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Abstract: The article presents the results of a study of the microstructure of the
near-boundary regions of aluminum and the aluminum-magnesium alloy AMg6 in
three-layer titanium-aluminum-aluminum alloy composites obtained by explosive
welding with ultrasonic treatment. Using electron backscatter diffraction (EBSD)
and focused ion beam (FIB) electron microscopy, it is shown that the AMg6 alloy
exhibits a finer grain structure than pure aluminum. Directly at the interface with
aluminum in AMg6, a recrystallized layer with a grain size of 0.2-0.3 um was
formed. The application of ultrasound during welding contributed to an increase in
the thickness of the recrystallized layer in AMg6 from 1.7-1.9 um to 5.4 um. In the
pure aluminum layer, the ultrasonic treatment facilitated grain refinement at the
interface with the titanium layer, while a decrease in the density of low-angle
boundaries was observed at the interface with AMg6.
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1. Introduction

Due to their high specific strength and corrosion resistance, titanium and
aluminum alloys are widely used in high-tech industries. Joints of titantum with
aluminum alloys make it possible to effectively combine the high strength of
titanium with the low density and relatively low cost of aluminum. These materials
are used in aircraft construction, rocket engineering, automotive manufacturing,
shipbuilding, and other fields [1, 4, 5, 6]. Recently, the development of titanium-
aluminum armor plates has also been advancing [2, 3]. To produce joints between
titanium and aluminum alloys, methods such as diffusion welding [1], hot rolling
[4], friction stir welding [5], laser welding [6], and explosive welding are
employed. Explosive welding offers distinct advantages over other methods for
producing such materials due to the high quality of the joints, relatively low cost,
the ability to weld large-thickness and large-area joints, as well as the absence of a
need for expensive equipment and complex tooling.

However, explosive welding of dissimilar materials, such as titanium and
aluminum alloys, presents certain challenges. Due to the relatively high hardness
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of aluminum alloys (compared to aluminum), they require greater energy
expenditure for plastic deformation and joint formation during explosive welding.
At the same time, an excessive increase in collision energy leads to the formation
of a layer of molten metal at the interface and cracks in the near-boundary region
of the aluminum alloy [7]. The melted areas are also a source of microcracks due
to the formation of brittle intermetallic compounds of the Ti-Al system within
them [8, 9]. The difference in thermal conductivity and coefficient of thermal
expansion between titanium and aluminum leads to the formation of residual stress
fields in the bimetal [10, 11], which also deteriorates the properties of the joints.
Malakhov et al. [11] investigated the strength of titanium-AMg6 joints and
concluded that the low strength was associated with low deformation during
welding; however, increasing the welding parameters can promote the formation of
melted areas, which also degrades the joint properties. Wu et al. [12] reported that
during the welding of TA2 titanium with 5083 aluminum alloy, delamination and
continuous interlayers of molten metal formed at the interface. For effective
welding of these materials, the authors proposed using an intermediate aluminum
layer. Li et al. [13] studied the mechanical properties of explosively welded TA1
and 5083 joints and showed that the melted layer is a site for crack initiation due to
the presence of brittle intermetallics within it. Bi et al. [14] concluded that during
explosive welding of TA2 titanium with 5083, the intermetallic compound TizAl
formed in the melted zones, which contributed to crack formation at the interface.
To prevent this phenomenon, the authors proposed using vacuum welding or
employing an intermediate layer.

These and other problems mean that direct welding of titanium to
aluminum alloys is rarely used in practice. Most often, an intermediate layer of
pure aluminum is used for welding these materials. Pure aluminum, due to its low
hardness and high ductility, welds well by explosion even with relatively low
energy input, and the use of a thin intermediate layer makes it possible to reduce
the energy released at the interface of dissimilar materials [12, 15]. Fang et al. [15]
showed that during direct welding of TA2 to 5083, microcracks and continuous
interlayers of molten metal form at the joint interface; however, adding an
intermediate layer allows solving the problem of excessive kinetic energy loss
during direct welding, improving weldability, and obtaining defect-free joints. Wu
et al. [12] drew similar conclusions. Gatka & Najwer [16] presented the results of a
study on the features of explosive welding of the Ti6Al4V titanium alloy with the
AA2519 aluminum alloy and concluded that directly welded joints, although
possessing high strength, have low ductility and are prone to cracking during
straightening; therefore, using an intermediate aluminum layer during welding is
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the optimal solution. Thus, welding through a pure aluminum interlayer is
currently the preferred technological option for joining titanium with aluminum
alloys, as it can ensure a defect-free microstructure and good mechanical properties
of the joints, which are sufficient for most applications.

One of the ways to further improve explosive welding technology could be
the application of combined methods, such as welding with simultaneous
ultrasonic treatment. Ultrasonic vibrations are successfully used to improve the
quality of welded joints in various welding methods, such as gas-shielded welding
[17], laser welding [18], friction stir welding [19], and others. The specifics of
applying ultrasonic vibrations in different processes vary significantly, and
depending on the welding method, it may involve increasing the arc efficiency, the
effect of ultrasound on the weld pool melt, changes in friction conditions, etc.

In explosive welding, ultrasonic vibrations act on one of the plates being
welded, inducing a standing wave within it. The influence of ultrasound on metal
in the solid phase helps to reduce the metal's resistance to deformation [20]
(acoustoplasticity) and lower the level of residual stresses [21]. Currently, there is
no complete and universally accepted theory describing the mechanism behind the
observed effects. The main approaches to this issue suggest that the acoustoplastic
effect contains various components and may be associated with thermal softening
[22], the superposition of alternating and static stresses [23], as well as an increase
in dislocation mobility and enhanced dipole annihilation processes [24]. From a
microstructural perspective, ultrasonic treatment can promote enhanced
recrystallization and grain refinement [25]; however, there is also evidence that at
low deformation, dislocation density may decrease [26]. Therefore, there is reason
to believe that the influence of ultrasound on the microstructure depends on many
factors, including the material properties and the degree of deformation.

This paper examines the effect of ultrasonic treatment on the
microstructure of the near-boundary regions of materials when welding the VT1-0
+ A5 + AMg6 joint. Previous studies have demonstrated that the application of
ultrasound to the base plate during explosive welding helps to expand the
weldability window, reduce the amount of molten metal at the interface, and
increase the strength of the joint [27]. This study focuses on investigating the
changes in the grain structure of materials during welding with ultrasonic
treatment.

2. Materials and Methods

The materials studied were commercially pure titanium VTI-0,
commercially pure aluminum grade A5, and the aluminum-magnesium alloy
AMg6. The chemical composition of the materials is given in Table 1. Explosive
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welding was carried out using a parallel arrangement (simultaneous detonation)
scheme (Fig. 1). The AMg6 plate, with overall dimensions of 200x80%5.8 mm,
served as the base plate. A titanium plate with dimensions of 260x150x4 mm was
used as the flyer plate, and a sheet of commercially pure aluminum, measuring
240x120x1 mm, served as the intermediate layer. Two methods of introducing
ultrasound to the welded plates were considered: application to the base AMg6
plate and application to the commercially pure aluminum intermediate layer.

Table 1. Chemical composition of the materials (mass fraction, %)

Ti Al Mg Si Fe Cu Mn Zn
VTI1-0 | base - - 0.1 0.25 - - -
AS 0.02 base 0.03 0.25 0.3 0.02 0.05 0.06
AMg6 | 0.02-0.1 | base 58-68 (04 0.4 0.1 0.5-0.8 (0.2

Fig. 1. Assembly diagram for welding with ultrasonic treatment: (a) - application of ultrasound
to the intermediate layer; (b) - application of ultrasound to the base plate; 1 - anvil; 2 - base plate
(AMg6); 3 - welding gap; 4 - aluminum intermediate layer; 5 - waveguide (sonotrode); 6 -
ultrasonic transducer; 7 - flyer plate (VT1-0); 8 - explosive charge.

Ultrasonic vibrations in the plate were excited using an ultrasonic
piezoelectric transducer connected to the plate via a waveguide with a diameter of
6 mm. The vibration frequency was approximately 18 kHz, the displacement
amplitude at the end of the ultrasonic transducer was = 4 um, and the duration of
ultrasonic treatment prior to welding was about 5 seconds. The method of
application used ensures the formation of a standing wave of a flexural mode in the
plate, an example of which is shown in Fig. 2.
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Fig. 2. Method of connecting the waveguide to the plate (a) and an example of a flexural
vibration mode (b)

The calculated parameters of the explosive welding are given in Table 2.
Ammonite 6ZhV (21% TNT and 79% ammonium nitrate according to GOST
21984-76) was used as the explosive, mixed with sand, which acts as an inert filler
that reduces the detonation velocity. The methodology for calculating the regimes
1s based on a two-dimensional model of a metal plate accelerated by expanding
detonation products, using semi-empirical relationships describing the
characteristics of the explosive mixtures. The parameter W, characterizes the
amount of energy expended on the plastic deformation of the surfaces of the
welded plates during explosive welding. A detailed description of the calculation
of this value is given in [28].

Table 2. Explosive welding parameters

Materi | Thickne | Explosive | Charge | Collision | Weldin | Collision | Collisio | Energy
als ss, mm | mixture height, | point g gap, | velocity, | n angle, | Wa,
(ammonite | mm velocity, | mm m/s ° MJ/m?
No. m/s
6GV/sand)
VT1-0 | 4 60/40 40 2105 2 439 11,98 0,19
- -
A5 1
n 1 1 392 10,68 0,57
AMg6 |58

The choice of welding mode is determined by the properties of the
explosive, the thicknesses of the welded plates, and the specific features of welding
three-layer joints. The selected mode is near the lower limit of the weldability
window and ensures the minimum necessary level of plastic deformation at the
titanium-aluminum interface, which makes it possible to achieve a joint with
strength equal to that of the base materials while minimizing structural
heterogeneity at the interface between the materials. Three series of experiments
were carried out: in the first, ultrasonic vibrations were introduced into the base



AMg6 plate; in the second, ultrasound was applied to the intermediate aluminum
layer; and in the third, welding was performed without ultrasound.

After welding, samples were cut from the center of the plates and subjected
to a standard preparation procedure for microscopic examination. Microstructural
analysis using SEM, FIB, and EBSD methods was performed using an FEI Versa
3D DualBeam electron microscope.

3. Results and Discussion

All three series of samples were successfully welded. To assess their
mechanical properties, a pull-off strength test of the layers was conducted. The test
results showed that failure of the joints occurred in a ductile manner through the
aluminum layer, with the joint strength ranging between 85-95 MPa, exceeding the
strength of the aluminum in its initial state. All joints exhibited a similar
microstructure at both interfaces (Fig. 3). A flat interface profile was formed in the
titanium-aluminum bonding zone. In the sample welded without ultrasound, a
small number of melted metal inclusions, 5-7 um thick, were present at the
titanium-aluminum interface. At the interface between the aluminum interlayer and
the AMg6 layer, a wavy profile with a wavelength of approximately 570-610 pm
and an amplitude of 170-180 pm was formed in all joints.

_ . VTI-0
VTI-0 VTI-0 B

a) b) ¢)
Fig. 3 Wave profile at the interface of VT1-0+A5+AMg6 joints welded without ultrasound (a),
with ultrasound applied to the base plate (b), and to the intermediate layer (c)

For a detailed study of the material structure near the joint interface, an
investigation was carried out using electron backscatter diffraction (EBSD). Figure
4 shows IPF maps of the microstructure of the aluminum layer in the region
adjacent to the titanium bonding zone, where black lines indicate grain boundaries
with a misorientation angle >10° (high-angle boundaries).

The results of the study revealed a significant difference in the structure of
the near-interface aluminum regions between the samples. During welding without
ultrasound, the structure of the aluminum near the interface can be categorized into
into regions with different grain structures. At a distance > 40 pm from the
titanium interface (Fig. 4, a), the original grain boundaries are discernible in the
aluminum; however, the accumulation of plastic deformation within the grains led
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to the appearance of subgrains and an increase in misorientation between them. At
a distance of 15 to 40 um from the interface, the aluminum exhibits a fibrous
structure formed by elongated grains up to 9 um thick, with inclusions of fine
grains approximately 2 um in size. At the interface with titanium, there is a layer
of fine-grained aluminum about 10-15 um thick with a grain size of 1.5-2.5 um. It
is likely that the formation of the fine-grained structure resulted from dynamic
recrystallization occurring in this region, the localized nature of which was
associated, on the one hand, with the localization of plastic deformations, and on
the other hand, with the need to achieve critical strain for the initiation of dynamic
recrystallization [29].

The application of ultrasound during welding to the base AMg6 plate also
affected the structure of the aluminum interlayer at the interface with titanium (Fig.
4, b). In the near-interface zone, one can also distinguish an area of recrystallized
grains at the boundary, an area of elongated grains, and an area of deformed
original grains. However, compared to welding without ultrasound, polygonization
of the original structure is more pronounced throughout the entire studied area.
According to the EBSD mapping results, the total length of boundaries with a
misorientation angle >10° in the studied area was greater than in the control
sample, amounting to 5.91 mm, compared to 3.64 mm (without ultrasound).

During welding with ultrasound applied to the intermediate aluminum layer
(Fig. 4, c), the outlines of the original grains or distinct boundaries between areas
with different grain sizes or shapes were practically not discernible in the
aluminum structure; instead, an almost uniform structure formed throughout the
entire studied area, consisting of recrystallized grains and subgrains with sizes of
about 0.5-3.5 um. The total length of high-angle boundaries in the studied area was
the highest among all samples, amounting to 7.43 mm. The observed grain
refinement can be explained by the influence of acoustic oscillations. Previously,
works [25, 30, 31, 32] have shown that the application of ultrasound to metal
during deformation promotes grain refinement. The mechanism of this
phenomenon is associated with an increase in the density and mobility of
dislocations under the action of ultrasonic vibrations, which facilitates the dynamic
recrystallization process and leads to the formation of a fine-grained structure [25,
30].



Fig. 4 IPF maps of the aluminum layer in the region adjacent to titanium. Black lines indicate
grain boundaries with a misorientation angle >10°: a - welding without ultrasound; b - ultrasound
applied to the base AMg6 plate; ¢ - ultrasound applied to the intermediate AS layer.

A study of the material structure at the aluminum-AMg6 interface was also
conducted. The welding conditions at this interface were significantly different.
The energy expended on plastic deformation was considerably higher, yet the
difference in the mechanical properties of the welded materials was smaller. A
wavy profile formed at the interface, instead of the flat interface between titanium
and aluminum, which likely also affected the distribution pattern of plastic
deformation. In all cases, the area selected for the study was located in a trough of
the wave profile, where the interface between the materials was flattest.

Figure 5 shows IPF+1Q maps of the near-interface regions of A5 aluminum
and AMg6. The different colors indicate the crystallographic orientation (IPF
map), and the gray shades show the image quality (IQ) of the diffraction patterns.
It is worth noting that there is a noticeable difference between the aluminum and

8



the aluminum alloy in the figures, causing AMg6 to appear much darker than the
aluminum. According to literature data, such contrast in IQ maps is most often
associated with grain boundaries, crystal lattice distortions, dislocation clusters,
and other factors [33]. Therefore, it is likely that the observed difference between
aluminum and AMg6 is related to the presence of alloying elements in the
aluminum alloy, a higher dislocation density, and a smaller grain size in AMgé6. It
should also be specifically noted that, despite the aluminum and AMg6 deforming
together, a finer structure formed in AMg6 than in pure aluminum. This result
clearly demonstrates how differently deformation proceeds in aluminum and the
aluminum alloy. Previously, in studies focused on severe plastic deformation
methods, many researchers have noted a connection between the content of
alloying elements and the grain refinement of aluminum alloys during deformation.
The reasons for this are commonly explained by the influence of dissolved alloying
elements and second-phase particles, which hinder dislocation movement,
contribute to an increase in dislocation density, and promote the occurrence of
dynamic recrystallization [34, 35].

Fig. 5, a shows an IPF+IQ map of the near-interface regions of aluminum
and AMg6 in a joint welded without ultrasound exposure. In the aluminum near
the interface, a structure is observed consisting of elongated (deformed) grains
ranging from 1 to 6 pum in width, fragmented into subgrains with a non-equiaxed
shape. As a result of deformation, some subgrains increased their angular
misorientation, transforming into individual grains with a size of 1-2 ym. In
AMg6, directly at the interface, a layer 1-2 pm thick formed, consisting of fine
recrystallized grains. Beneath it lies a zone up to 10 um deep with a fibrous
microstructure, composed of highly elongated grains 0.2-0.5 pum thick, stretched
parallel to the interface.

During welding with ultrasound applied to the base AMg6 plate (Fig. 5, b),
structural changes were observed both in the aluminum alloy itself, which was
subjected to ultrasound, and in the aluminum interlayer. The structure of the near-
interface aluminum layer, as in the control sample, consisted of elongated grains
with a developed substructure, whose thickness ranged from 2 to 9 um. However,
polygonization and the increase in misorientation within the original grains were
less pronounced, and the formation of a fine-grained structure occurred
predominantly in a layer 4-5 um thick near the interface. The structure of AMgb6
was generally similar to the structure welded without ultrasound exposure
discussed earlier; the only significant difference was an increase in the thickness of
the recrystallized AMg6 at the interface to 3-4 um. This indicates that ultrasound,
acting directly on the stronger AMg6, reduces its resistance to deformation, which
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leads to the localization of large strains in the near-interface region and more active
recrystallization.

During welding with ultrasound applied to the aluminum layer (Fig. 5, c),
the structure of the aluminum in the studied area was practically indistinguishable
from that observed during welding without ultrasound. It is worth noting that,
unlike the interface with titanium, where the application of ultrasound to the
aluminum layer caused the most significant structure refinement (Fig. 4c), the
structure of the aluminum at the interface with AMg6 changed only slightly. This
is likely due to the different deformation conditions at this interface, resulting from
a smaller difference in the physical and mechanical properties of the metals being
deformed, different collision velocity and energy W», and the presence of a wave

profile. In AMg6, the application of ultrasound led to an increase in the thickness
of the recrystallized layer compared to conventional welding, reaching 4-4.5 pm.

AMg6
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¢)
Fig. 5 IPF+IQ maps of the aluminum-AMg6 interface: a - welding without ultrasound; b -
ultrasound applied to the base AMg6 plate; c - ultrasound applied to the intermediate AS layer.

For a more detailed study of the recrystallized layer at the aluminum-AMg6
interface, an investigation was carried out using focused ion beam (FIB) scanning.
This research method allows observation of grain boundaries and crystal lattice
orientation due to the interaction of the gallium ion beam with the crystal lattice of
the sample [36]. The study was conducted in "ion wells" — cross-sections on the
sample surface created by ion milling.

Figure 6 shows images of the grain structure of the near-interface regions
of aluminum and AMg6, where the interface between the materials is highlighted
in color. In the sample welded without ultrasound (Fig. 6, a), the thickness of the
recrystallized layer was 1.7-1.9 um, and the grain size was about 0.2-0.3 pm. In
the sample welded with ultrasound applied to the base AMg6 plate (Fig. 6, b), the
thickness of the recrystallized layer was significantly larger, varying in the range
from 3.7 to 5.4 um. The grain sizes in this layer varied over a wider range, from
0.2 to 0.5 um. During welding with ultrasound applied to the intermediate layer
(Fig. 6, c), the thickness of the fine-grained layer was 4-4.5 um, and the grain size
also lay in the range of 0.2-0.5 pm.
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Fig. 6 Images of the grain structure at the aluminum-AMg6 interface obtained by ion beam
scanning: a - welding without ultrasound; b - ultrasound applied to the base AMg6 plate; c -
ultrasound applied to the intermediate A5 layer.

4. Conclusion

The microstructural studies revealed occurring in the near-interface regions
of aluminum and the aluminum alloy during explosive welding with simultaneous
exposure to ultrasonic vibrations. The application of ultrasound contributed to the
refinement of the aluminum structure at the interface with titanium, with the most
pronounced effect observed when ultrasound was applied directly to the aluminum
layer. The study was conducted to a depth of up to 115 um, and throughout this
depth, the disappearance of original grain boundaries, enhanced polygonization,
and increased misorientation between subgrains with the formation of new grains
of 1-2 pum in size were observed. The total length of boundaries with a
misorientation angle >10° in the studied near-interface area increased from 3.64
mm during welding without ultrasound to 7.43 mm during welding with ultrasound
applied to the aluminum.

In aluminum at the interface with AMg6, such significant structural
changes were not observed; on the contrary, when ultrasound was applied to the
base AMg6 plate, a decrease in the number of subgrains was observed in the near-
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interface regions of the aluminum. Most likely, this is related to the redistribution
of strain fields. Ultrasound, by reducing the deformation resistance of AMg6,
causes a larger portion of the plastic deformation to localize in AMg6 rather than
in aluminum, which explains the lesser structural changes in the latter.

In AMg6, regardless of the method of introducing the vibrations, the
application of ultrasound promoted dynamic recrystallization in the near-interface
region, which was manifested in an increase in the thickness of the recrystallized
layer at the interface with aluminum. The most pronounced effect of ultrasound
was observed when vibrations were applied directly to the AMgb6 plate, resulting in
an increase in the thickness of the recrystallized layer from 1.7-1.9 um in the joint
welded without ultrasound to 3.7-5.4 pm in the sample welded with ultrasound
applied to the base AMg6 plate.
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