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The dispersed structures formed in the process of explosive welding and solidification after
melting were investigated in areas near the interface. It was shown that melting can be initiated
by particles flying away as a result of granulating fragmentation. This is the fastest process
during explosive welding, which is similar to fragmentation in conventional explosions with the
formation of fragments but occurring in the presence of a barrier. The reaction between the
particles and their environment may lead to local heating sufficient for melting. This is con-
firmed by the observation of numerous particles of the refractory phase within the local melted
zones. In the absence of mutual solubility of the initial phases, the solidified local melted zones
are to a certain extent analogous to colloidal solutions of immiscible liquids. Correlations
between the typical temperatures were obtained that determine the conditions for the formation
of various types of colloidal solutions.
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I. INTRODUCTION

THE unusual microstructure of the joints that result
from explosive welding is due to the fact that explosive
welding is a high-intensity fast process. Typical times:
welding process duration about 10�6 seconds, deforma-
tion rate 104 to 107 s�1, cooling rate 105 K/s. The
explosive welding process diagram is shown in Fig-
ures 1(a) and (b). Figure 1 shows a schematic of the
explosive welding process. Parallel arrangement of the
plates was used. A charge of explosive substance was
placed on the flyer plate. Existence of the so-called
‘‘weldability window’’ within the impact angle-collision
point velocity coordinates (Figure 1(c)) shows the nec-
essary conditions for the formation of a strong joint.[1,2]

The number of joints formed by explosive welding is
constantly growing. Moreover, it is possible to obtain
joints between metals that have not been obtained using
other methods. Explosive welding makes it possible to
obtain joints between materials that cannot be obtained
by other means, such as steel and titanium, zirconium

and steel, and many other materials, on very large areas.
Sheets and products of complex shapes can be welded.
Both similar and dissimilar metals can be welded. We
can obtain quality bi-metal and multilayer composites of
high strength.
With all the variety of materials and welding condi-

tions, it is the mixing in the transition zone near the
interface that is seen as the central problem. It is the
transition zone structure that determines whether adhe-
sion of both materials is possible. Mixing is caused by
the effect of a strong external action which involves a
massive plastic deformation (including pressure, shear
components, turning points of stress, deformation
heterogeneity, etc.), friction of surfaces, the cumulative
jet impact, and other factors.[3] But it remains unclear so
far how even with such a strong external action mixing
occurs within such a short time period, before the
welding process is completed. This question becomes
even more critical if we are talking about materials that
possess no mutual solubility even in the liquid state.
The role of structural research has been underesti-

mated. As a result some of the stereotypes that earlier
were taken for granted have not been confirmed by
detailed structural studies. We are talking about con-
ventional views such as the risk of melting, the risk of
lack of mutual solubility, and the existence of only one
type of fragmentation.
Granulating fragmentation (GF) is a process of

segmenting into particles which either fly away or
couple with each other. In other words, GF includes
both formation and flying away of the particles and their
partial consolidation. In both cases—both in case of a
normal explosion and in case of GF—flying away of
particles (fragments) is observed, but continuity of
materials is only preserved in case of GF. Unlike
fragmentation in the process of the explosion, GF
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occurs in the presence of the barrier, in particular, the
second plate (not the one from which the particles are
emitted). Particles (fragments) are stopped by the barrier
in any case, and flying away of solid particles in the
refractory phase can provoke melting of the lower
melting point phase.

This paper proposes a new concept for solidified local
melted zones being filled with dispersed particles, i.e., for
the occurrence of colloidal solution analogs. The pro-
posed approach allows us to understand and consistently
explain the experimental facts collected in their totality.
The sequence of the sections of this work corresponds to
the internal logic of the proposed approach: Part II
(Materials and joints) is followed by a summary of the
processes in explosive welding. Section III begins with the
most rapid process. This GF is analogous to fragmenta-
tion resulting from an explosion. It is GF that causes local
melting which is discussed in Section IV. The following
scenario is possible: local flying away of particles (frag-
ments), local melting, and preservation of the fragmented
layer of the particles that have failed to fly away. In
Section V, methods of the fractal theory are used mostly
to describe the suspensions that fill the local melted zones.
For the first time, the article provides data to prove self-
similarity of tantalum particles in these areas. Section VI
covers relation between typical temperatures that corre-
sponds to the filling of the local melted zones with
suspensions. Finally, Section VII focuses on one of the
most successful implementations of explosive welding.
Based on this study, it became possible to identify the
reasons for the high quality and stability of a chemical
reactor with walls containing a Cu-Ta joint with a wavy
interface and dispersion-hardened local melted zones.

II. MATERIALS AND JOINTS

The study mainly uses experimental results obtained for
the copper-tantalum jointswith bothflat andwavy interfaces
and also results for some other joints for comparison.[4,5] For

convenience, the following notations that were introduced
for the joints earlier are used here: (Aw)—titanium-
orthorhombic titanium aluminide (hereinafter, for short,
aluminide); (Cp), (Cw)—copper-tantalum; (Dw)—iron-silver;
(Ep)—aluminum-tantalum.The subscript corresponds to the
following interface shape: p—flat, w—wavy).
Figures 1(a) and (b) show the explosivewelding process.

When the (Aw) titanium-orthorhombic titanium-alu-
minide joint was welded, an indent was made in the
bottom titaniumplate (base plate) where an orthorhombic
titanium alloy sheet was placed and fixed. An explosive
substance chargewasplacedon the top (cladding) titanium
plate.During its explosion, the velocityof theplate reached
500 m/s and the collision angle was 12 to 14 deg. During
detonation of explosive, the pressure developed on the
contact surface was ~6 GPa and the material adjacent to
the contact surface was heated to ~1173 K (900 �C) and
underwent plastic deformation of 40 to 80 pct.
We will limit ourselves to showing here only the key

welding parameters for the test joints

Cp

� �
: c ¼ 5:22 deg; Vc ¼ 2680m=s; Vi ¼ 234m=s;

Cwð Þ : c ¼ 11:8 deg; Vc ¼ 2125m=s; Vi ¼ 440m=s;

Awð Þ : c ¼ 13 deg; Vc ¼ 2200m=s; Vi ¼ 500m=s;

Dwð Þ : c ¼ 15:6 deg; Vc ¼ 1910m=s; Vi ¼ 520m=s;

Ep

� �
: c ¼ 8:6 deg; Vc ¼ 2000m=s; Vi ¼ 300m=s;

where c is collision angle, Vc is collision velocity, and Vi

is impact velocity.
Experimental studies of the microstructure were

carried out using the following methods: X-ray diffrac-
tion analysis (DRON-3), scanning and transmission
electron microscopy (JEM200CX and SM-30 Super
Twin electron microscopes, QUANTA 200 FEI Com-
pany and Quanta 600 scanning electron microscope; and
Fashione 1010 ION MILL ion gun).
Difficulty in making foils out of dissimilar materials is

the reason for insufficient development of electron
microscopic research of welded joints. In the process
of thinning, one of the metals may be completely etched
out, so that only the foil from another material is left.
Thus, for the copper-tantalum joints, given the high
corrosion resistance of tantalum, etching of copper can
only be prevented by special selection of reagents. The
use of an ion gun is the most efficient method.
Next, results of electron microscopic observation of

the structure, including the interface shape, the surface
roughness, flying away of particles in the melted zone,
the intensive deformation area, etc. are shown.

III. FRAGMENTATION

Fragmentation is a long-known phenomenon. It is
observed in biology, genetics, medicine, geology, and in
many other areas. For example, fragmentation of algae

Fig. 1—(a, b) Schematic diagram for obtaining bimetallic joints by
explosive welding; (c) ‘‘weldability window’’.
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and primitive worms as their method of reproduction,
fragmentation of corals that leads to the formation of
reefs, etc. It is fragmentation during explosion that is
relevant to the processes that are discussed in this paper.
Such fragmentation is a process of segmentation (par-
titioning) of a solid body into pieces (fragments) that
occurs under strong external influence. Hence the
names: fragmentation warhead, fragmentation shell,
fragmentation bomb. Description of the fragment fly
away process is usually attributed to Neville Mott.[6]

Together with other authors (see, for instance, the book
by Grady[7]), he developed the theory of dynamic
fragmentation in case of an explosion.

Despite the vast variety of welded joints, there are not
so many processes that control their formation. First of
all, it is a new type of fragmentation discovered by the
authors of this paper and was named GF.[8] It is similar
to the fragmentation in the process of explosion studied
by Mott. We believe that the fragments scatter during
explosion that was studied by Mott and flying away of
particles in explosive welding have much in common.
However, the scatter of fragments in the explosion
occurs in open space, whereas in case of explosive
welding, particles fly away in a closed space between the
plates. This means that in the case of explosive welding,
fragmentation is constrained. In the case of welding, the
role of explosion consists in acceleration of one body
relative to another, so that most of the chemical energy
of the explosive is transformed into kinetic energy of the
flyer plate which is transformed into other forms of
energy in case of collision.

Figure 2 shows various stages of GF for the (Aw) joint
titanium-orthorhombic titanium aluminide.[9–11] The
welding parameters for this joint are shown in Section II
above. The choice of such joint was determined by the
following factors. Obtaining metal-intermetallic joints is
one of the most difficult problems in welding. We have
tried to use explosive welding to solve this problem. The
attempt was successful, perhaps due to the fact that this
type of welding is quick and diffusion free. Due to the
peculiarities of phase transformations of orthorhombic
titanium aluminide, the authors were able to obtain its
joint with titanium, while titanium joints with other
titanium aluminides have not been obtained.

In Figure 2 titanium aluminide is clearly visible
because of the globules a2-phase (structure D019). GF
occurs on the surface of aluminide. Hence the flying
away of particles and the formation of a melted zone in
the adjacent titanium plate containing aluminide parti-
cles occur. A layer of particles that failed to fly away
remains on the surface.

Flying away of micron particles of aluminide which is
clearly seen in Figures 2(a) and (b) is remarkably similar
to scattering of fragments in case of an explosion, only
the sizes are different. But in case of an explosion the
fragments scatter in open areas, whereas in case of
explosive welding the particles fly away in a closed space
between the plates. The high magnification image in
Figure 2(c) shows a fragmented layer consisting of
aluminide particles. Figure 2(d) shows clearly visible
particles of titanium aluminide in the local melted zone
with dimensions varying within the range of 100-

500 nm. Numerous particles within the local melted
zones can be observed for other joints as well, including
tantalum nanoparticles in copper (flat interface), micron
particles of tantalum in copper (wavy interface), micron
particles of iron in silver (wavy interface), etc.[12]

Unlike the process of fragmentation, in the process of
explosion resulting in destruction that was studied by
Mott, GF occurs as a result of microfracture and is a
process alternative to fracture. Instead of free surfaces,
the occurrence of which would lead to fracture, surfaces
associated with the microfracture are formed. These are
either part of the flying away particles or are ‘‘healed’’ in
the process of their consolidation. Microcracks do not
occur under the influence of medium-applied stress but
rather on its local concentrators. It is in areas containing
local concentrators of stress that many microcracks may
occur. The relevant free surfaces slow down when
‘‘meeting’’ each other. First, this prevents transforma-
tion of microcracks into macrocracks. Secondly, micro-
volumes surrounded by free surfaces on all sides occur.
The said microvolumes are actually cut out of the
surrounding material. GF increases ‘‘survivability’’ of
material, saving it from destruction, even in the case of
such a strong external impact as explosive welding. This
is the essential role of GF in case of explosive welding.
Among the set of the joints examined, there were no

occasions where fragmentation was not found. This
means that GF is a universal phenomenon which is
inherent to explosive welding.
GF is a fast process that proceeds in the explosion

time. In addition to GF, another type of fragmentation
that usually occurs in the cases of intensive deformation,
is also observed in the process of explosive welding.[8]

Such fragmentation which can be called traditional
includes pumping of dislocations, formation of various
kinds of structures, recrystallization, and other process-
es. For the (Dw) iron-silver joint Figure 3 shows cellular,
banded, and recrystallized structures which are observed
in silver. Similar structures are observed in iron.
Both types of fragmentation are easily distinguish-

able: in case of conventional fragmentation, neither
particles fly away nor melting occurs. In contrast to GF
which is observed in close vicinity of the interface,
traditional fragmentation occurs at a slightly greater
distance from it.

IV. LOCAL MELTING

GF is analogous to the fragmentation in the explosion
but occurs in the presence of strong barriers. For
particles flying away from one plate during explosive
welding, such barriers that stop them will include the
second plate, and the remaining bulk of the original
plate. One can assume that flying away of the solid
particles of the phase that does not melt will initiate
local melting of the material with a lower melting point
near the interface. The reason is that due to the large
total area of the particles, effective friction between
particles and the barrier may cause local heating
sufficient for melting. To some extent these flying
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particles are analogs of sparks that can frequently be
observed in the situation of strong dry friction between
materials.

In the case of explosive welding, this mechanism
works regardless of whether or not the initial phases
possess mutual solubility. In case of immiscible phases,
its action may result in the microheterogeneous struc-
ture in the local melting zones.

Figure 2(d) illustrates the relation between flying
away of aluminide particles and local melting of
titanium for the (Aw) joint. In this case, numerous
aluminide particles are embedded in the solid solution of

titanium alloyed with niobium and aluminum that are
originally part of aluminide.
Thus, the following scenario is possible: local flying

away of particles (fragments), local melting, and preser-
vation of the fragmented layer of the particles that have
failed to fly away. The shape of particles within the local
melted zone for the (Aw) titanium-aluminide joint is
clearly visible in Figure 2(d). The question remains why
the fragment type particles inside the area that was
previously melted are rather smooth. Indeed, in Fig-
ure 2(c), the fragmented layer contains not only smooth
but also indented particles. It is but natural to assume

Fig. 2—(Aw) titanium-aluminide joint, granulating fragmentation: (a, b) flying away of aluminide particles; (c) fragmented aluminide layer; (d)
aluminide particles inside the local melted zone.

Fig. 3—(Dw) iron-silver joint, silver fragmentation during intensive plastic deformation: (a) cellular structure; (b) band structure; (c) recrystallized
structure.
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that the fly away of smooth particles is an easier process
than that of indented ones. Therefore smooth (or rather,
less indented) particles fly away, while the indented ones
remain on the edge of the refractory phase.

Figures 4(a) and (b) show the SEM image of a
longitudinal section of the transition zone for the (Cp)
copper-tantalum joint.[13] White, black, and gray spots
are visible. The tricolor structure of the longitudinal
cross section is due to the cusps on the interface. In the
presence of cusps, their intersection with the plane
parallel to the interface would result in areas containing
different metals being observed simultaneously; there-
fore, the image would be bicolor. However, Figures 4(a)
and (b) show three rather than two areas. In addition to
the areas filled with base metals, there is a gray local
melted zone containing a mixture of both metals.

As a result, the interface will have a chaotic topog-
raphy with a large number of cusps and cavities. The
same tricolor image of a longitudinal section is shown in
Figure 4(c) for the (Ep) aluminum-tantalum joint.[14]

This means that the tricolor type of longitudinal section
for the flat interface is observed regardless of whether
the base metals possess mutual solubility (such as
aluminum-tantalum) or do not possess it (such as
copper-tantalum).

Figure 5 illustrates the scenario of how particles are
formed, particles of one type fly away and others
become partially consolidated for the (Cw) copper-
tantalum joint with wavy interface. Figure 5(a) shows
alternating bands of copper and tantalum. Note the
large tantalum cusp (Figure 5b). A local melted zone
can be seen on the next copper band. The remaining
tantalum particles that did not fly away before the
process was completed are clearly visible in Figure 5(c).
The microheterogeneous structure of the local melted
zone for the same (Cw) joint is shown in Figure 6(a).
Micron particles of tantalum are visible. They are rather
smooth and elongate. At the same time the fragmented
layer (Figure 5(c)) comprises mainly indented islands.
Thus there is complete analogy with the situation
discussed above for (Aw) titanium-aluminide joints with
indented particles within the fragmented layer and
smooth and elongated ones in the melted zone.

The microheterogeneous structure of the local melted
zone for the (Cp) joint is clearly visible both in the SEM

(Figure 6(b)) and the TEM images (Figure 7). Fig-
ure 7(a) shows a bright-field image of the microstructure
of the local melted zone. Figure 7(c) shows the corre-
sponding dark-field image obtained in reflection h111i
Cu, and Figure 7(d) represents the dark-field image
obtained in reflection h110i Ta. In Figure 7 the tantalum
particles are dark. In the diffraction pattern (Figure 7b)
a ring system consisting of individual reflections, be-
longing to tantalum, is observed. The strong point
reflections belong to copper.
The difference in size and distribution of the dispersed

phase particles leads naturally to different values of
microhardness measured in the local melted zones. For
the (Cp) joint with the highest density of tantalum
particles, microhardness in the said zone is about
4000 MPa, which is 1000 MPa higher than microhard-
ness of tantalum and 3000 MPa higher than that of
copper. However, for (Cw) joint microhardness in the
said zone is almost the same as microhardness of
tantalum. As shown by mechanical tests, the shear
strength is also higher for the (Cp) joint and is
approximately 230 to 240 MPa, while for the (Cw) joint
it is about 150 to 170 MPa, which, nevertheless, is still
greater than the strength of copper.

V. FRACTAL DESCRIPTION OF INTERFACES

The search of fractals within the transition zone of the
joints formed by explosive welding was initiated after
the observation of numerous objects that give the
impression of being self-similar.[15] These include cusps,
dendrites, solid phase particles within the local melted
zones, etc.
Heterogeneity of the interface is in fact three dimen-

sional. At the same time, the observed electron micro-
scopic images show a set of two-dimensional sections of
the interface. The longitudinal cross sections of both the
cusps and the local melted zones are basically islands
surrounded by other phases. Although the particles
within the local melted zones have a different origin,
they also appear as islands. Islands of different types are
probable fractal objects, which are analyzed in this
section. Interpenetration of different materials in the
process of explosive welding makes emergence of islands

Fig. 4—Flat interface, longitudinal section (SEM): (a, b) (Cp) copper-tantalum, at different magnifications; (c) (Ep) aluminum-tantalum;
white—tantalum, black—copper (aluminum), gray—melted zones.
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of different colors inevitable, which is typical for the
structure of welded joints.

Formation of cusps resulting from diffusionless emis-
sion of one metal into the other in the process of welding
is a typical stochastic process. It is the nature of the
process described above along with the observations
that indicate recurrence of the structures that encour-

ages development of the fractal approach to describe the
topography of the interface.
The tricolor image shown in Figure 4(a) was trans-

formed as follows. First, we kept only longitudinal
sections of tantalum cusps—the white islands. Their
environment included the areas filled with copper and
the local melted zones. The environment of the white
islands was considered to be the black background. The
set of white islands for the (Cp) joint obtained in this
manner and investigated further is shown in Figure 8(a).
Likewise, the gray islands against the black background
were obtained for the same (Cp) joint (Figure 8(b)).
In order to find out whether the islands are fractal

objects, it is necessary to obtain the ratio between the
perimeter of each of the islands and its area. We will
calculate the dimensions of the islands using the
methods utilized in the theory of fractals.[16,17] Mandel-
brot[16] showed that the islands with the outlines which
are to some extent similar satisfy the following ratio
between their perimeters LðdÞ and areas AðdÞ:

LðdÞ ¼ Cdð1�DÞ AðdÞ½ �D=2; ½1�

where D is the fractal dimension and d is the selected
length benchmark. With certain approximations of (1)
we obtain the simple proportionality ratio which looks
as follows:

Fig. 5—(Cw) copper-tantalum joint, longitudinal cross section: (a)
copper and tantalum bands; (b) large cusp and local melted zone; (c)
remaining tantalum particles.

Fig. 6—Microheterogeneous structure of melted zones for tantalum-
copper joints, longitudinal section (SEM): (a) (Cw) joint; (b) (Cp)
joint.

3574—VOLUME 46A, AUGUST 2015 METALLURGICAL AND MATERIALS TRANSACTIONS A



A � L2=D; logA � 2

D
logL ½2�

For each of the islands shown in Figure 8, area A and
perimeter L were calculated and then applied to the
graphical image within the logA from logL. In this case,
each island is a single point. Next, an approximating line
is found for each type of islands as shown for example in

Figure 9, and the tangent of the slope angle of this line
which, according to [2], is equal to 2/D, is used to
calculate the value of fractal dimension D for the given
set of islands. The fact that the dimension measurements
for the set of islands of the same type are placed on the
same line is, to a certain extent, the evidence of their
fractal nature. Approximating lines for different types of
islands in the main part are shown in Figure 9.

Fig. 7—Microheterogeneous structure of melted zones for (Cp) joint, longitudinal section (TEM): (a) bright-field image; (b) microdiffraction; (c)
dark-field image (a) obtained in reflection h111i Cu, (d) dark-field image (a) obtained in reflection h110i Ta.

Fig. 8—(Cp) joint, longitudinal cross section: (a) white islands; (b) gray islands.
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Line 1, just like in Figure 9(a), pertains to the gray
islands are shown in Figure 8(b) for (Cp) joint. Lines 2
and 3 represent the tantalum islands within the melted
zone for the (Cp) joint (Figures 6(b) and 7), and (Cw)
joint (Figure 6(a)), respectively. Straight line 4 repre-
sents the area-perimeter correspondence for round
islands when the D parameter has the lowest value
D4 = 1. Figure 9(d) shows line 4¢, which corresponds to
the maximum dimension for two-dimensional fractal
objects D40 = 2.

We therefore obtain the following values, for D
parameters corresponding to lines 1, 2, and 3:
D1 ¼ 1:58� 0:06; D2 ¼ 1:44� 0:03; D3 ¼ 1:22� 0:09:

As can be seen from the comparison of lines 1 to 3
with line 4, if the area A value is fixed, the corresponding
value of perimeter L is lower for round islands. This
means dimensions can be increased through irregularity
of the islands. As seen from the comparison in Fig-
ures 8(a) and (b), the gray islands are less indented than
the white ones. This is due to the fact that they can
spread out before they are solidified. Indeed, the D1

dimension of the gray islands is significantly smaller
than one of the white tantalum islands which is equal to
(1:68� 0:07). The high irregularity of the cusps and
therefore the islands of tantalum with the largest
dimension out of those calculated in this paper help

cusps serve as ‘‘wedges’’ connecting contact materials
with the highest effect.
The tantalum particles within the local melted areas

are significantly different for (Cp) and (Cw) joints. As
seen from Figures 6(b) and 7, for the (Cp) joint these are
nanoislands approximately 30 to 50 nm in size. For the
(Cw) joint these are micron islands (Figure 6(a)). From
the comparison of images it can be seen that the micron
islands are much smoother. The value D3 of the
corresponding dimension is the lowest of those obtained
for the joints studied in this paper.
We believe that in the general case, the convex shape

of the islands reduces their fractal dimensions, while
the presence of concave segments in the outlines of the
island, on the contrary, increases them. For (Aw)
titanium-aluminide joint, Figure 2(d) shows the image
of a local melted zone containing aluminide particles
and Figure 2(c) shows the image of the fragmented
layer of particles that fail to fly away. For the islands
within the local melting area the dimension is ap-
proximately 1.32 ± 0.09, while for the islands within
the fragmented layer the dimension is approximately
1.49 ± 0.08.
Thus, the ideas developed above that, firstly, the

indented particles have greater dimensions in compar-
ison to the smooth ones, and secondly, that the smooth

Fig. 9—Relation of the area to the island perimeter; (a) line 1—gray island, (Cp) joint; (b) line 2—tantalum islands within the melted zone for
(Cp) joint; (c) line 3—tantalum islands within the melted zone for (Cp) joint; (d) 4—round islands (D4 = 1); 40— limit for two-dimensional ob-
jects (D40 = 2).
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particles fly away more easily than the indented ones,
are fully confirmed.

The ‘‘smooth vs indented’’ contradistinction provides
a purely qualitative description of the surface state.
Fractal dimensions provide a quantitative characteristic
that allows to take into account both the area and
perimeter of the investigated elements of the interface
and their changes with welding conditions or passing
from one welded joint to another.

VI. RELATIONS BETWEEN TYPICAL
TEMPERATURES

Next, we consider the conditions under which certain
types of microheterogeneous systems are formed near
the interface in melts solidified after explosive welding
or, otherwise, where solidified colloidal solutions are
formed.[18] We will at first limit ourselves to the case
where no boiling of any of the materials occurs during
explosive welding and, accordingly, no gas phase is
formed. What is essential in this case is the ratio between
the following temperatures:

T
ðIÞ
m —melting point of metal I,

T
ðIIÞ
m —melting point of metal II,

Ts—The temperature near the interface.

We assume for the sake of certainty that T
ðIÞ
m >T

ðIIÞ
m and

begin by considering the case where

TðIÞ
m >Ts>TðIIÞ

m ½3�

Formula [3] describes the situation shown in Figures 2
and 4: melt of fusible phase II containing solid particles
of refractory phase I is formed in the welding process.
The refractory phase is made up of either orthorhombic
titanium aluminide (joint (Aw)) or tantalum ((Cw) joint).

Reasons for the meltdown of one of the phases caused
by friction between particles of the refractory phase and
the barrier were discussed above.
In this case, circulation in the liquid phase causes

mixing of the colloidal solution which becomes a
solidified suspension that is dispersion strengthened
due to the presence of the refractory phase particles.
We now consider the case when

Ts>TðIÞ
m >TðIIÞ

m ½4�

This means that within the Ts>T>T
ð1Þ
m temperature

range both metals are melted. In this case a strong
external impact leads to both liquids being broken into
droplets, so that an emulsion-type colloidal solution is
formed. However, the emulsion is in fact unstable,
meaning that the droplets of the same sort coalesce and
separation into two immiscible liquids is likely. Such
separation is, in any case, does not occur for the so-
called diluted emulsion where the concentration of one
phase is considerably lower than that of the other.
Alternatively, when the condition

TðIÞ
m >TðIIÞ

m >Ts ½5�

is satisfied, both metals do not melt during welding and
no colloidal solutions are formed.
Thus, either emulsion or suspension is formed in case

of colloidal solutions of immiscible liquids that are
solidified after welding. When emulsion is solidified, it
poses risk to continuity of the joint due to possible
separation, while suspension, on the contrary, can
contribute to strengthening the joint.
For copper-tantalum and iron-silver joints, typical

temperatures are approximately the following:
T
ðTaÞ
m = 3269 K (2996 �C); TðCuÞ

m = 1357 K (1084 �C);
T
ðFeÞ
m = 1812 K (1539 �C); T

ðAgÞ
m = 1235 K (962 �C).

Let us assume that the temperature is near the interface
Ts = 1500 K to 1700 K (1227 �C to 1427 �C). Then, for
both systems, ratio [3] applies and dispersion strength-
ened suspension is formed. If, however, TS = 2000 K
(1727 �C), then ratio [3] still applies for (Cp), (Cw)
copper-tantalum joints and suspension is formed, while
ratio [4] applies in case of (Dw) iron-silver joints and
emulsion is formed.
For (Dw) iron-silver joint, the local melted zone

consists of silver containing iron particles (Figure 10). It
is essential that the local melting structure is heteroge-
neous: there are areas where the iron particles are almost
invisible. This means that concentrated and weak
solutions of iron are simultaneously present in silver.
However, no separation of the (Dw) iron-silver joint was
observed.[19]

Explosive welding may lead to the formation not only
of emulsions and suspensions but also another form of
colloidal solutions, namely foam.[18] It can be expected
that foam will be formed on the interface for immiscible
phases at a certain ratio of typical temperatures. Let us
assume that relation [4] applies so that both metals are
melted near the interface. If additionally the relation

Ts>T
ðIIÞ
b ½6�Fig. 10—(Dw) iron-silver joint, longitudinal sectional SEM: iron par-

ticles in silver.
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applies in the case of low-melting metal with the boiling
temperature T

ðIIÞ
b , then formation of foam near the

interface is likely.
In this regard, consider the joint resulting from

explosive welding of magnesium-titanium metals pos-
sessing limited solubility. Characteristic temperatures
have following values: T

ðTiÞ
m = 1941 K (1668 �C),

T
ðMgÞ
m = 923 K (650 �C), T

ðMgÞ
b = 1368 K (1095 �C).

Due to the low boiling temperature, magnesium melt
may contain the gas phase in addition to other phases. It
is considered an established fact that formation of stable
foam is totally impossible in pure liquid. However, it is
believed that in those areas where both metals are
melted, formation of foam is likely in which layers of
liquid are formed by magnesium-titanium colloidal
solution and the bubbles are filled with magnesium
vapors. Whipping or shaking of the liquid is also
required for foam formation, which naturally happens
in the process of explosion. Due to rapid quenching
after the explosion action, liquid dispersion medium
turns into solid phase medium and the dispersed gas
phase is preserved. The result is high stability of solid
foam. This also means that pores will occur and be
observed in the vicinity of the interface. Figure 11 shows
two welded titanium-magnesium joints obtained in
different modes of explosive welding: (a) c = 21.5 deg,

Vc = 2000 m/s, Vi = 740 m/s; (b) c = 21.5 deg,
Vc = 2300 m/s, Vi = 860 m/s. In case (a), the interface
is flat, in case (b) it is wavy. As seen from Figure 11, the
state of the interfaces is also different in these cases: in
contrast to the dense interface in mode (a), in case (b)
the interface is porous. Pores are clearly visible in
Figure 12.
We note here that pure magnesium is unsuitable for

welded structures due to its low corrosion resistance and
low strength. Therefore magnesium alloys are used as
structural material. Of all the structural materials,
magnesium alloys have the lowest density (4 times lower
than steel), which makes them suitable for use in
structures in which weight is the main parameter.[20]

However, when designing composites as aerospace
materials one should bear in mind the likelihood of
magnesium boiling in the process of explosive welding.

VII. MELTING AND RISK ZONES

It is known[21] that for many materials, such as
polymers, solution or melt of the material is considered
to be the best adhesive. This to some extent proves that
bonding of the metals under study is also possible due to
their melting during explosive welding. Indeed, melting
helps simultaneously solve problems of wetting, adhe-
sion, thermal expansion, and protection against contact
corrosion.
To ensure good bonding, the adhesive film thickness

must not exceed a certain value. As applied to welded
joints, this could mean a limitation of the melted area
thickness. When the upper weldability limit is ap-
proached, the critical thickness of the melted area may
be reached that makes bonding impossible. Thus, we can
say that explosive welding ‘‘absorbs’’ another way of
joining materials, namely their bonding by forming
melted areas. The research allowed to overcome the
stereotype of risk of melting during explosive welding.
It is, in particular, in case of copper-tantalum-steel

composite which is used to build walls of a chemical
reactor where explosive welding can be applied most
successfully. The work was performed by Dynamic

Fig. 11—Magnesium-titanium: (a) dense interface; (b) porous inter-
face.

Fig. 12—Magnesium-titanium (a, b) at different magnifications, pores are visible.
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Materials Corporation (USA).[22] The whole structure is
based on corrosion resistance of tantalum that the inner
shell of the reactor is made of. The outer shell is made of
carbon steel. There is a copper layer between steel and
tantalum. The tantalum-copper joint inside the reactor
wall is the (Cw) joint with a wavy interface that was
repeatedly mentioned above.

Without going into details, we present here the
conclusions from the analysis of the reasons for the
stability of the walls of such a reactor. Due to the lack of
mutual solubility of copper and tantalum, the local
melted zone cannot be a true solution. For the same
reason there is no diffusion here and intermetallic
reactions are impossible. As a result this zone is
solidified colloidal solution of tantalum in copper.
Because of the high melting temperature of tantalum
3269 K (2996 �C), the colloidal solution cannot form an
emulsion, and therefore there is no danger of the
separation.

Thus, the lack of mutual solubility of copper and
tantalum prevents the formation of intermetallic com-
pounds, while formation of dispersion strengthened
suspension in the course of melting and subsequent
solidification ensures high quality and stability of the
chemical reactor walls containing copper-tantalum
welded joints.

VIII. CONCLUSIONS

1. The relation between local melting and GF was
established. GF involves, in the first place, forma-
tion and flying away of particles. GF is to a certain
extent similar to fragmentation in case of a usual
explosion but occurs in the presence of a barrier.
Flying away of particles can induce melting. Due to
the large total area of the particles, friction between
the particles and the barrier may lead to local heat-
ing sufficient for melting.

2. It was found that the particles in the melted zone
are rather smooth and elongate, whereas particles
that failed to fly away are indented. This is because
flying away of smooth particles is an easier process
than that of indented ones. Therefore smooth parti-
cles fly away, while indented ones remain on the
edge of the refractory phase.

3. The relations between typical temperatures deter-
mining the conditions for the formation of micro-
heterogeneous structures have been obtained. These
structures are solidified colloidal solutions of var-
ious types: emulsions, suspensions, or foams. Expo-
sure to solidified emulsion threatens joint continuity
due to possible separation, while exposure to so-
lidified foam is risky due to the possible porosity of
the interface. On the contrary, suspension in which
the dispersion medium consists of the melted (and
then solidified) phase and the dispersed phase is
made up of particles of the refractory phase which
is not melted can strengthen the joint.

4. The fractal approach was proposed for describing
the structure in the transition zone of welded joints.

Various types of fractals were found and their di-
mensions were calculated. It is islands of different
colors that inevitably occur in case of interpenetra-
tion of different materials in the process of explo-
sive welding. Relation between the fractal
dimensions and adhesion between different materi-
als was analyzed.

5. The reasons for stability of the chemical reactor
shell containing copper-tantalum junction with
wavy interface were established. The lack of mutual
solubility of copper and tantalum prevents the for-
mation of intermetallic compounds. Because of the
high melting temperature of tantalum, colloidal so-
lution formed in the process of local melting of cop-
per cannot be an emulsion. This results in local
melted zones filled with suspension to be randomly
scattered along the wavy interface. The suspension
consists of solidified copper matrix which is
strengthened with dispersed micron tantalum parti-
cles.
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