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The results of investigation of structure of transition zone of aluminium—tantalum joints, having different
plane or wavy shape of the interfaces, are presented. Independently of the shape of boundaries, two types
of fragmentation were revealed: one of them is similar to fragmentation in explosion, another one — at
intensive plastic deformation. The same types of fragmentation were earlier observed also in joints of
copper—tantalum having no mutual solubility unlike the aluminium—tantalum. Melting was observed in
transition zone of joints being investigated. Structure of melted areas depends greatly on the availability

of mutual solubility in metals being welded.
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Among the whole variety of materials and weld-
ing conditions the basic problem is stirring in the
transition zone near the interface [1, 2]. It is the
structure of transition zone that defines the pos-
sibility of adhesion of both materials. Stirring
occurs as a result of strong external effect sup-
posing large plastic deformation (including pres-
sure, shear components, torque moments of
stresses, deformation non-uniformity, etc.), fric-
tion of surfaces, influence of cumulative jet and
other factors. However it is still unclear how
stirring can occur at such a great external effect
in a short time of welding procedure.

The explosion welding was carried out by
CRSI of Structural Materials «Prometey» (St.
Petersburg), Volgograd State Technical Univer-
sity, Ural Plant of Chemical Machine Building
(Ekaterinburg). Depending on welding condi-
tions different joints were produced having wavy
or plane shape of interfaces.

Originally the welded joints of metal—inter-
metallic with normal mutual solubility were in-
vestigated [3—7]. In the capacity of metal the
commercially pure titanium was selected, and as
the intermetallic — orthorhombic aluminide of
titanium  (further named aluminide for
briefness). Depending on welding conditions the
different joints were produced which were called
for convenience in different ways: A,, Ap, B,,
B, where the low index designates the shape of

an interface (plane, wavy). For joints A the or-
thorhombic alloy was used, containing 16 at.%
Nb, for joints B — 23.5 at.% Nb. The molten
areas of any of mentioned joints represent genu-
ine solutions where stirring occurs at the atomic
level.

To reveal the importance of mutual solubility
of initial materials, the metals (copper—tanta-
lum, iron-silver) were selected for explosion
welding which have practically no mutual solu-
bility both in solid and in liquid states, moreover
they form non-mixed suspensions in liquid state.
It was found that in joints C,, C, of copper—
tantalum [8, 9] and D, of iron—silver [10] the
areas of local melting are filled with such colloid
solutions.

Having used the obtained results the possible
reasons for good quality of a copper—tantalum
joint were revealed, due to which the explosion
welding was successfully carried out on the large
areas of plates [11] from which the chemical re-
actor was designed. The body of reactor was made
of the carbon steel-copper—tantalum composite.
The inner shell is composed of tantalum and on
its corrosion resistance the whole structure is
based. The colloid solutions have a risk of emul-
sion lamination [12]. However at the areas of
local melting of joint C,, the lamination was not
observed [9]. But the suspension, composed of
tantalum particles in the copper matrix, on the
contrary contributes to dispersion strengthening
of the joint.
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In the present work, which is the continuation
of works [8, 9], the welded joints E, and E,, of
aluminium—tantalum with normal mutual solu-
bility are investigated. The welding parameters
(angle of collision y, speed of contact point v,)
for these joints are given in Figure 1. With de-
crease of welding parameters of aluminium—tan-
talum (y=7.5°, v, = 1900 m /s) the welding did
not occur at all. The Figure shows also the weld-
ing parameters for the joints C,, C,, of copper—
tantalum. As is seen from Figure 1, the parame-
ters for the joints E, and C,, having plane bound-
ary surfaces, locate near the lower boundary of
weldability. Comparing the joints E_, and C,, the
welding parameters for the joint E,, are seen con-
siderably higher. Basing on the comparison of
results obtained for the mentioned joints, the
authors tried to reveal the processes which are
common both for the metals with mutual solu-
bility as well as for the metals without it. Mean-
time the simultaneous use of both joints with
different shape of an interface (plane, wavy) was
successive for the same pair of metals.

The metallographic analysis was carried out
using the optic microscope «Epiquants» equipped
with the computational complex SIAMS. The
microstructure was investigated using transmis-
sion electron microscopes JEM 200CX and CM-
30 Super Twin and scanning electron microscope
Quanta 200 3D. The X-ray shooting was per-
formed in the diffractometer DRON-3M in mono-
chromatic Co-K,-radiation.

The images of interfaces, obtained using scan-
ning electron microscopy (SEM), plane for the
joint E, (Figure 2, @) and wavy ones for E,, joint
are given in Figure 2. For wavy interface the
period is about 300 um, the amplitude is 30 pm.

Fragmentation during explosion. The phe-
nomenon of fragmentation as a process of split-
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Figure 1. Welding parameters for joints being investigated
(asterisk designates the mode accepted in the work [11])

ting of solid body into parts (fragments) occur-
ring at the intensive outer influence was known
long ago. It came even into the name of weapon:
fragmentation warhead, fragmentation shell,
fragmentation bomb. The description of frag-
ments separation is connected with the name of
N. Mott [13]. He together with other authors
(see for example [14]) showed that using meth-
ods of simple geometric fragmentation the dy-
namic fragmentation of cylindrical shell can be
described.

We suppose that fragmentation during explo-
sion investigated by Mott occurs also during ex-
plosion welding. In the titanium—aluminide
joints A, the separation of micron particles of
aluminide has a striking resemblance to separa-
tion of fragments occurring during explosion but
of other sizes [15]. Here it should be noted that
during explosion the separation of fragments oc-
curs in the open space, whereas in explosion weld-
ing the fragments are separated at closed space
limited by the material of plates.

For fragmentation observed in explosion
welding we used previously the notion «fragmen-
tation of crushing type» (FCT). Though in both

500 pum

Figure 2. Interface (cross section) for the aluminium—tantalum joints: @ — joint Ep; b — joint Eo
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Figure 3. Microstructures of longitudinal section of transi-
tion zone (a, b) and cross section (¢): a — joint Ep; b —
joint Ep, aluminium is etched; ¢ — joint Eq

cases the formation and separation of particles
are observed, these types of fragmentation are
not similar. FCT represents the process of split-
ting into particles which either separated or abut-
ted each other. Similar to explosion fragmenta-
tion, FCT represents quick-running process
which has time to occur during explosion.
Figure 3, a shows many particles of tantalum
of arbitrary shape on the background of alu-
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minium. We suppose that separation of tantalum
particles observed in explosion welding as well
as separation of aluminide particles mentioned
above is similar to separation of fragments in
explosion. In Figure 3, b after aluminium com-
plete etching, the particles of tantalum were seen
at the surface of tantalum, poured during alu-
minium removal. In Figure 3, ¢ the coarse par-
ticles of tantalum are seen, reaching sizes of 20—
40 um which are much larger than those observed
in the joint E,. The possible reason for such dif-
ference is that joint E, was obtained at more
intensive outer influence than the joint E, (see
Figure 1).

The observation of particles separation in ex-
plosion welding proves the concept about frag-
mentation similar to fragmentation in explosion.
FCT is observed both in the metal-metal joints,
as well as in metal—intermetallic ones both at
the normal solubility and also at the absence of
mutual solubility of the metals being welded in-
dependently of the shape of interface. This is the
evidence of dominating role of explosion in in-
vestigating welding method.

FCT provides a powerful channel for dissipa-
tion of induced energy, as the surface of separat-
ing particles has a large total area. FCT arises
as a result of microfractures and is a process al-
ternative to fracture. Instead of free surfaces,
formation of which could result in fracture, the
formation of surfaces due to microfractures is
occurred, which either relate to separating par-
ticles or are «healed» at their consolidation. As
a result, the FCT increases the «vitality» of ma-
terial preventing its fracture even at such inten-
sive outer influence as explosion welding.

Fragmentation at intensive deformation. In
explosion welding the fragmentation of one more
type is observed when the formation of new par-
ticles does not take place at all. It implies frag-
mentation [16], the existence of which is proved
by many observations of material structure dur-
ing strong deformation. Such, to the known ex-
tent, traditional fragmentation [15] includes
pumping of dislocations (twins), formation of
nodular, cellular and banded structures, and re-
crystallization.

In the present work for the joint E, of alu-
minium—tantalum the TEM-images of strongly
deformed structure of aluminium but not mixed
with tantalum were given: regions with high dis-
location density (Figure, 4, @) and recrystallized
regions (Figure 4, b, ¢). Thus, in Figure 4, b the
formation of triple butt is seen. The images of
strongly deformed structure of tantalum are simi-
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aluminium: ¢ — cold working; b, ¢ — recrystallized areas

lar to those observed for the copper—tantalum
joint C, [15]. If to compare the images of de-
formed structure of aluminium and copper [15]
it is seen that recrystallization of aluminium oc-
curs more completely as compared to recrystal-
lization of copper. It is connected with the fact,
that, firstly, aluminium is fusible and, secondly,
it has higher energy of packing defect.

Though the temperature in the contact zone
in explosion welding can be extremely high, how-
ever at quick-running explosion effect the pro-
ceeding of thermally-active processes, defining
the movement and restructuring of dislocations,
is complicated and is hardly possible. It can be
assumed that these processes the same as diffusion
become possible only at residual temperatures
and stresses. These are the processes that define
the traditional fragmentation. As compared to
the traditional fragmentation, the FCT occurs
only in narrow area near the interface where outer
influence is the most intensive. However the tra-
ditional fragmentation is observed somewhat far-
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Figure 5. Transition zone for joint Ep: @ — microstructure
from the area of tantalum, aluminium and zone of local
melting (longitudinal section); b — schematic image of
projections (cones) at plane interface

ther from the boundary surface. Respectively, the
FCT is, by all means, the more rapid process than
traditional fragmentation. The characteristic peri-
ods can be evaluated approximately as microsecond
for FCT and 108-10° ps (time of structural relaxa-
tion) for traditional fragmentation.

Heterogeneities of interface surface: projec-
tions, zones of local melting. In Figure 5, a the
image is composed of spots of three colors: white,
black and grey. Respectively, the transition zone
is composed of areas of three types which is the
result of formation of projections at the interface
surface. At the first time, the projections were
revealed in the titanium—aluminide joints [5].
The data on chemical composition of mentioned
areas forming the transition zone were obtained
using SEM from repeated measurements. It was
shown that area of tantalum corresponds to white
color, aluminum area — to black, mixture of
initial metals — to grey one.

The projections are formed most probably as a
result of diffusion-free (due to quick run of weld-
ing) outburst of one metal into another (Figure 5,
b). Actually, they certainly do not have perfect
conic shape: the peaks are rounded and surfaces
are not so smooth. Only by formation of projections
it is possible to explain the pattern of transition
zone for joint E, in Figure 5, a. As a result, the
surface represents chaotic relief with a large num-
ber of projections of one material into another one,
similarly to that observed in work [8].
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Figure 6. Diffractogram of transition zone (longitudinal
surface of section): ¢ — joint Ep; b — joint Ew

In the both joints E, and C, the drawing up
of projections along some marked direction is
clearly seen. It can be assumed that there is a
connection between self-organization of projec-
tions and wave-formation, however it requires
special investigations.

If the interface was smooth, then the problems
with adhesion could arise and either reconstruc-
tion of metallic links or transportation of spot
defects would be required. However presence of
projections solves this problem: here the projec-
tions play role of «wedges», linking the contact-
ing materials with each other. The friction on
the surface of projection, strengthened due to
the fact that the projection itself is not smooth,
contributes to adhesion of surfaces.

There is a point of view [17] that strength of
bimetal produced by explosion welding can be
increased due to preliminary profiling of surfaces
of a fixed plate, which can be performed, for
example, due to longitudinal cavities and pro-
jections oriented approximately parallel to the
direction of detonation spreading. A.Z. Bogunov
et al. [17] consider that at the presence of pro-
jections it can be spoken about explosion rivet-
ing, which in case of profiling accompanies the
explosion welding.

We suppose that the similar situation occurs
in explosion welding due to projections forming
in natural way, though their sizes are less than
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in preliminary profiling. In our investigated cases
the sizes of projections are changed from mi-
crometer to hundreds of micrometers, whereas
after profiling the sizes of projections varied in
the limits from several millimeters to dozens of
millimeters [17].

Moreover, it can be assumed that existence of
lower limit of weldability is connected indeed
with impossibility to form projections on the
plane interface. Below the indicated limit the
projections either are not formed at all or appear
to be rather small. There is obviously some criti-
cal height of projections when they provide ad-
hesion of surfaces. With increase in external ef-
fect the projections are growing and lining up.
Further, the wavy formation begins.

The X-ray diffractogram of transition zone
(Figure 6, a) contains lines of tantalum and alu-
minium, and does not contain lines of other
phases. The results of spot measurements of
chemical composition of grey zone obtained using
SEM showed that concentration of tantalum does
not exceed 5 at.% here, therefore grey zone rep-
resents a zone of local melting of aluminium al-
loyed with tantalum. However it requires melt-
ing of narrow edge of tantalum.

It is grey zone, being the zone of mixing, that
is sensitive to the fact whether materials being
welded have mutual solubility or not. At normal
solubility they form natural solutions. At the
absence of mutual solubility the colloid solutions
arise as in case of copper—tantalum [8].

Melting along the interface. Near the wavy
interface, in contrast to plane one, the interface
is corrugated, therefore, its longitudinal section
represents a set of alternating bands of both ma-
terials with almost parallel boundaries. The lon-
gitudinal section of transition zone near the alu-
minium—tantalum joints E,, given in Figure 7,
a, represents really a slightly inclined section
due to small amplitude of wavy surface. At the
longitudinal section of transition zone at the same
joint after the aluminium was etched (Figure 7,
b) the bands of tantalum are seen and also par-
ticles which poured after aluminium dissolution.

For comparison, Figure 8, @ shows the lon-
gitudinal section of transition zone for the cop-
per—tantalum joint C,. The system of bands in
Figures 7, a and 8, a is not regular. If we restore
the interface according to given images, then in
both cases it will be not perfect. In Figure 8, a
the numerous zones of local melting are clearly
seen having the vortex structure. As is seen from
Figure 8, b, for the both joints Cp and C,, of
copper—tantalum the zone of local melting is
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Figure 7. Microstructures of transition zone for joint Eg
(longitudinal section): ¢ — bands of aluminium and tan-
talum; b — aluminium is completely etched

filled with colloid solution, independently of the
interface shape.

In Figure 8, @ many projections of different
sizes from several micrometers to 100—150 pum
are seen. Some of them begin in one band, inter-
sect another one and form adhesion between the
bands. The role of projections, promoting the
formation of joints was mentioned above during
analysis of the joint E,,.

As is seen from Figures 7 and 9, in the joint
Ew, in contrast to Cy, the zone of local melting,
i.e. isolated melted areas, are not observed. In-
stead of them, in Figure 9 while moving from
the solid phase of aluminium the layers of molten
aluminium are seen, first not containing and then
containing particles of other phase (with small
and then large density of particles). The sizes of
particles are changed within wide range: from 50
to 500 nm. Quite sharp cut of particles is par-
ticularly noticeable. Further the edge of tanta-
lum is followed, observed in Figure 9, a, b as
illuminating line. Such illuminating boundary
(«braid»), which represents a molten film, was
observed by the authors before in the titanium—
aluminide joints Ay [5].
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Figure 8. Microstructures of longitudinal section of the
interface for joint C,: @ — bands of copper and tantalum;
numerous zones of local melting are seen; b — zone of local
melting

The diffractogram taken from the longitudinal
surface of the section (see Figure 6, b) shows
clearly how X-ray peaks are recorded not only
from tantalum and aluminium, but also from in-
termetallic phase Al;Ta. Compound AlsTa has
tetragonal crystal lattice, spatial group 14,/mm,
structural type — Al;Ti. Namely the particles
Al3Ta are seen in Figure 9, b. It is obvious that
melting of tantalum is required for running of
intermetallic reaction. In fact in Figure 9, ¢ the
spherolites are seen which are the evidence of
tantalum melting. The above-mentioned molten
film for the titanium—aluminide joint A, has a
similar structure, where the spherolites were also
observed (see Figure 5, e in work [5]).

In Figure 9, d the structure of layer is given
containing intermetallic inclusions after anneal-
ing at 500 °C for 1 h. It is seen that the structure
is heterogeneous but in general the coarsening of
particles occurred as compared to those observed
in Figure 9, b.

In the joint E,, the film includes edge of tan-
talum of 2.0-2.5 um width and above-mentioned
molten layer of about 40 um width (30 um with
particles, 10 um — without). The observed struc-
ture of transition zone is formed in the following
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Figure 9. Microstructures of the transition zone cross section for joint Ex: @ — layers of melted aluminium without and
with particles; b — particles of intermetallic Al3Ta in the melt of aluminium; ¢ — spherolites; d — after annealing

way: at first, the melting of aluminium as more
fusible one is occurred, then followed the par-
tial melting of tantalum surface, formation of
solid solution based on aluminium, and for-
mation of intermetallic phase at achieving the
certain concentrations. The mentioned parti-
cles are retained during dissolution of alu-
minium and observed together with tantalum
particles (see Figure 7, b).

However, before melting begins in accordance
with the scenario offered above, the most quick-
running process takes place: separation of solid
particles of tantalum which are seen in Figures 3,
c; 7, a9, a.

The fact is that the molten zone in the joint
E, represents a film at the interface, while in
the joint E, the isolated zones are coordinated
with intensification of welding condition used to
produce joint E,, as compared to the joint E,, (see
Figure 1). Here the observation of intermetallic
inclusions in the joints E, and their absence in
the joint E, is also related to this.

Melting and adhesion. Strong explosion ef-
fect during producing of the joint E, evidence
of approaching to the upper limit of weldability.
In this case the melting becomes dangerous for
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integrity of the joint. However, as authors sup-
pose, in favorable case (at not very high values
of parameters of explosion effect) the melting,
on the contrary, facilitates the formation of joint
due to adhesion of surfaces. In this relation, mi-
crophotography is very convincing (see Figure 9,
a), demonstrating transition from aluminium to
tantalum, occurring due to melted aluminium,
aluminium with particles, and melted tantalum.
It is obvious that such a transition facilitates the
adhesion of aluminium and tantalum comparing
with abrupt solid-phase transition.

For other materials, namely polymers, the
best adhesive substance is solution or melt of the
given polymer [18]. It gives a certain prove to
the possibility of adhesion also the investigated
materials due to their melting in explosion weld-
ing, as far as during melting the problems of
wetting, adhesion and protection from contact
corrosion are instantly solved. Let us pay atten-
tion to the following fact. Aluminium is one
among few metals, the adhesion of which is im-
possible without preliminary chemical treatment
of surface [19]. Only mechanical treatment
turned to be not sufficient. However aluminium
plate was not subjected to chemical treatment
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before welding. Nevertheless welded joint with
tantalum was produced. Here, most obviously,
the remarkable feature of explosion welding was
manifested, i.e. self-cleaning of surfaces to be
welded due to cumulative effect [1, 20].

It is known that a film of adhesive substance
should not exceed the specified value for thick-
ness [18]. As applied to welded joints it can mean
the restriction for thickness of melted area. Dur-
ing intensification of welding condition and ap-
proach to the upper limit of weldability the criti-
cal thickness of melted area will be reached, at
which the adhesion becomes impossible.

Thus, explosion welding comprises to a defi-
nite extent also another method of joining ma-
terials, namely their adhesion by formation of
melted areas.

The electron-microscopic investigations were
carried out in the Center of collective use of
electron microscopy of Ural Division of the RAS.
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