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Abstract: This article examines the processes of structure formation occurring during joint plastic
deformation by the explosion of copper and molybdenum. These components are dissimilar metals
with very limited mutual solubility under normal conditions, and the circumstances allowing for their
interaction, as well as the products of the mechanochemical reactions of such interactions, have not
been sufficiently studied and require new approaches. A cluster approach was used to describe the
processes of structure formation, which describes phase formation as the process transitioning of the
polyhedron of the initial phase into the polyhedron of the final phase. This work shows that under the
conditions under consideration, not only is the formation of solid solutions in the contact zone with
smooth concentration transitions from one component to another possible, but also the formation
of new structural states, which can be represented as localized icosahedral atomic configurations
(amorphous metal clusters). Such a structure is capable of locally strengthening the composite, which
is confirmed by microhardness studies.

Keywords: copper-molybdenum; plastic deformation; explosion welding; solid solutions; icosahedral
phases; clusters

1. Introduction

The Cu-Mo state diagram is currently only constructed by the calculation method since
copper and molybdenum practically do not mix in liquid and solid states [1]. The effect of
production technology on the structure and mechanical properties of composite materials
made of molybdenum and copper has not been sufficiently studied [2]. Among the known
methods of welding in a solid state, friction stir welding [3], diffusion welding [4], and
explosion welding [5] are used. Considering the significant difference in mechanical
properties between copper and molybdenum, explosion welding is the most productive.
Therefore, it is relevant to study the effect of explosion welding of copper and molybdenum
on the processes of structure formation in a layered copper-molybdenum composite,
including the method of cluster modeling.

The study of the properties of composites and physico-chemical processes occurring
during explosion welding makes it possible to obtain materials with unique properties,
which opens up new opportunities for solving urgent problems [6,7]. A group of composite
materials (CMs) consisting of dissimilar metals with limited mutual solubility is currently
of particular interest since components such as composites combine a variety of properties
that indicate a wide range of their possible uses. For example, composite materials based
on copper and refractory metals have high strength characteristics and heat resistance. It
is known [8] that with an increase in the volume of the refractory phase, the hardness of
copper-molybdenum composites increases. By setting different thicknesses of the coating

Crystals 2023, 13, 1514. https:/ /doi.org/10.3390/ cryst13101514

https://www.mdpi.com/journal/crystals


https://doi.org/10.3390/cryst13101514
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0002-4845-148X
https://doi.org/10.3390/cryst13101514
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst13101514?type=check_update&version=2

Crystals 2023, 13, 1514

20f11

layer from nitrides from 5 nm to 1000 nm and metals (Zr/Cr from 3.5 nm to 45 nm), the
necessary final coating characteristics are ensured, such as impact strength, resistance to
wear, and high-temperature oxidation.

As a result of this combined deposition, a coating hardness of 29-35 GPa is ensured,
with a fairly low elastic modulus of 280-320 GPa. These are promising materials that can
help open up new possibilities, for example, in the manufacture of electrodes for resistance
welding [9].

The cluster modeling method is based on the representation of each structural state as
a combination of elementary crystal clusters [10,11]. Cluster aggregates are a combination
of elementary crystal clusters generated by simple (octahedron, tetrahedron) or more
complex atomic configurations. The essence of the method lies in the fact that polymorphic
transformation is described not as a relative displacement of flat atomic grids but as
a reconstruction of three-dimensional coordination polyhedra that make up the crystal
structures of phase partners in phase transformation [12,13]. The prototypes of clusters
can be considered “unions” proposed by Laves to describe the structures of intermetallic
phases [14], which are groups of atoms connected by the shortest lines [15,16].

New questions and problems have arisen in connection with the discovery of a new
crystalline class of materials, the feature of which is icosahedral local atomic configura-
tions [17,18]. In pure metals, the formation of distorted tetrahedra (for example, in an
amorphous state) [19] cannot be explained by the size of atoms and is explained by a local
change in the interatomic interaction potential caused by external causes (among which
may be plastic deformation). For these reasons, in many metal alloys, the crystal structure
may contain clusters with an icosahedral atomic configuration as building units.

Consisting only of tetrahedra, the objects have a high packing density, in which the
packing density of the substance is 89%, which is significantly higher than the densest
crystal packages of FCC and HCP with a density of 74%. The presence of such formations in
the structure of molten or amorphous metal can explain their high density (for amorphous
alloys, it is equal to 71-73% on average), while the estimated density of chaotic dense
packing does not exceed 64-66% [20]. Since the packing density of amorphous alloys with
icosahedral phases in fact turns out to be somewhat less than that of densely packed phases
(FCC, HCP) and lattice BCC, it turns out that the metal in this state is more “loose”. A
systematic discussion of icosahedral formations in metals was conducted by Frank and
Kasper [21,22], who showed the possibility of their formation and the main four types of
clusters, one of which is a simple icosahedron. Currently, a large number of structures are
known that belong to tetrahedrally densely packed phases and are formed in structurally
unstable states characteristic of plastic deformation [23,24]. At the same time, amorphous
alloys (metallic glasses) can be effectively used for reinforcing materials with a metal
matrix [25].

There are known works in which it is shown that icosahedral phases can be obtained
by the mechanochemical method [26,27]. We have shown the formation of tetrahedrally
densely packed structures during plastic deformation in titanium nickelide [28], Gadfield
steel [29], and iron [30]; however, icosahedral phases have not yet been found in systems
with limited mutual solubility.

Thus, the aim of the work is to study the structural phase transformations that oc-
cur during joint plastic deformation in the copper-molybdenum system using the clus-
ter approach.

2. Research Methodology

Composite material samples (CMs) were obtained by explosion welding of a multilayer
package of technical copper plates (0.3 mm thick) and molybdenum plates (0.5 mm thick).
A package of alternating seven copper and seven molybdenum plates was welded by
explosion with a single charge of the explosive ammonite according to the method described
in [31]. Ammonite was chosen as an explosive material. The horizontal collision point
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velocity was estimated as 3600 m/s. Collision angles ranged from 24° (for upper plates) to
6.2° (for bottom plates).

In addition, experiments were carried out on a hydraulic press. Molybdenum wire
with a diameter of 0.5 mm and a total length of 30 mm (experiment with wire 1) and 60 mm
(experiment with wire 2) was divided into segments of about 1 mm and pressed into a
copper plate with a thickness of 2 mm using a hydraulic press with a force of 3 tons. Also,
a molybdenum plate with a size of 6 x 6 mm and a thickness of 1 mm was pressed into a
copper plate with a thickness of 2 mm.

Throughout the course of this work, studies were carried out using an optical (Nikon
Eclipse LV100) and a scanning electron microscope with an energy dispersion attachment
(JEOL7001F), X-ray phase analysis (Bruker), as well as measuring the microhardness of
samples (PMT-3).

3. Experimental Results

Figure 1 shows the structure of the copper-molybdenum composite material obtained
by explosion welding. In the center of Figure 1, there is a layer of copper, above and below
layers of molybdenum. The contact zone is well defined and has a wavy shape typical of
this type of welding.

(b)

Figure 1. The structure of the sample in the area of molybdenum and copper junction after explosion

welding: (a)—normal interaction of components x75; (b)—active interaction of components x150.

It can be seen that the CM components interacted with each other with different
intensities in different parts of the sample. Thus, active interaction and mixing of com-
ponents took place in some areas (Figure 1b), which can be judged both by the blurred
boundary of the transition zone and by visual signs—the color shades of the obtained solid
solutions. This may indicate the occurrence of a solid—solution interaction, along with a
purely mechanical one. In other areas, where the conditions of interaction were different,
the intensity of mutual penetration of components was weak (Figure 1a).

Scanning electron microscopy makes it possible to study the local interaction of CM
components in the transition zone. Several lines of spectra were constructed to study the
depth of interpenetration of copper and molybdenum into each other. Figure 2a shows an
electron microscopic image of a section of the copper-molybdenum transition zone from
which a sequential series of spectra was taken. The results of this study are presented in
Figure 2b.

It can be seen (Figure 2b) that in this local region, the depth of the transition zone
of formation of solid solutions based on copper and molybdenum is about 10 microns.
Thus, in the process of the solid—phase interaction, the mutual dissolution of copper in
molybdenum and molybdenum in copper occurred.
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Figure 2. Electron microscopic examination of a copper-molybdenum CM sample: (a)—linear
spectrum markers in the Cu-Mo transition zone; (b)—linear profile of copper and molybde-
num concentrations.

To establish the phase composition of the obtained CM samples, layers of molybdenum
and copper were separately examined using an X-ray diffractometer. Figure 3 shows X-ray
diffractograms from molybdenum and copper layers obtained by explosion welding.
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Figure 3. X-ray diffractogram of a composite material sample: (a)—from the molybdenum layer;
(b)—from the copper layer.

It can be seen that in addition to the pure components (copper and molybdenum), a
number of phases were detected in the samples: a solid solution based on molybdenum
(BCC lattices) with a parameter of 2.99 A and primitive cubic crystal lattices with a number
of parameters (3.52, 3.82, 4.01, and 4.02 A). It is important to note the peculiarity of the
resulting picture, in which solid solutions based on the FCC lattice of copper are not
observed, although copper is significantly more ductile than molybdenum.

Figure 4 shows an X-ray diffractogram of a sample of a copper plate after pressing a
molybdenum plate on a press, from which it follows that completely different deformation
conditions (first of all, the minimum specific pressure from all experiments) did not lead to
any significant interaction of copper and molybdenum.
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Figure 4. X-ray diffractogram from a copper plate after pressing a molybdenum plate into it on
a press.

Figure 5 shows X-ray diffractograms of copper plate samples after pressing molybde-
num wire into them on a press (experiments with wires 1 and 2).

13

@ Cu (3.60 Ay
5 B Cu (3.60 A) a Solid solution based on FCC (3.53 A)
a Solid solution based on FCC (3.52 &) a Primitive cube (4.13 A)

}

Relative intensity
Relative infensity

o et s ol DA 16, VORI

0 0 N pA 70 80 « 100 A A At aaa s —
Angle 2-Theta 20 30 40 50 60
Angle 2-Theta
(a) (b)

Figure 5. X-ray diffractograms from a copper plate after pressing a molybdenum wire into it on a
press: (a)—experiment 2; (b)—experiment 1.

It can be seen from Figure 5 that the interaction conditions of copper and molybdenum
strongly affect the resulting phase composition. So, in the case of experiment 2 (Figure 5a),
where the area of the pressed molybdenum was significantly lower than in the case of
pressing a molybdenum plate with the same force on the press (Figure 4), and therefore,
the specific pressure was higher, in addition to pure copper, a solid solution based on a
FCC lattice of copper was observed. In the second case (Figure 5b), the area of the pressed
molybdenum wire was even lower. This led to the formation of not only a solid solution
based on the FCC lattice but also to the appearance of a phase with a primitive cubic lattice
with a parameter of 4.13 A.

Studies of the microhardness of CMs after explosion welding have shown that the mi-
crohardness of the copper-molybdenum transition zone (where new phases are identified)
has the highest values compared to areas remote from the transition zone (Figure 6).
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Figure 6. Study of the microhardness of the composite: (a)—dependence of the microhardness values
on the distance on a layered Cu-Mo sample; (b)—image of the connection zones of three layers of
molybdenum and two layers of copper.

4. Discussion of the Results

Table 1 summarizes the phases identified after the interaction under pressure between
copper and molybdenum. The table does not include pure components, copper and
molybdenum, but they were found in all the relevant samples (see Figures 3-5). Recall
the standard values of the parameters of crystal lattices: copper FCC a = 3.615 A, and
molybdenum BCC a = 3.147 A.

Table 1. Summary table of identified phases in the copper-molybdenum system.

Type of Crystal Crystal Lattice The Experimental

Lattice Parameter, A Experiment Data Are Presented
BCC 2.99 Explosion welding, Figure 3a
molybdenum layer
Explosion welding, .
cP 3.82 molybdenum layer Figure 3a
P 35 Explosion welding, Figure 3b
copper layer
Explosion welding, .
cP 4.01 molybdenum layer Figure 3a
P 402 Explosion welding, Figure 3b
copper layer
FCC 350 Mo wire pregsed into Cu on ‘the Figure 5a
press (experiment 2) Mo wire
FCC 353 Pressed into Cu on the press Figure 5b
(experiment 1) Mo wire
P 413 Pressed into Cu on the press Figure 5b

(experiment 1)

It follows from Table 1 that a number of phases are formed in the copper-molybdenum
system under pressure, which is explained by nonequilibrium interaction conditions. It
can be seen that, during the interaction of the components, nonequilibrium phases were
obtained by the type of solid solutions based on both the copper crystal lattice and the
molybdenum crystal lattice. It should be kept in mind that the hardness of molybdenum
is significantly higher than that of copper. This explains the distribution of these solid
solutions. A solid solution based on a face-centered crystal lattice of copper (a ~ 3.52 A, see
Figure 5) formed during the experiment on the press with relatively small loads. In the case
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of explosion welding during the interaction of copper and molybdenum, solid solutions
based on a volume-centered molybdenum crystal lattice were identified (a = 2.99 A, see
Figure 3a). There was not enough energy for the formation of such a solid solution in the
experiment on the press. In the case of explosion welding, a solid solution based on FCC
copper turned out to be unstable, and, as will be shown, other phases arose instead.

The parameters of the obtained solid solutions attract attention; they are lower for
both BCC and FCC than the parameters of molybdenum and copper, respectively. This
may be due to the formation of not an ordinary solid solution but a superstructure, i.e., an
atomically ordered solid solution in which copper and molybdenum atoms occupy not any
but some definite position. The consequence of this may be the effect of superstructural
compression. The confirmation of the formation of atomic ordering is the superstructural
peaks of interference. For a solid solution based on a BCC lattice, these are indices of the
types (1/300)and (}/21/,0) (peaks 1 and 5 in Figure 3a).

To analyze other phases formed under extremely nonequilibrium conditions, it is
necessary to involve the concept of tetrahedrally densely packed structures and cluster
models of structure formation. In the existing cluster models of structure formation,
transformation is described as the transition of the coordination polyhedron of the initial
structure into another polyhedron of the final one [15,16]. For example, a cuboctahedron,
i.e., the coordination polyhedron corresponding to the first coordination sphere of the
densely packed FCC structure, can be transformed into an icosahedron (a Frank-Kasper
polyhedron with 12 vertices), and the rhombododecahedron of the BCC structure can
be transformed into a Frank-Kasper polyhedron with 14 vertices. An elementary act of
structural transformation in these models is the displacement of the atoms of the original
polyhedron by a distance less than the interatomic one. In [16], this position is described
as the transfer of diagonals in a rhombus, which is the union of two triangular faces of a
coordination polyhedron.

The cluster approach makes it possible to describe not only tetrahedrally densely
packed phases but also ordinary crystal lattices, for example, FCC and HCP [12,15]. Such
lattices can be described as combinations of tetrahedra and octahedra. According to [13],
the FCC lattice can be represented as a combination of a regular octahedron surrounded by
tetrahedra connected by common triangular faces (Figure 7a).

(0)

Figure 7. Cluster representation of crystal structures: (a)—rhombohedral cluster aggregate of the

FCC lattice [13]; (b)—a diagram demonstrating the connection of the icosahedron with a primitive
cubic lattice; (c)—a golden rectangle 3-4-5-6 in the icosahedron [32].
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Table 1 shows that, along with bcc and FCC lattices, systems of reflections corre-
sponding to a primitive cubic lattice with a number of parameters (3.82, 3.52, 4.01, and
4.13 A) were discovered. To explain the appearance of such phases with such parameters,
it was hypothesized that tetrahedral, close-packed structures based on icosahedral atomic
configurations were formed in the structure.

Figure 6b shows how the icosahedron fits into the cube. To do this, edges of types
1-2, 3-4, or 7-8 are located in the faces of the cube. In an icosahedron, all edges are parallel
in pairs, and each pair forms a golden rectangle, i.e., a rectangle with an edge ratio equal
to 1.618 [32]. The golden rectangle is highlighted in Figure 7 in the dotted line as a 3-4-5-
6 rectangle.

As shown in Figure 7, the FCC structure can be represented as a combination of an
octahedron and a tetrahedron, and the edges of these figures are the same. For copper with
a parameter a = 3.60 A (see Figure 5b), the edge of the tetrahedron (d119 FCC lattice) will be
2.55 A (for this, the parameter 3.60 A must be divided by the root of two). Let us assume
that an icosahedron is inscribed in a primitive cube with a parameter of 4.13 A (see Table 1).
The calculation of the length of its edges (and, accordingly, the edges of the 20 tetrahedra
of which it consists) is performed by dividing the parameter 4.13 A by the golden ratio of
1.618. The calculation result is 2.55 A. The sizes of the tetrahedra folding the icosahedron
coincide with the sizes of the tetrahedra forming the FCC copper structure. This explains
the reason for the experimental detection of reflections corresponding to a primitive cube
with a parameter of 4.13 A (see Table 1). It is obvious that the “copper” tetrahedra under
pressure formed not in the form of an FCC lattice but in the form of an icosahedron.

It should be noted that there are no atoms in the vertices of the primitive cube in
Figure 7b. According to [12], a lattice with cubic symmetry may not contain atoms at the
vertices of the cube, so the observed sets of reflexes of the cubic lattice will be extra reflexes,
which by their nature differ from the superstructural reflexes caused by atomic ordering.

The study of the second identified primitive cube with a parameter of 4.01-4.02 A (see
Table 1) was carried out using the same logic. Let us assume that an icosahedron with an
edge equal to the distance d1g = 2.50 A of the FCC lattice (distance 1-2 and equivalent in
Figure 7b) is inscribed in a cube with a primitive lattice parameter of 4.02 A. The parameter a
of this FCC lattice is 3.53 A and corresponds to the solid solution found (Table 1). Checking
the calculation consists of dividing the parameter 4.02 A by 1.618, and the result is the
desired value: 2.50 A. Thus, rearranged tetrahedra of the FCC solid solution are observed
here in the form of icosahedrons, which have formed another system of extra reflexes from
a simple cubic lattice.

It is curious that solid solutions based on the FCC lattice were detected in an exper-
iment made on a press, while the lattice of a primitive cube, indicating the formation of
icosahedral atomic configurations, was found in an experiment during explosion welding
(Table 1). It is likely that the possibilities of dissolving molybdenum in copper under
pressure have some limitation, which, at relatively low pressures, manifests itself in the
form of an “ordinary” solid solution based on a FCC lattice, and at high pressures—in
the form of icosahedral configurations, but based on average tetrahedra of the same size
as tetrahedra of an “ordinary” solid solution of FCC, obviously with the same amount of
dissolved molybdenum.

In the experiment with explosion welding, two more phases with a primitive lattice
are observed. A phase with a parameter of 3.82 A was detected on the molybdenum layer
and with a parameter of 3.52 A on the copper layer. The reflexes of these phases are normal
and not extra reflexes, as in the case of the other two primitive cubic lattices discussed
above. This is confirmed by the very nature of the interference peaks, which for these two
phases are very narrow, and where they do not overlap with the peaks of other phases, they
are quite intense. This is clearly visible for a primitive lattice with a parameter of 3.82 A in
lines No. 4, 18, 25 (Figure 3a), and for a lattice with a parameter of 3.52 A in lines No. 8,
18, 31 (Figure 3b). About the phases under consideration with a primitive lattice, we can
say for sure that they consist of two types of atoms that form a superstructure, which is
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confirmed by the presence of superstructural peaks (see Figure 3 in the region of small
angles). It is interesting that the lattices of the primitive cube with a density of 52% arose
during explosion welding and were not detected in the experiment with the press. This can
be explained by differences in the energetics of the experiments. It is energetically easier to
form icosahedral clusters from “ready-made” tetrahedra of an FCC lattice than to form a
completely different primitive lattice; therefore, icosahedral phases were identified both in
an experiment with explosion welding and in an experiment on a press, but in the latter
case with the maximum specific pressure achieved.

The effect of moving atoms in solids over macroscopic distances in an extremely short
time is known if we compare this phenomenon with diffusion [33]. For mass transfer
caused by plastic deformation, the curvature of the crystal lattice and the emergence of new
resolved structural states play an important role [33]. The interpenetration of dissimilar
atoms can cause both a change in deformation properties (the Rebinder effect) and the
development of chemical reactions, with the subsequent formation of a phase of this
reaction [34].

The metal deformed during welding tends to dissipate energy, breaking up areas of
inhomogeneous deformation into subdomains with its uniform distribution inside and
changing from one subdomain to another. At the same time, all large-scale levels of the
structure are involved. From nanocrystalline clusters (through the microscale level of
crystal structure defects) and cluster conglomerates to meso- and macroscale levels, which
include grains and their boundaries, as well as surfaces of solids [35,36]. Due to this, a
strong welded joint is formed, with cluster layers of amorphized metal that contribute to
the strengthening of localized zones (Figure 6).

5. Conclusions

It has been shown that during explosion welding of molybdenum and copper, self-
organization of the structure occurs at various scale levels (component contact boundaries—
grains—clusters). When deciphering X-ray diffraction patterns and microscopic methods,
it was discovered that during the process of plastic deformation in the contact zone of the
components, solid solution structures were formed at a depth of about 10 microns, based
on both copper and molybdenum. In addition, it is shown that during explosion welding,
it is possible to form atomic configurations with icosahedral symmetry, which are atomic
assemblies of tetrahedral clusters corresponding to the identified solid solutions with cubic
lattices based on copper. This became possible due to anomalously fast mass transfer and
structure curvature localized at various scale levels. The study of microhardness made it
possible to demonstrate that the copper-molybdenum contact zones, where amorphized
metal phases with icosahedral symmetry were identified, have increased hardness. This is a
promising opportunity to obtain composite materials with improved mechanical properties.
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