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Abstract: In this study, a layered composite material consisting of alternating aluminum and niobium
layers and cladded on both sides with titanium plates was obtained by explosive welding. Mi-
crostructure of the composite was thoroughly studied using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM), as well as by energy dispersive X-ray spectroscopy (EDX)
and electron backscattered diffraction (EBSD). Microhardness measurements, tensile test, and impact
strength test were carried out to evaluate the mechanical properties of the composite. Formation
of mixing zones observed near all interfaces was explained by local melting and subsequent rapid
solidification. Mixing zones at Nb/Al interfaces consisted of metastable amorphous and ultrafine
crystalline phases, as well as NbAlz and Nby Al equilibrium phases. Niobium grains near the interface
were significantly elongated, while aluminum grains were almost equiaxed. Crystalline grains inside
the mixing zones did not have a distinct crystallographic texture. Microhardness of Al/Nb mixing
zones was in the range 546-668 HV, which significantly exceeds the microhardness of initial materials.
Tensile strength and impact strength of the composite were 535 MPa and 82 J/cm?, respectively.
These results confirm the high bonding strength between the layers.

Keywords: explosive welding; multilayer composite; interface morphology; Al-Nb intermetallics

1. Introduction

Layered composites are a combination of two or more materials, consisting of alternat-
ing layers of a strong metal and a softer component [1]. Such materials are widely used in
aerospace, automotive, biomedical and other industries, because they possess sufficiently
high specific rigidity, wear resistance and oxidation resistance, excellent specific strength,
appropriate coefficient of thermal expansion, fatigue resistance, etc. [2,3].

Layered metal composites can be produced by various technologies such as cast-
ing [4], powder metallurgy [5,6], cladding [7,8], welding [9,10], etc. Disadvantages of these
methods are their low productivity, low process versatility, and labor intensity of work
pieces production.

Explosive welding is the most effective method of joining dissimilar materials, which
occurs mainly in the solid state [11-13]. The explosive welding process consists in accel-
erating of the flyer plate due to the detonation of explosive and its subsequent oblique a
high-velocity collision with a parent plate. High pressure and temperature at the collision
point cause significant plastic deformation, which leads to the formation of ultra-high-
strength bonding [14,15]. One of the most important features of explosive welding is
formation of high-speed jet between the plates during collision. This jet consists of a thin
surface layer of welded workpieces. Thus, a layer containing contaminations and oxide
films is removed from the surfaces of welded plates [16]. Joints produced by explosive
welding possess a perfect set of physical and mechanical properties, and generally do not
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have major metallurgical defects such as cracks, macroscopic chemical inhomogeneities,
porosity, etc. [17,18] which is typical for fusion welding. This method is often used to join
such dissimilar materials as Ti/ Al [19], Ni/Al [20], Al/Cu [21], Ti/steel [22], Zr/Cu [23],
Ta/Cu [24], Nb/Stainless steel [25] that are difficult or impossible to join by other technologies.

Among above-mentioned examples, compositions of Me/ Al type (where Me is some
metal), such as Ni/Al [26,27], Ti/ Al [28,29], Fe/Al [30,31] are of great interest in recent
years. Such composites can be used for subsequent heat treatment to form layered in-
termetallic composites (LICs), which are considered as advanced materials for various
high-temperature applications [32,33].

Less attention in the literature is given to Nb/Al-based composites, which, in turn,
have obvious advantages over titanium-, nickel-, and iron-based LICs. Intermetallics of
Nb/Al system have a higher melting point (1605-1960 °C, depending on the composition),
high strength at elevated temperatures, and relatively low density (4.6-7.3 g/cm?, depend-
ing on the composition) [34,35]. A set of unique properties of the Nb/Al composite makes
it possible to use this material in the manufacture of turbines for power plants, spacecraft
and other advanced applications [2,3]. However, significant difference in physical and
mechanical properties of Nb and Al makes their welding by traditional methods difficult.
Currently, several studies have been carried out on structure and properties of such layered
composites as Nb/Al and Ti/ Al/Nb, obtained by friction stir welding [36,37], joined by
roll bonding [38,39] and diffusion welding [40]. However, there is limited information
about Nb/Al layered composites formed by explosive welding. Elmer et al. [41] and
Palmer et al. [42] used explosively welded niobium and aluminum thin sheets as inserts
for subsequent welding of bulk sheets. Carvalho et al. used a niobium plate as one of the
intermediate layers for aluminum to stainless steel welding [43]. However, there are essen-
tially no studies where structure of the interfaces between explosively welded niobium and
aluminum was characterized in detail, and mechanical properties of explosively welded
Nb /Al composites were discussed.

Thus, the aim of this study was to obtain by explosive welding a layered composite
material consisting of niobium and aluminum alternating layers, as well as to study the
microstructure and mechanical properties of such composite.

2. Materials and Methods
2.1. Materials and Welding Procedure

The composition of initial materials is provided in Table 1. Commercially pure (cp)-
niobium plates (more than 99.8 wt.% Nb) of 0.2 mm thick and cp-aluminum plates (more
than 99.5 wt.% Al) of 0.25 mm thick were used for welding

Table 1. Chemical composition of initial materials.

Elements, (wt.)%

Material
aterials Al Mo v Mn Fe si Nb Ta
Cp-Al Balance - - - 0.25 0.2 -
Cp-Nb - - - - - - 99.9 0.1
VT14 Balance 4.5 3.4 1.2 - - - -

The composite consisting of three layers of niobium alternating with two layers of
aluminum was fabricated according to a scheme shown in Figure 1. Due to the small
thickness of Nb and Al plates, a driving plate of VT14 titanium alloy of 0.6 mm thick was
used for their uniform acceleration. At the bottom, the composite was welded to another
VT14 alloy plate, which was necessary for subsequent technological operations that are not
described in this article. Thus, the seven-layer composite of 50 x 70 x 2 mm? in size, in
which aluminum and niobium alternating layers were clad with VT14 titanium alloy plates,
was obtained by a single shot welding.
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Figure 1. Scheme of explosive welding of 7-layered composite.

Ammonite 6ZhV with a density of 0.9 g/cm? and a detonation velocity of 2700 m/s
was used as an explosive in this work. The 15 mm thick layer of explosive was applied
to the surface of the driving plate. Initiation of the explosive was carried out using an
electric detonator.

2.2. Materials Characterization Procedures

Specimens for microstructural studies were cut from the central part of the composite
in such a way as to obtain a section oriented parallel to the vector of contact point velocity
and normal to the surfaces of the plates. Samples were mounted into the epoxy resin,
ground by abrasive papers with grit up to 2500, followed by polishing with diamond
suspensions of 9, 6, 3, and 1 um. The final polishing of the surface was carried out using
suspension of colloidal silica with particle size of 0.05 um.

Microstructural studies were performed with a Carl Zeiss EVO 50 XVP (Carl Zeiss
Industrielle Messtechnik GmbH, Oberkochen, Germany) scanning electron microscope
(SEM) using the backscattered electron signal, as well as with a Carl Zeiss Merlin (Carl
Zeiss Industrielle Messtechnik GmbH, Oberkochen, Germany) SEM using the secondary
electron signal. Titanium alloys was etched by Kroll’s reagent. Elemental composition of
the local zones was carried out using point and linear energy-dispersive X-ray spectroscopy
(EDX) using an Oxford Instruments X-act spectrometer (Oxford Instruments, Oxon, United
Kingdom) coupled with the Carl Zeiss Merlin SEM. Electron backscattered diffraction
(EBSD) method was used to obtain information about phase composition of mixing zones,
as well as to study crystallographic orientation of aluminum and niobium near the interface.
Studies were carried out using a Carl Zeiss Sigma 300 SEM equipped with an Oxford
Instruments HKL Channel 5 detector (Oxford Instruments, Oxon, United Kingdom).

Characterization of the microstructure of mixing zones was performed using a Tecnai
G2 (Thermo Fisher Scientific, Waltham, Massachusetts, USA) transmission electron micro-
scope (TEM). The specimens for TEM were disks of 3 mm in diameter cut from explosively
welded samples in such a way that they contained Al/Nb interface. The TEM specimen
preparation sequence was as follows: (1) mechanical grinding of samples using a SiC abra-
sive paper to thickness of 100 um; (2) grinding the dimple using an Al,O3 suspension on
Gatan 656 (Gatan, Inc., Pleasanton, California, USA) dimple grinder to thickness of 10 pm;
(3) ion etching using a Gatan 691 (Gatan, Inc., Pleasanton, California, USA) precision ion
polishing system with maximum beam energy of 5 keV until a through hole was formed.

2.3. Mechanical Properties

Vickers microhardness of composites fabricated by explosive welding was measured
by a Wolpert Group 402 MVD ( YUMP, Diepoldsau, Switzerland) tester on polished trans-
verse specimens in the direction from the driving plate to the parent plate through all layers.
Load on the diamond indenter was 10 g, and dwell time was 10 sec. Spacing between each
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indentation was 70 um. For a more accurate measurement of the microhardness near the
interfaces, the distance between indentation was reduced to 20 pum. The average value of
microhardness was calculated from 5 measurements.

Tensile strength was determined using an Instron 3369 (Instron—division of Illinois
Tool Works Inc., Glenview, Illinois, USA) universal testing machine with a maximum force
of 5 kN. Samples of 3 x 2 x 30 mm?3 in size were loaded in the direction parallel to the
interfaces. Impact strength was determined using a Metrocom (Metro Com engineering
s.p-a, Garbagna Novarese (No), Ytaly) impact pendulum with a maximum impact energy
of 300 J. Load was applied in the direction perpendicular to the layers in samples with
V-shaped notch.

The fracture surface of the specimens after mechanical testing was examined us-
ing SEM.

3. Results and Discussion
3.1. Microstructure of the Interface Region

A cross-section of the explosively welded composite consisting of titanium alloy (light
gray layers), niobium (white layers) and aluminum (dark gray layers) is shown in Figure 2
made by SEM in back-scattered electron mode. Significant defects such as macrocracks,
large voids or other weld discontinuities were not observed. Detailed characterization of
individual layers of the composite is provided below. Although Al/Nb interfaces were of
greatest interest for this study, Ti/Nb welds have also been studied.

VT14

Nb

Nb '
Al

Nb

VT14

[ 200um |
Figure 2. Microstructure of 7-layered composite.

3.2. VT14/Nb and Nb/VT4 Interfaces

The interfaces between Nb and Ti alloy in the upper and lower parts of the composite
are shown in Figure 3. In both cases, one can observe formation of waves, which is a typical
phenomenon for explosive welding. At the top of the composite, the waves had a less
sinusoidal shape (Figure 3b) compared to the bottom Nb/VT14 interface (Figure 3d). At
the same time, a more significant twisting of the material occurred in the upper part of the
composite, that can be explained by dissipation of a larger amount of kinetic energy during
the collision of the upper plates. The upper VT14/Nb interface also contained larger areas
of localized melting. Such microvolumes are often referred to as “vortexes” due to the
turbulent motion of materials during their formation (Figure 3c). At the lower interface
between Nb and VT14 titanium alloy, the vortex zones were much less distinguishable.

Two types of mixing zones were formed at the interfaces between titanium alloy and
niobium during explosive welding: (i) the continuous layer of 2 um thick (Figure 3a), and
(ii) localized areas separated from other mixing zones (Figure 3c,d).

On Figure 3e,f one can observe regions of severe plastic deformation resulting from
high shear stresses appeared during high velocity impact. The deformed structure was
observed at a distance of no more than 5 um from the interface, indicating that shear strain
during explosive welding is localized in a very narrow layer.
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Figure 3. Structure of VT14/Nb (a-c) and Nb/VT14 (d,f) interfaces: (a,b,d,e) as-polished samples;
(c,f) chemically etched samples.

3.3. Nb/Al Interfaces

Both wavy and flat interfaces were observed between niobium and aluminum. For-
mation of mixing zones was also typical for both of these cases (Figure 4a). In the mixing
zones, local melting of welded materials was probably occurred. Despite intensive mixing,
the homogenization process did not have time to complete due to the high cooling rate,
and both niobium enriched and depleted regions could be observed in the mixing zones.
Significant part of mixing zones consisted of intermetallic particles ranging in the size from
60 nm to 2 um and located in a matrix of almost pure aluminum (Figure 4b). In some cases,
undissolved niobium particles were observed in the mixing zones (Figure 4b).

Single cracks were found inside some areas of the solidified melt (Figure 4c). Its
formation was associated simultaneously with several factors, such as high cooling rates
typical for explosive welding (in some cases, the cooling rate can reach 10°-107 K/s [23]),
shrinkage of melt during crystallization, mismatch of thermal expansion of welded materi-
als, presence of intermetallic phases. The cracks propagated perpendicular to the interface
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between the solidified metal and pure metals and were located within the mixing zones.
Similar phenomenon was also observed in other explosively welded materials [22,44].

’ Dendritic
ficrostructure .
(c) (d)

Figure 4. SEM images of Nb/Al interfaces formed during explosive welding: (a,b) Al/Nb mixing
zone; (c) single crack in the solidified melt; (d—f) dendritic structure in the mixing zone.

At higher magnifications, a dendritic structure (Figure 4d—f) was observed in mixing
zones, which confirms the assumption of local melting of materials during explosive
welding. Similar structures were observed by Bataev et al. [20] and Kwiecen et al. [45]
during explosive welding of nickel and aluminum. It’s believed that one of the reasons of
formation of dendritic crystals are follows. High-velocity collision of plates often results in
the formation of a thermodynamically unstable melt in thin surface layers near the interface.
The temperature of the liquid is much higher than that of initial metals. While the system is
cooling, the liquid /solid system tends to equilibrium state by reducing its free energy. When
the liquid/solid interfaces move into supercooled liquid at the temperature lower than
that of the interface dendritic growth takes place on high-speed solidification. (Figure 4e).
As the solid dendrite grows, latent heat of fusion is removed into the supercooled liquid,
raising the temperature of the liquid to crystallization temperature. Subsequent growth
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of dendrites continues until supercooled liquid is heated to crystallization temperature.
Decrease in the rate of crystallization and degree of supercooling leads to transition from
dendritic to planar growth with formation of crystal structure (Figure 4f).

EBSD study of Al/Nb interface is shown in Figure 5. Inverse pole figure (IPF) maps
show crystals inside vortex zones that do not have predominant crystallographic orien-
tation. Most likely, formation of randomly oriented grains was associated with intense
mixing and high cooling rate in the melting zone. These conditions prevented formation of
texture. According to EBSD analysis the average size of crystals formed inside mixing zone
was 1.5 um, however, this result is overestimated, since EBSD can’t reliably distinguish
very small grains.

Figure 5. IPF-images of the mixing zone illustrating twisting of the material.

Significant structural changes caused by collision were observed close to the interfaces.
Here the aluminum and niobium plates had distinct traces of severe plastic deformation.
The plastic flow was especially clearly seen for niobium plates. In accordance with the
applied stresses, the niobium grains were stretched along the interfaces. These grains were
strongly bent in the vortex regions, which illustrates the rotational nature of the material
motion during the formation of wavy boundaries.

Aluminum microstructure near the interface was represented by fine subgrains with an
average size of 3 um, slightly elongated in the direction of detonation. The formation of fine,
however, rather equiaxed grains near the interface can be explained by the simultaneous
action of severe plastic deformation and corresponding heating, followed by rapid transfer
of the released heat to the inner part of the plates [46,47]. In contrast to niobium, the
recrystallization temperature of pure aluminum is much lower, which causes recovery of
the deformed material.

Results of EDX analysis of a typical mixing zone formed at an Al/Nb interface are
shown in Figure 6 and in Table 2. EDX analysis was carried out both along a given line
(Figure 6a), and in the areas marked in Figure 6b. The linear EDX scan indicated drastic
change in chemical composition between mixing zone and initial materials (Figure 7). This
is evidence that diffusion interaction between aluminum and niobium does not have time
to complete due to the short duration of the welding process. Similar observations have
also been made for many pairs of explosively welded dissimilar materials [48-51]. The
average quantitative composition of several distinct areas is shown in Table 2. It indicates,
that aluminum was not uniformly distributed in the mixing zone. Its content varied widely
from 16-89 wt.%. According to Al-Nb phase diagram [52], with such aluminum content,
Nb, Al and NbAl; intermetallic phases type, as well as aluminum-based solid solution
can exist in the mixing zones. Here, however, it is important to note that the formation
of mixing zones occurs under extremely nonequilibrium conditions, thus it is reasonable
to expect formation of metastable phases. TEM was used in this study to analyze the
phase constitution of the Al/Nb vortex zones, as well as to clarify data obtained using the
EDX analysis.
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Figure 6. SEM images of a typical Al/Nb interface: (a) region used for EDX line scan, (b) areas used
for quantitative EDX analysis.

Table 2. Al content in mixing zones shown in Figure 6b.

Area Al (wt.%) Al (at.%)
1 89.9 96.8
2 62.3 85.1
3 16.2 40.0
M | —A
1 \ 1 ’ Nb
100 | 100
o | *
o l
(G] r}
50 " Mﬂ‘}"l 50
| il
i
o
A | WPy Y S
0 10 20 30
Distance, ym

Figure 7. Results of EDX scan along the line shown in Figure 6a.

Figure 8a shows a TEM image of the mixing zone near its interface with aluminum.
Most part of the solidified melt consisted of ultrafine-grained crystalline phases surrounded
by an amorphous matrix (Figure 8b—d). Amorphous structures are frequently observed
in mixing zones of explosively welded dissimilar materials [23,53]. One of the possible
reasons of metallic glass formation is the rapid solidification of the melt. This is another
evidence of localized melting during explosive welding.

Selected area diffraction patterns shown in Figure 8a confirm formation of NbAl;
and Nb,Al intermetallic phases, which could be expected by analysis of Nb-Al phase
diagram. It can be seen that stoichiometric composition of the Nby Al compound (33 at.% Al,
67 at.% Nb) does not correspond to average chemical composition of vortex zone. However,
since the period of liquid phase existence was short, complete homogenization in the mixing
area did not occur. Therefore, due to the high cooling rates, Nb-rich phase could be retained
during the crystallization of the liquid melt. An example of non-uniform distribution of
niobium in aluminum in vortex zones is shown in Figure 4a.

3.4. Microhardness of Composite

Results of microhardness measurements are shown in Figure 9a. Average microhard-
ness of initial materials was 260 HV for VT14, 33 HV for Al, and 118 HV for Nb.



Metals 2022, 12, 1950 9 of 14

Al/mixing zong’
interface

Figure 8. (a) TEM image of mixing zone at the interface of explosively welded Al and Nb; (b-d) Elec-
tron diffraction patterns, which confirm formation of metallic glass, Nb, Al and NbAl; phases, respectively.
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Figure 9. (a) Vickers microhardness profile across the explosively welded composite; (b) The image
of Vickers indentations in different regions near the Al/Nb interface.

A slight increase in microhardness near the interface was observed for most of the
plates. The highest microhardness value of Al near the interface was 44 HV, and that of
niobium was 143 HV. For titanium alloys, the highest value of microhardness was equal to
312 HV, and it was also observed near the interface with niobium. Higher values of materials
hardness near the interfaces can be explained by joint effect of strain hardening and
formation of fine-grained structure in this area. According to the hardness measurements,

the width of strain-hardened zone in different layers of the composite did not exceed
10-15 pum.
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A sharp increase of microhardness (up to 546-668 HV) was observed inside the
vortex zones formed at Al/Nb interfaces (Figure 9b), which was due to the formation of
intermetallics. The microhardness values of the vortex zones are in good agreement with
the data for Al-Nb-based chemical compounds reported in other works [35,54].

3.5. Tensile Test and Impact Test of the Composite

The interfacial bond strength of the explosively welded composite was determined
by tensile strength tests. The stress-displacement curve of the composite was shown in
Figure 10. Table 3 summarized the results of tensile tests of the composite, as well as
the strength of the initial materials. The average value of the ultimate strength for V114
alloy was 973 MPa. The tensile strength and yield strength of the composite exceeded
the strength of pure aluminum and niobium, but was inferior to that of VT14 titanium
alloy. The ultimate strength and yield strength of the composite was 535 and 336 MPa,
respectively. At the same time, the composite possessed lower ductility compared to the
metals in their initial state.

700
600~

500[- /—\

400~ /

300
200
100

Displacement (%)

Stress (MPa)

Figure 10. Stress-displacement curve for strength test of explosively welded composite.

Table 3. Mechanical properties of explosively welded composite and initial materials.

Materials

Tensile Strength, MPa Yield Strength, MPa Elongation at Break, % Impact Strength, J/sm?

7-layered composite
Nb
Al
VT14

535 336 9 82

425 355 19 37
60 - 24 110

973 895 12 47

Fractographic analysis of the failure surface after the tensile test have shown that the
fracture occurred predominantly by ductile cup and cone mechanism, as evidenced by
the presence of typical fracture dimples (Figure 11a). No delamination was observed for
both Nb/Ti alloy interfaces. This fact is most likely explained by the formation of ductile
solid solutions between Ti and Nb, which had positive effect on the bond strength. The
presence of mixing zones containing intermetallic compounds at the interfaces between
aluminum and niobium led to delamination of the composite along these layers (Figure 11b).
Fracture of Al/Nb intermetallic phases occurred by intergranular mechanism. Most likely,
the presence of brittle intermetallic inclusions at Al/Nb interfaces adversely affected the
strength of the composite as a whole.

Impact strength of the composite was 2 times higher than that of titanium alloys and
niobium, yielding only to pure aluminum. An analysis of literary sources indicates that,
with successful implementation of explosive welding, the resulting joints have an increased
fracture toughness [55,56]. Increase of impact strength is explained by the positive effect of
the interlayer boundaries. This is mainly due to the fact that delamination at the interfaces
between metal and intermetallic phase prevents the main crack from propagating along
the cross-section (Figure 11c). SEM studies (Figure 11d) have showed that the fracture of
the composite occurred by a ductile mechanism with formation of dimples (VT14 side) and
elongated cones (Al side).
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Figure 11. Fracture surface of explosively welded composite (a,b) after the tensile test and (c,d) after

the impact test.

4. Conclusions

In this study, the laminated composite, consisting of titanium alloy, as well as alter-

nating niobium and aluminum foils, was successfully fabricated by explosive welding.
Microstructure and mechanical properties of the composite were studied, and the following
conclusions were drawn:

1.

Materials characterization have shown that the interfaces had different appearance
depending on the pair being welded. At VT14/Nb interface, a wavy morphology
with formation of distinct vortex zones was observed, while Nb/VT14 had both
wavy interface with discrete vortexes and nearly straight interface with formation of
continuous mixing zones. Among welding defects, only rare cracks were observed in
the mixing zones at Nb/ Al interfaces.

The mixing zones formed at Nb/Al interface possessed a nonuniform chemical com-
position and miscellaneous structures, which was explained by the short duration
of the welding process and rapid cooling rates. TEM results confirmed formation of
NbAl; and Nb;Al crystalline intermetallic phases, as well as nonequilibrium amor-
phous structure.

EBSD analysis showed that niobium and aluminum foils near the welding boundary
have a different structure: niobium grains were elongated along the interface, while
aluminum consisted of small subgrains with size of 2-5 pm, which were only slightly
elongated in the direction of welding.

Microhardness of materials near the interface increased due to the strain hardening.
The increase in microhardness to 546-668 HV inside the vortex zones formed at Al/Nb
interface was explained by the formation of chemical compounds.

The composite possessed satisfactory mechanical properties. In particular, the lami-
nated structure of the composite had a positive effect on impact strength. The fracture
of individual layers occurred by ductile cup and cone mechanisms. Brittle fracture
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mainly occurred in the mixing zones consisted of intermetallic compounds. Forma-
tion of such compounds led to delamination at the interfaces between aluminum
and niobium.

Author Contributions: Conceptualization, Y.N.M.; methodology, A.G.A., Y.L.L. and V.V.P; investiga-
tion, YN.M., ALP, VS.L. and I.A.B.; writing—original draft preparation, YN.M. and I.A.B.; writing—
review and editing, A.A.B. and I.A.B.; supervision, Y.N.M.; project administration, Y.N.M.; funding
acquisition, I.A.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Federal Task of Ministry of Education and Science of the
Russian Federation (project FSUN-2020-0014 (2019-0931): “Investigations of Metastable Structures
Formed on Material Surfaces and Interfaces under Extreme External Impacts”.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: This research was conducted at core facility “Structure, mechanical and physical
properties of materials” (agreement with the Ministry of Science and Higher Education of the Russian
Federation No 13.CKP.21.0034, 075-15-2021-698).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Low, ].; Dong, Y. Composite Materials. Manufacturing, Properties and Applications, 1st ed.; Elsevier: Amsterdam, The Netherlands,
2021; 688p.

2. Asundi, A.; Choi, A.Y.N. Fiber Metal Laminates: An advanced Material for Future Aircraft. J. Mater. Process. Technol. 1997, 63,
384-394. [CrossRef]

3. Zhang, X.; Chen, Y.; Hu, J. Recent Advances in the Development of Aerospace Materials. Prog. Aerosp. Sci. 2018, 97, 22-34.
[CrossRef]

4. Lucey, T.; Wuhrer, R.; Moran, K.; Reid, M.; Huggett, P.; Cortie, M. Interfacial Reactions in White Iron/Steel Composites. J. Mater.
Process. Technol. 2012, 212, 2349-2357. [CrossRef]

5. Guillon, O.; Gonzalez-Julian, J.; Dargatz, B.; Kessel, T.; Schierning, G.; Réthel, J.; Herrmann, M. Field-Assisted Sintering
Technology /Spark Plasma Sintering: Mechanisms, Materials, and Technology Developments. Adv. Eng. Mater. 2014, 16, 830-849.
[CrossRef]

6. DebRoy, T.; Wei, H.L.; Zuback, J.S.; Mukherjee, T.; Elmer, ].W.; Milewski, J.O.; Beese, A.M.; Wilson-Heid, A.; De, A.; Zhang,
W. Additive Manufacturing of Metallic Components—Process, Structure and Properties. Prog. Mater. Sci. 2018, 92, 112-224.
[CrossRef]

7. Ma, X,; Huang, C.; Moering, J.; Ruppert, M.; Hoppel, HW.; Goken, M.; Narayan, J.; Zhu, Y. Mechanical Properties of Cop-
per/Bronze Laminates: Role of Interfaces. Acta Mater. 2016, 116, 43-52. [CrossRef]

8.  Simoes, S.; Ramos, A.S.; Viana, F.; Emadinia, O.; Vieira, M.T.; Vieira, M.F. Ni/ Al Multilayers Produced by Accumulative Roll
Bonding and Sputtering. J. Mater. Eng. Perform. 2016, 25, 4394—4401. [CrossRef]

9.  Abbasi, M.; Karimi Taheri, A.; Salehi, M.T. Growth Rate of Intermetallic Compounds in Al/Cu Bimetal Produced by Cold Roll
Welding Process. J. Alloys Compd. 2001, 319, 233-241. [CrossRef]

10. Ma, Z.Y. Friction Stir Processing Technology: A Review. Metall. Mater. Trans. A 2008, 39, 642—658. [CrossRef]

11.  Findik, F. Recent Developments in Explosive Welding. Mater. Des. 2011, 32, 1081-1093. [CrossRef]

12.  Lazurenko, D.V.; Bataev, I.A.; Mali, V.I; Esikov, M.A_; Bataev, A.A. Effect of Hardening Heat Treatment on the Structure and
Properties of a Three-Layer Composite of Type ‘VT23—08ps—45KhINM’ Obtained by Explosion Welding. Met. Sci. Heat Treat.
2019, 60, 651-658. [CrossRef]

13. Bataev, L.A.; Bataev, A.A; Mali, V.I; Pavliukova, D.V. Structural and Mechanical Properties of Metallic-Intermetallic Laminate
Composites Produced by Explosive Welding and Annealing. Mater. Des. 2012, 35, 225-234. [CrossRef]

14. Crossland, B. Explosive Welding of Metals and Its Application; Oxford University Press: New York, NY, USA, 1982; 233p.

15. Bataev, L.A. Structure of Explosively Welded Materials: Experimental Study and Numerical Simulation. Obrab. Met. Tekhnologiya
Oborud. Instrum. Met. Work. Mater. Sci. 2017, 77, 55-67. [CrossRef]

16. Bataev, I.A.; Tanaka, S.; Zhou, Q.; Lazurenko, D.V,; Jorge Junior, A.M.; Bataev, A.A.; Hokamoto, K.; Mori, A.; Chen, P. Towards

Better Understanding of Explosive Welding by Combination of Numerical Simulation and Experimental Study. Mater. Des. 2019,
169, 107649. [CrossRef]


http://doi.org/10.1016/S0924-0136(96)02652-0
http://doi.org/10.1016/j.paerosci.2018.01.001
http://doi.org/10.1016/j.jmatprotec.2012.06.025
http://doi.org/10.1002/adem.201300409
http://doi.org/10.1016/j.pmatsci.2017.10.001
http://doi.org/10.1016/j.actamat.2016.06.023
http://doi.org/10.1007/s11665-016-2304-0
http://doi.org/10.1016/S0925-8388(01)00872-6
http://doi.org/10.1007/s11661-007-9459-0
http://doi.org/10.1016/j.matdes.2010.10.017
http://doi.org/10.1007/s11041-019-00333-1
http://doi.org/10.1016/j.matdes.2011.09.030
http://doi.org/10.17212/1994-6309-2017-4-55-67
http://doi.org/10.1016/j.matdes.2019.107649

Metals 2022, 12, 1950 13 of 14

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Mai, T.A.; Spowage, A.C. Characterisation of Dissimilar Joints in Laser Welding of Steel-Kovar, Copper-Steel and Copper-
Aluminium. Mater. Sci. Eng. A 2004, 374, 224-233. [CrossRef]

Munitz, A.; Cotler, C.; Stern, A.; Kohn, G. Mechanical Properties and Microstructure of Gas Tungsten Arc Welded Magnesium
AZ91D Plates. Mater. Sci. Eng. A 2001, 302, 68-73. [CrossRef]

Lazurenko, D.V,; Bataev, L A.; Mali, V.I; Bataev, A.A.; Maliutina, LN.; Lozhkin, V.S.; Esikov, M. A_; Jorge Junior, A.M. Explosively
Welded Multilayer Ti-Al Composites: Structure and Transformation During Heat Treatment. Mater. Des. 2016, 102, 122-130.
[CrossRef]

Bataev, I.A.; Ogneva, T.S.; Bataev, A.A.; Mali, V.I; Esikov, M.A.; Lazurenko, D.V.; Guo, Y.; Jorge Junior, A.M. Explosively Welded
Multilayer Ni-Al Composites. Mater. Des. 2015, 88, 1082-1087. [CrossRef]

Hoseini Athar, M.M.; Tolaminejad, B. Weldability Window and the Effect of Interface Morphology on the Properties of Al/Cu/Al
Laminated Composites Fabricated by Explosive Welding. Mater. Des. 2015, 86, 516-525. [CrossRef]

Chu, Q.; Zhang, M,; Li, J.; Yan, C. Experimental and Numerical Investigation of Microstructure and Mechanical Behavior of
Titanium /Steel Interfaces Prepared by Explosive Welding. Mater. Sci. Eng. A 2017, 689, 323-331. [CrossRef]

Bataev, I.A.; Lazurenko, D.V,; Tanaka, S.; Hokamoto, K.; Bataev, A.A.; Guo, Y.; Jorge Junior, A.M. High Cooling Rates and
Metastable Phases at the Interfaces of Explosively Welded Materials. Acta Mater. 2017, 135, 277-289. [CrossRef]

Maliutina, I.N.; Mali, V.I.; Bataev, I.A.; Bataev, A.A.; Esikov, M.A.; Smirnov, A.L.; Skorokhod, K.A. Structure and Microhardness of
Cu-Ta Joints Produced by Explosive Welding. Sci. World J. 2013, 2013, 256758. [CrossRef] [PubMed]

Bataev, .A.; Hokamoto, K.; Keno, H.; Bataev, A.A.; Balagansky, I.A.; Vinogradov, A.V. Metallic Glass Formation at the Interface of
Explosively Welded Nb and Stainless Steel. Met. Mater. Int. 2015, 21, 713-718. [CrossRef]

Ogneva, T.S.; Bataev, .A;; Mali, V.I.; Anisimov, A.G.; Lazurenko, D.V,; Popelyukh, A.L; Emurlaeva, Y.Y,; Bataev, A.A.; Tanaka, S.;
Yegoshin, K.D. Effect of Sintering Pressure and Temperature on Structure and Properties of NiAl Metal-Intermetallic Composites
Produced by SPS. Mater. Charact. 2021, 180, 111415. [CrossRef]

Guo, X.; Ma, Y;; Jin, K.; Wang, H.; Tao, J.; Fan, M. Effect of Stand-Off Distance on the Microstructure and Mechanical Properties of
Ni/Al/Ni Laminates Prepared by Explosive Bonding. J. Mater. Eng. Perform. 2017, 26, 4235-4244. [CrossRef]

Emurlaeva, Y.Y.; Ivanov, L.V,; Lazurenko, D.V,; Ogneva, T.S.; Chen, P; Zhou, Q.; Bataev, A.A.; Ruktuev, A.A ; Tanaka, S.; Bataev, L A.
On the Texture and Superstructure Formation in Ti-TiAl;—Al MIL Composites. Intermetallics 2021, 135, 107231. [CrossRef]
Fronczek, D.M.; Wojewoda-Budka, J.; Chulist, R.; Sypien, A.; Korneva, A.; Szulc, Z.; Schell, N.; Zieba, P. Structural Properties of
Ti/ Al Clads Manufactured by Explosive Welding and Annealing. Mater. Des. 2016, 91, 80-89. [CrossRef]

Wang, H.; Kou, R.; Vecchio, K.S. Design, Fabrication and Optimization of FeAl-FeAl, Eutectoid Metallic-Intermetallic Laminate
(MIL) Composites. Materialia 2020, 13, 100859. [CrossRef]

Sun, X.-J; Tao, J.; Guo, X.-Z. Bonding Properties of Interface in Fe/Al Clad Tube Prepared by Explosive Welding. Trans. Nonferr.
Metal. Soc. 2011, 21, 2175-2180. [CrossRef]

Sauthoff, G. Intermetallics; Wiley: Hoboken, NJ, USA, 2008; 165p.

Vecchio, K.S. Synthetic Multifunctional Metallic-Intermetallic Laminate Composites. JOM 2005, 57, 25-31. [CrossRef]

Barth, E.P,; Tien, ].K,; Uejo, S.; Kambara, S. High Temperature Strength of Niobium Aluminide Intermetallics. Mater. Sci. Eng. A
1992, 153, 398-401. [CrossRef]

Chung, D.-S.; Enoki, M.; Kishi, T. Microstructural Analysis and Mechanical Properties of in situ Nb/Nb-Aluminide Layered
Materials. Sci. Technol. Adv. Mater. 2002, 3, 129-135. [CrossRef]

Kar, A.; Choudhury, S.K,; Suwas, S.; Kailas, S.V. Effect of Niobium Interlayer in Dissimilar Friction Stir Welding of Aluminum to
Titanium. Mater. Charact. 2018, 145, 402-412. [CrossRef]

Hosseini Zeidabadi, S.R.; Daneshmanesh, H. Fabrication and Characterization of in-situ Al/Nb Metal /Intermetallic Surface
Composite by Friction Stir Processing. Mater. Sci. Eng. A 2017, 702, 189-195. [CrossRef]

Qu, P; Zhou, L.; Acoff, V.L. Deformation Textures of Aluminum in a Multilayered Ti/ Al/Nb Composite Severely Deformed by
Accumulative Roll Bonding. Mater. Charact. 2015, 107, 367-375. [CrossRef]

Zhang, R.; Acoff, V.L. Processing Sheet Materials by Accumulative Roll Bonding and Reaction Annealing from Ti/Al/Nb
Elemental Foils. Mater. Sci. Eng. A 2007, 463, 67-73. [CrossRef]

Prokhorov, D.V.; Korzhov, V.P,; Nekrasov, A.N. Effect of Vanadium on the Microstructure and Mechanical Properties of Laminated
Nb-V /Al Composites Fabricated by Solid-Phase Technology. Russ. Metall. 2021, 4, 367-372. [CrossRef]

Elmer, ].W.; Terrill, P; Brasher, D.; Butler, D. Joining Depleted Uranium to High-Strength Aluminum Using an Explosively Clad
Niobium Interlayer. Weld. J. 2002, 81, 167 /5-173/S.

Palmer, T.A.; Elmer, ].W.; Brasher, D.; Butler, D.; Riddle, R. Development of an Explosive Welding Process for Producing
High-Strength Welds Between Niobium and 6061-T651 Aluminum. Weld. ]. 2006, 85, 252-263.

Carvalho, G.H.S.EL.; Galvao, I.; Mendes, R.; Leal, R.M.; Loureiro, A. Explosive Welding of Aluminium to Stainless Steel Using
Carbon Steel and Niobium Interlayers. J. Mater. Process. Technol. 2020, 283, 116707. [CrossRef]

Paul, H; Petrzak, P; Chulist, R.; Maj, L.; Mania, I.; Prazmowski, M. Effect of Impact Loading and Heat Treatment on Microstructure
and Properties of Multi-Layered AZ31/AA1050 Plates Fabricated by Single-Shot Explosive Welding. Mater. Des. 2022, 214, 110411.
[CrossRef]


http://doi.org/10.1016/j.msea.2004.02.025
http://doi.org/10.1016/S0921-5093(00)01356-3
http://doi.org/10.1016/j.matdes.2016.04.037
http://doi.org/10.1016/j.matdes.2015.09.103
http://doi.org/10.1016/j.matdes.2015.07.114
http://doi.org/10.1016/j.msea.2017.02.075
http://doi.org/10.1016/j.actamat.2017.06.038
http://doi.org/10.1155/2013/256758
http://www.ncbi.nlm.nih.gov/pubmed/24453818
http://doi.org/10.1007/s12540-015-5020-7
http://doi.org/10.1016/j.matchar.2021.111415
http://doi.org/10.1007/s11665-017-2890-5
http://doi.org/10.1016/j.intermet.2021.107231
http://doi.org/10.1016/j.matdes.2015.11.087
http://doi.org/10.1016/j.mtla.2020.100859
http://doi.org/10.1016/S1003-6326(11)60991-6
http://doi.org/10.1007/s11837-005-0229-4
http://doi.org/10.1016/0921-5093(92)90227-R
http://doi.org/10.1016/S1468-6996(02)00007-4
http://doi.org/10.1016/j.matchar.2018.09.007
http://doi.org/10.1016/j.msea.2017.03.014
http://doi.org/10.1016/j.matchar.2015.07.011
http://doi.org/10.1016/j.msea.2006.06.144
http://doi.org/10.1134/S0036029521040261
http://doi.org/10.1016/j.jmatprotec.2020.116707
http://doi.org/10.1016/j.matdes.2022.110411

Metals 2022, 12, 1950 14 of 14

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Kwiecien, I.; Bobrowski, P; Janusz-Skuza, M.; Wierzbicka-Miernik, A.; Tarasek, A.; Szulc, Z.; Wojewoda-Budka, J. Interface
Characterization of Ni/ Al Bimetallic Explosively Welded Plate Manufactured with Application of Exceptionally High Detonation
Speed. |. Mater. Eng. Perform. 2020, 29, 6286—6294. [CrossRef]

Zhang, H.; Jiao, K.X,; Zhang, J.L.; Liu, J. Microstructure and Mechanical Properties Investigations of Copper-Steel Composite
Fabricated by Explosive Welding. Mater. Sci. Eng. A 2018, 731, 278-287. [CrossRef]

Humphreys, J.; Rohrer, G.S.; Rollett, A. Recrystallization and Related Annealing Phenomena, 3rd ed.; Elsevier Ltd.: Amsterdam, The
Netherlands, 2017; 734p.

Zhang, H.; Jiao, K.X.; Zhang, ].L.; Liu, J. Comparisons of the Microstructures and Micro-Mechanical Properties of Copper/Steel
Explosive-Bonded Wave Interfaces. Mater. Sci. Eng. A 2019, 756, 430-441. [CrossRef]

Akbari Mousavi, S.A.A,; Sartangi, P.F. Effect of Post-Weld Heat Treatment on the Interface Microstructure of Explosively Welded
Titanium-Stainless Steel Composite. Mater. Sci. Eng. A 2008, 494, 329-336. [CrossRef]

Xia, H.-B.; Wang, S.-G.; Ben, H.-F. Microstructure and Mechanical Properties of Ti/ Al Explosive Cladding. Mater. Des. 2014, 56,
1014-1019. [CrossRef]

Chu, Q.; Tong, X.; Xu, S.; Zhang, M.; Li, J.; Yan, F-X.; Yan, C. Interfacial Investigation of Explosion-Welded Titanium /Steel
Bimetallic Plates. J. Mater. Eng. Perform. 2020, 29, 78-86. [CrossRef]

Okamoto, H.; Schlesinger, M.E.; Mueller, EM. ASM Handbook Volume 3: Alloy Phase Diagrams; ASM International: Almere, The
Netherlands, 2016; 800p.

Paul, H.; Morgiel, J.; Baudin, T.; Brisset, F.; Prazmowski, M.; Miszczyk, M. Characterization of Explosive Weld Joints by TEM and
SEM/EBSD. Arch. Metall. Mater. 2014, 59, 1129-1136. [CrossRef]

Murakami, T.; Kitahara, A.; Koga, Y.; Kawahara, M.; Inui, H.; Yamaguchi, M. Microstructure of Nb-Al Powders Consolidated by
Spark Plasma Sintering Process. Mater. Sci. Eng. A 1997, 239-240, 672-679. [CrossRef]

Lee, S.; Oyama, T.; Wadsworth, J.; Sherby, O.D. Impact Properties of a Laminated Composite Based on Ultrahigh Carbon Steel
and Brass. Mater. Sci. Eng. A 1992, 154, 133-137. [CrossRef]

Hokamoto, K.; Chiba, A.; Fujita, M.; Izuma, T. Single-Shot Explosive Welding Technique for the Fabrication of Multilayered
Metal Base Composites: Effect of Welding Parameters Leading to Optimum Bonding Condition. Compos. Eng. 1995, 5, 1069-1079.
[CrossRef]


http://doi.org/10.1007/s11665-020-05117-w
http://doi.org/10.1016/j.msea.2018.06.051
http://doi.org/10.1016/j.msea.2019.04.064
http://doi.org/10.1016/j.msea.2008.04.032
http://doi.org/10.1016/j.matdes.2013.12.012
http://doi.org/10.1007/s11665-019-04535-9
http://doi.org/10.2478/amm-2014-0197
http://doi.org/10.1016/S0921-5093(97)00651-5
http://doi.org/10.1016/0921-5093(92)90338-2
http://doi.org/10.1016/0961-9526(95)00059-V

	Introduction 
	Materials and Methods 
	Materials and Welding Procedure 
	Materials Characterization Procedures 
	Mechanical Properties 

	Results and Discussion 
	Microstructure of the Interface Region 
	VT14/Nb and Nb/VT4 Interfaces 
	Nb/Al Interfaces 
	Microhardness of Composite 
	Tensile Test and Impact Test of the Composite 

	Conclusions 
	References

