For example,
the addition to aluminum of silicon, manganese, copper, zinc
practically do not have any effect on tﬁe flowablility of alumlnum
cver steel, since these additives have little effect on 1ts surface
tension. Whereas, the introduction of magneslum, lead, bismuth,
cadmium to aluminum to a signiflcant extent decrease ¢

{ “acnn
(Fig. 49a) and improves flowability (Fig. 49b} [28].
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Fig. 49. The effect of various additires on the
surface tension of aluminum a) and its 1low over
steel b). S - flow area; n - additive content.
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The flowabllity of a melt depends not only on the wetting and
the surface tension at the liquld-gas interface, but also on other
factors - the viscosity and the fluldity of the melt, the presence
on the melt surface of oxide films, oil spots, oxlides, roughness,
anc otuers,

2. The Effect of the Chemlcal
Composition of an Additilve
Material on the Propertles of a
Layer

As was noted, the interaction of aluminum with steel leads
under speciflic conditlons (temperature and time) to the formation
of intermetallic phases along the contact line.

At the present time several practical methods of calculating
the entropy of intermetallic jolnts are known: simple addition
of the entropy of the solid ccemponents, calculatlion ty the methods
of M. Karapet'yants and Vliner and by thé formula of Eastman and
iertz [2, 32, 65, 66]. The most accurate 1s the method of
calculating by Eastman's; the remainlng methods are elther
inaccurate (the sum of the entroples of the components, calculation

By Hertz' formula) or require knowledge of the values of cartain
coefficients, the determination of which for iron/alumlnum compounds

is not possible (calculatlion by the methods of Karapet'yants and
Viner).

Eastman's formula, which defines the varlation in the entropy
of a reactlon, has the form

Siog = g— RinAe + Kinwg, -«%R InT,,+aldxc'zpad-2-em), (40)

where Acp - the average atomic welight, 1.e., molecular welght,
relative to the number of atoms iIn a molecule of the compound;
ch - average atomle volume, l.e., average atomlc welght of a
compound, relative to its dersity; a - constant, equal to 12.5 + 2
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(for related substances the fluctuation range of value a is less);

T
nn

- absolute melting point of the compound.

The data, necessary for calculating entropy by Eastman's
formula {Table 11), were obtained from works [147, 168].

Table 11. Certain data on the compounds of the Al-Fe system.
McleculariNo. of Aelting point
welight of|atoms

Compound | compound, |in the AC s VC A
g-mcle mole- -agon 3 P Centigrade|Kelvin

cule |B ‘fem”/g~atom

peAl3 136.76 Yy 34,10 8.65 1160 1433

F92A15 246.55 7 34.22 8.6 1173 1446

FeAl2 109.79 3 36.6 8.4 1158 1431

FeAl 82,82 2 41.81 7.77 1103 1376

The calculated values of the
s of the data of Table

on the basi
[136].
Table 12.

Calculated values

of entropy 8298 and
heat of formation AH

of the
0]

298’

0 0

g -AH

298° 298°
Compound J/g~moleld/mole

[32, 771

FeAl, 22.76 26,800
Fe,Al, [39.69 46,200
FeA12 17.46 1,950
FeAl 12.12 12,200

intermetallic compounds obtained
5 are presented in Table 12

The variation in the Gibbs
free energy of the reactlons was
computed up to a temnerature of
933K (the melting point of
aluminum) by formula

_\7'{ = AH:Q:_TAS.;‘PS ’ (ul)

where A5298 - the variatiocn in
the entropy of the reaction.

At a temperature higher

than 933°K computation was carried out in accordance with the
following dependence

AZ? = 3704220, (L2)
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reduced.

Table 13.

In calculating the values of AS

where Aznn = the varilation in the Gibbs free energy of the
reaction, taking into account the increase in chemical activity
of aluminum in the liquid state.

0

29 the values of the

g and az°
nn

entropy of iron and azluminum were taken to be equal to, respectively
27.16 and 28.33 J/g-mole, and the heat of fusion of aluminum -

10.46 J/mole [77] (Table 13 and Fig. 50).
at the initial moment of the interaction of aluminum with the iron
the formation of phases, rich in the low-melting component, 1s

As follows from Fig. 50,

rast probable; with an increase in temperature the difference of
the magnitudes of Gibbs free energy of the formed phases is

Results of the thermodynamlc
calculations for the intermetallic phases
of an iron-aluminum system in calculating
for one atom of iron.

Magnitude of Gibbs‘free energy,
Compound J/mole at temperature, °K

up to 933 above 933
FeAl3 -26,800+ 4,04 T{-34,3004+ 12.08 T
Fe,Alg  |-23,100+ 3.56 T|~29,350+ 10.27 T
FeAl2 ~19,500+ 2.57 T -24,500+ 7.93 T
FelAl -12,700 + 1,14 Tia14,700+ 3.82 7T

-1

F fe AL —
==
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Flg. 50. The temperature
dependence of Glbbs free

erergy 44 of intermetalliec
phases in FeAl aud FeS1 systems,

iﬂﬂ

a0c

1
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it 1s known, that in alloys
vased on transition metals
ailoylng electropositive
elements, for example, aluminum,

zlne, give up part of their valence electrons to transition
element atoms, which can f1ll its incom—lete 3d-subshell [36, i011].
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In this case, the atoms of the alloying element become more
electropositive with respect to the atoms (or ions) of the
transition element, which leads to the appearance in the alloy of
an ionic (along with a metallic) component of forces of the
interatomic bond. In proportion to the increase in the content of
alloying element Iin the alloy the completeness of the 3d-subshell
of the transition element 1s increased,; and the fraction of the
lonic component of forces of the bond simultaneously increases,
l1.e., the strength of the chemlical bond of heterogeneous atoms

in the alloy lattice and, consequently, 1ts stability. Thus, on
the basis of the data on the completeness of the 3d-subshell of
transition element atoms 1t is possible to get an 1dea of the
strength of the forces of the bond in the lattice of the inter-
metallic compound, i.e., about its thermodynamic stability.

One of the basic Indications of the completeness ¢of the
3d-subshell of transition element atoms ;s the displacement of
the K abscrption edge of the element in the shortwave direction -
the decrease in the index of asymmetry of certaln spectral K lines
of this element, determined by employing X-ray spectral analysis
[101]. S. A. Nemnonov and K. M, Kolobova [102] established,
that for liron-aluminum and iron-zinec alloys with an aluminum and
zine ccacentration of up to 75 at. % the dependence of the decrease
in the index of asymmetry of the XK line on the content and the
valence of these elements in the alloy 1s expressed by the
following formula:

ﬂcgsa=a!-‘e‘—km, ( u3)

where &mpy ~ the index of asymmetry of the Ka line of the iron
1
in the alloy; Ape ~ the index of asymmetry of the Ka line in

1
pure iron, equa:r to 1.52 + 0.02; n - tne valence of the alloying

element, equal for aluminum to 33 ¢ - the concentrction ol alloyling
element; k - the proportionality factor, equal to 1.51-10_3.
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In accordance with formula (43) with an increase in the
conteat of aluminum in an alloy the index of asymmetry of the
Kal line of the lron decreases continuously; an alloy of the FeAl3
type has its least magnitude. The latter attests to the fact,
that the stability of intermetallic iron/aluminum compounds
actually increases 1n proportion to the increase of the aluminum
content in them and 1t is greatest for the compound FeA13. The
correctness of the thermodynamic calculations which have been
carried out is confirmed by this.

It is evident from Flg. 50,that with an increase in tempera-
ture only the degree of chemical affinity of the iron and aluminum
atoms varies {decreases); the relative stability of the inter-
metalliec compounds remalns the same. This means, that with an

increase in temperature the phase state of the diffusion layer
does not vary.

The thermodynamic calculations alsc make it possible to
conclude, that the alloying of aluminum, for example wilth silicen,
can inhinit and even suppress the formation in the intermetallic
layer of phases of the FenAlm type and lead to the appearance of
iron-silicon or ternary iron-aluminum-silicon phases (Fig. 50,
the straight line is FeSi). Thus, one of the radiezl methods for
affecting the structure and the properties of intermetallic phases,
and consequently, alsc the strength of steel/aluminum welded joints
is the alloying of the bath with various additives.

In s2lecting the additives, 1t was taken into account, that
the meore complex is the composition and the structure of the evolved
phases and the more they differ from the composition and the
structure of the initial seclutlion, the slower, as a rule, the
diffusion processes occur [24]. The experiments to explain the
effect of additlives of varlous elements on the form of the

evolution of the FenAlm phase during argon-arc deposition of
aluminum on zinc-galvanlzed steel, preceded the selection of the
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: additives., In the czourse of these 1nvestigations the possibllity

of varylng the quantlity, the form and the nature of the arrangement '
] of the Intermetallic phases was established.

; The effect of additlves of various metals introduced into

% the weld pool on thelr interaction mechanism with so0lid steel
and the structure of the Joint zone formed In thls case has been
little studled. The available published data pertain to the

production of bimetalllc aluminum cast alloys - steels or pig-iron
castings. .
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It was established by the works of P. Stroup and G. Pardl
[681, D. Gittings, I. Mack and D. Rowland [196], K. I. Vashchenko
and others [30, 31, 228], that silicon,beryllium and other elements
have an effect on the thlckness of the transition layer. Cast
aluminum alloys were subjected to an investigation, and 1n this

case varlous data were obtalned on the effect of certaln elements,
for example zlnc.
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In a study

of the effect of the composition of welding

wires on the properties and the dimensions of the intermediate

intermetallic layer both standard welding wires of

brands AK, AMg5, AMg6 as well as experimental welding wlires were

tested. Argon-arc welding wlth a nonconsumable electrode on an

ADSV-2 automatic welder was employed to obtaln stable and comparable
results. The reglmes of the automatic argon-arce welding and the
data or the testing of steel/aluminum jolnts, carried out 1in two
ways, employling standard welding wires (also including ADi wire)
are presented in Table 14. As 1is evident from “‘uc table, the )

-l

employment of standard weldlng wires, with .he excertfon of b:and

AK, does not ensure the obtalnment of welded joints with sufficlent
strength.

E
|
|
|
E

For the purpose of 1lncreasing the strength characterlsties
of steel/aluminum jolnts the effect of the followlng alloying
elements, Introduced into the seam via the welding wire, was

: Investigated: silicon (to 8%), copper (to 5%), zinc (to 15%),

] nickel ‘to 3%) and beryliium (1.6%).

-

The selectlon of the alleying
elements withln the Indlicated limits 1s due to the possibllity of

T N - <o e,
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obtaining composite welding wire, making 1t possible to carry out
welding on automatic weldars.

Table 14, Regimes of argon-arc welding of composite joints.

Welding regimes
‘: -
Combination £ o - 3
of metals £ g Ak o Nature of
Leing 9 o o | g - E failure
welded © © ~
1] e + =} O =z
= - o = G o
A< Ea) Q o~ o]
[3) kot £ o o
o — 3 ~ol Ao -
Z O 3 oSN ] oM\ * o
E = & =E|=EE o
AMg6-St. 3 |6 + 6} AMgb 22015.4 30 - The seam
resulted in
a c¢rack
along the
transition
line to
steel during
the welding
process
AMgb-St. 3 |6 + 6| AMg5V, g2.5}220(5.4 | 28 The same
AMgb-St. 3 |6 + 6]AK, @2.5 22015.6 | 28 [11.2-22.3{In certaln
22.0 seams there
are micro-
cracks
AMg5V-St. 3|5 + 5{AK, g2.5 220{6.2 | 28 |12.0-21.3 -
21.0
AMghV-St. 3|5 + 5{AD1, @3 200:6.2 28 9.3-10.7 -
9.

¥Average value of flve tests.

The wires were manufactured on a laboratory device by the
method of drawing from a melt of brand AVOQ aluminum [60]. Afte.
extractlorn the wires were first fested by manual argon-arc welding,
and were then drawn on a wire drawlng machine to obtain the
required diameter. A total of 13 experimental wires were manu-
factured. The data on the chemlcal and spectral analyses of the
experimental wires (AV0OO base) are presented in Table 15 (the
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wire, containing 1.6-1.9 Be is not included in the table). Plane
specimens were cut from welded plates for tensile testing; sections
were manufactured for micru- and macrotesting, corrosion testing, i
ete. Metallographlc investigations showed, that the Introduction
of the 1Indicated additives into the weld pool can cause a sharp
varlation iIn the form of the layer of formed Intermetallic

compounds.

Table 15. Data of the chemiecal analysi:t of the

Investigated wires, :

RpERiEnEs] Content of elements, %

wire QumbSr s1 Cu N1 Zn Pe
1 Traces races - 2.0 0.2
2 " " - 7.0 0.2
3 " " ~ 10.2 0.2
by " " - 13.2-15.0]0.25
5 i.1-1.22 it _— Traces 0.12
& 2.11-2.33 It - " ‘ 0.18
7 2.8-3.5 " - " 0.10
8 3.7-4.5 " - i 0.20
9 5.0 " - " 0.20
10 6.2 " - " 0.10
11 7.0 " - ¥ 0.10
12 7.8-8.0 " - " 0.19
13 Traces 1.2-1.45 - " 0.1¢C
14 " 2.5-2.8 - " 0.1v
15 i 5.1 - " 0.10
16 " Traces 1.0 n 0.10 .
17 " " 2.9~3.2 " 0.10
18 " " l2.9—3.2 N 0.10

Note. All wires contaln hundredths of a percent
of magnesium.

Silicon. The results of the investligation of the effect of
silicor are illustrated by Flg. 51 and Fig. 52, a-d, from which it
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i :—:oppgf'n is evidert, that slilicon in
o- nickel -
% Ftﬂf amounts of 1-8% has a considerable
effect cn the thilckness of the
Z
L~ intermetallic layer. The wildth
[] T of the layer varies from 18-20 um
r/r + " laken” upon the introduction of 1%
% F & M i%

Fig. 51. The dependence cof silicon up to 3-5 um when its

the thickness of the inter- content is 4-4.5%. A subsequent
metallic layer § of a

stesllolianinnn Welaea Joink increase in silicon content {(up
on the content of B alloying to 8%) 1ncreases the width of the
elements In the wire. layer up to 10-15 um, which
subsequently remains practically
constant. This type of effect of sllicon, which leads to a
decrease 1In the thickness of the layer by three-four times 1is
confirmed by published data, pertalning to the production of

bimetallic castings [86, 87, 1897.

The silicon, contained in a weld péol, very Intensely retards
the diffusion of aluminum, as a result of which the layer elther
does not form, or its formation is inhibited. Apparently, such &
conslderable reduction in the magnitude and the rate of formation
of the transition layer can be explained by the reducticon in the
coefficient of aluminum diffusion as a consequence of the formation
of the solid sclution and the chemical compounds of silicon with
iren.

Copper. The effect of the addition of copper was studled
when it was introduced in amounts of up to 5%. The results of the
investligatlion of the effect of copper on the thlckness of the
intermetaliic layer are presenfed in Figs. 51 and 52. Copper,
inroduced into welding wire in small quantities (up to 2.5%),
reduces the thickness of this layer from 23-30 pm to 10-12 um,
J.e., almost by 2.5 times. The further addition of copper does

not lead to a significant change in the dimensions of the inter-
metallic layer: at 5% the thickness of the layer is 12-15 um.




Flg. 52. Microstructure
of the transition layer
(x150), obtained in the
welding of St. 3 steel
with AMg5V alloy employ-
ing additives containing
a) 2% 81; b) 5% Si; ¢)
8% s1; d) 1% Cu; e) 5%
Cu; f) 1.6% Be.

In view of the faect,

that with the introduction
of the indicated amounts
of copper the thickness

of the layer is greater,
than with the introduction
of silicon, the strength
of the compounds in this
case can be as high as
18-25 daN/mm°.
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The introduction of
copper does not reduce
the microhardness of the
transition layer.

GRS e

Nickel. The intro-
duction of nickel in an
amount of up to 1% Qid
not cause a variation in

: the thickness of the ’
a intermetallic layer
4 (Fig. 53, d and f [sic]) .

i

#

within the 1limits of

16-22 uym and also
practically did not vary the microhardness of the layer (Fig. 54)

s
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Fig. 53. Micro-
e structure of the
y transition layer
(x150), obtained in
the welding of St. 3
steel with AMghV alloy
employing additiives
! containing: a) 2%
Zn; b) 7% Zn; ¢) 10%
Zn; d) 1% Ni; e) 3%
Ni.
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Fig. 54. Microhardnesses of the tran-
sition layvers of a steel/aluminum joint
during alloying with various elements.
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Beryllium. The Introduction of beryllium in an amount of up
to 1% [68] also did not change the thickness and the microhardness
of the Intermetalllce layer.

Zinc. The effect of the addltion of zlnec was investigated
when 1ts content in the welding wire was as high as 15%, since
wlth a large content o. zine it was not possible after drawing

to obtain a sufficlent quantity of wire for autcmatle welding due
to 1lts brittleness.

The dependence of transition layer thickness on zinc content
1s 11lustrated by Filgs. 51 and 53a, b, and ¢, from whlch 1t 1is
evident, that zinc has a distlnctive effect on the intermetallide
layer. TFor example, upon Increasing the zinc content up to
approximately 7% the thickness of the layer is reduced from 28-30
um to 10-12 pm, and then increuses with the appearance 1in the
joint zone of a large quantity of 1nclusions, having the form of
"flakes" (Fig. 53b). The absence of a clearly defilned inter-
metallic layer (a zinc content of 10 and 15%), 1s characteristic
here, which is accompanied by a sharp drop in jolnt strength.

The 1Indlcated regularitles of the wvarlation in the transltion
layer under the effect of zinc can be explalned by the fact,
that aluminum-zinc alloys are distinguished by lncreased reactivity
wlth respect to iron [30, 68, 228]. As a result of this the inter-
metallic layer which 1s formed dissolves intensely in the weld pool.
Under specific temperature-time conditions the rate of dlssolving of
intermetalllides 1s equal to thelr formation rate. 1In this case the
layer 1is clearly expressed and its thlckness can he mewsured rather
accurately. A further increase 1n zinc content cr.ates those types
of condltions, when the rate of dissolving begins to predominate
over the rate of formation of the intermetallic diffusion layer. Its
density 1s considerably reduced; a large quantity of intermetallides,
vhich are completely or partially dissclved, 1s observed on the
microsections (Fig. 53b, c¢), which also leads to a sharp drop in joint




strength [53]. The effect of zinc and the microhardness of the
transition layer of a St. 3 steel-AMghV alloy Joint is interesting.

4 If the average magnitude of microhardness {see Fig. 54) is
reduced comparatively slightly (645-775 daN/mmz), then the strength
during tensile testing is at first sharply increased, attaining

a maximum value of 27-34 daN/mm2 with a zinc content of about 7%,

1 . and then decreases and with a zinc content of 12-15% can be as low

4 z as 5-8 daN/mme, which agrees with the data of zinc-galvanlzing
1 [1571.

The effect of rare-earth elements was studied by introducing

mischmetal inte wire. The rare-~earth elements have a favorable

|
{
|
|
i

effect, when their content is less than 0.2%.

On the basls of the data Bbtained in a study of the effect
‘ of the chemical composition of addifive material on the propert:
; of the layer and the strength of a steel/aluminum joint an optimum
composition of the welding layer was proposed for welding St. 3
: brand galvanized steel with ailuminum alloys: 5-8% Zn; 3-5% Si;
?- 2-2.5% Cu; Al - the remainder.

The data, obtalined by metallographiec methods, and also by
measuring micrchardness 1llustrate the signlilicant change 1in the
E width of the layer and indicate the variaticon in its composition.
This is insufficient to explain the structure of the intermetailic
layer and its compositicn.

We made an attempt to study the structure of the layer, by
employing very high magnifications on an UZM-100 electron
microscope. There are no published recommendations on a method
for obtalning replicas from any palrs of bimetals. For the
investigation of microstructure replicas were prepared by the
methods described in works [52, 89, 3] with respect to homogeneous

metals.,
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Figure 55a presents the boundary of the transition from steel
to the intermetallic layer during alloying of the pool with .
silicon, and Flg. 55b - with alloying with copper. As 1s evident,

the intermetallic layer does not differ in external appearance 1n
both cases.

P g e b ¢

Fiy. 55. Transition boundary from the steel to the intermetallic

layer in the alloying of a pool: a) additive of 4% silicon
(x6500); b) additive of 1% copper (x15,000),

Thus, methods of metallographic analysis and electron micro-
scope analysls do not make 1t possilble to detect any difference
in the structure of the transition layer, which has the appearance
of a single layer, frequently interrupted, in the form of a number
of Inclusions, the relief of which 1s different from the relief
of the base metal and the seam metal.

The attempt to employ the microhardness method for 1dentifying
phases in a seam layer did not lead to positive resulfs, since,
flrst, in measuring the mierohardness of phase standards of a Fe-Al
system a large spread of values was obhserved and, secondly the
microhardness of The phases, constituting the seam layer, could not
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always be measured with the required accuracy Jdue to the small

thickness of the layer (1-2 um). Thus, for studying the composition

of layers in iron/aluminum seams, and also in these same seams with {
their alloying with other metals (Zn, Mg, Cu, Si, Be) and for
determining ways to increase Joint strength X-ray phase analysis
and micro-X-ray spectroanalysis were employed.

3. Phase Composition of Steel/
Aluminum Seams

X-ray Investigation Method

The method of X-ray phase analysis was employed as the mailn
method for Investigating the phase composition of iron/aluminum
seams. For the X-ray structural analysis of a metal, isola%ted
from an intermetalliec layer, the powder method was also employed.
The powder for the making of X-ray photographs was obtained either
by the mechanical method, or by the chemical method - the method
of electrochemical dissolving of a metal. In this case, electro-
lytes were employed, the compositions of which are cited in
literature [83, 117].

For isolating intermetallides cof the FenAlm type a method
(the author was G. P. Manzheley) was developed, based on the
chemical dissolving of seam metal in a 10% alcohol solution of
iodine in methanol. Unifcrm dissolving of the given section of
the specimen metal surface takes place in this medium; the netal
obtained from the section was washed free of the solvent by
methyl aleohol in a centrifuge; 1t was dried in a carbon dioxide
medium and then subjected to X-ray structural analysis.

Results of Investigations

Many opinions have been expressed relative to the phase makeup
of an intermetallic layer. Thus, for example, G. A. Bel'chuk [15]
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assumes, that the FeAl3 phase is formed 1in a layer, however these
data are not confirmed by direct experiments.

The most developed fusion layers are obtained during prolonged
interaction of aluminum with steel. The authors of works [144,
210, 2361 showed, that the layer consists of two zones: a thin
layer, adjacent to the aluminum, and a thick layer, growing within
the iron. It was established by these investigations, that both
zones of the layer have an identical composition - the intermetallic
compound FeAl3 and Fe2A15. At the same time, other investligators
[198] by means of metallographie investigations and measurement

of microhardness detected Fe2A1q and AluC3 phases in the layer [21].

The contradictory results obtalned by investigaztors concerning
the phase composition of the diffusion layer are explained by the
difficulty in studying fine diffusion layers, by the absence of
complete and reliable data on the crystalline structure and
properties of the intermetallic phases 6f the iron-aluminum system,
by vae low symmetry of the crystal lattices of these phases,
especlally with a high content of aluminum.

To study the phase composition of iron/aluminum seam layers,
obtairnad by argon-arc welding, specimens of alumlinum~steel
compounds were prepared with a different type of preparation for
welding, and also by the Introduction of alloylng additives.
These seams were arbltrarlily broken down into four grcups.

Seams, made by the argon-arc der~<ition on a plate of St. 3
steel {(or 1Kh18N9T steel) with a welding wire of AD1 pure aluminum
(Fig. 56a), were included in the first group. The deposition
formed in thils caese is readily separated from the base metal; in
this case fallure occurs along the brittle intermetallic layer.
The phase ccomposition of this group of seams was studied on 15
specimens. The powders, obtalned by the successive removal of the
deposition layers (samples) with a fine file, beginning with the
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surface, from which it was spontaneously separated from the steel
plate, into the depth of the deposition, were subjJected to X-ray
analysis.

The second group consists of seams, n .
obtalned by the welding of galvanlized steel ,
{without edge preparation) - plate with 'EZ:I::?-b)
pure aluminum (Fig. 56b). These seams E> ). o)
{investigation was carried out on 18 speci- an_ jAe
mens) had insufficient strength, equal to EE > E8h)

Fig. 56. Diagrams
of the alloying of
possible to separate them into iron and welded seams.

the strength of pure alumlnum, and it was

aluminum parts. For the X-ray analysis
metal layers were removed from the seam surface (intermediate
layer) both from the aluminum, as well as from the 1lron with a file.

The third group {22 specimens were investigated) consists of
the strongest and the most perfect Jjolnts, obtained by the welding
of aluminized 1Kh18NOT steel with AMg6 alloy. A diagram of this
type of seam is represented in Fig. 56c¢c. With regard to the
strength of the seams of this group it was not possible to separate
the aluminum and iron parts; the layers of metal, removed with a
file successively from the aluminum to the iron, for the purpose
o’ recovering the intermetallic iron-aluminum phases in the
transition through the seam, were subjected to X-ray analysis,

Iron/aluminum seams alloye . with other metals (Zn, Mg, Si,
Cu, and Be) were included ir the fourth group.

The alloying of the seams was carried out in three different
ways {(Fig. 56d): a) the iron (3t. 3 steel) was gaivanized with a
layer of zinc with a thickness of 35-45 um; b) for the welding
aluminum, alloyed with magnesium - AMg5V alloy (Al + 5% Mg) was

employed; c) the aluminum welding wire was alloyed with zine (15;
10; 7 and 2%), with silicon (8; 5; 3 and 1%), with copper (2.5 and
12 and with berylliun (1%).




As follows from the alloying diagram, in the preparation of
the fourth group of seams only the composition of the welding wire
was varied (subsequently, for seams of this group only the alloying
of the aluminum welding wire is indicated).

Investigation of the phase composition was carried out on
two specimens for each composition of welding wire. The seams
were separated along the intermetallic layer and, as in the
investigation of the phase composlition of seams of the second
group, layers of metal were removed from the surface of the
intermetallic layer of the iron and the aluminum and these were
sublJected to X-ray analysis.

Precision measuremenis of the lattice constants of phases in
the seams were carried out along line 211 a (for iron), 311 a and
222 a (for aluminum) and along lines 103 &, 110 o and 004 a (for
(zine).

For a microstructural investigation of iron/aluminum seams
sections of the seams were prepare” perpendicular t. the plane of
tre Intermetallic layer and they were prccessed in a corresponding
manner,

X-ray analysis [172] of the phase composition of seams of the
first, second, and third groups indicates that in all specimens
of each group of seams the sequence of the varilation in the phase
composition of the removed lavers of metal was ldertical. The
investigational data of the phase composition of typical seams of
the first, second, and third groups are presented in Table 16.
(The ordinal number of the sample reflects the sequence of the
removal of the metal layers.) The phase composition of the seams
of the fourth group are more diverse and depends on the qualitative
(and quantitative) composition of the welding wire. Thus, on the
X-ray photographs of samples of seams, alloyed with zine (which
contain zine in the aluminum welding wire as an alloy additive),
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besides the lines of a-iron and aluminum,zine and FeAl3 lines are
observed (Table 17). In other seams (Table 18) of this group,
besides Fe, Al, and Zn, FeZn7 (in seams, alloyed with silicon)
FeZn7 and traces cof FeA13, in the alloying of seams with qopper) l
and traces of FeAl3 {in seams, alloyed with beryllium) were also }

detected.

Table 16. Phase composition of samples of three groups of seams.

. S ; .

) ﬂ 3 :23 ofggirst Seam of second group Ssar of third i
ag |Broup - group ‘from Al i
SE |aluninun ge- to Al to Fe to Fe)

0 E position)
:
Fe2A15 Al + F82A15 Pe + Al + Fe2A15 Al '
Fe2Al5 Al + Fe2ﬁ.15 Fe + Fe2A15 + Al Al
{traces)
3 Fe2Al5 + FeAl3 Al + Fe2Al5 Fe + Fe2A15 Al
{traces)
+ + Fe
4 1Fe,Alg + Fehl, Al Fe + Fé,Al, Al + Fe,Al,
(traces) {traces)
5 Felhl. + Fe.Al Al Fe Fe 4+ Al + Fe Al
3 275 (traces) 2775
6 FeA13 + Al + A1 Fe Fe + Fe2A15
+ Fe2A15 (traces)
(traces)
T FeAl3 + Al Al Fe Fe
8 FeAl3 + 41 Al Fe Fe
9 Al + FeAl, Al Fe Fe
10 Al + FeAl3 Al Fe -

The lattice constant of the a-phase in welded seams increases
with an increase in the aluminum content percent in “"hem, which
agrees well with the dimenslons of the atoms {the atomlc radius
of iron 1s equal to 1.26 K, aluminum - 1.43 & [22, 168]). It is
Interesting to note, that the lattlce constant of FeAl 1s less than
the lattice constant of the a-phase, which contalns the maximum
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Table 17. Phase composition of seams alloyed with zinc.
Sam- |Seams, alloyed Seams, alloyed with Zn (to Al)
ple |with Zn (to
No. Fe) 15% Zn 10% Zn 2% In
1 e + Zn + Al Al + Zn [Al + Zn + F‘eAl3 Al + Zn + FeAl?
(traces) :
2 Fe + Zn Al + Zn Al + Zn + FeAl3 Al + Zn + FeAl3
(traces) (traces)
3 Fe + Zn Al + Zn |41 + Zn + FeAl3 Al + 7Zn + FeAl3
(traces) (traces) (traces)
4 Fe Al + Zn [Al + Zn Al + Zn + FeAl3
(traces)
5 Fe Al + Zn [Al + Zn Al + Zn + FeAl3
(craces)
6 |Fe Al + 7n |Al + Zn Al + Zn (traces)
(traces)| (traces)
7 Fe Al + Zn |Al + Zn Al + Zn (traces)
(iraces)
5 Fe Al + Zn - Al + Zn
Table 18, Phase composition of seams, alloyed with Si, Cu, Be.
San-|Seams alloyed Seams alloyed with 31, Cu, Be (to Al)
ple |with Si, Cu,
No. |Be (to Fe) Si Cu Be
1 Fe + Zu + A1 |Al + Zn + FeZn7 Al + 7Zn 4+ Al + Z2n + FeA13
+ FeZn7 + FeAl3 (traces)
(traces)
2 Fe + Zn Al + Zn + FeZn7 Al + 7n + FeZn7 Al + Zn
(traces) + Al|’-:races) (traces)
(traces)
3 Fe + 7n Al + 7n + Fe?n7 Al + Zn Al + In
(traces) (traces)
it Fe Al + Zn A1 + Zn A1 + Zn
(traces)
5 Fu Al + Zn A1 + Zn Al + Zn
(traces) (traces) (trazes)
6 - Al + Zn Al Al
| (traces)
7 - Al Al Al
8. - Al - -




amount of aluminum, in spite of the fact, that the amount of the
Jatter in FeAl is greater, than in the a-phase. The anomalous
variation in lesttice constant is due, apparently, to the supplemental
interaction b~tween the heterogeneous atoms, arising after their
ordering.

7 Thus, the phase composition of the iayer between the iron
f and aluminum in welded seams can be most clearly traced in studying

seams of the first group. In metal samples, removed from the
deposition surface, on which it was separated from the steel plate,
X-ray analysis records a pure Fe2A15 phase. 1In deposition layers
more remote from the failed surface a mixture of phases is already

contained - first Fe2A15 + FeAl3 and then FeAl3 + Al.

X 9‘:“-'5-.’1’4' g alie

TR

| Thus, the sequence of phases in the deposition in moving away
§ from the surface, on which the failure of seams of this group

: occurred, into the depth of the deposition, can be represented as
e Fa

a-Fe - -92A15 + (FeA13) + Al.

The investigation of the phase composition of seams of the |
second group was carried out from thelr falilure surface both for ;
aluminun, as well as for iron. The sequence of phases 1in the

trancsition from steel to aluminum 1s as follows: a-Fe + Fe Al,

1.
2175
and In the metal layers, removed from the failed surfaze of the
seam both for the iron, as well as for the aluminum, always

contained the F‘e2A15 phase. !

% Only traces of Fe2A15 were detected in the high-quality seams
of the third group. On the vasis of these data 1t is possible to
conclude, that the low strength of tne iron/aluminum welded seans

§ is due to the appearance in them of the more brittle Fe2A15 phase in
5 the Fe-Al system; with a reduction in the amount of Fe2A15 in the
seams their strength is increased.
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The negative effect of the F92A15 phase on the strength of
iron/aluminum seams is further confirmed by the fact, that the
Fe2A15 phase was not detected in sufficiently strong seams of the
fourth group. The phase composition of seams of thls group is more
diverse. In seams, alloyed with zinc (15%), Fe, Al and Zn are
found and no intermetallic phases were cdetected. With a lesser
zinc content in the welding wire, besides Fe, Zn and Al,  the FeAl
phase appears. 1In seams, alloyed with other metals (Si, Cu, Be),
besides Al, Zn and Fe, iIntermetallic phas2s are also detected:
in alloying with silicon - the FeZn7 phase, in ailoying with
copper - small quantities of the FeZn7 phase and traces of FeA13,
and in seams, alloyed with beryllium, - traces of FeAl3 and
moreover FeZn7 and FeAl3 were found in the samples, removed from
tne surface with a file, on which Joint fallure occurred. Con-~
sequentiy, the formation of these phases in seams also negatively
affects the strength of the seams, but to a lesser extent, than
with the appearance of the Fe2A15 phase. The seams, alloyed with
Zn (15%; in which no intermetallic phases were detected, were the
strongest.

3

Since in a high-quality welded joint the thickness of the
intermetallic layer does not exceed a few mlcrons, then the
determination of its chemical composition is made difficult. 1In
connection with thls, to study the distribution of elements and
to determine the phase composition of the fusion zone of aluminum
with steel the method of miecro-X-ray spectral analysis [micro-
radiography] was employed.

4, Distribution of Elements in
the Fuslion Zone in the Welding of
Aluminum with Steel

An investigation of the distribution of elements in the
fusion zone and a determination of the chemlcal composition were
carried out on an electron microanalyzer manufactured by the
French firm "Cameca," and developed by R, Castaign [192]. The
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design and technical characteristics of this instrument are
deseribed in works [20, 97].

The mieroradiographic method [micro-X-ray spectral anralysis]
consists in the fact, that a beam of electrons 1is directed on the
section of the specimen being investigated - the electron probe,
the diameter of which can be varied within broad limits (the
minimum dimension of the probe 1s equal to 1 um). At the site
where the electrons hit the sample characteristic radiation of
the elements, making up the composition of the sample, is excited.
By decomposing the radiation into a spectrum with the aid of a
erystal analyzer, it 1s possible to qualitatively and quantitatively
determine the chemical composition of the mierc-volume being
irradiated {192, 214}. An additional attachment, a "Scanner" is
hooked up to the microanalyzer to obtain a photographic image of
E the qualitative distribution of the elements on the specimen
: surface with a resolving power of approximately 1 pm.

The 1image 1s obtalned in the fcllowing manner. The specimen
surface section being analyzed 1is moved in two mutually perpendicu-
lar directions so that the electron beam line affter line passes
over the section being analyzed. Potentiometers of the continu-
ously rotating type supply 1 periodic sawtooth voltage, employed
to move the specg@en and the spot on the oscilloscope screen.

These two motions are very accurately synchronized and the
osclllioscope spot is modulated by a pulse signal coming from the
radiation counter. It 1s possiblie to set the sweep field employing
mechanical attachments at 100 < 100 um; 200 x 200 umj; 300 x 300 um.
Photographing is carried out with "Polaroid" camera with
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§ instantaneous development.

; Variation in the quantitative compozitior can be ascertalned
1 in acecordance with the variation in the intensity of the

E spectral line of a given element. However, the presence of the

atoms of other elements i1 the specimen and other factors has an
effect on this intensity, and the taking into account of these
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factors is frequently rather difficult.

Various methods for introducing corrections have been proposed
to obtain more accurate quantitative data [210, 214]. The simplest
of these is the standardizing method [96, 97]. For :his it is
necessary to select standard alloys, the basie requirement imposed
on which - is a good degree of homogenization <hecked on the
micro-probe.

Having measured the intensity of the characteristic line of
element A in standard JA and the intensity of the same line in the
pure element J{A{’ graphs of CA% - JA/J|A| 100 are plotted, where -

CA should be determined by the chemical method or by another
method.

In this work the graphs of such dependences were plotted to
determine the concentration of alumi-um and silicon in the iron
with an accelerating voltage of 16.5 kV and a probe current of
0.045-0.05 A (Fig. 57). For this a number of alloys were
prepared by fusing a compressed mixture of powders of especially
pure iron carbonyl (99.98% Fe, the remainder is C, Ni) and AV000
brand aluminum (99.99% Al, the remainder is Fe, 81, Cu) in an
electric arc furnace in a helium atmosphere. These alloys were
subsequently employed as standards for X-ray analyses, for
measuring microhardness, ete. The obtained ingots were sublected
to homogenizing annealing at a temperature cf 900°C over a period
of 36 h and then were quenched in water. Graphs of dependences,
simlilar to the graphs in Fig. 5%, for higher contents of aluminum
in iron, were rht plotted. In thls case the concentration of
iron was deterusined, and the aluninum was determined from the
dif{ference after having taken into account the percent content

of other alloying elements. 1In all of the measurements the
diameter of the probe was 1-3 um [1237.
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.idf -:?‘ Fig. 57. Graduated curves far determining the
tu : . content in iron of: a) aluminum; b) silicon.
g 7 i
,/{ Three characteristic types of steel/
4 w5l aluminum welded specinens, cut from the alumi-
Vs L~
*/f,«-""# num-to-steel transition zone were investigated:
o [ 8 ALLacT,
ng! = P 1) a St. 3 galvanized steel (the thickness
s L of the galvanized coaving was about 40 um) and
¥ o /frﬁﬂg_ AD1 brand aluminum Jcint. The seam was made
15 v 7 by automatic welding employing a double-
/7, . electrode arc;
e

10 )12 Siteck
B 2) a joint of the same St. 3 steel with
AMgbV alloy. The seam was made by argon-arc
welding on an ADSV-2 automatic welder emplcying welding wires,

containing pure AVO0O0 brand aluminum with additlves of 2 and 5%
silicon; '

3) a joint of aluminized 1Kh18N9T steel with AMg6 alioy. The
aluminizing was carried out in pure AV000 aluminum under the
following conditions: temperature of 780-820°C, and aluminizing
time :f 90-120 s. The seam was made by automatic argon-arc welding
emp oying standard AMg6 welding wire. In all cases the values of
heat input during welding were maintained constant.

The detection of the structure on the section was accomplished
by the method described above [104]. To eliminate the effect of
relief in Investigating the indicated sections on the mlecro-probe,
they were subjected to slight plckling for a period of 2-3 s,
and in certain cases {with a clearly observable zone), they were
not plckled. The sites being analyzed were first checked on a
PMT-3 instrument, as an example, Fig. 58 shows the microstructure
of the intermetallic layer on a csection, in which measurements of
the concentration of aluminum and iron were carried out. The layer
with traces of burning by the electron beam is clearly evident.
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Fig. 58. Mlcrostructure of the transitlion layer (x500):
a) galvanized St. 3 steel with AMgSV alloy; b) aluminized
1Kh18N9T steel with AMgf alloy.
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The curves of the distribution of aluminum, iron and zine in

the transition layer in a steel-pure aluminum joint are presented
in Fig. 59.

P

The curves illustrate the shtarp drop In concentration
2 in the transition from aluminum to the intermetallic layer and

from the intermetallic layer to the steel. The width of the
intermetallic hand i1s variable and fluctuates within the 1limits

T T ey e T

i of 5-20 um. As 1s eviden® from the graph, the content of iron in

]
the intermetallic layer 1s approximately H42-43%. It 1is necessary

& to note, that on the microstructure (Fig. 58) 2 dark narrow I
!

intermediate layer of insignificant width 1s observed with respect
to the steel,

In studying the zinc distribution it turned out, that the
F amount of zinc in the phase is uneven - closer to the steel (in .

the cited band) it ls greater and constitutes about 0.6-0.7%,

whereas 1n the transition layer - 0.3-0.4%. The higher content

of zinc in the region, adjacent to the steel, should be assumed
tentative, since the dlameter of the probe was somewhat greater

than the width of the dark band. It i1s also characteristice, that

3 the diffusion of aluminum into steel is almost absent. ;
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Al tac, | ""“1 | e The study of the effect of
Fr r 10
— A / silicon addlitives in the weld pool |
sy ” ' o on the composition and the dimen-
pr"*—' v sions of the intermetallic layer is l
i | of speclal I1terest. The fact i
80 - ¥, 20
Steal I A1uminum itself of the sharp decrease in the
] 19 thickness of the intermetallic layer
0 B is known [85, 1891, however,
| ! 1.0 various hypothesis exist concerning
|
20 i F— the nature of the effect of sillicon. |
| ; ™ Thus, D. I. Layner and A. G. Yemel'-
i . yanov [87) made a hypothesis
’ m_i:dﬁ [T 120 tmxe concerning the formaticn in this
Flg. 59. The dlstribution case of the complex ternary compound

of iron, aluminum and zinc . g
across the fusion zone in FexA1y81z’ g ot cChSFQUEnES The

the welding of St. 3 steel process of the formation of iron-
Yk prace Sl sk . aluminum phases (FeAlB) 1s made
difficult. X. Siguyasi, S. Merozuki,
and K. Akira [1447 deny the formation of new compounds w.:h

sillcon, by explaining the decrease in the layer by the intense

dissolving of iron.

Figure 60 shows the distribution curves of iron, aluminim
and silicon in welding with aluminum wire with 5% silicon. As 1is
evlident from the graph, the distribution of iron and aluminum
approximately corresponds to the graph 1In Fig. 59. Worthy of
note are the conslderably reduced dimensions of the transition
layer, the width of which in thls case 1s almost over the whole
extent of the joint 4-6 um; only at individual sites does it
attain 10 um and more.

The silicon content in the steel fluctuates within the limits
of 0.15-0.2%; in the intermetallic layer - 2.5-3%. The silicon
content in the aluminum - 0.4-0.5%. Moreover, a nonuniform
distribution of silicon was established 1n the seam metal: on the
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T " ! i grain boundaries - increased
:__:_: ‘ silicon content from 6 to 15%

wﬂ__" [ = ol as compared with the grain
O - body (0.4-0.5%). The sharper

segregation of silicon is

H -
” F,,f“"'_4:, connected with the presence of
L

magnesium ir the aluminum solid

80 IT) solution. It was not possible
Steel AL e to detect any characteristic
i L&) dependence of 2inc distribution
= in the transition layer, since
1 the dimensions of the regions,
20 enriched with zinc, are small
T s E “ . and have an "insular" nature.
PRI,
Sa 0
;ig. 60‘.?0 Thewdistria?)utiorala ‘c.)”f“m The distribution curves

iron, aluminum and silicon across of iron, nirkel, chromium and
the fusion zone in the welding of '
St. 3 steel with AMg5V alloy. aluminum in the transition

layer of an aluminized 1Kh18NQT
steel and AMg6 alloy joint are presented in Fig. 61. The width
of the layer in this case is 15-18 um. In the upper corner of the
diagram it 1s shown, how these elements are distributed in the
aluminum at a distance from the layer of up to 60 um. The maximum
content close to this layer does not exceed 0.3-0.4%; at a distance
of 50-60 um from the layer it reduces to hundredths of a percent.
Numerous measurements of the iron distribution in the layer showed
the nonuniformity of its distribution. Thus, for example, 1t was
established, that near the transition from the layer to the
aluminum the iron content 1s somewhat increased.

A photographic image (scanogram) of the element distribution
was obtalned for clear representation of the established regu-
larity in the iron distribution. A representation of the
photographed section is presented in Fig. 62. On the left - the
steel section (the lighter background), then comes the intermetallic
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fﬁg; i\ 1- band {the gray background), and
:2 ERT \i\\ - then - the seam metal, Lighter
il 3
" =g EE ‘“:;.._ coloring is observed on the
£ 1 —M £ 8, \ _:;_\_\"s.
: 88 ""ﬁi‘.i seam in the band, which with
20 T 0 |
= 4 ! @ o respect to the steel, indicates
] Distance from layer,
- h....;_J{J yn an increased content of iron
o L
< 00 in this region. At the same
-1 time sectlions of reduced iron
glﬂ ntenl St -1 content (the darkish "islets")
5 are evident in the layer. The |
' contrast of the transition from ‘
”—’_J the steel to the layer and from .
. the layer to the seam with !
J sharply expressed transition
¢ T R T R [ R 40 1
Distance, jim ' boundaries 1s clearly observed,
Fig. 61. Distribution of iron, : .
chromium, nickel and aluminum yiiph L fedtes: Saunsyeh
acress the fusion zone of variation in the concentration
aluminized 1Khl8n9T steel with .
_T E
AMg6 alloy. of iron content in the layer.

The observed gray spots in the
seam metal are sections with an Increased irecn content as compared
with the total iron content in the seam, which 1s connected with
the results of the subsequent (after aluminizing) argon-arc welding.

Fig. 62. Scanogram of the transition layer in
a 1Xh18N9T steel and AMg6 alloy Joint.

It follows from Fig. 61, that 38-43% iron !
is contained in the Intermetallic layer - on
the phase diagram respectively of the FeAl3 and
the Fe2A15 phase [33, 1687.
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To explain the effect of magnesium on the
nature of the formation of the transition zone
from aluminum to steel spectral analyses were
conducted o). the "Cameca"” device. In this case 1Kh18NOT stainless
steel was welded with speclal fused aluminum alloys, containing
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8% Mg (the sum of the remaining additives was not more than
0.1-0.2%). An analysis of the chemical composition of the inter-
metallic layer (its thickness was 20-25 mm) showed, that the

iron content in the layer fluctuates within the limits of 21-24%
(Fig. 63). It 1is characteristic, that magnesium (1-2%) takes part
in the formation of the intermetallic layer. Apparently, the
presence of magnesium atoms Instead of aluminum atoms in the
crystal lattice of one of the phases causes the appearance of
weak bonds, since magnesium 1s practically insoluble in iron.
Thus, wire of AMg6 alloys should not be employed as a filler.

fadec 3, + My dec, 5. The Effect of an
Wt — i [ Intermetallic Layer on
p —=My I o the Strength Propertles
o3| of Steel/Aluminum Joints

70 — =7

e S N G B
o Y i : An intermetallic layer formed as the
50 ——+ : 5

steel | | Il Atuminum result of the reactive diffusion of
40 ; 1 ——1 ¢ .
” ! 5 aluminum and iron has increased hardness
5 hj ; and brittleness, which negatively affects
o | Jd ; the strength of the layer. However, the
- _—

o i__i_ 0 strength of the layer to a considerable

W8 90 120 L mam
Fig. 63. The distri-
bution of iron and
magnesium across the
fusion zone.

extent also depends on 1ts thickness,.

The processing of data of numnerous
strength tests and a comparison of these
data with the microstructure of the transition layer madé it
possible to establish, that the strength of a welded aluminum
Joint and of 1ts alloys with steel is higher, the smaller 1s the
thickness of the layer of intermetallic compounds (Fig.64). This
1s explained by the fact,that in a layver with great thickness
pores form and considerable internal stresses arlse, sometimes
leading to the appearance of cracks. The appearance of 1nternal
stresses 1s due to the fact, that the fecrmation of intermetallic
compounds of an aluminum-iron system occurs with a considerable
increase in volume [210], thus, new layers of iIntermetallides,
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forming, for example, during aluminlzing, exert pressure on the
formed layers, which are in the solld state, which leads to the
appearance of stresses and cracks in the layer.

To determine the actual

Gy, dan/mm?
30 site of the failure of a steel/
2 7 2luminum joint (St. 3-AMgb and
Z; St. 1Kh18N9T-AMgb) experiments
10 G /2225 were conducted, 1n which the
specimen was not subjected to
P75 0 5 Grmm failure during tensile testing,

Fig. 64. The dependence of the 2nd the load was reduced after
strength of a steel/aluminum the appearance of the first

Joint on the thleckness of the i
intermetallic intermediate crack. A section was prepared

layer §. from the specimen. An investl-
gation of 1t showed, that the failure of the joint with a developed
width of intermetallic layer always oceurs not in c¢he aluminum,

but in the layer of the intermetallic compound (Fig. 65). Its
thickness can be as much as 20 um. An analogous phenomenon 1is

also observed in producing joints by brazing, for example, in
welding 1Kh18N9T steel with AMg6 alloy (in this case the thickness
of the thin intermetallic layers 1s as much as 2-3 um). The nature
of the failure was studled on a MKU-1 cinemicrographlic device on
specimens of special design. It was established, that 1in this

case the crack forms initially in the layer of the Ilntermetallic
vhase, and then, developing, frequently extends to the adjacent
boundary where the layer comes into contact with the steel and

the aluminum (Fig. 66).

In conducting investigations on an IMASh-5 device 1t was
ascertalned, that 1sothermic exposure at 500°C for a pericd of 5 h
causes layer separation in the contact zone of bimetallic samples,
for example, of an AMg6-St. 3 combination. With a subsequent
increase 1n exposure the process of layer separation progresses.
Apparently, this 1s cornected with the sharper difference in the
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Fig. 65. A cra

ék'afong an intermetallic

layer (the thickness of the layer 1s 20
um; thermal pilckliing - is at 200°, for

Sua)in

) . o o, N L R
Flg. 66. Falled specimen of
alumlnum-steel bimetal.

coefficlent of linear
expansion of the component
parts of the bimetal, than

in the St. 1Kh18N9T-AMgb

alloy joint. The difference
in the coefficlents of llnear
expanslon of metals belng
welded plays a large role 1n
the premature fallures of
Joints 1nvolving hcterogeneous
metals. Assumptions have

been macde [48], that the
difference 1n the coefficlents
of linear expansion of

rietals being welded should facllitate the development in the fusion

zone of the erystallizing phase and the accumulation of submlcro-

scople defects of the vacancy and dilslocatlon type.

Thus, the experiments confirmed, that the most dangerous sifte

in a welded steel/aluminum Joint is “he layer of the intermetallic

phasc. Thus, a decrease in the thickness of the intermetallic

layer or its total removal, and also a reducticn 1n 1ts hardnecs

148

s




ard brittleness should increase the strength properties of a welded
Joint.

As was Indicated at the beginning of this chapter, the alloying
of welding wire causes a variation in the thickness of the inter-
metallic layer and its microhardness. The strength properties of
steel/aluminum joints also change simultanecusly with this.

Graphs have been plotted (Fig. 67) on the basis of the data
of mechanical tests. The strength of a steel/aluminum joint
(St. 3-AMg5V alloy) with the employment of wire containing silicon,
can be as high as 22-29 daN/mmz. Butt specimens of the indicated
combination, as a rule, fail along the seam [138]. The strength
of a Joint, made with wire containing copper, can be as high as
18-~25 daN/mm2. The strength of a welded Joint, made with welding
wire containing zine¢, at first sharply increases, attaining a
maximum value of 27-34 daN/mm2 with a zinc content of about 7%,
and then decreases and with a zinc content of 12-15% can be as
high as 5-7 daN/mm2, which agrees with the data on zinc-galvanizing
[157]. The introduction of nickel in an amount c. up to 2%, as
was noted, dld not affect the variation in the thilckness of the
intermetallic layer and practically did not change the strength
of the steel/aluminum joint. Beryllium only insignificantly
increased the strength of a Joint with its addition to the wire
in an amount of up to 1% (Fig. 68a). The addition of rare-earth
elements (mischmetal) to welding wire in amounts of more than 0.4%
caused a drop in strength.
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and brittleness should increase the strength properties of a welded
Joint,

As was Indicated at the beginning of this chapter, the alloying
of welding wire causes a variation in the thickness of the inter-
metallic layer and its microhardness. The strength properties of
steel/aluminum Joints also change simultaneously with this.

Graphs have been plotted (Fig. 67) on the basis of the data
of mechanical tests. The strength of a steel/aluminum Joint
(St. 3-AMg5V alloy) with the employment of wire containing silicon,
can be as high as 22-29 daN/mmg. Butt speclimens of the indlcated
combination, as a rule, fail along the seam [138]. The strength
of a  Joint, made with wire containing copper, can be as high as
18-25 daN/mmg. The strength of a welded Jolnt, made with welding
wire containing zine, at first sharply increases, attaining a
maximum value of 27-34 daN/mm2 with a “inc zontent of about 7%,
and then decreases and with 2 zinc content of 12-15% can be as
high as 5-7 daN/mm?, which agrees with the data on =zinec-galvanizing
[157]. The introduction of nickel in an amount of up to 2%, as
was noted, did not affect the variation in the thickness of the
intermetallic layer and practically did not change the strength
of the steel/aluminum Joint. Beryllium cnly Insignificantly
increased the strength of a joint with 1ts addition to the wire
in an amount of up to 1% (Fig. 68a). The addition of rare-earth
elements (mischmetal) to welding wire 1in amounts of more than 0.4%
caused a drop in strength.
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Fig. 67. The dependence of the strength of a
welded joint on the content of alloying addi-
tives: a) silicon, b} copper, c¢) zine, d)
nickel.
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Fig. 68. Dependence of the strength of a welded
Joint on the centent of alloying additives in
welding wires: a) beryllium, b) mischmetal (1)
and chromium with mischmetal(2).
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CHAPTER V

DEVELOPMENT OF THE TECHNOLOGY FOR WELDING
ALUMINUM AND ITS ALLOYS TO STEELS

The technology for jeining the two steels St. 2 and Khl8N9T
to aluminum alloys differs in principle: preliminary galvanizing
of the steel surface 1is applied when jolning steel St. 3 with the
indicated alleys, and argon-arc welding is carried out either with
an aluminum-wire filler or with filling by special wires containing
alloying additives. To Joint stainless steel with the alloys the
steel is first calorized with aluminum AV000 with subsequent welding
with standard welding wires. In both cases it is necessary to
solve these problems: selection of the ratiocnal technology for
applying the coating on the steel surface and proper selection of
filler materials, and the problem of determining the effect of
grooving, the sequence and conditlons for manual and automatic

welding, and the strength properties of the joint.

l. Welding Low=~Carbon St. 3 Steel
to Aluminum Alloys

Welding of low-carbon steel St. 3 to the alloys AMts, AMg3,
AMg5V, and AMg6 can be done in thiee ways: a) welding zinc-coated
steel St. 3 to aluminum alloys with type AD1l aluminum used as the
filler metal; b) welding aluminum alloys to steel St. 3 which has
a galvanic coating, also using aluminum AD1l as the filler metal;
c) welding zinc-coated steel St. 3 to aluminum alloys with alloyed
welding wires used as the filler metal.



s ke

We will examine each procedure.
Welding of Zinc-Coated Steel

G. A. Bel'chuk [16], D. R. Andrews [183, 1841, and other
investigators [9, 122, 212] have carrled out major work on using
a zinc coating on steel and its subsequent welding to aluminum.

Investigation of the process ol argon-arc welding of A0 and Al
aluminum and the alloys AMts, AMg3, AMg5V, and AMgb to steel St. 3
was carrlied out with a metal thickness of 2-4 mm. It was establlshed
experimentally that a zinc layer up to 30-40 um thick is adequate for
both types of zinec plating (Fig. 69).

a joint between St. 3
and aluminum Al as a

function of the thick-
;/ff# ness of the zinc
¥ coating. ‘

28 44 60 120 drnm

4

G| T "“jﬁ; Fig. 69. Strength of
-
|

During study of the mlcrostructure of the transition layer
it was established that there is a transition layer 15-20 nm thick
between the surfaces of the steel and the aluminum; 1n certain
polnts there 1s local thickening up to 40-60 um. The hardness of
the layer comprises 1040, 960 daN/mmz. A sharp transition is
observed from the steel to the layer - & hardness jump; the
transition from the layer to the aluminum is smoother. A charac-
teristic of such a jolnt is the fact that the aluminum contains no
needles of intermetallic phases, such as are observed during buildup
of aluminum on steel. The transitlon layer 1s porous - has porous
arzas - which confirms the data obtalired by E. Gebhardt and
W. Obrowskil, as well as others [195-197], with analogous interaction.
There 1s a layer which is nonuniform in thickness and which is
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discontinuous. The thickness of the layer varies within the limits
20-50 ym. Layer mierchardness comprises 775, 850, 960 daN/mme;
the hardness of the steel is 184-19) daN/mm° and that of aluminum,

88-96 daN/mm°.

For the most part the evaluation of mechanical properties has
been carried out with respect to tensile strength, relative
elongation, and results from static bend tests. A standard bending
test for such jJoints is somewhat tentative, since bending occurs
along the aluminum portion of the specimens. During tensile
testing of specimens the load a% destruction corresponding to a
certaln weld cross section was determined. A weld between aluminum
and steel, together with bilateral reinforcement, comprised an
effective zone of joining. Relative elongation was measured with
respect to the aluminum portion of fhe specimen.

Since scattering oi values 1s observed during the tests,
no less than six measurements were carried out to construct a
single point on the curve.

Table 19 presents characteristic results of mechanical festing
of butt-Joined specimens without removsl of reinforcement of steel
St. 3 welded to the alloys AMg3M and AMg5V. Analyzing the results
presented in Table 19, we can note that welding of low-carbon steel
St. 3 with a galvanized zinc coating gives satisfactory strength
indices when AD]l wire is used as the filler material. However, the
stability of the results is low,; besldes thils, the Joint 1is
destroyed (in this case alcng the weld). Application of standard
wires containing magnesium (AMg5V, AMg6) does not ensure high joint
quality: destruction o¢ccurs, as a rule, along the coating.
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Table 19.

Results of mechanical tests of

butt-welded speclimens.

galvanized zinc
coating.
Experimental
filler wire.

Combination of Load at [Ultimate Bend Nature of
welded materials destruc-|strength,| angle, Joint
tion, N daN/mm2 deg destruction

Alloy AMg3M=St. 3 830-1170 |11.1-15.0 15-15 Failure along
with a galvanized 1005 12.2 12 the weld; in one
zinc coating 30-40 case along the
um thick. coating
Filler AD1.
Alloy AMg3M-St. 3 300-1315 3.6-16.2 10-12 Failure along
with a galvanized 608 10.0 10.6 {coating and
zinc coating 30-40 weld
um thick
Filler AMts
Alloy AMg3M-St. 3 175-550 2.3-5.9 0-5 Failure predom-
with a 30-40 um 370 4.h 2.0 inantly along
galvanized zinc the coating
coating.
Experimental filler
wire.
Alloy AMg3M-St. 3 740-J015 |14.0-20.7| 20-38 |[Failure along
with 4 um galvanized| 830 19.2 25 the base metal
coating and 30 um AMg3M and along
zinc coating. the near-weld
Filler wire AD1. zone
Alloy AMg3M=-St. 3 660-880 16.7-17.7 20-32 Failure along
with a 12 um 752 17.3 26 the aluminum-
galvanized nickel alloy base metall
coating and 30 um and over the
Zinc coating. coatings
Filler AD1
Alloy AMg6-St. 3 390-580 4,5-6.3 0=5 Failure along
with a 6 um B0 5.3 2. the coating
galvanic copper
coating and a 30 um
zine coating.
Filler - AMg6
Alloy AMg3M-5t. 3 845-1550 9.0-15.3 - Failure along
with a 30 um 1140 12.2 the coating.

In two cases
failure along
the weld and
the coating.
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Experiments carried out in welding of steel St. 3 covered with
a layer of zinc up to 30 um thick to A0 and Al aluminum (using
fillers AD1, AMcs, AMg5V) showed that pure aluminum welds well to
steel covered with zinc - with both galvanic and hot-immersion
coatings. The cbtained data coincide with the conclusions in works
[15, 221). During bend tests of both double and single welds of
such joints a bend angle up to 180° is obtalned. Bend testing of
such joints 1is somcwhat tentative, since bending occurs along the
aluminum portion of the specimens. During bend testing of specimens
with longitudinal arrangement of the welds the magnitude of bend
angle does not exceed 10-25°,

Tensile tests ~howed good adhesion of filler metal to the
steel base and substantial magnitudes of destructive forces. A
brittle layer 1s also formed in this case.

==y Experimgnts established that in
P"__F*_i order to cobtaln a layer of minimum
: thickness it is necessary to 1increase
! the welding speed. Figure 70 shows
%"" curves of layer thickness as a function
| f of the speed of manual argon-arc welding.

20 vt The application of very high welding
Fig. 70. Thickness of speeds is hampered due to incomplete
the intermetallic layer -
85 5 funciion of ‘Welds fucion and other defects. Tests of
ing speed. weided Jolnts made at the optimum speed

cabout 12 m/h) showed satisfactory
adhesion of filler metal to the steel base. The strength of such
Joints is comparatively small - around 9-10 daN/mmg; the bend angle

is substantial (along the aluminum portion of the specimen).

In the majority of tensile test cases the specimens failed

brittlely over the zinc coating; pores are frequently observed in
the fracture (Fig. 71). It follcws from the figure that the
strength of a Joint in this case 1s determined by the strength and
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quality of the jolning zinc 1nterlayer: on the majority of
specimens a characteristic "parting line" 1is visible over the
point of joining. The given data indicate that the application of
only a single zinc coating 1s inadequate to increase the strength

of the welded Joint.

Filg. 71. Fracture specimens of hot-
zinc-coated steel 3t. 3 welded to
alloy AMts.

Welding to Steel with Complex Coatings

Studies were also made of Joints between the aluminum alloys
AMts, AMg3, AMgbV, and AMgb with steel St. 3 with various combined
coatings. The jolnts were made by argon-arc welding. The thickness
of the tested materilial was 2-4 mm. Tests were made of welding the
indicated alloys to steel with galvanized coatings of copper, nickel,
lead, tin, brass, and also magneslum and aluminum; these coatings
were obtained by hot immersion [121, 122, 135]. Also tested were
specimens with combined nickel-copper-zinec, copper-zinc, nickel-
zlnc, siiver-zinc, and brass--zinc galvanized ccatlings. Aluminum




coated with chromium and nickel was aiso tested; such specimens
were then welded to steel. The preliminary experiments did not
give positive results.

When combined coatings are used (combination of stable and
unstable [coating]) the following i1s assumed: owing to the fact
tnat the melting temperature o7 Lie aluainum welding rod 1s higher
than the melting temperature of the zinc coating, durlng welding
the layers of zinc are substantlally overheated and float upward,
protecting the molten metal from oxidation. Aluminum interacts ‘
with the layer of silver underneath the zine, or with copper or j
some other sublayer, partlally dissolving it. Thanks to this good i
contact of the aluminum or its alloy and the sublayer 1s achieved. !

Coating thickness was varied within the 1limits 3-50 um for
galvanized coatings and up to 100-120 um for cocatings obtalned
by hot dipping. BResults of preliminary experiments Indicated that
the formation of a joint on the indicated types of coatlings 1s
possible at certaln thicknesses of them; hnwever, except for zine,
tin, and silver the strength propertles of the joints are extremely
low, since a brittle layer ccntaining intermetallic compounds 1is
also formed in this case.

. dansrrd
N Fig. 72. Strength of a
11 joint between alloy
AMg3M and steel St. 3
10 f;’ with a combined silver-

zine coating as a
function of the layer
cf silver.

0

16 20 30 4¢
Thickness of Ag
sublaser, um

Application of a combined silver-zinc coating facilitated an
increase in the strength of a joint between aluminum and steel;
however, the high strength indices (15-18 daN/mm®) will obtain only
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with a thickness 6 of the silver sublayer equal to 50 pm (Fig. 72);
this makes the application of a coating of this type 1n the
production of large parts or unlts eccnomically unfeasible,

The application of a comblned copper-zinc coating ylelded
satisfactory strength indices (Table 20).

Table 20. Results of mechanical tests of butt-welded specimens
(the steel has a galvanized coating).

Type of Coating oo daN/mm2 Bend Type of
cocating thick- angle, failure
ness, um deg
Silver 30-50 18.4-6.7 15-45 Failure along
11.2 the coating
Zine 30-40 15.0-11,1 12-18 |Failure along
12.5 the weld and
the coating
Combined:
first layer 20.7-14.6 12-22 |Failure over
copper and 2-6 18.7 the base metal,
second, zinc 30-40 weld, and
coating
Zinc# 40-60 15.6-10.2 20-25 |Faillure along
13.2 the weld
Brass To 20 15.3-9.0 10-25 |Fallure along
12.7 the base metal,
weld, and
coatling
Combined:
first layer 19.7-21.3 15-38
nickel and 2-6 19.2
second, zinc 30-40

*#Coating applied by hot dipping.
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As has been indicated, it was establlshed experimentally that
with subsequent zlnc coating a layer of zinc up to 30-40 um in
thickness 1is sufficient.

Pyrophosphate baths, whose composition is indicated 1n work
[122], were used for direct application of a copper coating to steel
St. 3.

Before welding them to steel, specimens of alloys of the type
AMg, AMts, and others must be extremely well etched. Specimens
were etched in 15-20% solution of NaOH or KOH, washed off,
passivated with 20% HNOS, and then washed and dried.

: 3 I Filg. 73. Mutual arrangement
a ] of the electrode and the
| SCARN (| filler metal when making a
- 7 m steel/aluminum joint:
s F g e W 1l - steel specimen; 2 - filier
fi" ethl thiokanss) wire; 3 - tungsten electrode;
[ i -~ specimen of aluminum ulloy.

The specimens were welded on a standard UDAR-300-1 installation I
at a current of 80-120 A and an argon flow rate of 6-8 I/min. The
diameter of the tungsten electrode was 3 mm and the tentatlive speed
for manual welding was 12 m/h. As a rule, a welding rod 3 mm in
diameter was used. During the precduction of steel/aluminum butt i
and lap jolnts it is necessary to gulde the arc exactly during the
entire welding process along the edge of the aluminum sheet,
approximately 1-2 mm from the line of the joint, to avold letting
the arc hit the coating and burn it (Fig. 73). During slow
accomplishment of double welding the coating cn thzs opposite slde
can also be burned and the abillity of metal to spread over it can
be sharply impaired; as a result of this such Joints have low
strength indices. Filller wire is supplied either along the joining
Iine or shifted a 1little toward the pool. Thanks tc¢ the presence
of a coating on the steel the molten filler metal 1s easily spread
over thls steel.
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Comparative results from testing specimens with different
thicknesses of the copper sublayer showed that the optimum thickness
for the copper sublayer is 4-6 um (Fig. T74).
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Fig. 74. Strength of a butt
weld between alloy AMg3M and
steel St. 3 as a function of
magnitude § of a layer of
copper and of nickel.

The layer, which plays the role of a brazing metal, does nct
have sharply marked boundaries; diffusion of this layer into the
aluminum portion of the spectrum is cbserved, and in certain
sections the continuity of the layer is disturbed. The presence
of "naked" segments can lead to the appearance of random crushed
zones of intermetallic phases; however, in this form the latter
have no influence on the strength of the joint.

Preliminary experiments in applying a thin sublayer of brass
(about 3 um) on steel with subsequent zinc coating also gave
positive results.
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Results of mechanical tests of butt-welded specimens of steel
3t. 3 (without removal of the reinforcement) on alloy AMg3M are
given in Table 20.

Application of a combined nickel-zinc coating with a nickel
sublayer thickness of 2-6 um gave stable high strength indices.
First this was checked on thick layers {up to 50 um), but the
smaller thickness of the sublayer turned out to be adeguate.
Before electrolytic nickel-plating the steel specimens were subjected
to standard treatment. With welding of steel St. 3 with such a
coating to the alloy AMg3M the specimens were destroyed during
tensile testing, as a rule, along the base metal of the aluminum
alloy (Fig. 75).

Fig. 75. Fracture specimens of steel
St. 3 with combined galvanized coating
of nickel (6 um) and zinc (30 um),
welded to the alloy AMg3M.
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Results of tensile testing of specimens of alloy AMg3 welded
to steel St. 3 with a nickel-zinc coating are given in Table 20.

Analysis of the microstructure of the transition layer in
specimens fractured along the base metal showed that in this case
a layer averaging 2-3 pm wide of very uniform thickness is located
between the joined metals.

Data from mechanical tests show that the application of a
galvanized coating on steel St. 3 can ensure high destructuve
forces.

On combined welded Joints of steel St. 3 with copper-zine
coatings and alloys AMz3M and AMg6l an increase in strength is
observed as compared with the same specimens with a simple zinc
coating. The maxlimum value of ultimate strength of combined welded
Joints was obtained when a nickel-21nc coating was applied to the
steel (strength 20-22 daN/mm ).

During bend tests of selected specimens bend-angle values
within the limits 15-38° were obtained (thickness of aluminum alloy
layer 4 mm, bending along the transition zone of the aluminum-alloy
base metal with a base-metal thickness of 2 mm).

Welding of Zinc-Coated Steel by Means
of Alloyed Welding Wire

To obtain stable and comparable results, we carried out argon-
arc welding with a nonconsumable tungsten electrode on an ADSV-2
automatic welder.

The surface of steel specimens (edge 30 mm in width) was
coated galvanically with a 35-40 um layer of zinc. Both standard
wires arnd experimental types were used as fillers. Initially
expariments were carried out on specimens without grooving of the
edges. Welding of steel St. 3 to alloy Al'ts using wires of types
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ADl, AMts, and AK yielded ultimate strength equal to that of the
aluminum-maganese alloy AMts, i.e., o = 12-14 daN/mm’, However,
the results of mechanical tests were unstable.

)

Study of the nature of destruction of numerocus specimens

during tensile testing, along with study of macro- and microstructures
of the welds showea that falluse ithe appearance of tears and cracks)
began as a rule on the face side of the steel plate. Pores, oxide
scales and incomplete fusion of the aluminum edge were observed on
the fracture surfaces.

Since the strength of steel/aluminum jJoints made cver coatings
depends on the value of surfaces in contact, tesis were .ade of
various types of edge dressing: complete absence of a face segment
on t?e steel, U-shaped dressing, and dressing with 1-2 mm shoulders.
Results of mechanical tests carried out on specimens made by
automatie argon-arc welding from both sides indicated that use of
edges of type a (Flg. 76) ensures an inecrease in strength in the
joint by approximately 25%. Optimum value of the edge dressing

angle on the steel plate 1s T0-75°.
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Fig. 76. S3trength of a welded steel/
aluminum jeoint as a function of the
type of edge dressing on the steel
plate (of edge bevel angle a ana
shouldering of the edge, a).
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Table 21. Condlitions of automatic argon-arc welding of combined

Joints.
!
; Thickness, mm gggme_ o’ Vg V. ge M/h
Welded i tor. mm m/h
metals steel ja2lumi- 3 1st 2nd
num bead bead
alloy
| |amMts-st.3 | 5 5 2 160-180| 6 72 48
AMg5V-St.3 by y 2.5 160-180 7.2 61 41
AMg5V-St. 3 by Y 2 150-170 7.2 68 50
AMp5V~St.3 3 3 2.5 160-180 8.2 72 61
AMghV-5St.3 6 6 2.5 180-200 7.2 72 61
AMg6-St. 3 6 6 2.5 200-220 5.4 30 30

Table 22. Results of mechanical tests of combined specimens.

Welded metals Thickness, mm Type and Og» daN/mm2
diameter
of wire, mm
AMts-St., 3 y AMts; @ 2 11.1-11.5
11.3
AMg5V-5t. 3 I Wire No. 1; @ 2 20.1-23.3
23.7
AMg5V-5t. 3 4 Wire No. 2; @ 2 25-29.5
25.9
AMg5V-St. 3 4 Wire No. 3; @ 2 | 22.3-30.9
29.3
AMgBsV-St. 3 4 Wire No. 4; @ 2 19.4-23.3
21.0
AMg5V-St. 3 4 Wire No. 5; @ 2 20.7-32
22.9
AMgEV-steel 6 Wire AK; @ 2.5 21.3-27.1
28Kh3SNVFA 20,0
AMg6-St. 3 6 Wire AK; @ 2.5 19.8-25.3
22.5
aMg5V-St. 3 Y Wire AK; @ 2 25..30. €
28. .




The optimum automatic argon-arc welding conditions which we
found for various combinations of steel St. 3 with aluminum alloys
are shown in Table 21.

During welding of double welds the second cone should be made
after the first has frozen completely (the first being located on
the opposite side).

The results from mechanical tests of steel/a2luminum specimens
made by automatic argon-arc welding (Table 22) show that the
strength of the welded Joint iIn this case reaches 25-29 daN/mmE.
Table 15 gives the composition of the wires.

2. Welding of Stainless Steel 1lXKh18NQT
to Aluminum Alloys

Direct joining (welding) of aluminum to stainless steel,
just as in the case of welding aluminum to low-carbon steel, does
not lead to positive results, although the nature of interaction
in the first case 1s different and depends on the allotropic form
of the steel [26, 35, 38, 39, 43]. '

On the first stage of the work a study was made of Joining
steel 1Xh18NOT to aluminum and aluminum alloys with galvanized
coatings of nickel, and also with a number of combined ccatings -
nickel-copper-silver, nickel-copper-tin, and nickel-zinc. These
types of coatings did not give positive results owing to poor
wettability (nickel), burning of the coating and the formation of
ecracks in the build-up metal (nickel-copper-silver), the formation
of cracks, and the complexity cf correcting defects in the welded
joint (nickel-copper-tin). Significantly better results were
obtained by using a nickel-zine coating [19]. Here the combination
of a stable (nickel) and unstable (zinc) coating ensures obtaining
a rellable bond. The guailty of such a Jjolnt depends significantly
on care in applying the nickel plating.
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The following procedure was used to prepare the stainless steel
for welding to aluminum alloys: degreasing, washing In water,
etching in hydrochloric acid, nickel-coating, copper-coating, zinec-
coating, drying, calorization, and checking the quality of the
coating.

Conditions for applying the galvanized coatings and also
particular features of these processes are outlined in work [37].

Accumulated experlence in applying coatings on stainless steels
allows us to assert that the most laborious and critical operation
is calorization. The quality of an applied aluminum layer is
the major factor determining the quality of the welded Joint.

To obtain a high-quality coating by a laver of aluminum
(or the alloy AMts) on the surface of stainless steel it was
Lecessary to select the material of the crucible, to choose the
protective atmosphere during calorization, and to ensure proper
cleaning of the surface of the specimens, to create the necessary
apparatus for calorization, and to develop the technolsgy and
optimum conditions of calorization. TFiom a number of materials
tested (stainless steel 1Kh1l8N9T, grey cast iron, graphite-carbon
clectrodes; it was found that crucibles manufactured from grey cast
iron gave satisfactory stability. However, cast-iron crucltles
are rapidly oxidized at a temperature of 800-840°C and become
coated with a thick layer of scale, which disrupts calorization.

We succeeded in improving the quality of the calorized surface
by carrylng cut the process in vacuum. For calorization in vacuum
we manufactured a vacuum furnace (Fig. 77). The temperature in the
furnace was measured and controlled by a type ERM-47 electronic
bridge. Calorization of specimens in the furnace was carried out
according to the foilowing cycle: oil anc dirt were removed from
the aluminum before loading it into the furnace by etching in an
alkaline solution and in nitric acid.
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Fig. 77. Vertical cross section

of a vacuum furnace for calorization
of stainless steel: 1 - thermal
Jacket; 2 - electrical colls;

3 - crucible; 4 - vacuum cavity of
furnace; 5 - connecting fitting for
monovacuum gauge; 6 - fitting for
releasing the vacuum; 7 - cavity
for cecoling the sealing ring;

8 - cover with flange; 9 ~ sealing
ring; 10 - fitting for attachment
to vacuum pump; 11 - attachment

for loading specimens into the
furnace; 12 - seal; 13 - inspection
attachment; 14 - attachment for
thermocoupie.

After loading the AD1 aluminum, the vacuum pump, the furnace
heater, and the automatic temperature regulator were switched on.
The working temperature in the fu:nace was maintained within the
limits 780-820°C. Evacuation was monitored with a VIT-2 vacuum
gauge. Upon achie..ment of maximum vacuum (0.5-1 mm Hg) the
specimen was dipped into molten aluminum by means of a special
attachment.

To obtaln a high-guality coating with aluminum, a small
rotary motion should be imparted to the specimen; the specimen
should be held in meiten aluminum until 1t is completely lieated
and then should be pulled frcm the crucible. The duration of this
operation is 15-30 seconds.

The calorized layer is checked by incpection, where the coating
must completely cover a segment no lecs than 40 mm in width and it
should not have any bulging or contaminated segments.

Work on testing standard fluxes for arc and gas welding of
aluminum (fluxes of types AF-U4A, AN-Al, etc.), experimental t'luxes
based on them, and also a special {lux for gas welding of calorized
steel to stainless steel [78] preceded the selection of the optimum
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composition of fluxes for cleaning the surfaces of the metals.
None of these fluxes ensured proper cleanlng, flowability, and
wettablllity of molten aluminum over the surface of steel,.

Tests were made of a series of fluxXes consisting of mechanical
mixtures of chlorine and fluorine salts of lithium, sodium, and
potassium. The fluxes were dissolved in water and applied as a
thin layer on the specimens and tubes of stainless steel. Table
23 glves the compositions of certain experimental fluxes for
calorlzation. Best results were obtalined when using fluxes
containing sodium chloride and sodium fluoride, lithium choride
(variant 1), and also a flux containing 65% AF-4A flux (variant 3).

Table 23. Composition of experimental fluxes for calorization.

Component GOST or TU Composition of fluxes
in variants
1 2 3 b
Lithium chloride TUMKhP No. ORU 47 20 - -
104.58
Sodium chloride GOST 153-54 14 - - 1)
"Ekstra
Potassium chloride |GOST 4568-49 29 20 28 20
Sodium fluoride GOST 4463-48 10 10 ki 10
Flux APFP-4A AMTU 219-60C - 50 65 -
Flux 34A - - - - 60

In the course of the experiments 1t was establlished thet.

preliminary coating of the steel surface with zinc before calorizaftion

has a substantial influence on the strength of the welded jolnt.
During studies of the effect of the sublayer of zinc, applied
electrolytically, oa the quality of calorization and subsequent
weldability of the steels 1Kh1l8N9T and St. 3 to aluminum alloys,
the surface of the plates (or articles) was treated according to
the technology described in work [37]. A study was made of the
affect of a 25 um zinc coating on the quality of calorization and
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the subsequent weldability, using specimens 3 x 150 x 200 in size
made from steels St. 3 and 1Khl8N9T. The temperature during
calorization was 780-820°C and the hold time was 1.5~2 minutes.
Calorized steel plates were subjected to the same treatment as
plates of aluminum alloy before welding.

Calorized steel plates were butt-welded to plates of the same
dimensions made of aluminum alloy AMg6. Welding was carried out
on the ADSV-2 automatic welder, using as filler material AMts®
wire 2 mm in diameter, per STU-5-58 and with a tungsten electrode
3 mm in diameter, per TUVM2-529-57. Welding conditions:
T,g = 130-150 A; v = b,6-6.2 m/h; Vep, = bo-62 m/h. Specimens
for mechanical and vibration testing and cross sections for
metallographic research were made from the welded plates. Figure
78 illustrates the results of the mechanical tests of the specimens.
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Fig. 78. Strength of the welded
joint between steel 1Khl8N9T and
alloy AMgb as a function of the
thickness § of the coating appliled
on the steel: a) - steel surface
coated only with a layer of galvanic
zinc; b) - steel surface calorized
over a layer of galvanized zinc.

When the steel was galvanically coated with a 40-pm layer of
zine with subsequent calorization the ultimate strength comprised
31.5 daN/mm2 (average from five tests) and the bend angle was about
32°., 1If the steel was degreased and etched according to manufacturing
technology prior to galvanizing with zinc and then calorigzed according
o the procedure described above, ultimate strengtn comprised 25.4
daN/mm2 and the bend angle was 2k°,
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Thus, results of mechanical tests showed that the developed
technology ensures obtaining stable strength in a steel/aluminum
joint between steel 1Khl18N9T and alloy AMgb, on a par with the
strength of a weld between two pieces of AMg6 - i.e., 30-32
daN/mm2 (Fig. 79). The conducted investigations made it possible
to selert the technology for preparing the surface and for welding

experimental structures from steel 1Kh1l8N9T and aluminum alloys [124].

Fig, 79. Fracture specimens of a Joint between
steel 1Kh18N9T and alloy AMg6 (on the right)
(width of diffusion zone 5 um).

3. Argon-Arc Welding of Tubes of Steel
1Kh18N9T with Tubes Made from Alloys
AMts and AMg6

In connection with preoduction of tanks for storing liguefied
gases, the need arose to cbtaln strong and tight joints between
aluminum and aluminum alloys and other metals. These vessels have
double walls, with the space between them being evacuated. The use
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of vessels with vacuum insulation permits a sharp reduction in
volatility of the gases and, consequently, a sharp reduction in
losses both during storage and during transportation. In
certain types the 1inner vessel 1s made up of chrome-nickel steel
1Kh18N9T, and the aluminum alloys AMg5V and AMg6 from which the
ocuter shell 1s madae represent a structural material. Joining the
vessels requires Joining unlike tubes. As a rule telescopic
joints are used to connect unlike tubes 60-70 mm in diameter with
a wall thickness up to 5 mm; the 1lnner tube is the steel one.

When nickel-zinc and nickel-copper-zinc coatings were used i
with subsequent argon-arc welding of telescopic tube Joints good
mechanical properties were obtained for such connections {des-
structive force 2000-4200 daN); however, vacuum testing (down to
1073 mm Hg) in conditions of deep cold {(to -196°C) led to failure
of some of the specimens. It was found that fulfillment of all
the conditions of the asslgned tasks - ensuring vacuum tightness
at low temperatures, elevation of mechanical properties of the
Joint, convenience in carrying out repair Operations,‘etc. - 1is
possible by using the technology of preliminary application of a
layer of galvanized combined nickel-copper-zinc coatings on the
surface of the stailnless steel Kh18N10T with subsequent calorization
of the tube (specimen) in a melt of AD]l aluminum. Argon-arc welding
to an aluminum tube was carried out without any complex technological
procedures over the calorized surface of the ctainless steel tube,

In this case three aluminum allcys are joined - the calorizatilon
alloy, the filler metfal, and the molten base metal AMts.

Asserbly of Telescoplc Tube Joints
Prior to application of a coating the tubes should freely

enter iInto one another; it has been established experimentally
that the gap between the tubes shculd not exceed 0.3 mm.
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It is advisable not to produce the telescopic connections
during assembly {(i.e., during manufacture of the basic tank), but
to make them separately as composite tubular joints (fittings)
350-400 mm in length which are subsequently welded to the tank.
Naturally, the length of segments of steel and aluminum tubes
should be calculated so that during subsequent welding of the

obtained fitting to the appropriate tubes strength properties and
vacuum tightness will not be lost at the point where the alloy
AMts 1s joined to steel 1Kh18N9T. Maximum permissible heating

is no more than 300°C. To ensure this the weld between steel _
1Kh18N9T and the alloy AMts should be cooled with a water jacket
during welding of the rltting to the base metal. As measurements
have indicated, the temperature in the joint does nct exceed 250°C.

ot e o o TR At

Argon-arc welding of steel KhlBN1OT tubes to tubes made from

alloy AMts up to 100 m [sic)] in diameter and with a wall thickness {
up to 5 mm was carried out with a noneconsumable tungsten clectrode ?
i 2-3 mm in diameter, using pure mark A argon and AD1 filler wire i
™ 2-3 mm in diameter. ;
i
b ] Fig. 80. Strength of a 1
’ telescoping joint between 2
° tubes 70 mm in diameter 4
4 (load at destruction P) i
:,#f, 3 as a function of the width
3 of the bead b.
[

3 5 7 P40 0w

The production cof annular welds should be continuous and should
be done on a rotating attachment. In all cases when the arc is

Cok el e i

broken i1t is mandatory that welding be begun on the aluminum section
E of the tube. Craters should be carefully welded in. It has been

] established that the strength of a telescopling jolnt between tubes

; depends essentially on the width of the connecting bead (Fig. 80).
Therefore, as a rule, welding should be carried out in one-three
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layers, where it is recommended that the first layer be made by
melting the edge of the aluminum tube without the use of filler
material. Here the arc 1s carefully drawn along at a distance of
2-3 mm from the face. Filler wire is used in the following layers.

Table 24. Conditlons for calorization of tubes of steel Khl8N1QT.

Tube dliameter, mm Temperature Hold time, s
of melt, °C
35/31 720-760 8-10
50/ 46 ' 750-770 10-12
63/59 760-770 12-15
108/98 780-800 16-20

Mastery of welding uniike tubes 110 mm in diameter became
possible only after the development and refinement of procedures
for calorizing tubes of steel 1Khl8N9T. Investigations indicated
that in order to obtain quality welds of unlike tubes a fairly short
hold time of 8-20 seconds during calorizing is sufficient; in this
case the temperature of the bath should be determined by the mass
(diameter) of the steel tube to be calorized. Table 24 gives the
procedures developed for calorization. Calorization of tubes
159 mm in diameter showed that after the application of a two-
layer galvanized Ni-Cu coating it is necessary to increase the
hold time to U0-60 seconds.

During calorization of the large mass of a cold tube in a
small bath, the aluminum is ccoled and the obtalned coating tends
to be nonuniform; therefore it is desirable that the diameter of
the bath be no less than 200 mm for tubes 110 mm in diameter.
Besides this, for large-dlameter tubes it was found to be advisable
to fit the aluminum tube tightly onfto the steel tube, since the
presence of a gap within limits of 1 mm sometimes caused annular

eracks along the welds.
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As subsequent tests Indicated, for greater structural rigidity
and better operation of the unit under conditions of bending forces
and vibration it 1s desirable that a lap-welded jolint be made with
welds on both sides. A special head [37] (height of operating
portion 35-38 mm) was used to accomplish this; this head made it

possible to weld internal seams in tubes 50 mm in diameter.

Quality of the welded joint was checked by external lnspection,

selected mechanical tests, low-temperature testing down to -~196°C,
and testing for air-tightness (vacuum seal). Vacuum tightness of
the w.lded unit was checked after testing with a PTI-6 helium leak
detector at a rarefaction of 0.02~-0.001 mm Hg.

In the course of the work we established the possibility of
correcting macroleaks and vacuum leaks by rewelding the defective
point on the seam with the use of filler wire. 1In this case the
additional welding or overlapping of the seam with two-three beads
using filler material and welding conditions similar to thoce used
for the baslec welds did not reduce the mechanical properties and
vacuum tlghtness of the joint. Characteristlic test data zand also
welding conditions are given In Table 25.

Figure 8la shows welded joints between steel and aluminum

Y tubes, while Fig. 8lb shows a tube after tensile testing. It is
clear that destruction occurred along the AMts base metal far from

¢ the weld. Specimens for tensile testing and for study of micro-
structure of the obtained joints were cut from tubes which withstood

E- vacuum testing after deep cooling. The thickness of the Iinter-
: metalliz layer comprises 5-25 pm.

The strength of flat specimens of steel KhlBN10T and the alloy
AMts 2 mm . hick made by a double weld is also close to the strength
3 of the AMts base metal.
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Fig. 81. External appearance of a welded
Joint between steel and alumlnum tubes
(steel Khl8N10T and alloy AMts) made by
argon-arc welding over a calorized layer
(a); (b) shows the nature of destruction
of this Joint.

A check was made of the posslbllity of using argon-arc welding
to join AMg6b to 1Khl8N9T. The investigations showed that in a
given case the welded seam delaminates from the s%alnless tube.
Application of Sv. AMg€ wire for thils purpose 1is undesirable.
Improved results were obtained wlth the followlng welding sequence: !
preliminary bulldup of two or three beads of filler materlal ADl
or the wire whose compositionrn 1s shown in Table 15, neither
containing magnesium, followed by connectlon of the AMg6 tube with
the built-up bead using AMgb6 wire cor some other filler wire.
Argon-arc welding conditlons: for 70/63 mm tubes we?ilng current
90-110 A, weldlng In three layers with the first witho.t fliler;
for 90/108 mm tubes current 120-130 A and welding in four layers;
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for 159/170 mm tubes current 150-190 A and welding in four layers.
In all cases the argon flow rate is 8-12 I/min and
the tungsten elestrode is 3 mm.

the diameter of

Table 26. Results of checking the
strength of reducers.
Rupture force at a

Tube temperature of °C

diameter,

mm +20 -196
50/60 - 15300
63/70 16900 20100
90/108 24500 45300

159/170 31400 -

The strength of Jjoining steel/aluminum reducers combining
steel 1Khl18N9T and alloy AMgb was checked at room temperature and
at the temperature of liquid nitrogen for tubes of difrerent
diameters. Strength values are given in Table 26,

Tubes 90/108 mm in diameter showed the highest strength indices
at low temperature, with the strength of the joints being 1.6-2 times
higher at this temperature than at room temperature.

Automatic argon-arc welding of steel ¥hl8N9T to the aluminum
alloys AMgé6 and AMts was carried out on the A~973 installation,
manufactured at the Ye. 0. Paton Institute of Hlectric Welding
(Fig. 82). The head of the A-973 installation operates on the
_ brineiple of heads for automatic argon-arc welding of aluminum,
Welding was carried out on curvents of 14(0-160 A; the diameter of
the tungsten electrode is 3 mm, and the filler wire has the same
composlition as the aluminum portion of the reducer - 1.e., AMts
or AMg6 - and is 2 mm in diameter.
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Fig. 82. Overall view of the A-973
installation for argon-arc welding
of unlike tubes.

Before welding to tubes of aluminum alloys, tubes »f steel
Khl8N9T were subjected to treatment under standard conditions.
The tubes were joined telescopically, with the tube of aluminum
alioy cov - ring the steel tube. Welding was carried out in one
pas3s and from the outslde only. A number of steel/aluminum
reducers welded acccrding to the described technology were tested to

destruction at internal pressure up to 202 z%.

As 1s evident from the photograph of a failed reducer (Fig. 83),
destructlon occurred over the weakost cross section - 1l.e., along
the weld.

Fig., 83. Failed tutular joint between
steel Khl8N10T and the alloy AMts,
produced by argon-arc welding over the
calorized layer.




Reducers with jJoints between AMts and 1Xh18N9T and between
AMgé and 1Kh18N9T, welded by the described technonlogy, were tested
according to the following program: check of vacrum tightness with
a helium leak detector; testing for triple thermal shock {(cooling
in liquid nitrogen -196°C, heating at room temperature); a check cf
vacuum tightness with a helium leak detector; tensile testing
(under tension at temperatures of +20°C and -196°C).

The tests results indicated that the joints were airtight.
Destructive loads at +20°C fell within the limits 7250-T7400 N;
at -=196°C the values were 6660-11,850 kg.

Thus the work gave the possibility cf mastering and introducing
the technolegy of argon-arc welding of steel/aluminum reducers
20-~110 mm in dlameter.

Subsequently the manufacture of reducers of steel 1Kh18N9T
159 mm in diameter with wall thickness of 6 mm and alloy AMts
170 mm in diameter with wall thickness of 8 mm was mastered.

Optimum argon-arc welding conditions: welding current
strength 160-200 A, filler diameter 4 mm, tungsten electrode
diameter 3-% mm; first layer made without filler and the subsequent
3~-5 layers with a filler wire.

After triple cooling in liquid nitrogen and a check of alr-
tightness with the PTI-6 leak detector under tension [rarefaction?
of 2-107°
standard temperature comprised approximately 38,000-44,500 kg.

mm Hg no leaks were detected. Destructive force at
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4, Production Tests of Steel/Aluminum
Welded Units

Testing Welded Steel/Aluminum Tubes

This sectlion presents results of investigations of comblned
tubes made from alloy AMts and steel 1Kh1l8N9T under specific
conditions of article oneration [109, 161].

There has been very litfle study of the properties of welded
joints between unlike metals at low temperatures. At the same
time the effectiveness of such jolnts depends on many factors:
type of crystal lattice of the Jjoined metals, physical properties
of the two metals and the nature of the change in them with a
reduction 1n temperature, the properties of the intermediacte
diffusion layers, the type of loading during operation, size, type
of joint, ete. [1l42].

Studies were made with welded units - plpelines. They underwent
hydraulic, pneumatic, and vacuum tests prior to and after fifteen
cycles of freezing and heating. The tests were carried out by
a procedure which 1s standard at VNIIKIMASh [All-Union Scientific
Research Institute of Oxygen Machinery], working from the basis
of specliflc operating conditions of the manufactured articles.

The lines were also subjected to thermal shock tests with subsequent
checkling of the strength and tightness of the welded Joint.
Hydraulic tests were carried out without destruction during checking
cf strength and tightness of the welded inints. During the tests

a presscvre »f 90 at was maintained. During the pneunatic tests
welded units which had already been subjected to hydraulic testing
were flrst immersed in a water bath and then fllled with compressed
alr under a pressure of 32 at. The most wldely applied methods of
vacuum testing in industry are methods utllizing hal <de and helium
leak detectors. The second method is especlally sensitive, The
PTI-6 helium leak detector was used to carry out the check. Zeak-

detector data make it possible to detect leaks in evacuated tested
tanks down to 3-5-10-3 lum/s.
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(b)

Fig. 84. Welded line (alloy AMts-
steel 1Khl8N9T) manufactured for
testing (a), and the setup of the
stand for testing the lines (b):

1l - leak detector; 2 - remote con-
trcl panel; 3 - DU25 choke valve;

4 - clamp; 5 - connecting line;

6 - VN-U461 high-pressure vacuum

pump; 7 - tested article; 8 - blower;
9 - vacuum-indicater lamp; 10 - helium
bottle.

Figure 8Ub shows a diagram of the vacuum stand for testing
pipelines.

Mechanical properties of steel/aluminum welded joints at
standard temperature. To make it possible to carry out test to
failure, the ends of the prepared tubte were closed by lap-welding
rods manufactured to fit the inner diameter of the steel and AMts
tubes. In certain cases steel/aluminum tubes 300-400 mm long were
manufactured and their ends were pinched together 1In a vress so that -
they could be clamped in a tenslle testing machine.
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Table 26 gives results from tests of steel/aluminum tubes of
various diameters at room temperature. As is evident from the
table, within the limits of the selected parameters of the
calorization of steel tubes (t = 5-10 s and 20 s and T = 750-730°C)
the change 1n the thickness of the coating layer does not influence
the strength indices of the tubes at room temperature to any sharp
degree. For tubes vith a diameter 70/63 mm the destructive force
comprises 7100-9550 daN; for 115-108 mm tubes the values ars:
18,590-25,000 daN. A typicai nature of failuve of one of the tested
tubes is illustrated on Fig. 81b.

The significant transfer of heat into a large~-dlameter tube
makes it necessary to increase the heating time during weldlng;
this is apparv=ntly reflected on the nature of destruction of the
welded Joints. During the tests unlike welded tubes 25-75 mm in
diameter were, as a rule, destroyed along the base metal, while
tubes 105-110 mm in diameter were destroyed with tot: . or partial
delamination of the coating. '

Metallographic investigation of steel/aluminum welded tubes
showed that the transition zone is adequately dense; this is also
indicated by results from testing the vacuum tightness of the tubes,
as presented in Table 25.

Results from checking mechanical properties of steel/aluminum

tubes at low temperatures. To determine static strength of steel/

aluminum welded tubes at the temperature of liquid nitrogen (-196°C),
a special device was developed (Fig. 85). Steel and aluminum plugs
with threaded openings were welded teo the respective ends of the
specimen, 3. The tube was set in cup 4 (developed for thermal
isolation from the ctainless steel with low heat conductivity)

150 mm in diameter and 400 mm high; drawbolt 1 was screwed into it
and the cup was fastened to the latter. Before the tests the
specimen was filled with liquid nitrogen 2, drawbolt 5 was screwed
in, and cup 4 together with a specimen was fastened into the clamps
of the tensile testing machine. The specimen was maintained at
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this temperature for 10-15 minutes, up te vigorous boiling of the
liquid nitrogen. Then the specimen was loaded as in ordinary
tests and tested to destructlon.

Fig. 85. Device for
low-temperature
testing of steel/
aluminum welded tubes:
1l - lower drawbelt;

2 - liquid nitrogen;

3 - tube; 4 - cup;

5 - upper drawbolt.

The results of the low-temperature tests are shown in Table 27.
As 1s clear from the table, the strength properties of steel/aluminum
welded tubes at low temperatures are,., as a rule, 1.5-2 times higher
than those at room temperature (except for tubes 115 mm in diameter).
Thls may be explained on the one hand by the Ilncrease in strength
properties and the retention of the plastic properties of the alloy
AMts at low temperatures; on the other hand, apparently, there is a
substantial change in the state of stress of the transition layer
{(work under compression), caused by the "fastening" effect of the
outer tube of alloy AMts. Actually, if we trace the change in the
maghitude of the covefficient of linear expansion in the test-
temperature regicn (from 0 to -196°C), we can note a greater
"eontraction™ in alloy AMts than in steel 1Khl18N9T in the low-
temperature area. Therefure, after welding or iIn the course of
operation when these jo'nts are cooled compressive stresses are
created which not only have no negative effect on the mechanical
properties of the weld, but actually represent a favorable factor.
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Testing tubes under conditions of low temperatures and hard

vacuum. In nrder to determine the maximum vacuum which steel/
aluminum welded tubes made according to the developed technology
can withstand, several fittings were sent tc the Physicotechnical
Institute of Low Temperatures, Ukrainian Academy of Scilences.
Tests were carried out i a vacuum chamber (Fig. 86) at a vacuum
of 1.5'10'7 mm Hg. The vacuum chamber is a cylinder which 1s
covered on the inside by a shield with a temperature of -196°C.
Gases which do not condense at the temperature of liquid nitrogen
are evacuated by a diffusion pump. The pumping rite comprilses

125 1/s. The tested specimen, a welded tube with bottoms and a
capacity of about 0.5 1, was soldered into the vacuum chamber on a
tube through which the cavity of the test specimen was filled with
liquid nitrogen. The weld was in the middle of the tube. Each
specimen, at room temperature, " 's successively filled with liquid
nitrogen. The specimens were held at the liquid nitrogen tempera-
ture for 5 minutes. Then the liquld nitrogen was evaporated from
the specimen and the latter was heated by an electric heater
located on the specimen, being brought up to r .m temperature in

3 minutes. Specimen temperature was monitored by a copper-constantan
thermocouple. The above cycle was repeated 10 times for each
specimen. Pressure was measured continuously during the tests
with a VIT-1 vacuum gauge.

During the last evaporatior of liquid nitrogen the cavity
formed by the test specimen was filled with hellum and the gas
pumped out of the vacuum chamber was sent into a helium leak
detector, tuned to maximum sensitivity.

At the level of the pressure drop between the cavity of the
test specimen at the 1liguid nitrogen temperature and the vacuum
chamber the leak detector did not reveal penetration of helium
from the test specimen through the weld into the vacuum chamber

when the pressure in the latter was on the order of 1.5-10'7
mm Hg.
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Fig. 86. Diagram of the vacuum
chamber for testing tubes under
conditions of low temperatures

and a vacuum of i 5 x 1077 mm Hg.

1 - vacuum gauge sensor; 2 - nitrogen
screen; 3 - chamber housing; 4 - test
speclimens; 5 - cover,

Testing of full-scale units. Full-scale units for tanks with
3

capacities of 60, 32, §, and 2 m” were manufactured according to
the developed procedures for lot production. To check weld quality
one full-scale unit from each set was subjected to tensile testing.
In addition, all welded reducers were tested for resistance to

c0ld by cooling them to -196°C for 15-30 minutes; they were tested
for air-tightness witn a PTI-6 helium leak detecior at a rare-

faction of 2-1(}"2 to 1-10‘3 mm Hg.

Out of all the full-scale units tested, only one reducer,
diameters 63/70, revealed a leak in the region of a crater in a
first weld on the AMts tube. The defect was eliminated by additional
argon-arc welding with AD1 filler. A repeated triple check by cold

and with a leak detector showed the absence of the defect.
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The lines on a vessel made of aluminum alloy AMts and stainless
: st.eel Khl8N10T were connected by argon-arc welding with the help
of the obtained steel/aluminum fittings.

i D

During subsequent assembly each welded line was checked for
strength by hydrostatic testing at a pressure of 5-5.25 daN/mmz.

e

The 1llnes were also checked for gas-tightness by pneumatic testing

=

at a pressure of 3.25-3.5 daN/mm2 and for vacuum tightness with a
PTI-6 hel.um leak detector at a rarefaction of 21072 to 1073 mm Hg.

T —

A Tubular stee.:/aluminum reducers installed on the article are
shown in Fig. 87.

Fig. 87. Steecl/aluminum tubular
reducers installed on the finished
t article.

The basic index of weld quality during the manufacture of tanks
is the magnitude of the flow of uncondensed gases durlng evacuation
of the insulating space, which is a condition for prolonged
operation of the vessel between repairs. The quallty of the entire

il Al e

tank is characterized by the magnitude of average dally losses of
the stored product due to spontaneous evaporation.

St Rt ol v i
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The tests showed that replacement of the aluminum lines by the
steel/aluminum type was sufficient, other conditions belng equal,
to reduce the average dally losses of stored products due to
spontaneous evaporation by approximately 25%.

Vibration tests of steel/aluminum reducers. To check the
= vibration resistance of steel/ziuminum reducers {(steel 1Kh18N9T and
alloy AMts), special test specimens were manufactured (Fig. 88).
The sample has a connecting vipe to permit checking the gas-
tightness witho.t removing the unit from the installation. Tests
were carried cut on & stand. The tested specimen was rigidly
attached to the stand by a steel flange while an aluminum flange

was used to connect it through a bearing with a cam rotated by a

motor.

o
LKl

o
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2w

Fig. 88. Tubular steel/aluminum
specimen manufactured for
vibration testing.

The tubes were ‘.sted at a vibration amplitude of 1.3 mm and
at 4500 r/min. Gas-tightness was checked prior to the testing and
after earch 5-106 cycles of oscillations. No leaks were observed
in the welded lines after 10-106 tests cycles.,

Testing of Experimental Structures

Welded steel/aluminum Joints in structures must frequently
operate under complex states of stress in conditions ¢ ¢ atie and

variable loads in a medlum of aggressive products. High requirements
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are imposed on such joints with respect to commercial form,
structural strength, retention of ga.-tightness, and corrosion
resistance over a prolonged period of time.

Together with 0. S. Kuz'menock, the author carried out work
on ffusion-welding connectlon of thin-walled tanks of tubes made
from stee’ Kh18N10T and alloy AMgb6. The inner diameter of the
tanks was 170 mm, their length was 380 mm, the wall thickness of
the steel tube was 3 mm, and that of the AMgé tube was 5 ..

The dimensiuns of the optimum grooving of the welded edges
in preparation for welding are given on Fig. 76. Preliminary
experiments did not iaidicate any positive results with the use of
lap joints. Zinc-coated (layer thickness 25-30 um) steel tibes
were calorized by immersion in a melt of pure AVOOO 2luminua in an
open crucible of an induction furnace with a fiux before welding.
The calorizing temperature was 750-780°C.and the hold time was 1-2
minutes. The thickness of the calorized layer was 0.2-0.3 mm.

The tubes were welded by the argon-arc method by two programs:
first by manual welding of the interior and then by automatic
welding of the exterior.

The automatic welding was carried out on the USA-500 automatic
welder with a UDAR-300 power souPce, a tungsten electrode 3 mm in
diameter, and Sv. AD1 filler wire 2.5 mm in diamefer.

Welding conditlions are given in Table 28.

After welding the calorized layer was removeé from the surface
of the steel tube by chemical milling and the blind flanges were
cleaned and etched for the strength tests.

The weld of a steel/a~umiv.m juii.t connecting shells is

shown on Fig. 89.
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Table 28. Conditions for welding the experimental tanks.

Type of Current Welding |Wire feedjArgon flow
welding strength, |speed, rate, m/hirate,
A m/h i1/min
Internal,
mnanual 100 T.5 - 8-10
External,
. automatic 140-" 8.5 32.5 10-12
Remark. The limits of current strength regulation
are shown from the beginning to the end of the weld.

P

S Wy i ey = y—— e

Fig. 89. Welded steel/aluminum tank.

Tests of specimens 15 mm wlde cut from tubes welded with

' filler wire AD1l show that the strength of the steel/aluminum Joints
is sufficiently stable and with automatic welding amounts to 28-30
daN/mmE. It was established that a second supplemental welding of
defective spots reduces the strength of the joint by 10-30%.
Destruction occurs viscously over the built-up metal. As a rule
a portion of the deposited aluminum remzins on the steel part of
the specimen. Destruction of specimens welded with filler wire
Sv. AMg6 is brittle and occurs by separation of the deposited filler
metal from the surface of the steel. The deformability of such
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steel/aluminum joints is comparatively low. Operating conditions
of welded bimetallic jJoints in a plane state of stress are variable.
The calculation diagram for a metallic thin-wall shell is shown in
general form on Fig. 90.

f 3 ‘Pig. 90. Calculation
3 ] el = e i L diagram for a bimetallic
3 M
AL | e U .,__.:;1r,ﬂ_f_ thin-wall shell in
£? [“‘I! | Hﬂ 111 LT.H.{ €, general form: Sl’ Wy s
<o ﬁs—’—ﬁf o« 17 E, and §,, w,, E, -
T e thickness, radial
x :rJ displacement, and Young's
Mo 5 . modulus of steel and the
alloy AMg6.

In the general case during calculation of bimetallic shells
it is necessary to consider bending stresses at the point of
connection of thells of different thickness and having different
Yourng's moduli:

. _PR N M pR
5 =" SR Ghi
' 9s T gaps =TSV

(4k)

where 9 and g, are the merldian and annular stresses, respectively;
p 1s pressure; N is the axial force; and M is moment.

As was indicated above, the wall of the tube made from AMgé
was thlcker than the steel wall and so destruction oc~urred along
the weld. Surh a procedure makes it possible to cbtain the true
mechanical characteristics of the weld. 1In this case the cylindrical
rigidities Es were levelled, making it possible to carry out
calculations according to the zero-moment theory of shells.

Under the condition of equality of radial dispizcements of
points on the contour of both shells (Elsl = E252) the calculation
of a bimetallic shell can be carried out according to the zerc-
moment theory of strength:

PR __N . ,_FPR (45)
28 T 2= RS Y

C|=
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When the tubes were welded with Sv. AMg6 filler wire brittle
destruction occurred along the boundary of the joiut. In tunis
case structural strength of annular welds, calculated by the zero-
moment theory, comprises 10-15 daN/mme.

Application of the filler wire Sv. ADl, which has no magnesium
irn its compositicn, ensure: better interaction of the weld metal
with the steel and the increased ductility improves the operating
conditions of the welded joint in the structure. In this ca=e
structural strength comprises 15-21 daN/mme. The effect of the

filler wire on structural strength is illustrated by Fig. 9l.

p-05-E3 Fig. 91. Effect of
gm0~ filler wire on

structural strength
of steel/aluminum
Jeints.

21 darsmm?
O 14 dan/mm?

G~ dansmmt
]

G316 Qareyom?

[+

sv.AD1 sv.AMg6

In order to study the structural strength of welded bimetallic
tanks In a two-axial state of siress, they were tested under
different ratios of annular and meridian stresses (Table 29;.

Analysis ¢f the results of strength tests shows that conditions
of loading by int-rnal pressure with n = 0.5 should be considered
to be the most severe operating conditions. But even during these
tests the tenta“ive strength coefficient of the weld in a steel/
aluminum joint comprises 0.5-0.6 (Fig. 92). This coefficient can
be introduced Into the calculation of strength of similar structures

made of unlike metals.
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Table 29. Data obtained durirg tests of steel/
aluminum tanks welded with filler wire Sv. AD1 and
calculation of stresses by the zero-moment theory.

-l Toad at Calculated Ratio Tentative
] destructive stress,| ,¢
Tube destruct:ion_ . _ioeuiax stresses :ggﬁg?ent
fo. 1 a,
ﬁai‘}:w* N. Ne a, oy ity o= ‘:": l g AMgH
| —-—
|

16 140 - 19,8 39,6 0,62
23 110 — 15,6 31,2 0,49
26 152 - 216 43,1 ~0.5 0,67
29 l ]47 - 20.8 H 41.7 0|65
K\ 150 — 213 42,5 0,67

f

2 75 14000 192 |+ 212 | 060

7 ih 11000 19,3 21,5 0,60
11 86 | Ws00 1 225 24,5 ~1 0,70
15 2 15000 | 249 26.0 0,75
xn i6 i 14000 ‘F 19,4 2t 6 0,61

o8 om0 | 234 | 127 0.73
19 48,0 32700 26,6 13,6 0,83
2 51,2 33800 - 277 14,5 ~2 087
32 44.8 26700 @ 2296 12,7 . 0,7!_
40 44,8 98900 | 239 12,7 0.75

Fig. 92. Tentative
coefficlert of
strength as a
function of internal
pressure (ratio of
stresses). Filler
wire 3v. AD1.

The corrosion resistance of steel/aluminum joints and the
effect of prolonged holding in a medi'um on strength and gas-
tightness were also investigated. After holding in a corrosive
medium the tubes were subjected to hydraulic tests at a pressure
of 30 atm, pneumatic tests at a pressure of 1% atm, and theun to
checking for gas-tightness with a helium leak detector with a
sensitivity of 1.1072 lum/s. The tubes withstood these tests.
Besides this, they were also subjected to static testing to
destruction under a biaxlal state of stress with the ratio 01/02
equal to 0.5 and to 1.
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The program for strength tests included conducting hydraulic

tests (30 atm) and gas-tightness tests with compressed air (15 atm).

Then six tubes were subjected to vibration testing on a shaking
program (200 hours).

Fig. 93. Steel/aluminun joint destroyed
by internal pressure of 41 utm with tepsion
after buffpting and vibratiaq (force of

tension 9.1 10 N).

Mcst characteristic destruction of the units waz observed
after static and dynamic tests (Fig. 63).

Data from the static tests indicate “nat the structural
strength of welded sfeel/aluminum joints in tanks corresponds to
a stresr of o = 10-12 daN/mmg, which amounts to 0.45 of the lower
limit of the scrength of alloy AMg6.

Results of these works indicated that steel/aluminum artic.es
obtainad by argon-arc welding have sufficient structural strength,
the necessary gas-tightness and corrosion resistance, and good
rezistance to vibration. They can be applied successfully in a
variety of article constructions. Their application is especially
effective In large structures and during welding of fittings under
assembly conditions.
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Results of Strength Tests of Models

The models were manufactured by argon-arc welding over a
calorized layer. The steel portion of the model was cut from a‘
steel tube (steel Kh18N1OT) 108 x 5 mm in diameter. The edges were
dressed before welding with aluminum AD1 - double beveling of the
edges at an angle of 70°.

Fig. 94. teel/aluminum models
prior to (a) and after (b) hydraulic
tests.

The aluminum part of the model was manufactured {rom 7-mm sheet
by rolling and weldiIng. Two fittings were made to supply precsure
to the stainless [steel] portion of the model. All models were
tested at +20°C with a hydraulic pressure of 32 daN/cm2 (hold 10
minutes) and then with a pneumatic pressure of 25 daN/cm2 (hold 10
minutes). All models withstood the tests. During testing in a
cold chamber and with cooling to -50°C models filled with kerosene
were destroyed. The destroving loai amcunted to 137-162 daN/cmZ.
Figure 94 shows a model prior Lo and after hydraulic testing to

4 120 daN/cma. As 1s evident from the figure, the aluminum portion
,i of the model was not destroyed, although 1t was strongly deformed.
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Ten models were cooled in the chamber to -50°C, held at this
temperature for 1 hour, heated to room temperature (+20°C), and
then heated in hot water %o +60°C. This cyvcle was repeated twenty
times for all models. After this the models were destroyed by
hydraulic pressure. The destructive load was found to lie wivhin
the limits 125-155 daN/cm®.

Weldlng of Dewar Vessels

The Sverdlovsk Oxygen Plan%t produces 12 standard sizes of
Dewar vessels with capaclties ranging from 5 to 100 liters for
various branches of the national economy. The inner and outer
vessels are made from the aluminum alloy AMts, 2-4 mm thick. In
order to reduce heat losses during storage of 1liquld gases the
inner and outer vessels are joined by a neck of steel Kh18N1OT.

The wall thickness of a seamless tube of steel Kh18N10T comprises
0.3 mm and the tube diameters are 14, 25, 95, 150, and 282 mm.

In the process of manufacturing the vessel the stainless-st. 2! tube
must be welded to the inner and outer vessels.

The steel tube 1s calorized in a graphite or cast iron crucible
under a layer of flux AN-Al. Aluminum of type A99 per GOST 11070-64
is used; calorizing temperature is 700-T40°C. The amount of flux
over tre gluminum is 30-40 mm; the steel tube 1s joined to a tube
of alloy ArMts and welded to both vessels. Finished vessels are
checked for evaporation and tested for cold resistance at
temperatures from +20°C to -196°C.

Welding Ship Units

A number of structures have been manufactured at the
Zhdanov and Admiralteyskly Leningrad Shipbullding Plants.




In 1951-196Z a number of experimental structures were
manufactured at the Zhdanov Plant [18]}: struts 2000 x 220 x 3
in size from alloy AXgé with a steel coaming; a unit for connecting
a zinc-plated steel ccaming with a penel of AMgSV S00 x 1000 x 3
in size; a bulkhead of alloy AMg5V 1500 x 1500 x 8 in size with
four steel coamings; a unit for connecting a zinc-coated steel
tube 70 mm in diameter with a sheet of AMgSV 250 x 250 in size.
The experimental structures were manufactured from standard elements
available at the plent.

Steel elements intended for zinc coating were carefully cleaned
on a sand-hlasting installation. Zinc-:lating was carried out in
galvanic baths; tne thickness of the zinc coating comprised 40 um.
cD-mm fianges were provided for lap welding of edges of elements
of alloy AMgHhV; flanging was produced on a forge. Immediately
before welding the edges of elements made of AMg5V were trimmed.

The unit for jolining 'he zinc-coated tube with. & sheet of
AMgSV was welded in a pass. Welding of struts and a panel of
AMgS5V vwith steel coamings was carried out with preliminary arrange-
ment of tack welds on the side opposite to the first weld (pass).
Welding panels of alloy AMgS5V to steel ccamings was accumplished
by the back-step me~hod. All structures were welded in one pass.
Current strength ir &all cases was ICB = 120-130 A; the diameter
of the tungsten elzctrode was 3 mm, and ADl1 filler wire 2 mm in
diameter was used. The welding speed was 8-12 m/h.

The experlience in manufacturing the structures showed that
it 1s advisable to weld comparatively short butt joints (up to
0.5 m) directly end-to-end. In the case of long butt edges {1 m
and more) the joints should be made with flanging of the element
of light alloy; this simplifies fiiting c¢f long edges and in
addition with thin metal (less than 3 mm) this eliminates
premature burning off of the zinc on the steel coamings on the
side opposite to the first weld. During the welding of combined
structures one should 2pply the same technological methods to
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combat deformations as during the welding of structures made from
light allocys ~ i.e., mainly rigid fastening.

The need for rigid fastening is especially important when
welding such elements as narrow steel coamings. Welded joints
also tolierate cutting on press-shears; cutting should be begun on
the steel side.

Struts manufactured at the shipbullding plant were tested to
failure for longitudinal compressicn. The ccmprescion test was
selected on the basis of the fact that such a strut 1s an elemental
portion of a cross member {or bulkhead), articles which take up
basic loads in the ship's hull. During the tests the struts
lost stability at forces of 3500-4500 daN. Detailed inspection
of the strut as a whole and of the welds joinirg alloy ANgHV to
the steel coamings did not show any destruction along the welds.

Cunsicering tne satisfactory results obtained during tests of
the strength of welded Joints between aluminum alloys and steel,
the Admiralteyskiy Plent designed and manufactured two experimental
production ship fairings of alloy ANg. of different thickness and
of high-alloy steel [18]. A particular feature of the fairing
was the fact that the rig was a structure of rod steel. This
required not only the development cf technoleogy but also additional
strength tests.,

Considering the small dimensions of the rods the cleaned
girders of the steel frame were first subjected to hot zinc plating.
The coating thickness comprised 60~90 um. After this deposition
of a continuous seam 50 mm in length with a pitch of 100 mm on the
rod adjacent to the outer skin was carried out in the shop.
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Deformation of the girders was prevented by fastening them
rigidly to a plate during the depcsition. The facling was carried
out by the argon-arc method on a current ICB = 65 A at & welding
speed v = 12-15 m/h; the filler was AD1 2 mm in dlameter and the

tungsten electrode had a diameter of 2 mm,

The assembly skeletnn consisted of lc-gerons and a keel;
it was attached to a suppurting flange by weldirg and to the
stern cross member by rivets. Sheathing was installed from the
supporiing flange and the kezl to the stern section. With
increasing reduction the sheets were welued to the assembly, and
tlien sheathing of alloy AMg6 was welded to the stern section.

The fcllowlng are the conditions for welding the plates to the
assembly: welding with a tungstan electrode 3 mm in diameter with
ICB = 130-140 A, v = 12-15 m/h; AD]1 filler 3 mm in Jiameter was
used. After welding of thils sheet to the assembly of the stern
sectlon and to the supporting flanze bottom sheets were installed,
beginning from the keel toward the stern, being reduced along the
framing, clamped to 1t, and alsc to the remaining portion of the
outer sheathing; this was followed by weldlng of the sheathing
sheets on a current of I__ = 150-160 A, with an electrode 3 mm
in diameter and AMgt filler »od 3 um in diameter. After this the
outer plates were welded t. the sieel framlng. Welded fairings
were subjected to hv.raulic testing by filling, an.: after drilling
out of openings in . he supporting flange by [ili:uz with the
creation of an excess pressure up to 0.8 daN/cmzn Testing
showed that the structure used was gas-tight znd strong.
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CHAPTER VI

CORROSION RESISTANCE OF WELDED
STEEL/ALUMINUM JOINTS

Broad~scale introduction of steel/aluminum structures is
hindered by a lack of standard data on thelr corrosion resistance.
Published data are extremely contradictory.

In using aluminum and aluminum alldys in combination with
other metals we must take special measures to prevent the develoy-
ment of _ontact corrosion. We know that in the contact area
between aluminum and steel parts (bolts. rivets) in the presence
of an electrolyte an electrochemical couple can Gevelop, in which
the wzt mediim plays the 1ole of the electrolvte, conducting the
electricial current and thus promoting the development of contact
corrosion. Conducting }iquids, for example, sea and fresh water
and salt, acid, and alkall solutions,can act as the electrolyte.

The degree of development of corrosion between different
metals depends on a number o: factors: the composition of the
electrolyte, the ratio of the stzel and aluminum contact surfaces,
the brand of steel and aluminum, etec.

The behavior of the galvanic aluminum/stecl pair ..as been
studied by a number of researchers. Rogers and dume have published
their data [222] on the behavior of aluwinum plating of shins ¢n
a wooden hull in combinatlon with & great many parts made of
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special steels., According to these studies the combination of
aluminum and sceel at an outer surface ratio of 1:5 for both
materials 1s resistanc to corrosion.

Accordirg to S. E. Bird and W. R. Evans [171] in the elements
of aluminum and steel which have been short-circuited in a liquid
{sea water), the aluminum is always the anode; the outside film
does not hinder corrosion of the aluminum, since the ratio of the
outer cathode surface to the 1lnner surface of the anode must be
sufficiently great in order to provide cathode protection of the
steel. In conducting water aluminum tecomes the cathode and the
protective action ceases. Although adding dissolved ferrous salts
to the liquid also decreases propagation of the alumlnum corrosion,
this addition nevertheless localizes and intensifies corrosion,
so that the steel can cause under certaln conditions an intense
local corrosion in the sections of the nelghboring light metal
with or without electrical contact. It is also noted that aluminum
in combination with steel in builcing materials (asbesics cement,
insulating matertals, ete.) is culy uxidized on the surface, and
after a certaln time the corrosion process ceases. Here even the
smallest trace of water - in ihe cemsnt, for exampnle - is
sufficient tc develop a current of 100 mA.

W. L. Horst, after a great many experiments with light metals,
established the fact that combinations of scft steel and aluminum
in moist air are more subject to corrosion than contact comblnations
of speciel steels and aluminum.

Ye. D. Vernika and F. B. Murphy beliewve that a galvanic
current develops between aluminum and carbon steel only when the
chloride concentration 1s above 50 mm, This current has a weaker
effect on aluminum electrodes than on steel.

Finally, according to the studles of F. F. Seppins, joints of

steel and aluminum are subject to corrosion even if thelr outer
surface 1s protected.
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To prevent a sudden contact between the two metals o» contact
of surfaces through the electroly.e in the case of bolt and rivet
Joints,special insulating line~ , paste, protective coatings,
oxide coatings, ete¢., are used. An example of total insulation

of bolt joints is shown in Fig. 95.

In most cases painting is

sufficient to protect contact surfaces in combinatien struccures.
In thils case the use of red lead or other paint containing lead

should be avoided [2U6]

Flg. 95. Standard clamp on hori-
zontal plpelines which eliminates
corrosion: 1 - aluminum bar; 2 -
galvanlzed steel bolte; 3 - steel
clamp; 4 - vhick asbestos liner;
5 - galvanized steel angle bar;

6 - plastic washer; 7 - fabric
liner; 8 - insulation paste; 9 -
steel galvan..ed washer; 10 -
steel bolt; 11 - plastic liner;
12 - aluminum; 13 - steel.

aluminum in an electrolyte [242].

There 1s little informa-
tion cuncerning the corrosion
resistance of welded steel/
aluminum joints [208, 2267.
Furthermore, welded Jolnts of
aluminum and steel, particularly
if an intermetallic compound
is present in the Joint, are
extfemely subjJect to corrosion,
since the electrode potential
of the 1ndicated chemical
compound is more elzctrc-
positive (-0.200 V) than
aluminum {35].

There are as yet no
published figures for the
currents whloc.a develop between
the concwct of steels and

A number of authors, who have

obtalned values for normal eiectrcde potential in the indicated
metals. suggest that such compounds are characterized by low
corrosion resistance. However, as Evans [171] so cocrrectly points
out, for practical purposes the values ol electrode potentials
obtained by submerging pure metals iIn normally active solutlons of
their own ions have limited significance.
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The values of statlonary potentials 1n sea water are also used

% only roughly. since the wvalues of the potentials depend to a great
i extent on the composition of the sea water, the degree of its

? aeration, and the state of the surface of the metals. Thus, we

i must formulate direct experimentz to establish corrosion resistance.
¢

We studied the corrosion resistance of welded aluminum/steel
Joints at a marine corrosion station. Tre test lasted cre year.
Welded joints consisting of ailoys AMts and AMg6 and steels St. 3
:nd 1Kh18N9T, produced by argon-arc welding, were studied. The
dimensions of the test specimens were 300 x 200 (5-7) mm. A
number of jJjoints were obtained by means of extra wires, providing
the joint with additional alloys of silicon, zine, and berylliun.
Prior tc 1he test some specimens were covrred in le~uer-paint
coatings. The total number of test specimens was 150.

The corrosion tests were conducted under condivions of total
and variable submersion In sea water and under a spray of sea water
in the atmosphere. Specimens tested under constant submersion were
secured in a specially designed holder (Fig. 96}, where they were
placed in a parallel formation 20 =m apart. In the case of
variable submersion the specimens were also placed in holders.

The test conditions: the specimens were pluced at a distance of

1 m above sea level for one day, for two days they were submerged
to a distance of 1 m from the surface. The test in the sea
atmosphere was conductsd in holders placed at an angle of 45°
toward the horiz»n and at 2 height of 1 m above sea level. 1In 3all

types of tests the specimens were electrically insulated from the
holding element-.

The dependence of the elecirode potential on tinie was
determined on speclmens of the studiea materials under total
submersion in sea water on a special stand. The crevices in the
contact areas belween the specimens and the organic glass holders
-were insulated by epoxy putty to avoid the development of crevice

204

Jach




corrosion. The electrode potential was measured by the cavitation
method with the aid of the LP-58 potentiometer. A silver chloride
electrode was used as the ccmparison standard. The potential was
measured at the following time intervals: 1, 10, 15, 25, 35, and
55 min from the moment of submersion, then every hour for the
course of one day, followed by once every 24 hours for 8 months.

. "."::f' W i
Fig. 96. Sp
for tests under total and varfat’e

submersion in sea (a); welded aluminum/
steel joints tested In sea atmnsphere

{b).

The degree of corros.ve effect of sea water on the studied
specimens was estimated from the results of mechanical tests made
before and after the tect experiments. These consisted of visual
observation and by establishing the depth of existing corrosiocon
damage (clock-type indicator) with an accuracy to within 0.01 mm,.
Micrcascopic sections were prepared from all of the tested specimens,
which, after electropolishing, were studied under magnification of
300x%.,

_ The speclimens were observed without btelng removed from thelir
holders at 10, 30, and 60 days from the be2ginning of the experiment.
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Observations in which one specimen was removed were made at 3, 6,

and 12 months. The temperature of the sea water, the air, and the
moisture in the air varled daily. Danta on the composition of the

sea water and its oxygen content are given in Table 30.

Table 30. Concentration of ions and salts in sea water.

Concentration of lons Concentration of ions
Tons in percentage | in percentage
N 81 |gnountoor  |Salts|in e/1|g] FoRE
salts galts
Nat 5. 430 36.2 Nacl |13.81 [76.74
gt 0.190 1.05 MgCl,[2.095 {11.63
Mg 0.680 3.78 Mgs0,[0.715 | 3.87
ca*t 0.240 2.22 MgBr,[0.03 | 0.017
Fe_  * [1.4.107 - K,S0,[0.420 | 2.33
cutt 1.2-107° -
+1.6:107° Cas0,[0.802 | 4.45
c1 10 55.5 CaCOq 0.008 -
Br~ 0.026 0.14
sog' 0.380 7.8
si 5.4.10"" -
s” 1.5.107° -
HCO, 0.016 0.092
003 0.005 0.025
Salinity|1.8%

Under total submersion in sea water all of the specimens were
covered by acorn barnacles measuring 1-12 mm in diameter, pearl
weed, eto.

After the test the speclimens were freed of these growths and
washed. The corrosion products were removed from the specimens by
pickling the aluminum alloys and the stainless steel in a 5%

*[Translater's note. Russian sse may in this case be abbreviated

in the form of B3B3UWEHHwH (Suspended)].
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solution of HNO,; steel 3t. 3 was pickled in a 5% solution of H2SOH
with inhibitor PBYS. Zinc-coated steel St. 3 was rinsed 1In hot
water without pickling.

For speclmens of the base metal the corroslon rate was
calculated based on welght losses, although for welded joints of
different metals welght monitoring does not give a true picture of
corrosion.

Weided Joints of Alloy AMts and
Steel St. 3

-

Followling the constant submersion test in the sea welded

Joints of AMts and St. 3 showed good corrosion resistance. The
surface of alloy AMts was slightly darkened, and traces of
barnacles and corroslion damage were v':ible; the surface of
galvanized steel St. 3 was covered with corrosion products in some
places, and the unglavanized steel with .rust.

Metallographlic studies indicated that intercrystallite
corrosion could be observed in certain places only on alloy AMts
after year-long studies; corrosion damage was not revealed along
the fusion line of St. 3 steel.

In the variable submersion test the surface of the base

mctals remalned the same as under continuous submersion., The
Joints were subjJect tc total corrosion. One specimen developed
transverse c¢racks. Intercrystallite ccrrosion was observed as
early as 6 months after the beginning of the vest along the fusion
line and along the weld. The base metal in alloy AMts was subject
to general corrosion damage.

After the weld compound was tested in the sea atmosphere the

Joints were found to be 1n good conditlion; the surface of the
specimens retained their metallic shine. Individual spots of
corrosion products were observed on the aluminum alloy, on the
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steel, and on the galvanized covering. Mlcroscople sections from
tests conducted 1n the sea atmosphere did not show corrosion
damage.

Tests on palnted (base paint VL02 - first layer, palnt PF64 -
second layer) of welded specimens of the comblnation AMts/St. 3
under conditions of constant and variable submersion 1n sea water
indicated that lacquer palnt has poor protectlve propertles. The
actlve zone was galvanized steel St. 3, the fuslon zone, and the
Joint. The coating was destroyed right down toc the metal, where
intensified corrocicon was observed. There was pitting (constant
submersion) on the joints and joilnt damage (variable submersion).

The lacnquer coatlng demonstrated good anticorrosion resistance
in atmosphere testing.

Welded Jolnts of Aluminum Alloy
AMg6 and Steel St. 3 (AD1 as
Additional Material)

These combinalions revealed insufficlient correslon resistance
under total submersion in the sea. The alloy AMgé darkened, and
traces of barnacles could be seen over a great part of the surface.
The pitting depth varied between 0.20 and 0.76 mm on the surface
and went p to 0.90 mm under the rubber at the polnt where .t was
attached to the holder. After 6 months of testing pitting damage
to a depth of 1 mm could be observed along the fusion line. After
vear-long tests the joints were subject to Intense corrosion
damage, and cracks could be observed along the fuslon line.

Under variable submersion tests sperce, point-like corrosion

products were noted, under whilch the surface was shiny. Alloy
AMg6 revealed point damage (6-8 x 1 cmg). There were individual
point-like areas of corrosion products on the welded Joints.
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Metallograpnic studies on welded joints of AMg6 and St. 3
after both types of tests did not reveal intercrystallite corrosion.
General corrosion damage was observed only on alloy AMgb.

Welded Joints of Aluminum Alloy
AMg6 and Steel St. 3 (Additional

Alloy Wires)

AMg6/St. 3 combinations with additions of 5% Si to the Joint
were tested after total submersion in the sea. The tes*s showed
that the base metals - the aluminum alloy AMg6b and Steel St. 3 -
have the same corrosion resistance as in the preceding case. !

Intensive deposition of white corrosicn products was observed I

along the joint. After these were removed corrosion damage to the :

Joints was visible (Fig. 97).

After tz2sting under variable

submersion the oy.~climens had an external appearance correcsponding
to that of the combinations tested under total submersion. On the
Joint alloyed with 5% Si uniform corrosion damage was detected.

Fig. 97. Intercrystallite corro-
sion of alloy AMgé in welded Joint !
of allcy AMg6 and Steel St. 3 i
alloyed with 5% Si after variable
submersion tests in the sea (x300). [

The introduction of 5% zinc
does not increase the corrosion
resistance of Joints in welded
combinations of AMgf and St. 3.
After tests lasting one year the
welded joint was.completely covered
with whi’e corrosion products, and
when these were removed corrosion
damage could be detected in the
form of fine, solid pits.

Welded Joints with 1% beryllium
added showed poor ~orrosion resist-

ance. When tested under constant
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submersion the specimen was c¢orroded along the Jolnt and disinte-
grated after 9 months. After variable submersion 80% of the
surface was destroyed.

Welded Jeints of Alloy AMg6 and
Steel 1Kh18N9T {(Additional Material
AD1)

When tested 1n sea water these combinatlions have poor
corresion resistance. After just 6 months of testing the weld
was completely corroded.

After 12 months of testing cracks formed along the fusion
1ine and the specimens fell apart. However, on the specimen
joint, where the potential had been measured for 8 months, only
a deposition of corrosion products covering an area of about 5%
could be detected. Of these specimens 15-20 showed pit damage on
the side of alloy AMg6 to a depth of 1 mm.

When alloy AMgé was subjected to constant submersion in the
sea, the pits were located under the barnacles, the rubber, and
the paint in places where the specimens were attached to the
holder, which 1ndicates the crevice corrcsion terdency of this
alloy. The described phenomenon 1s not observed under variable
submersion; first, point-like areas of corrosion products are
noted, under which the surface is shiny.

On' tne unpolarized surface of steel 1Khl8NIT a thin layer
of cathode deposit was observed; the aluminum covering was
preserved as 2 thin layer. Microsections of this combination for
both test methods showed corrosion damage on the aluminum side
along the edges and along the weld; on the steel side there were
individual areas with general corrosion damage.

The base metal of the alloy AMts had virtually no corresion
1amage. The rate of corrosion, calculated by weight losses under
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constant submersion, were 0.0035-0.0037 g/mg-h; under variable
submersion, 0.001-0.007 g/m° -h.

No weight losses were detected for specimens tested in the
sea atmoesphere.

Pit damage was found on allﬁy A¥z6., The depth of the pilt
after 8 months of tests under.conditions of constant submersion
was 0.6-1.7 mm. The average corrosion rate during the time of
the ftesft= was 0.003-0.039 g/mg-h for constant submersion and
0.0005-0,0037 g/mg-h for variable submersion.

Steel 1Kh18NI9T when tested under conditions of constant
submersion was subject to pit damage 1n areas covered by barnacles
and where the specimens were attached to the holder. Under

conditions of variable subrersion no corrosion damage was observed.
Steel St. 3 was subject to so0lld uniform corrosion at a damage
rate under constant submersion of 0.1 g/mz-h, under variable

submersion - 0.2 g/mz-h.

As noted above, the electrode potential was determined as a
function of time. Measucements were taken from the steel and
aluminum alloy specimens and from thelr weld jolints under
condlitions of total submersion in sea water. The data obtalned
from these measurements and from measurements taken in a 3% solution
of NaCl under laboratory conditions are shown in Fig. 98 and in
Table 31. As follows from the table, after 8§ months of tests the
combination of AMg6-1Khl18NOT, along with AMgbh-St. 3, had the most
positive potential. When alloy elements were introduced into the
weld the corrosion resistance of AMgH-St. 3 deteriorated, and
there was a sharp negative increase :n its potential. The weld
comblration of AMts-St. 3 was characterized by a more negative
potential than compounds of steel St. 3 and alloy AMg6.
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Fig. 98. Dependence of zlectrode potential

on time for total submersion of specimens
in sea water: 1 - joint of AMz6 and St. 3
alloyed with 7% Zn; 2 - AMg6; 3 - AMgé and
St. 3, 5% Si; 4 - AMts; 5 - AMts and St. 3;
6 - AMg6 and St. 3, 1% Be; 7 - AMg6 and
Kh18N10T; 8 - AMg6 and St. 3; 9 - St. 3;

10 - Kh18N10T.

Table 31. Values of potentilals EH in aluminum/steel
Joint. 0
Eiﬁgiioﬁgdogomn 52:g§a§2r§% Nétural tests in
ot 218 solution of Black £ea

NaCl

3 h 22 h 3h {24 n |8 months
AMts - - 0.740 - ~0.680
AMgb ~0.644)-0,6041-0.740]|-0.675|-0.775
St. 3 -0.419 - -0.300 - -0.410
1Kh18N9T - +0.131} -~ +0.070|+0.140
AMts-St. 3 - - -0.715f - ~0.650
AMgb6-St. 3 -0.534 - -0.480 - -0.575
AMg6-St. 3 (5% si)} - - -0.770 - -0.740
AMg6-St. 3 (7% Zn)| - - -0.88C] - ~0.780
AMgb-St. 3 0% Be)| -~ - -0.735| - -0.650
AMg6-1Kh18NQOT - -0.554 - -0.450]-0.550

Table 3Z gives averaged data for mechanlical tests on the

studied specimens, performed before and after experiments 1n sea.
As we see from the reduced data, weld jolnts of AMts and St. 3 did

well under atmospheric conditions.
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1Kh18N9T showed the greatest resistance under conditions of variable
submersion in the sea.

Additional alloying of the weld metal in welded joints of
AMg6 and St. 3 under all test conditions showed deterloration in
the mechanlce: propertles of the welded joints. Thus the use of
steel/aluminum structures 1s only possible 1f coatings are used.
Lacquer and ‘paint coatings on welded steel/aluminum jJoints offer
good protection from the destructive effect of the sea atmosphere.
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